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I S I T R E A L L Y H A P P E N I N G ?

Is Automatic Tumor Segmentation on Whole-Body 18F-FDG
PET Images a Clinical Reality?

Lalith Kumar Shiyam Sundar and Thomas Beyer

Quantitative Imaging and Medical Physics Team, Medical University of Vienna, Vienna, Austria

The integration of automated whole-body tumor segmentation using
18F-FDG PET/CT images represents a pivotal shift in oncologic diag-
nostics, enhancing the precision and efficiency of tumor burden
assessment. This editorial examines the transition toward automation,
propelled by advancements in artificial intelligence, notably through
deep learning techniques. We highlight the current availability of com-
mercial tools and the academic efforts that have set the stage for
these developments. Further, we comment on the challenges of data
diversity, validation needs, and regulatory barriers. The role of meta-
bolic tumor volume and total lesion glycolysis as vital metrics in can-
cer management underscores the significance of this evaluation.
Despite promising progress, we call for increased collaboration across
academia, clinical users, and industry to better realize the clinical ben-
efits of automated segmentation, thus helping to streamline workflows
and improve patient outcomes in oncology.

KeyWords: image processing; research methods; AI; tumor segmen-
tation; whole-body PET
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In the domain of oncologic imaging, 18F-FDG PET/CT has
established itself as an indispensable tool facilitating the detection
and management of tumors through the visualization of metabolic
activity. By highlighting areas of increased glucose consumption,
this imaging technique enables clinicians to discern malignancies
from benign tissues, thus providing key information to the diagnosis,
staging, and evaluation of therapeutic response in cancer patients.
The quantification of tumor burden through metabolic tumor

volume, disease dissemination index, and total lesion glycolysis
has further refined the utility of 18F-FDG PET, offering prognostic
value and aiding in the stratification of treatment approaches (1–5).
These parameters encapsulate both the volume and the meta-
bolic intensity of tumors and thereby serve as crucial indicators
of tumor aggressiveness and response to therapy. However, the
manual segmentation of tumor volumes is labor-intensive and
subject to interobserver variability, hence limiting its feasibility
in routine clinical practice. In response to these challenges, and

in view of the ever-increasing workload, there is renewed interest
in automatic whole-body tumor 18F-FDG volume segmentation so
as to enhance the reproducibility and efficiency of tumor burden
assessments.

DIGITAL DISSECTION: ACADEMIA BETS ON AI FOR TUMOR
SEGMENTATION

Today, the academic community has shifted attention toward
leveraging artificial intelligence (AI) for multiple tasks along the
imaging value chain, most notably perhaps toward automated
whole-body PET 18F-FDG tumor segmentation. This transition
seeks to surmount the limitations inherent in traditional threshold-
ing techniques, which often indiscriminately encapsulate both
physiologic and pathologic tissues.
By harnessing the sophistication of AI algorithms—particularly

those evolving from the foundational U-Net architecture—there is
a concerted effort to precisely target and segment pathologic tis-
sues, without the inclusion of nonpathologic regions. Initiatives
such as AutoPET (6) and HECKTOR (7) have been pivotal, pro-
viding open-source datasets that are instrumental for the training
and refinement of AI models. Among the array of methodologies
used, nnU-Net (8) and MONAI’s Auto3Dseg (9) stand out, by
offering robust performance for enhanced accuracy in tumor seg-
mentation building on a wealth of curated training datasets.
Despite the body of academic publications that show success

and advocate for AI-driven tumor segmentation methodologies,
there is a notable paucity of open-source solutions, a gap that
poses significant challenges to the advancement of the imaging
field. Moreover, the available open-source datasets are predomi-
nantly focused on specific types of cancers—namely lymphoma,
lung cancer, and melanoma for AutoPET (6) and head and neck
cancer for HECKTOR (7). This specialization limits their utility
for training AI models that are generalizable across a broader
spectrum of cancers and centers.

SMART SIMPLICITY: COMMERCIAL TOOLS ARE OFFERING
PRACTICAL SOLUTIONS

In response to the market need for automated lesion segmenta-
tion tools, leading commercial vendors make significant strides in
the development of fully automated and semiautomated methodolo-
gies for whole-body tumor volume segmentation from 18F-FDG
PET images. These methodologies commence with threshold-based
segmentation to highlight hypermetabolic regions, which inherently
include both pathologic and physiologic tissues. The challenge then
is in distinguishing these tissues accurately, a task that vendors are
addressing with distinct strategies.
For example, Auto ID (Siemens Healthineers) uses AI to differ-

entiate between pathologic and physiologic tissues after an initial
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threshold-based segmentation (1). This technique signifies a step
toward full automation, aiming to reduce the need for manual
intervention for ensuring segmentation accuracy. In contrast, Her-
mes Medical Solutions and MIM Medical have embraced a simpli-
fied, semiautomatic, one-click methodology. They have introduced
Single Click Segmentation (Hermes) and Lesion ID (MIM), which
allow medical professionals to easily refine the prethresholded seg-
mentations with just one click, effectively isolating nonpathologic
tissues. Essentially, this approach involves users manually identify-
ing and categorizing regions within the prethresholded segmentation
as either nonpathologic or pathologic. This user-friendly approach
emphasizes simplicity while providing clinicians with straightforward
segmented regions for clinical use. By seeking to provide certified
tools that balance efficiency with practicality, commercial vendors
are playing a pivotal role in the ongoing effort to improve diagnostic
processes and, ultimately, patient outcomes in the field of oncology.

FROM BENCH TO BEDSIDE: HAS AUTOMATED VOLUME
PARAMETER EXTRACTION PROLIFERATED TO CLINICS?

As discussed earlier, extensive clinical research has underscored the
significance of volumetric parameters from 18F-FDG PET/CT, specifi-
cally metabolic tumor volume and total lesion glycolysis, in enhancing
prognostic evaluations and monitoring therapeutic responses across a
diverse spectrum of cancers. Despite the significant potential of
both parameters, they are not being used in routine clinical practice
or trials. However, on the basis of our personal correspondence
with both nuclear medicine clinicians and vendors, there seems to
be a growing interest from the clinical community to extract
volume-based metabolic parameters for lymphoma patient manage-
ment (4,5). There is also an expectation toward fully automated
solutions, as manual corrections can be tedious in patients with
extensive disease.

THE FINAL FRONTIER: COMPLETE AUTOMATION—POSSIBLE
OR PREPOSTEROUS?

Complete automation of target region segmentation might be pos-
sible with AI. For example, fully automatic, CT-based organ segmen-
tation is now a reality with strong open-source solutions (10,11).
Both academic and industrial sectors show unanimous interest in har-
nessing AI methodologies for PET-based tumor segmentation. This
convergence of interest, however, encounters notable challenges, par-
ticularly with the generalizability of AI models across various cancer
types. The capability of an AI algorithm, trained on 18F-FDG
PET/CT images for lung cancer segmentation, to perform equally
well on colorectal cancer, for instance, remains in question. There is
initial evidence suggesting that algorithms designed for lung cancer
might be adaptable for breast cancer segmentation when 18F-FDG
PET/CT images are used (12). Nonetheless, the issue of algorithm
generalizability is not confined to cancer types alone; it extends to
differing imaging systems and reconstruction protocols across sites,
further complicating the model’s adaptability (13).
The challenges of model generalizability are further amplified

when considering the use of different imaging tracers. Nuclear med-
icine uses a broad spectrum of tracers to detect and quantify tumor
characteristics, necessitating the development of distinct AI models
for each tracer. This requirement imposes an economic burden, as
clinics face escalating costs with the introduction of each new
model by vendors (14). Such a situation underscores a significant
shortcoming in the current methodologic approach, highlighting the
urgent need for economically viable and universally applicable AI

solutions. Moreover, the extensive and varied nature of these chal-
lenges underscores the critical need for comprehensive, large-scale
validation studies. These studies are indispensable for affirming the
preliminary evidence and for assessing the real-world applicability
of AI algorithms across different cancers, imaging tracers, and
health care settings.
In light of current trends in AI, the ideal solution appears to be

the development of a large, unified foundational tool capable of
segmenting various tracer images. However, achieving regulatory
approval for such a tool is challenging because of the specificity
of intended uses outlined in certification processes. Furthermore,
the regulatory landscape for AI applications in health care in gen-
eral is fraught with seemingly high barriers in the complex process
of validation and certification.
In addition, the availability of comprehensive and well-curated

PET datasets remains limited, a surprising fact given the modal-
ity’s long-standing presence. In contrast, the field of radiology has
seen significant advancements through the open sourcing of its
datasets while effectively addressing privacy concerns (15). There-
fore, there is a pressing need to create extensive databases of PET
images and to secure funding for expert labeling or to engage labeling
services. Recent developments in advanced vision foundational mod-
els, such as the segment anything model (SAM) (16), offer promising
solutions by enabling segmentation through points, bounding boxes,
or prompts. These models are already being explored in medical
imaging, with significant investment from commercial vendors, such
as United Imaging Healthcare for clinical applications (17,18).
Despite many methodologic and regulatory hurdles, the poten-

tial benefits of offering the prospect of a single, versatile tool capa-
ble of segmenting any tissue of interest are immense. To ensure
the seamless integration of these methodologies into clinical work-
flows, it is imperative that they enhance clinical workflows with-
out adding complexity or significant cost. This approach not only
fosters innovation but also encourages a harmonious blend of tech-
nology and clinical practice for the betterment of patient care.

STATUS QUO AND STATUS GO

The beginning integration of AI into oncologic imaging, particu-
larly with 18F-FDG PET/CT, marks a significant step forward in the
management and treatment of cancer. Although AI promises to
streamline diagnostic processes and improve accuracy, hurdles such
as model generalizability, economic viability, and legislative barriers
pose significant challenges to AI’s broader application for automated
tumor segmentation in the clinic. The path forward necessitates col-
laborative research, increased funding, and the creation of extensive
PET image databases. These measures are vital to advance AI meth-
odologies to a level where they can be effortlessly integrated into clin-
ical practices without burdening medical professionals. In addition,
targeted grant support for labeling services is crucial to enhance the
accuracy and effectiveness of AI models across different cancer types.
Current PET-based AI algorithm development for tumor seg-

mentation places a significant emphasis on optimizing metrics
such as the Dice similarity coefficient (DSC). For instance, leader-
boards such as AUTOPET (6) primarily highlight DSC scores,
with top reported values of around 0.37. However, initiatives such
as HECKTOR (7) extend their focus beyond DSC (top DSC,
0.79), incorporating both prediction accuracy and DSC to evaluate
algorithms, acknowledging the need for algorithms to predict clini-
cal outcomes such as overall survival, progression-free survival, or
treatment response. Although achieving high DSCs is commendable

996 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 7 ! July 2024



for technical precision, such as in CT organ segmentation, it may not
suffice for the clinical applicability required in PET tumor segmenta-
tion. For example, a DSC of 0.70 could offer prognostic accuracy
comparable to manual segmentation, suggesting that beyond a certain
threshold, further technical advancements might not result in signifi-
cant clinical improvement. This situation calls for a strategic shift in
research priorities, aiming to identify the minimum accuracy thresh-
old that meaningfully enhances clinical endpoints, thereby ensuring
that algorithm development aligns with clinical needs and contributes
effectively to patient management.
As we go forward, success in overcoming the complex challenge

of tumor segmentation relies on collective effort rather than solitary
endeavors. The solution extends beyond the capacity of any single
entity, requiring a collaborative approach that leverages the strengths
of academia, industry, and clinical practitioners. Clinicians, in their
unique role, are invited to articulate key requirements for their exper-
tise to be ventilated by technical and methodologic progress; like-
wise, they are also instrumental in initiating and contributing to
large-scale, open-source databases that have high-quality data with
appropriate metadata (cancer type, stages, imaging systems, recon-
struction protocol, etc.) and annotations, thus laying the groundwork
for developing precise AI models. The importance of standardized
annotations for generating high-quality datasets cannot be overstated.
Therefore, it is imperative that clinicians define and adopt consensus
guidelines during the annotation process (19).
Academia can contribute through rapid innovation, developing

open-source low-click annotation tools (e.g., MedSAM (18) and
MONAILabel (20)) and pioneering segmentation technologies to
keep pace with the evolving demands of tumor segmentation.
Recent academic efforts have highlighted the role of hyperpara-
meter changes, minor architecture adjustments, and data augmen-
tation in improving the accuracy of the tumor segmentation
(21,22). Finally, industry can augment these efforts by providing
essential resources through research funding support and applying
business expertise to ensure that the promising innovations are
practically and sustainably deployed in real-world scenarios.
We believe there is a significant opportunity for both academic

institutions and businesses to collaborate more closely. This collabora-
tion via research agreements could extend beyond data sharing or
independently evaluating the solutions offered by industry. For
instance, they could work together on creating generic software frame-
works that would serve the interests and needs of both the academic
and the industrial sectors. An example of such successful collabora-
tion is the MONAI framework (9), cocreated by Nvidia and King’s
College London, which demonstrates how these partnerships can yield
durable solutions that serve both research and clinical needs.
The primary issue with academic software is its transient nature

and the maintenance challenges it faces, largely due to a lack of
incentives for ongoing support. Collaborations with industry not only
aim to address this issue but also provide academics with crucial
experience in developing sustainable software. This symbiotic rela-
tionship fosters an environment for innovation, allowing academia to
translate research into practical applications and allowing industry
to identify and cultivate technologic advancements that are appro-
priate for clinical use. However, for these partnerships to thrive, it
is imperative to define rules of engagement and roles, intellectual
property rights, and monetization strategies from the start. The ben-
efits of such collaborations—ranging from accelerated technologic
progress and improved software sustainability to ultimately better

patient care—underscore their importance for the future of AI
applications in nuclear medicine.
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Gynecological pathologies account for approximately 4.5% of the
overall global disease burden. Although cancers of the female repro-
ductive system have understandably been the focus of a great deal of
research, benign gynecological conditions—such as endometriosis,
polycystic ovary syndrome, and uterine fibroids—have remained stub-
bornly understudied despite their astonishing ubiquity and grave mor-
bidity. This historical inattention has frequently become manifested in
flawed diagnostic and treatment paradigms. Molecular imaging could
be instrumental in improving patient care on both fronts. In this Focus
on Molecular Imaging review, we will examine recent advances in the
use of PET, SPECT, MRI, and fluorescence imaging for the diagnosis
and management of benign gynecological conditions, with particular
emphasis on recent clinical reports, areas of need, and opportunities
for growth.
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Gynecological diseases represent a tremendous global health
burden (1). Within this umbrella, cancers have rightly received a
great deal of focus, but nonmalignant disorders—such as endome-
triosis, polycystic ovary syndrome (PCOS), and uterine fibroids—
have long been understudied and underaddressed. Although socie-
tal factors (i.e., the historically patriarchal nature of science and
medicine) certainly play a factor in this neglect, the very low mor-
tality rates associated with these conditions are almost surely
responsible as well. Yet what these disorders lack in mortality,
they more than make up for in ubiquity and morbidity. For exam-
ple, it is estimated that up to 21% of women worldwide have
PCOS, and endometriosis affects roughly 10% of women of repro-
ductive age globally (2,3). Furthermore, these disorders exact a
considerable toll on women, with symptoms ranging from men-
strual cycle irregularity and gastrointestinal distress to chronic
pain and infertility (4).

Current strategies for the diagnosis and treatment of benign
gynecological disorders are lacking. The clinical gold standard for
the detection of endometriosis, for example, is laparoscopic sur-
gery, an invasive procedure whose inherent limitations—that is,
expense, pain, and operator bias—contribute to a 5- to 7-y diag-
nostic delay for the condition (5). With respect to treatment, surgi-
cal resection remains a common strategy for uterine fibroids and
adenomyosis, though less invasive options exist as well (6).
Molecular imaging has the potential to be instrumental in improv-
ing care on both fronts. Noninvasive imaging agents could offer
diagnostic options that are safer, cheaper, and more effective. Sim-
ilarly, theranostic imaging could help monitor the efficacy of
emergent molecular therapies (e.g., the use of progesterone recep-
tor modulators for uterine fibroids), whereas intraoperative imag-
ing could help improve accuracy during the resection of benign
lesions such as uterine fibroids and endometriomas (7).
Recent years have played witness to increasing interest in the use

of molecular imaging in patients with benign gynecological disor-
ders. However, the literature is somewhat fragmented, and the inter-
section of these 2 fields has not yet been collectively reviewed. In
this installment of the Focus on Molecular Imaging series, we will
examine recent advances in the use of PET, SPECT, MRI, and fluo-
rescence imaging for the diagnosis and management of these condi-
tions (Fig. 1). Although both preclinical and clinical results will be
covered, particular emphasis will be placed on recent human trials as
well as areas of need and opportunities for growth. It is our sincere
hope that this work will not only highlight exciting extant results but
also inspire new work by bringing attention to the gaps that can be
filled by repurposing old tools or developing new ones.
Before we begin, it is important to recognize that one imaging

modality—ultrasonography—has long been commonplace in gynecol-
ogy. Ultrasonography is easily the most often-used noninvasive diag-
nostic tool in the field, helping clinicians visualize both normal and
aberrant pelvic anatomy. Yet despite its ubiquity, ultrasound is not
without problems, as it suffers from suboptimal specificity for some
conditions (e.g., endometriosis and adenomyosis) and is susceptible to
operator, technique, and interpretation biases (8). We have chosen not
to cover ultrasound imaging in this review, primarily because its out-
sized presence in the field threatens to swamp our discussion of other
emergent modalities but also because, strictly speaking, it is more of
an anatomic than molecular imaging methodology. However, excel-
lent reviews on its present and future role in the management of
benign gynecological conditions can be found elsewhere (8).

ENDOMETRIOSIS

Endometriosis is a chronic female reproductive disorder charac-
terized by the growth of endometrial tissue outside the uterus (9).
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Disorder Modality Agent Stage Notes Reference
no.

Endometriosis

MRI Clinical Can detect only deep infiltrating endometriosis and
lesions >5 mm beneath peritoneal surface 14

PET/CT

[18F]fluorocholine Preclinical Lesions showed ~0.34 ID/g 15

[64Cu]Cu-DOTA-
bevacizumab Preclinical Uptake in lesions but poor target-to-background ratio 16

[18F]FDG Clinical Detected 55% of confirmed lesions 17

[68Ga]Ga-DOTATATE Clinical
Successful for detection of deep infiltrating
endometriosis, but no uptake in superficial

endometriosis
18

[18F]FES Clinical Provided greater agreement with histology than MRI 3

NIRF Indocyanine green Clinical Positive predicative values of NIRF and WL imaging for
endometriosis tissue are 69% and 64%, respectively 20

NIRF Indocyanine green Clinical Signal in surrounding healthy tissue aided in resection 21, 22

Adenomyosis

MRI Clinical
Sensitivity and specificity are 29.7% and 85.3%,
respectively; accuracy increases during direct

evaluations
24

PET/CT
Incidental uptake with

[18F]FDG Clinical Uptake can lead to false positives during PET/CT for
cancer diagnoses 25, 26

[68Ga]Ga-DOTATATE Clinical Lesions showed uptake of radiotracer 18

SPECT [67Ga]Ga3+ Clinical Uptake observed in pyoadenomyosis (n = 1) 27

Uterine
fibroids or

leiomyomas

TVS Saline infusion
sonohysterography Clinical Sensitivity and specificity of >99% and >91%,

respectively 30

PET/CT

[18F]FDG Clinical Uptake can lead to false positive cancer diagnoses 31–33

[18F]FES Clinical When coupled with [18F]FDG, may improve
differentiation between malignant and benign lesions 34, 35

Other radiotracers Clinical Incidental uptake occasionally observed during PET/CT
for other indications 36–38

PCOS
PET/CT [18F]FDG Clinical Patients with PCOS showed significantly lower brown

adipose tissue levels than healthy patients 39, 40

SPECT 99mTc-labeled noscapine Preclinical Higher uptake in PCOS lesions than control 41

Functional
ovarian cysts

TVS Clinical Sensitivity and specificity of 93.5% and 91.5%,
respectively 42

PET/CT [18F]FDG Clinical Average sensitivity and specificity are 94% and 86%,
respectively, compared with 92% and 85% for MRI 43

MRI Amide proton
transfer-MRI Clinical

Can provide early and accurate diagnosis and
differentiation between serous cystadenomas,
mucinous cystadenomas, and functional cysts

44

PET/CT [18F]FDG Clinical Inferior to MRI for diagnosis of teratomas and
determining maturity and malignancy 45

SPECT [67Ga]Ga3+ Clinical Inferior to MRI for diagnosis of teratomas and
determining maturity and malignancy 46

Brenner
tumors

MRI Clinical More effective than PET/CT at monitoring tumor growth 47

PET/CT [18F]FDG Clinical Benign tumors less avid than malignant ones 48

FIGURE 1. Studies cited for diagnosis and management of conditions.
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Most endometriosis lesions grow on the outer perimetrium, fallo-
pian tubes, and ovaries. However, in some cases—known as deep
infiltrating endometriosis—endometrial tissue may grow on the
bowels, rectum, and bladder or even within the thoracic cavity
(10). Approximately 10%–15% of all women of reproductive age
have the condition, but it is most common in women with infertil-
ity (25%–50%) and chronic pelvic pain (70%–85%) (5,9). The
most common symptoms include chronic pelvic pain, acute pelvic
pain, and infertility, but women with endometriosis are susceptible
to a wide variety of other comorbidities, including cancer, lupus,
rheumatoid arthritis, and cardiovascular disease (11). The societal
and economic costs of endometriosis are alarming: those afflicted
experience stigma, diminished quality of life, and reduced work pro-
ductivity, and its management is responsible for about $70 billion in
yearly health expenditures in the United States alone (3,11).
The current standard of care for the diagnosis of endometriosis

is exploratory laparoscopy (12). This approach is invasive, painful,
expensive, and prone to sampling and operator biases, factors that
have combined to create long diagnostic delays for the condition
(5,9). Anatomic imaging also plays an important role in the care
of patients with the condition. Ultrasonography is frequently used
as a prediagnostic tool to visualize lesions before surgical diagno-
sis and resection, but it can exhibit suboptimal sensitivity and
accuracy in the context of smaller lesions (13). MRI has also been
used to determine the size, location, and infiltrative stage of large
lesions before surgical resection, especially in cases of deep infil-
trating endometriosis (14). Unfortunately, MRI has proven subop-
timal for the detection of small superficial lesions (i.e., ,5mm
beneath the surface of the peritoneum) (14).
In light of the clear limitations of extant methods for the detection

of endometriosis, researchers have begun to explore the possibility of
using nuclear imaging—and PET in particular—for the visualization
of endometriosis. Silveira et al., for example, used a rat model of the
disease to determine the uptake of [18F]fluorocholine in superficial
lesions. Although the activity concentration of the tracer in implanted
endometriosis tissue was found to be 3-fold higher than that in the
muscle and peritoneum, the biodistribution data revealed very high
uptake in several healthy tissues, most notably (and problematically)
the ovaries (15). More recently, Amartuvshin et al. probed the
value of a 64Cu-labeled variant of the vascular endothelial
growth factor–targeting antibody bevacizumab for the delineation of
subcutaneous endometriosis lesions. Unfortunately, in vivo experi-
ments revealed low activity concentrations in the target tissue and
high levels of uptake in healthy tissues (16).
Shifting to the clinic, a handful of trials have focused on the

potential of a trio of commonly used PET tracers—[18F]FDG,
16a-[18F]fluoro-17b-estradiol ([18F]FES), and [68Ga]Ga-DOTA-
TATE—for the detection of endometriosis. Balogova et al., for
example, performed [18F]FDG PET/CT on 18 patients with known or
suspected endometriosis and found that the radiotracer effectively
delineated only 11 of 20 (55%) confirmed lesions (Fig. 2) (17). More
recently, a team at the Universit$e Libre de Bruxelles in Belgium per-
formed [68Ga]Ga-DOTATATE PET/CT on a cohort of patients (n 5
12) scheduled for exploratory laparoscopy for suspected endometri-
osis. Although the authors ultimately concluded that the radiotracer
was effective for the visualization of deep infiltrating endometriosis
(i.e., the sensitivity and specificity were 57% and 80%, respectively),
no uptake was observed in superficial peritoneal endometriosis or
ovarian endometriomas (18). Without question, the most promising
clinical results have been obtained with [18F]FES. In 2016, Cosma
et al. performed [18F]FES PET on a group of patients (n 5 4) with

suspected endometriosis who also underwent MRI and laparoscopic
excision coupled with histology. The data demonstrated that [18F]FES
PET/CT fully agreed with histology and showed greater accuracy
than MRI for lesions: PET/CT correctly identified 9 of 9 lesions,
whereas MRI produced 3 false negatives and 3 false positives (3).
Molecular imaging could also play a key role in surgeries for endo-

metriosis. Indeed, intraoperative imaging tools capable of visualizing
endometriosis lesions could reduce operator bias during both laparo-
scopic diagnoses and surgical resections (19). Along these lines, a
2021 study by Al-Taher et al. compared intraoperative near-infrared
fluorescence imaging with indocyanine green and conventional white-
light laparoscopy for the delineation of endometriosis lesions in a
cohort of 15 patients (20). The investigators determined that the posi-
tive predictive values for near-infrared fluorescence and white-light
imaging were 69% and 64%, respectively, suggesting that the former
could have modest value in the context of surgical resections. Interest-
ingly, 2 other recent studies have sought to use intraoperative imaging
to illuminate healthy tissues and thus differentiate endometriosis
lesions. Aleksandrov et al. used indocyanine green to identify healthy
rectum tissue when removing deep infiltrating endometriosis from the
bowels (21), whereas Thigpen et al. used indocyanine green to differ-
entiate between the ureters and endometriosis lesions during surgery
(22). In both cases, the authors concluded that intraoperative near-
infrared fluorescence imaging aided in the safe resection of the dis-
eased tissue while reducing complications; however, the approximate
location of the lesions still needs to be known before surgery.
Taken together, the PET and near-infrared fluorescence studies

described in this section clearly suggest that molecular imaging
could play important roles in the diagnosis and treatment of endo-
metriosis. However, it is impossible to deny that the results have
been middling at best, a problem that we suspect is related to the
reuse of established imaging agents (i.e., [18F]FDG, [18F]fluoro-
choline, and indocyanine green). It is likely that novel probes with
specificity for endometrial tissue will offer the best chance for the
development of clinically effective tools.

ADENOMYOSIS

Adenomyosis is a chronic disease similar to endometriosis that is
characterized by the invasion and growth of endometrial tissue within

FIGURE 2. [18F]FDG PET/CT of 47-y-old woman with sarcomatous lung
cancer and 11-y history of endometriosis at time of imaging. (A) Intense
[18F]FDG uptake can be seen in primary lung cancer lesions as well as
lymph node and pleural metastases. (B–G) Two foci of increased [18F]FDG
avidity can be seen in endometriosis lesions in uterine wall via PET (B and
E) and PET/CT (D and G) (arrows) but are not clearly visualized by CT
alone (C and F). No [18F]FDG uptake was observed in known right ovarian
endometrioma (arrowhead). (Reprinted with permission of (17).)
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the myometrium, the muscular middle layer of the uterus. Adeno-
myosis, although asymptomatic in almost a third of patients, can
cause pelvic pain, infertility, and heavy menstrual bleeding (23).
Ultrasonography and MRI are the primary diagnostic tools for the
condition, but these modalities exhibit suboptimal accuracy, espe-
cially when adenomyosis is not suspected (23). For example, pelvic
ultrasound has a sensitivity of 10.9% and a specificity of 98.3%.
MRI fares slightly better, with a sensitivity of 29.7% and a specificity
of 85.3%, numbers that improve slightly (though not overwhel-
mingly) during direct evaluations for the condition (24). New
approaches to the diagnostic imaging of adenomyosis are thus
needed, but there have been only a handful of reports on the use of
nuclear imaging for the condition. And indeed, most of these have
described the incidental uptake of radiopharmaceuticals in lesions.
For example, a pair of reports that focused on cervical cancer and car-
cinomatosis has found that adenomyosis lesions can be [18F]FDG-
avid, complicating the identification of intrauterine metastases via
[18F]FDG PET (25,26). Furthermore, the aforementioned study that
focused on the delineation of endometriosis with [68Ga]Ga-DOTA-
TATE also found that adenomyosis lesions exhibited increased accre-
tion of the radiolabeled peptide as well (18). Finally, a single case
report by Wu et al. from 2014 described the visualization of pyoade-
nomyosis—a rare complication of adenomyosis—via SPECT with
[67Ga]Ga31 (27). In sum, the data clearly underscore that the stage is
set for new work in this area, particularly the development of dedi-
cated probes specific for adenomyosis.

UTERINE FIBROIDS

Uterine fibroids, or leiomyomas, are benign clonal neoplasms of
the uterus that occur in about 70% of women and disproportionately
affect Black women (28). Though typically asymptomatic, these
smooth muscle tumors can cause a wide range of symptoms—including
pelvic pain, abnormal menstrual bleeding, and urinary and gastroin-
testinal issues—and can be associated with infertility and other
adverse pregnancy outcomes (4,29). A variety of approaches has
been used for the treatment of uterine fibroids, including myomec-
tomy, radiofrequency ablation, uterine fibroid embolization, and hor-
monal birth control. Hysterectomy also remains a common treatment
for the condition, with fibroids accounting for over one third of such
procedures every year (4). Uterine fibroids are typically identified via
ultrasonography, with postoperative histology providing a definitive
diagnosis. Transvaginal sonography is inexpensive and exhibits high
sensitivity (99%) and specificity (91%) that can be improved on even
further with the addition of saline infusion sonohysterography for
fibroids touching the uterine lining (30). MRI can also be used for
diagnosis and offers sensitivity and specificity close to 100%, though
it is significantly more expensive. That said, MRI can be useful in
patients who are unsuitable for transvaginal sonography or saline
infusion sonohysterography or who need preoperative mapping for
myomectomy (7).
Existing methods for the detection of uterine fibroids are clearly

sufficient. However, clinical studies on the visualization of leio-
myomas with extant and emerging PET tracers are critical, espe-
cially in the context of differentiating between fibroids and
malignant lesions. For example, a handful of studies has combined
to show that leiomyomas of younger and premenopausal women
can be especially [18F]FDG-avid, creating the possibility that these
fibroids could be misidentified as leiomyosarcomas or endometrial
carcinomas (31–33). A pair of clinical trials from Japan suggests
that [18F]FES and [18F]FDG could play complementary roles in

the differentiation of leiomyomas from endometrial carcinomas,
leiomyosarcomas, and endometrial hyperplasia (34,35). More spe-
cifically, a malignant leiomyosarcoma showed positive [18F]FDG
accumulation (SUV, 10.5) and negative [18F]FES accumulation
(SUV, 1.0) in PET images, whereas a benign leiomyoma showed
similarly positive uptake for both PET tracers (Fig. 3) (35).
Finally, incidental uptake in uterine fibroids has been observed
with several other PET tracers—i.e., [68Ga]Ga-DOTATATE,
Al[18F]F-NOTA-FAPI, and [18F]NaF—though more comprehen-
sive follow-up studies have yet to be performed (36–38). In the
end, it is unlikely that molecular imaging will play a key stand-
alone role in the detection of uterine fibroids given the efficacy
of existing diagnostic methods. That said, imaging—and PET in
particular—could be a valuable tool for differentiating between
benign fibroids and more dangerous leiomyosarcomas. More
broadly, as the use of a library of radiopharmaceuticals applied
in the clinic grows, it will be important to understand the uptake of
common radiopharmaceuticals in leiomyomas to prevent false-
positive cancer diagnoses.

PCOS

PCOS is an endocrine disorder that affects roughly 5%–15% of
reproductive-aged women and can cause excess body hair, acne,
weight gain, and infertility. Although the condition can be man-
aged via hormone treatments and weight-loss drugs (as diabetes
and insulin resistance are common comorbidities), accurate diag-
noses are critical since many of these symptoms can be associated
with other etiologies (4). Along these lines, PCOS is diagnosed
when a patient satisfies 2 of the following 3 criteria: oligomenor-
rhea or anovulation, often leading to irregular periods; clinical or
biochemical signs of hyperandrogenism; and polycystic ovaries on
ultrasound. In light of this largely effective diagnostic paradigm,
molecular imaging likely has a greater future role to play in under-
standing the condition rather than delineating it. Several studies
have sought to use [18F]FDG to image brown adipose tissue levels
in women with PCOS, as brown adipose tissue is a highly ener-
getic tissue that is often functionally abnormal in patients with
PCOS. In a 2019 trial, for example, [18F]FDG PET revealed that
women with PCOS exhibited lower brown adipose tissue levels

FIGURE 3. [3F]FDG and [18F]FES PET of 75-y-old woman with leiomyo-
sarcoma (A and B, arrows) and 52-y-old woman with uncomplicated
benign leiomyoma (C and D, arrows). In former, primary tumor in uterus
accumulated [18F]FDG (A) but was negative for [18F]FES (B), and postoper-
ative histopathologic results confirmed leiomyosarcoma. In latter, lesions
were avid for both [18F]FDG (C) and [18F]FES (D), and postoperative histo-
pathologic results confirmed uncomplicated leiomyoma and adenomyo-
sis. (Reprinted with permission of (35).)
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than those without the condition (39). A year later, similar results
were obtained in a [18F]FDG PET study that compared a cohort of
women receiving metformin for PCOS and those without the condi-
tion, cementing low levels of brown adipose tissue as a common
characteristic of PCOS and opening the door for [18F]FDG as a tool
for monitoring the treatment of the condition (40). Interestingly, this
was not the first attempt at using nuclear imaging in the service of
treating PCOS. In 2010, Priyadarshani et al. determined the biodistri-
bution of a 99mTc-labeled variant of noscapine in a rat model of
PCOS, as the alkaloid was (at the time) being explored as a possible
therapeutic for the condition (41). The results were reasonably
promising—the 99mTc-labeled noscapine produced 0.9 %ID/g in
ovarian cysts compared with 0.06 %ID/g for a nonspecific control
compound—but no follow-up studies have been published. In the
future, it is unlikely that a nuclear imaging agent will be needed
as a diagnostic tool for PCOS, but it is almost certain that both
established tracers (e.g., [18F]FDG) and novel cyst-specific probes
could play important roles in improving our understanding of the
disease.

ADNEXAL MASSES AND OVARIAN CYSTS

Adnexal masses are growths found around the ovaries, uterus,
or fallopian tubes, including functional ovarian cysts, endometrio-
mas, and teratomas. The accurate detection and identification of
these lesions are critical, as they can interfere with cancer diagno-
ses and, in rare cases, become malignant themselves (4). Although
most are asymptomatic, adnexal masses can cause pelvic pain on cyst
enlargement, cyst rupture, or ovarian torsion (4). For patients who
do experience symptomatic pain, diagnosis is typically performed

via ultrasonography—most efficiently when performed by a sonog-
rapher using subjective pattern recognition—but other imaging
modalities (e.g., pelvic MRI) may be leveraged for complementary
information.
Functional ovarian cysts are a class of adnexal masses that can

develop on the ovaries, including follicular, corpus luteum, and
theca lutein cysts. The most common approach to diagnosing these
cysts is via transvaginal ultrasonography, an approach that offers a
sensitivity of 93.5% and a specificity of 91.5% (42). Although
these values are high, clinicians have nonetheless looked toward
molecular imaging for complementary diagnostic tools. In a 2021
metaanalysis of 27 reports on the differentiation between benign
and malignant adnexal masses via [18F]FDG PET and MRI, the
average sensitivity and specificity were 94% and 86%, respec-
tively, for [18F]FDG PET and 92% and 85%, respectively, for MRI
(43). In a trial performed in Japan, an emergent type of MRI—
amide proton transfer MRI—proved quite useful for the detection
and classification of a variety of ovarian cysts. Indeed, amide pro-
ton transfer MRI provided correct diagnoses of each type of ovarian
cyst, including serous cystadenomas, mucinous cystadenomas, and
functional cysts, without additional follow-up studies (Fig. 4) (44).
MRI has also been found effective for identifying other benign

adnexal masses, such as teratomas. In a 2015 study of 26 patients,
for example, MRI proved superior to [18F]FDG PET for distinguish-
ing between benign (mature) and malignant (immature) teratomas
(45). A previous study with [67Ga]Ga SPECT provided similar results
(46). The dense and fibrous nature of Brenner tumors—an ovarian
lesion that can be benign or malignant—facilitates ready visualization
via MRI, making it the current diagnostic gold standard (47). There
may be room for nuclear imaging, however. To wit, one recent study

suggests that malignant Brenner tumors may
exhibit higher uptake of [18F]FDG than their
benign cousins, aiding in the differentiation
between the two (48).

CONCLUSION

In assembling this review, we were
taken aback (though not entirely surprised)
by the degree to which benign gynecological
pathologies remain understudied despite
their global prevalence (1,5). We are heart-
ened, however, to see that molecular imag-
ing research in this area has increased over
the last decade, as we believe that molecu-
lar imaging has the potential to improve
patient outcomes. In conditions for which
current diagnostic paradigms are inade-
quate—such as endometriosis and adeno-
myosis—molecular imaging could become
a pivotal diagnostic tool. Yet molecular
imaging could still have a part to play in
cases for which standard-of-care diagnostic
technologies are sufficient. In PCOS, for
example, molecular imaging could help us
better understand the syndrome’s diverse
constellation of symptoms, whereas in the
context of benign adnexal masses, it could
be deployed to better differentiate between
benign and malignant lesions. Going for-
ward, we are eager to see what the next

FIGURE 4. Typical T2-weighted images (T2WI), T1-weighted images (T1WI), apparent diffusion
coefficient (ADC) maps, and amide proton transfer maps (APT) (overlaid on T2WI) of serous cystade-
noma (SCA) (top), mucinous cystadenoma (MCA) (middle), and functional cyst (FC) (bottom). All 3
cystic lesions showed similar signal intensities in T1WI and T2WI as well as similar ADC values. How-
ever, amide proton transfer values were clearly different among trio of cysts: low in serous cystade-
noma (2.25%), moderate in mucinous cystadenoma (5.03%), and very high in functional cyst
(7.38%). Color bar indicates amide proton transfer signal (%). (Reprinted with permission of (44).)
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decade has in store for research at the intersection of these 2 areas.
Although there are a plethora of viable paths for work, we believe
that the development of novel imaging probes that specifically tar-
get these conditions will be especially critical. In the end, details
aside, we are simply hopeful that advances in our field can help the
millions of women with these conditions.
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Frequent Amplification and Overexpression of PSMA in Basallike
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Prostate-specific membrane antigen (PSMA) is frequently overex-
pressed in nonprostate malignancies. This preclinical study investi-
gated the molecular basis of the application of PMSA-targeting
radiopharmaceuticals in breast cancer subtypes. Methods: The
somatic copy number status and the transcriptomic and protein
expressions of FOLH1 (gene name of PSMA) were analyzed across
breast cancer subtypes in 998 patients from The Cancer Genome
Atlas dataset. Results: FOLH1 was frequently amplified in basallike
breast cancer (BLBC) (32%) compared with luminal and human
epidermal growth factor receptor 2–positive subtypes (16% and
17%, respectively; P , 0.01). FOLH1 expression was higher in BLBC
(P, 0.001) and was negatively correlated with estrogen-receptor and
progesterone-receptor expressions. Consistently, the PSMA protein
level was higher in BLBC (P , 0.05). Interestingly, FOLH1 expression
was associated with relapse-free and distant metastasis–free survival
in patients with BLBC. Conclusion: The BLBC subtype exhibited fre-
quent amplification and overexpression of PSMA, supporting the explo-
ration of PSMA-targeting radiopharmaceuticals in this aggressive breast
cancer subtype.

Key Words: prostate-specific membrane antigen; basallike breast
cancer; genomic alteration; cancer genome
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Prostate-specific membrane antigen (PSMA) is a membrane-
anchored glycoprotein that was initially identified as overexpressed
in prostate cancer (1). Subsequent advances in PSMA-targeting
imaging and radioligand therapy have improved the detection and
treatment of metastatic prostate cancer (2–4). Because PSMA over-
expression is commonly observed in other solid tumor types apart
from prostate adenocarcinoma (5,6), PSMA-based radiopharmaceuti-
cals may potentially find broader utility in other cancer types lacking
actionable targets. Breast cancer is frequently associated with PSMA
overexpression (5,7). Several studies have reported the feasibility of
using 68Ga-PSMA PET imaging to identify primary and metastatic
lesions in breast cancer patients, and preclinical research has demon-
strated that PSMA-directed radioligand therapy can impede the
growth of breast cancer cells (7–13). However, considerable hetero-
geneity of PSMA expression was detected in both histopathology

and imaging among breast cancer patients (7–12). To address this
knowledge gap, this study interrogates the genomic alteration and
expression pattern of PSMA across breast cancer subtypes.

MATERIALS AND METHODS

Breast cancer is a heterogeneous disease that can be broadly classi-
fied on the basis of its gene expression patterns known as intrinsic
molecular subtypes (14). The main molecular subtypes (luminal A,
luminal B, human epidermal growth factor receptor 2 [HER2]–
positive, and basallike) were defined by a 50-gene signature (14). The
Cancer Genome Atlas is a publicly available dataset that provides com-
prehensive genomic data and molecular features for approximately 33
cancer types (15). Using The Cancer Genome Atlas dataset, we exam-
ined the genetic alteration and expression pattern of FOLH1 (gene
name of PSMA) from 998 breast cancer patients on the basis of the
intrinsic molecular subtypes of the patients’ cancer. The following files
were extracted from the public portal: for microarray DNA copy-
number aberration data, “brca_scna_all_thresholded.by_genes.txt”; for
microarray gene expression data, “BRCA.exp.547.med.txt”; and for
reverse-phase protein array expression data, “rppaData-403Samp-
171Ab-Trimmed.txt.” This study was exempted from the institutional
review board as it exclusively used data from the public database.

In this work, we compared the somatic copy number status and the
transcriptomic and protein expressions of FOLH1 among luminal A,
luminal B, HER2-positive, and basallike breast cancer (BLBC). Puta-
tive copy-number alteration of FOLH1 based on the Genomic Identifi-
cation of Significant Targets in Cancer 2.0 values (22, homozygous
deletion; 21, heterozygous deletion; 0, neutral or no change; 1, gain;
2, high-level amplification) (16) was extracted, and data were analyzed
using 2-tailed unpaired Student t tests among the molecular subtypes
of breast cancer. Relative FOLH1 messenger RNA expression values
and PSMA protein expression values based on z scores using the
default threshold of 2 SDs from the mean (17) were extracted,
and data were analyzed using 1-way ANOVA across multiple intrinsic
molecular subtypes of breast cancer. Patient survival data from the
pooled Gene Expression Omnibus datasets were obtained from the
Kaplan–Meier plot (18,19). Patients were divided into 2 groups
according to the upper and lower quartiles of normalized FOLH1
expression. The Kaplan–Meier method was used to compute overall
survival, relapse-free survival, and distant metastasis–free survival.

RESULTS

Molecular subtype classification revealed that FOLH1 is more
frequently amplified in BLBC (32%) than in HER2-positive
(17%), luminal A (12%), and luminal B (23%) molecular subtypes
(P , 0.01) (Fig. 1A). Consistent with these observations, FOLH1
gene expression was highly expressed in BLBC compared with that
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in other molecular subtypes (P , 0.001) (Fig. 1B). Concordantly,
FOLH1 expression was negatively correlated with ESR1 (gene name
of estrogen receptor; r 5 20.36) and PR (gene name of progesterone
receptor; r 5 20.26) but not with ERBB2 (gene name of HER2; r 5
0.041) and AR (gene name of androgen receptor; r 5 20.16) (false
discovery rate, 0%) (Fig. 2). PSMA protein expression was also
assessed to corroborate our results. Concordant with gene expression
analysis, the level of PSMA protein was significantly higher in BLBC
than it was in other subtypes of breast cancer (P5 0.03) (Fig. 1C).
To further assess the clinical relevance, we evaluated the relation-

ship between FOLH1 expression and cancer survival outcome in
breast cancer patients. Interestingly, high FOLH1 expression was
associated with favorable relapse-free survival and distant metasta-
sis–free survival in patients with BLBC subtypes (P , 0.0001 and
P 5 0.03, respectively) (Fig. 3). In contrast, no significant associa-
tion was observed in the luminal and HER2-positive breast cancer
subtypes (Supplemental Fig. 1; supplemental materials are available
at http://jnm.snmjournals.org). There is no significant association
between FOLH1 expression and overall survival across all breast
cancer subtypes (Supplemental Fig. 1).

DISCUSSION

Over the past decade, advances in molec-
ularly targeted PSMA radionuclide-based
imaging and therapy have led to remarkable
improvement in the diagnosis and treatment
of prostate cancer (2–4). Despite its name,
PSMA is frequently overexpressed in many
cancer types and thus presents a targeting
opportunity for those cancer types currently
without a known biologic target (5,6).
In this preclinical study, we characterized
the genomic alteration and expression pattern
of PSMA across breast cancer subtypes.
Our findings highlight that the BLBC sub-
type harbors frequent FOLH1 amplification,
which is linked to overexpression of RNA

transcripts and protein of PSMA. Genomic upregulation of PSMA pro-
vides a molecular basis for the exploration of PSMA-targeting imaging
and therapeutic radiopharmaceuticals in these cancer subtypes.
PSMA overexpression in breast cancer has been reported, though

to a lesser degree than with prostate cancer (5). Histopathologic eval-
uation of PSMA expression by Kasoha et al. showed PSMA overex-
pression in cancer cells and tumor-associated neovasculature of
both primary and metastatic breast cancers (13). Similarly, Sathekge
et al. presented the earliest study that demonstrated in vivo PSMA-
expressing tumor targeting in both primary and metastatic breast can-
cer using 68Ga-PSMA PET/CT (11). Our study further expands on
this knowledge by examining the expression pattern of PSMA across
breast cancer subtypes. We observe substantial heterogeneity of
PSMA expression among breast cancer patients. When stratified by
molecular subtype status, PSMA overexpression is preferentially
observed in the BLBC subtype. Importantly, our result further
demonstrates that FOLH1 amplification is a potential mechanistic
underpinning of PSMA overexpression in these subtypes. Consistent
with these data, Medina-Ornelas et al. showed that PSMA tumoral
uptake is more pronounced in triple-negative breast cancer and
HER2 subtypes than in hormonal receptor–positive subtypes (12).
The pivotal VISION trial demonstrated a compelling survival bene-

fit of 177Lu-PSMA-617 for PSMA-positive metastatic castration-
resistant prostate cancer (2). In principle, PSMA represents a biologic
target in all cancer types exhibiting PSMA positivity, regardless of tis-
sue of origin. Our results raise the possibility that PSMA-targeting
radiopharmaceuticals could offer unique imaging and treatment
options for BLBC. Sharing an identical immunophenotype with triple-
negative breast cancer, BLBC represents the most aggressive breast
cancer subtype without an actionable target. We suspect that PSMA-
targeting radiopharmaceuticals may be particularly effective as
imaging and therapeutic agents in BLBC given preferential PSMA
overexpression and amplification in this cancer subtype. Consistent
with this notion, preliminary results from the European PRISMA trial
have shown significant in vivo 68Ga-PSMA uptake in patients with
metastatic triple-negative breast cancer (20). Furthermore, a preclinical
study by Morgenroth et al. showed that 177Lu-PSMA-617 specifically
localized to triple-negative breast cancer cells and significantly
impeded the cells’ vitality and angiogenic potential (10). Taken
together, these findings incentivize future trials to validate the thera-
peutic efficacy of 177Lu-PSMA-617 for PSMA-positive BLBC.
This study has several important limitations. Most notably, a val-

idation study in human subjects was not performed to confirm the
clinical applicability of our analysis of The Cancer Genome Atlas.
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Larger-scale in vivo data of PSMA uptake in breast cancer are lim-
ited because 68Ga-PSMA PET/CT is not routinely performed in
female patients. Moreover, the biologic significance of PSMA
amplification and overexpression was not addressed. Future bioin-
formatic and mechanistic studies could be useful for elucidating
specific molecular pathways, such as cancer-cell metabolism and
invasion, which have been implicated in prostate cancer.

CONCLUSION

This study revealed significant overexpression of the gene copies,
RNA transcripts, and protein of PMSA in the BLBC subtype compared
with expression in other breast cancer subtypes. These findings may
help to inform patient selection for future prospective PSMA-targeting
radiopharmaceutical imaging and therapeutic trials in breast cancer.

KEY POINTS

QUESTION: Is PSMA preferentially amplified and overexpressed
in certain subtypes of breast cancer?

PERTINENT FINDINGS: Analyses from The Cancer Genome Atlas
revealed frequent amplification of PSMA copy number, which was
associated with the preferential overexpression of messenger RNA
and protein of PSMA in the BLBC subtype. Cancer survival analy-
ses showed that PSMA expression levels correlated with relapse-
free and distant metastasis–free survival in patients with BLBC.

IMPLICATIONS FOR PATIENT CARE: PSMA represents a prom-
ising biologic target for BLBC, a breast cancer subtype currently
lacking tailored imaging and therapeutic options. The application
of PSMA-targeting imaging and therapeutic radiopharmaceuticals
in BLBC holds the potential to address this gap and improve its
poor disease prospects.
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expression (C). Number of patients at risk and log-rank P values are shown. HR5 hazard ratio.
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Utility of PSMA PET/CT in Staging and Restaging of Renal
Cell Carcinoma: A Systematic Review and Metaanalysis
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Prostate-specific membrane antigen (PSMA) is expressed in the neo-
vasculature of multiple solid tumors, including renal cell carcinoma
(RCC). Studies have demonstrated promising results on the utility of
PSMA-targeted PET/CT imaging in RCC. This report aims to provide a
systematic review and metaanalysis on the utility and detection rate
of PSMA PET/CT imaging in staging or evaluation of primary RCC
and restaging of metastatic or recurrent RCC. Methods: Searches
were performed in PubMed, Embase, and abstract proceedings (last
updated, August 2023). Studies that provided a lesion-level detection
rate of PSMA radiotracers in staging or restaging of RCC were
included in the metaanalysis. The overall pooled detection rate with a
95% CI was estimated, and subgroup analysis was performed when
feasible. Results: Nine studies comprising 152 patients (133 clear cell
RCC [ccRCC], 19 other RCC subtypes) were included in the metaana-
lysis. The pooled detection rate of PSMA PET/CT in evaluation of pri-
mary or metastatic RCC was estimated to be 0.83 (95% CI, 0.67–
0.92). Subgroup analysis showed a pooled PSMA detection rate of
0.74 (95% CI, 0.57–0.86) in staging or evaluation of primary RCC
lesions and 0.87 (95% CI, 0.73–0.95) in restaging of metastatic or
recurrent RCC. Analysis based on the type of radiotracer showed a
pooled detection rate of 0.85 (95% CI, 0.62–0.95) for 68Ga-based
PSMA tracers and 0.92 (95% CI, 0.76–0.97) for 18F-DCFPyL PET/CT.
Furthermore, in metastatic ccRCC, the available data support a signifi-
cantly higher detection rate for 18F-DCFPyL PET/CT than for conven-
tional imaging modalities (2 studies). Conclusion: Our preliminary
results show that PSMA PET/CT could be a promising alternative
imaging modality for evaluating RCC, particularly metastatic ccRCC.
Large prospective studies are warranted to confirm clinical utility in
the staging and restaging of RCC.

Key Words: renal cell carcinoma; prostate-specific membrane anti-
gen; PSMAPET/CT; metaanalysis
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Renal cell carcinoma (RCC) accounts for 4% of the global
cancer burden and 90% of all primary renal malignancies (1,2).
RCC is the most lethal genitourinary cancer, as it often remains
undetected during its early stages because of a lack of specific
symptoms. Approximately 20%–30% of the patients present with
metastases at initial diagnosis (2). Accurate staging and characteriza-
tion of metastases are crucial for planning the treatment of patients
with RCC. Conventional imaging techniques such as ultrasound,
contrast-enhanced CT, MRI, and bone scintigraphy have been used
for the diagnosis and staging of RCC (3,4). The current gold standard
modality for evaluating metastatic disease in patients with inconclu-
sive radiologic findings or for surveillance is contrast-enhanced CT
using 18F-FDG PET/CT. However, this technique is not sensitive or
comprehensive enough to detect early metastatic lesions and is associ-
ated with false-negative results, particularly in small lesions (e.g.,
,1cm) or low-grade tumors (5). Approximately 25% of patients
experience metastases after undergoing surgery for a seemingly
resectable condition (6). Therefore, there is a need for a more sensi-
tive modality for early detection and timely management of patients
with metastatic RCC. Recent reports on the superiority of prostate-
specific membrane antigen (PSMA)–targeted PET imaging over the
conventional modalities for prostate cancer at initial staging and recur-
rence have increased interest in exploring its utility for RCC (7–9).
PSMA is a type II transmembrane glycoprotein highly expressed

in prostate cancer cells, as well as in the endothelial cells within the
neovasculature of multiple solid tumors, including RCC (10,11).
Clear cell RCC (ccRCC) is the most common RCC subtype and is
generally the most aggressive, although there are numerous other
subtypes with varying aggressiveness, including chromophobe RCC
and papillary RCC (12). PSMA expression varies greatly across
RCC subtypes. PSMA is strongly expressed in ccRCC (76.2%–
88%) compared with chromophobe RCC (31.2%–60%) and is rarely
detectable in papillary RCC (13–15). With high levels of neovascu-
larity and increased PSMA expression, patients with ccRCC are
potential candidates for PSMA PET/CT.
The most widely used PSMA-targeted PET imaging probes are

68Ga- and 18F-labeled. Compared with 68Ga,18F has a longer half-
life and higher target-to-background resolution (16). Multiple pre-
liminary studies have investigated the clinical utility of PSMA
PET/CT in RCC using different PSMA-directed radiotracers and
shown promising results (17–21). Reviews on the role of PSMA
PET/CT in the evaluation and management of RCC have also
been published (22–24). However, there is a lack of metaanalysis
in the available literature that would give better insight into the
role of PSMA PET/CT in assessing RCC. In this report, we have
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provided a systematic review on the utility of PSMA PET/CT in
staging and restaging of RCC and performed a metaanalysis on
the detection rate of PSMA PET/CT in staging or evaluation of
primary RCC and restaging of metastatic or recurrent RCC.

MATERIALS AND METHODS

Search Strategy
A systematic literature review was conducted on August 25, 2023,

according to the Preferred Reporting Items for Systematic Review and
Meta-Analyses (PRISMA) guidelines (25). The search was performed in
PubMed, Embase, and abstract proceedings of major scientific meetings
(Society of Nuclear Medicine and Molecular Imaging, European Associa-
tion of Nuclear Medicine) to identify relevant published studies without any
restrictions on language, publication date, or publication status. The search
strategy was based on the following combination of keywords: (A) “renal
cell carcinoma” OR “RCC” AND (B) “PSMA” OR “prostate-specific
membrane antigen.” Institutional review board approval was not required
since it was a retrospective analysis of previously published studies.

Criteria for Study Consideration
Clinical studies investigating the utility of PSMA PET/CT imaging

in staging or restaging of patients with RCC (ccRCC or non-ccRCC)
were included. Index tests included 18F-DCFPyL, 18F-PSMA-1007,
68Ga-PSMA-11, or 68Ga-P16–093 PET/CT scans. The inclusion crite-
ria included all studies that provided the lesion-based detection rate
for any PSMA radiotracers in patients with RCC.

Selection of Studies, Data Extraction,
and Study Outcome

All records identified through the elec-
tronic search were initially screened for eligi-
bility based on the title and abstract. Two of
the authors performed this screening, which
excluded review articles, editorials, and irrel-
evant citations. The full texts of the poten-
tially relevant publications were retrieved
and independently checked by the 2 authors
for predefined inclusion criteria.

The 2 authors independently extracted the
following data from each included study:
bibliographic details, patient demographics

and disease characteristics, index tests, number of patients, tumor histopa-
thology, and detection rates. The overall pooled detection rate with 95%
CIs was estimated among all included studies. In addition, subgroup anal-
ysis was performed to estimate the detection rate of 18F-DCFPyL and
68Ga-PSMA PET/CT in patients with metastatic RCC and to compare the
performance of PSMA PET/CT relative to other conventional imaging
modalities, when feasible (only 2 studies).

Statistical Analysis and Data Synthesis
A lesion-based metaanalysis of single proportions was performed to

calculate the pooled detection rate of PSMA PET/CT in patients with
RCC using meta package (version 6.5-0) in R version 4.3.1. Forest plots
of detection rates were created to display variations in the results of the
individual studies. Logit transformation with the inverse variance method
was used to perform a metaanalysis of proportions. The I2 index was cal-
culated to quantify heterogeneity. I2 lies between 0% and 100%, with
respective values of approximately 25%, 50%, and 75% indicating low,
moderate, and high heterogeneity. To deal with heterogeneity,
random-effect assumptions were used for synthesizing metaanalytic data
(26). Funnel plots were used to assess publication bias.

RESULTS

Search Results and Study Characteristics
Using the comprehensive search strategy outlined in the methods

section, we identified 145 articles, of which 114 were excluded by
initial screening of title and abstract. The full texts of the remaining
31 studies were reviewed, and 22 studies were excluded. In total, 9
articles were included in the final metaanalysis and quantitative syn-
thesis (Fig. 1).
Supplemental Tables 1 and 2 (16–21,27–51) summarize the pub-

lished literature on the utility of PET/CT imaging using different
PSMA-directed radiotracers, including 12 articles on 18F-based tracers
(18F-DCFPyL, 18F-PSMA-1007) and 19 articles on 68Ga-based tracers
(68Ga-PSMA-11, 68Ga-P16–093), in patients with RCC (31 studies,
including case reports and case series) (supplemental materials are
available at http://jnm.snmjournals.org). In these studies, PSMA
PET/CT was performed for staging and restaging of RCC, evalua-
tion of primary RCC lesions, or other purposes (e.g., prostate can-
cer restaging) with incidental detection of RCC metastases.

Detection Rate of PSMA PET/CT in Staging or Restaging of
RCC (Lesion-Level Analysis)
All Studies. Nine articles, including 152 patients (133 ccRCC,

19 other RCC subtypes), provided information on the lesion-level
detection rate of PSMA PET/CT performed for either staging and
evaluation of primary RCC lesions or restaging of metastatic or
recurrent RCC. The forest plot representing the pooled data from
all included studies is depicted in Figure 2. The estimated pooled

FIGURE 1. Flowchart of systematic review.

FIGURE 2. Lesion-based detection rate of PSMA PET/CT in staging and restaging of RCC (all
included studies).
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lesion-level detection rate of PET/CT with any PSMA radiotracer
was 0.83 (95% CI, 0.67–0.92). There was high heterogeneity
among the included studies (I2 5 81%).
Subgroup analysis was based on the clinical indication (resta-

ging of metastatic RCC vs. staging or evaluation of primary
RCC), histopathology (all subtypes of RCC vs. studies that
included solely ccRCC), and type of radiotracer (18F- vs. 68Ga-
based PSMA radiotracers), when feasible.
Restaging of Metastatic or Recurrent RCC. Seven articles,

including 90 patients (87 ccRCC, 3 other RCC subtypes), pro-
vided information on the lesion-level detection rate of PSMA
PET/CT in restaging of metastatic or recurrent RCC (Fig. 3).
The estimated pooled lesion-level detection rate of any type of
PSMA radiotracer was 0.87 (95% CI, 0.73–0.95). Limiting the
cases to studies that included solely ccRCC pathology resulted
in a pooled detection rate of 0.85 (95% CI, 0.64–0.95). There
was substantial heterogeneity among the included studies, with
an I2 of 76%.
The lowest detection rate has been reported by Sawicki et al.

(50%), with all PET-negative metastases being subcentimeter pul-
monary nodules in 1 patient (39). This study was identified as a
possible source contributing to the high heterogeneity. Exclusion
of this study from the analysis significantly improved the study
heterogeneity (leave-one-out method), with a pooled detection rate
of 0.91 (95% CI, 0.83–0.95; I2 5 42%) (Supplemental Fig. 1).
Staging or Evaluation of Primary RCC Lesions. Three studies,

including 62 patients (48 ccRCC, 14 other subtypes), reported the
lesion-level detection rate of 68Ga-PSMA PET/CT in the staging
or evaluation of primary RCC lesions. Only malignant lesions and
their PSMA PET positivity data were included in the analysis. The
pooled detection rate of PSMA PET/CT for primary RCC was
0.74 (95% CI, 0.57–0.86), with an I2 of 38%. In other words,
approximately 74% (46/62) of primary RCC lesions were PSMA-
positive (Fig. 4).

68Ga-Based Versus 18F-Based PSMA Radiotracer. Among the
included studies on patients with metastatic RCC, 68Ga-based PSMA
radiotracers were used in 5 studies including 75 patients (72 ccRCC,
3 non-ccRCC). The pooled detection rate in these studies was

estimated to be 0.85 (95% CI, 0.62–0.95;
I2 5 82%) (Fig. 5). Limiting the analysis
to studies that included solely ccRCC
pathology resulted in a pooled detection
rate of 0.80 (95% CI, 0.53–0.93).
Two of the included studies on 19

patients with metastatic RCC (all ccRCC
subtype) evaluated the utility of an 18F-
based PSMA radiotracer (18F-DCFPyL)
and provided a direct comparison with
conventional imaging (17,19). Our analy-
sis revealed that 18F-DCFPyL PET/CT
provides a significantly higher detection

rate in metastatic RCC than conventional imaging modalities such
as CT and MRI, with pooled estimates of 0.92 (95% CI, 0.76–
0.97) versus 0.63 (95% CI, 0.50–0.74), respectively (Fig. 6). There
was low heterogeneity in this subgroup analysis (I2 5 28% and
0%, respectively).

Publication Bias
Qualitative evaluation using funnel plots revealed relatively

symmetric plots suggestive of a low probability of publication bias
(Fig. 7).

DISCUSSION

In this study, we systematically reviewed all the available lit-
erature on the utility of PSMA PET/CT imaging in staging or
restaging of RCC (supplemental tables) and performed a metaa-
nalysis on the eligible relevant studies when feasible. To our
knowledge, this was the first metaanalysis assessing the detec-
tion rate of PSMA PET/CT in this patient population. Our
results revealed the potential role of PSMA PET/CT in the stag-
ing or evaluation of primary RCC lesions and in the restaging
of metastatic or recurrent RCC, with a pooled detection rate of
0.74 (95% CI, 0.57–0.86) and 0.87 (95% CI, 0.73–0.95),
respectively. Our subgroup analysis revealed that both 68Ga-
based (7 studies) and 18F-based (2 studies) PSMA radiotracers
have a high detection rate for evaluation of metastatic RCC
(17–21,36,37,39,41).
We found high heterogeneity among the included studies (I2 .

75%). The heterogeneous study types, differences in the radiotra-
cers used across studies, and mixed patient populations, including
both ccRCC and non-ccRCC and different stages of the disease,
could have contributed to the high heterogeneity. In Sawicki et al.
(detection rate, 50%), all PET-negative metastases were subcenti-
meter pulmonary nodules in 1 patient (39). This study was identi-
fied as a source of heterogeneity. Pulmonary nodules are prone to
have decreased tracer activity, which at least partially is explained
by breathing-related motion degradation. Furthermore, the subcen-
timeter size of nodules limits PET resolution because of partial-
volume effects, although with targeted radiotracers, it is possible to

drive contrast resolution to overcome spa-
tial resolution limitations. Redoing the
metaanalysis after exclusion of this study
resulted in improved heterogeneity (I2 5
42%). Primary versus metastatic disease
status was identified as another source of
heterogeneity, and subgroup analysis on
this population improved the heterogeneity
(I2 5 38%). In addition, most of those
studies were conducted retrospectively and

FIGURE 3. Lesion-based detection rate of PSMA PET/CT in restaging of patients with metastatic
or recurrent RCC.

FIGURE 4. Detection rate of PSMA PET/CT in staging or evaluation of primary RCC.
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lacked pathologic proof of disease at the site of radiotracer uptake;
this factor could have contributed to heterogeneity.
Demirci et al. (50) and Rowe et al. (17) were the first to report

the utility of PSMA-targeted radiotracers for imaging patients with
ccRCC using 68Ga-PSMA-11 and 18F-DCFPyL, respectively. Sub-
sequently, multiple small-scale preliminary studies demonstrated
promising results for PSMA PET/CT in staging and restaging of
RCC, with the main advantage being the possibility of detecting
distant metastasis (23). Patients with metastatic RCC have a poor
prognosis, with a 5-y survival rate of only 12% (12). Therefore,
accurate staging and assessment of metastases are crucial for man-
aging patients and determining the treatment strategy. Siva et al.
(41), Raveenthiran et al. (20), and Guhne et al. (37) examined the
diagnostic utility of 68Ga-PSMA PET/CT for evaluating disease
extent in patients with metastatic RCC. In a retrospective series
of 8 patients with oligometastatic RCC, Siva et al. demonstrated
higher uptake on 68Ga-PSMA than on 18F-FDG PET, suggesting
68Ga-PSMA PET to be a more sensitive modality than 18F-FDG
PET for diagnostic evaluation of metastatic RCC (41). Raveenthiran
et al. examined the effectiveness of 68Ga-PSMA PET/CT, com-
pared with conventional imaging, in guiding management deci-
sions (20).
ccRCC accounts for over 75% of RCC diagnoses (12) and has

strong PSMA expression relative to other RCC subtypes (13). A
retrospective case series of 38 patients with 68Ga-PSMA PET/CT
for staging or restaging of RCC revealed the strongest detection
rate in patients with ccRCC and a clinical management change in
43.8% of primary staging cases and 40.9% of restaging cases (20).
Guhne et al. demonstrated molecular PSMA expression in all
PET-positive lesions, with no correlation between histopathologic
findings (extent and intensity of PSMA expression) and PET/CT
parameters (SUVmax, SUVmean, lesion-to-muscle ratio) in patients
with metastatic ccRCC; however, this lack of correlation was

because most lung metastases showed low
tracer uptake (37). Seven of our included
studies evaluated the role of PSMA PET/CT
in patients with metastatic or recurrent RCC,
with a pooled detection rate of 87%. Most
included patients in these studies had ccRCC
pathology (87 ccRCC, 3 other subtypes). In
addition, our subgroup analysis on studies
that included only ccRCC patients did not
show a significant change in the detection
rate of PSMA PET/CT. Thus, the presence

of a different tumor histopathology is not likely to significantly affect
our results in this analysis.
Two of the included studies provided a direct comparison of

PSMA PET/CT (18F-DCFPyL) and conventional imaging in meta-
static ccRCC and support a higher detection rate of PSMA
PET/CT, with a pooled detection rate of 0.92 (95% CI, 0.76–0.97)
versus 0.63 (95% CI, 0.50–0.74), respectively (17,19). Rowe et al.
prospectively analyzed 5 patients with metastatic ccRCC and iden-
tified 29 lesions on at least one modality. Of these, 18 metastatic
lesions were identified on conventional imaging, whereas 28 sites
were identified on 18F-DCFPyL PET/CT, 17 of which corre-
sponded to the disease site seen on conventional imaging. The
study reported a higher detection rate (97% vs. 62%) and higher
sensitivity (94.7% vs. 78.9%) for 18F-DCFPyL PET/CT than for
conventional imaging in the detection of metastatic lesions (17).
Meyer et al. conducted a prospective study to evaluate the clinical
utility of 18F-DCFPyL PET/CT in patients with presumed oligome-
tastatic ccRCC based on conventional imaging. In total, 33 meta-
static sites of disease were identified in 17 oligometastatic ccRCC
patients, of which 29 sites were detected on 18F-DCFPyL PET/CT
and 21 metastatic lesions were identified on conventional imaging.
Seventeen of 21 (81%) metastatic lesions detected on conventional
imaging had radiotracer uptake. In 4 patients (28.6%), 12 lesions
not detected on conventional imaging were identified on 18F-
DCFPyL PET/CT, and 3 of these patients were no longer con-
sidered oligometastatic. The detection rates of 18F-DCFPyL
PET/CT and conventional imaging for identifying sites of meta-
static disease were reported as 87.9% and 63.4%, respectively
(19). Rhee et al. reported a sensitivity of 92% for 68Ga-PSMA
PET/CT in detecting RCC metastatic lesions, compared with
68.6% for conventional CT (18). A recent study compared the
utility of 68Ga-PSMA PET/CT in ccRCC and non-ccRCC and
reported that 68Ga-PSMA PET/CT had accuracy and sensitivity supe-

rior to conventional imaging in the detection
of metastatic lesions in ccRCC (40).
The major limitations of the current analy-

sis are high heterogeneity among the studies,
lack of definitive indications for the applica-
tion of PSMA PET/CT in RCC patients, the
small number of patients analyzed, lack of
data on the location and size of RCC lesions,
and the retrospective nature of most of the
studies included in the analysis. Despite
these limitations, our preliminary results
shed light on the potential role of PSMA
PET/CT in the detection and characteriza-
tion of metastatic RCC. Large prospective
trials with robust inclusion criteria and path-
ologic confirmation of lesions would be of
value to validate the diagnostic efficiency of

FIGURE 5. Lesion-based detection rate of 68Ga-based PSMA radiotracers in restaging of patients
with metastatic RCC.

FIGURE 6. Lesion-based detection rate of 18F-DCFPyL PSMA in restaging of metastatic RCC
(A), in comparison with conventional imaging modalities (B).
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PSMA PET/CT in RCC, particularly in patients at high risk for met-
astatic disease at initial staging, response assessment, or surveillance
monitoring; in patients with oligometastatic disease; and in patients
who can potentially be considered for future radioligand PSMA-
targeted therapy.

CONCLUSION

Our metaanalysis showed the detection potential of PSMA
PET/CT in staging primary RCC lesions and restaging metastatic
or recurrent RCC. Although our findings are based on small-scale
studies with high heterogeneity, the preliminary results suggest
merit in the use of PSMA PET/CT in RCC, particularly when per-
formed for restaging of metastatic or recurrent disease.
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KEY POINTS

QUESTION: Does PSMA PET/CT have the potential to be an
effective alternative imaging modality for patients with RCC?

PERTINENT FINDINGS: This metaanalysis demonstrated high
detection rates for PSMA-targeted imaging of RCC using both
18F- and 68Ga-labeled agents.

IMPLICATIONS FOR PATIENT CARE: These findings suggest a
new opportunity for improved detection of metastatic RCC using
PSMA-targeted imaging agents.
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This study aimed to compare the efficacy of [18F]F-choline PET/CT
with conventional imaging for staging and managing intermediate- to
high-risk prostate cancer (PCa). The primary objective was to assess
the ability of PET/CT with [18F]F-choline to identify lymph node and
systemic involvement during initial staging. Secondary objectives
included evaluating the impact of [18F]F-choline PET/CT on unneces-
sary local treatments and assessing the safety of [18F]F-choline
agents. Additionally, the study aimed to analyze recurrence-free sur-
vival and overall survival 5 y after randomization. Methods: A pro-
spective controlled, open, randomized multicenter phase III trial
involving 7 Italian centers was conducted. Eligible patients with inter-
mediate- to high-risk PCa were randomized in a 1:1 ratio. Two groups
were formed: one undergoing conventional imaging (abdominopelvic
contrast-enhanced CT and bone scanning) and the other receiving
conventional imaging plus [18F]F-choline PET/CT. The study was ter-
minated prematurely; however, all the endpoints were thoroughly ana-
lyzed and enriched. Results: Between February 2016 and December
2020, 256 patients were randomly assigned. In total, 236 patients (117
in the control arm and 119 in the experimental arm) were considered
for the final assessment. In the experimental arm, the sensitivity for
lymph node metastases, determined by final pathology and serial
prostate-specific antigen evaluations, was higher than in the control
arm (77.78% vs. 28.57% and 65.62% vs. 17.65%, respectively). The
[18F]F-choline was tolerated well. The use of [18F]F-choline PET/CT
resulted in an approximately 8% reduction in unnecessary extended
lymphadenectomy compared with contrast-enhanced CT. Additionally,
[18F]F-choline PET/CT had a marginal impact on 5-y overall survival,
contributing to a 4% increase in survival rates. Conclusion: In the initial
staging of PCa, [18F]F-choline PET/CT exhibited diagnostic performance
superior to that of conventional imaging for detecting metastases.

[18F]F-choline PET/CT reduced the rate of unnecessary extensive
lymphadenectomy by up to 8%. These findings support the consid-
eration of discontinuing conventional imaging for staging PCa.

KeyWords: fluorocholine; prostate cancer; diagnostic imaging; disease
management; prognosis
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Prostate cancer (PCa) remains the most prevalent malignancy
among men, with metastatic progression contributing significantly
to patient mortality (1). Current therapeutic decision-making
regarding primary-tumor treatment depends on parameters such as
prostate-specific antigen (PSA) value, clinical tumor stage, and
biopsy Gleason score (2). However, the existing imaging tools and
nomograms fall short in accurately staging early pelvic lymph
node, bone, and distant metastases.
CT and MRI exhibit limited sensitivity and specificity in detect-

ing small-volume metastatic disease, whereas whole-body bone
scans may overlook early bone marrow metastases (3). Nonethe-
less, contrast-enhanced CT (ceCT) and whole-body bone scans are
widely used as the standard initial diagnostic imaging modalities
for staging localized PCa. Retrospective data suggest that PET
imaging using [11C]choline, [18F]F-choline, or [18F]fluoride is
more accurate than conventional methods in detecting lymph node
and bone metastases, both for staging and for restaging purposes
(4–7). However, the promising accuracy of radiolabeled choline
PET/CT in identifying lymph node involvement during primary
staging is tempered by several limitations. These include low sen-
sitivity for micrometastases, inherent nonspecificity of choline
uptake, retrospective study designs, limited comparative data with
conventional imaging, absence of cost-effectiveness evaluations,
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and an uncertain impact on patient management. Consequently,
current European and American guidelines do not recommend
radiolabeled choline PET/CT in the initial staging of newly diag-
nosed PCa.
Recent advancements, notably radiolabeled prostate-specific mem-

brane antigen (PSMA), have revolutionized PCa imaging, including
the initial staging process, as evidenced by the proPSMA trial (8).
Nonetheless, standardization efforts are under way to enhance the
reproducibility and applicability of PSMA PET across different cen-
ters. Despite PSMA PET’s superior accuracy in detecting metastatic
spread and high-risk PCa, its ability to improve clinically relevant
outcomes in advanced PCa remains unproven, and it cannot yet
replace extended pelvic lymph node dissection (2). Currently, only
preliminary data are available, from Djaïleb et al. (9).
Radiolabeled choline PET/CT remains of interest and is still used

worldwide in the diagnostic management of PCa patients. In light of
this, a prospective randomized multicenter study was conceived at a
time when PSMA imaging was not widespread. This study aimed to
compare PET/CT using [18F]F-choline with conventional imaging for
staging and managing intermediate- to high-risk PCa. The primary
objective was to assess the efficacy of [18F]F-choline PET/CT in
identifying lymph node and systemic involvement in these patients at
initial staging. Secondary objectives included evaluating the impact
of [18F]F-choline PET/CT on unnecessary local treatments and asses-
sing the safety of [18F]F-choline agents. An additional objective was
to evaluate recurrence-free survival (RFS) and overall survival (OS)
after 5 y from randomization.

MATERIALS AND METHODS

Study Design and Participants
This was a prospective controlled, open, randomized phase III trial

involving 7 centers in Italy (Supplemental Table 1; supplemental materi-
als are available at http://jnm.snmjournals.org).

Patients were eligible if they had intermediate- or high-risk PCa
according to version 2.2013 of the National Comprehensive Cancer
Network–National Comprehensive Cancer Network classification (e.g.,
PSA $ 10ng/mL and Gleason score $ 7, Gleason score $ 8 with any
PSA value, cT2c-T3 with any PSA value, or PSA $ 20ng/mL with any
Gleason score), were older than 18 y, were candidates for radical prosta-
tectomy and lymphadenectomy or radiotherapy, and had accessible
follow-up information.

Conversely, excluded from the study were patients with a previous
history of cancer, metastases to lymph nodes, or metastases to other
sites already confirmed by a histopathologic examination; patients
who were candidates for hormone therapy as primary treatment because
of their general health condition; patients who had already been treated
with hormone therapy or previous radiotherapy; and patients who had
psychiatric disorders contraindicating PET/CT examination (Supple-
mental Table 2).

The study protocol was performed in accordance with the Declara-
tion of Helsinki, and all participants provided written informed con-
sent before undergoing any study procedures. The study was approved
by the Ethical Committee of the Veneto Institute of Oncology in
November 2013 (EudraCT 2013-002511-99; approval 2013/54).

Randomization
Eligible patients were randomized using a 1:1 ratio. The study com-

prised 2 groups of patients: one was studied by conventional imaging
(abdominopelvic ceCT and bone scanning), whereas the other was
evaluated by conventional imaging plus [18F]F-choline PET/CT (Sup-
plemental Fig. 1). During the urologic visit, the patient’s eligibility for
the study was determined by collection of demographic information,

medical history, blood serum results, and histopathologic data from
the PCa biopsy. A web-based database (REDCap) was used for the
randomization and for collecting all data.

Study Procedures
The patients underwent the imaging procedures within 1mo.
ceCT of Abdomen and Pelvis. ceCT imaging was performed after

contrast medium injection. For the lymph node staging, the short axis
was measured in all lymph nodes using a cutoff of 10mm. For distant
metastases, any abnormalities in the skeleton, liver, lung, or adrenal
gland were considered. Any bone metastases were classified as osteo-
lytic, osteosclerotic, or mixed.
Bone Scanning. Whole-body bone scan images were obtained in

anterior and posterior views, 2 or 3 h after 99mTc-methyldiphosphonate
injection. The results were considered positive if there were solitary or
multiple asymmetric areas of uptake not considered to be due to recent
trauma or an osteoarticular degenerative disease. Conversely, negative
findings were defined as no abnormal uptake outside the physiologic
distribution of the tracer.
PET/CT. Whole-body PET/CT was performed from the vertex to

the proximal femur at 6–7 bed positions (2–3min per position),
60min after intravenous administration of the tracer (3 MBq/kg dose
of [18F]F-choline). A low-dose whole-body CT scan (with no contrast
enhancement; 140 kV, 80–120mA) was used for attenuation correc-
tion and for anatomic localization of the sites of disease. A lymph
node metastasis was defined as focal tracer uptake in the abdominopel-
vic lymph nodes (including nodes with a diameter , 10mm), subse-
quently confirmed by equivalent CT images. Weak [18F]F-choline
uptake (,liver uptake) in inguinal and mediastinal lymph nodes was
considered to be reactive lymphadenitis and not pathologic (10). A distant
metastasis was defined as focal tracer uptake coinciding with bone, liver,
lung, or adrenal gland, whether or not it correlated with the morphologic
pattern on CT (i.e., bone marrow lesions). The [18F]F-choline PET/CT
images were jointly interpreted at each center involved in the trial by 2
specialists trained to perform PET/CT imaging. Intra- and interassay
variations were assessed by a masked review of all [18F]F-choline
images by an independent nuclear medicine specialist with specific
training on [18F]F-choline PET/CT images.

Gold Standard
The standard of reference was the histopathologic data from

patients who underwent radical prostatectomy and lymphadenectomy
(limited, extended, or superextended). Moreover, in patients who
received radiotherapy, chemotherapy, or hormonal therapy, follow-up
data were considered, including clinical evaluation, serial biochemis-
try, and conventional or [18F]F-choline PET/CT imaging for at least
6mo from the primary treatments. Biochemical recurrence was
defined as recurrence after an increase in serum PSA level above
0.2 ng/mL or a serum PSA level above nadir plus 2.0 ng/mL after
definitive radiotherapy (11).

Outcome Measures
The primary aim was to test the diagnostic performance of [18F]F-

choline PET/CT on a per-patient basis by calculating the method’s
sensitivity, specificity, positive predictive value, negative predictive
value, and accuracy. For lymph node metastases, the obturator, exter-
nal and internal iliac, pararectal, retroperitoneal (lumbar–aortic), and
deep inguinal regions were considered. For bone metastases, the fol-
lowing sites were considered separately: pelvis, thoracic and lumbar
spinal column, ribs, femurs, humerus, skull, and so on. For distant
metastases, the considered sites included the distant lymph nodes (ret-
roperitoneal and deep inguinal), lung, mediastinum, liver, adrenal
glands, and soft tissues.
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Secondary Endpoints
The proportion of avoidable local treatments was assessed by

considering the number of patients who underwent surgery in each
study arm. An unnecessary lymphadenectomy was defined as an
extended or superextended lymphadenectomy in the case of patho-
logically confirmed absence of lymph node involvement (pN0) or
stage IV disease.

The onset of side effects was examined in patients who were
injected with [18F]F-choline. Local tolerance to injection was exam-
ined, and cardiac and respiratory rates, as well as arterial blood pres-
sure, were monitored before and after the PET examination. Finally,
any symptoms experienced by patients were recorded both at the
nuclear medicine department and through a telephone interview within
24 h after the examination. Toxicity was scored as grade 1 (mild
adverse event), grade 2 (moderate adverse event), grade 3 (severe
adverse event), grade 4 (life-threatening or disabling adverse event),

or grade 5 (adverse event–related death), on the basis of the Common
Terminology Criteria for Adverse Events.

RFS was defined as biochemical-recurrence–free survival and
radiologic-evidence–free survival. Biochemical-recurrence–free sur-
vival was defined as the interval from randomization to the onset of
biochemical recurrence (12,13). Radiologic-evidence–free survival was
defined as the interval between randomization and the appearance of a
PCa recurrence at any radiologic examination (e.g., ceCT, [18F]F-choline
PET/CT, or MRI). Finally, OS was defined as the interval between ran-
domization and all-cause mortality.

Statistical Analysis
Eligible patients were randomized with a ratio of 1:1 to one of the

two arms for their diagnostic assessment. Each arm included 195
patients, for a total of 390 patients involved in the study. To evaluate the
dimension of the simple population, it was assumed that sensitivity for

TABLE 1
Characteristics of Population

Characteristic Control arm (n 5 117, 49.6%) Experimental arm (n 5 119, 50.4%)

Median age (y) 69.7 (51.5–81.2) 69 (43.4–83.7)

Risk of patient

Intermediate 41 (35%) 46 (38.7%)

High 76 (65%) 73 (61.3%)

Familiarity

No 74 (94.9%) 52 (86.7%)

Yes 4 (5.1%) 8 (13.3%)

Missing data 39 59

Performance status*

,100 6 (5.7%) 4 (3.8%)

5100 100 (94.3%) 102 (96.2%)

Missing data 11 13

Initial PSA (ng/mL) 8.36 (1.67–580) 8.35 (2.40–98.31)

PSA category (ng/mL)

#4 9 (8.2%) 10 (8.5%)

4–10 56 (50.9%) 57 (48.3%)

10–20 30 (27.3%) 30 (25.4%)

.20 15 (13.6%) 21 (17.8%)

Gleason score

6 1 (0.9%) 4 (3.4%)

7 49 (42.2%) 53 (44.5%)

8 51 (44%) 42 (35.3%)

9 13 (11.2%) 15 (12.6%)

10 2 (1.7%) 5 (4.2%)

Missing data 1

Clinical T stage

T1a-c 13 (11.4%) 18 (15.9%)

T2a-c 87 (76.3%) 80 (70.8%)

T3a-c 14 (12.3%) 15 (13.3%)

Missing data 3 6

*Karnofsky performance status.
Qualitative data are number and percentage; continuous data are median and range.
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identifying lymph node metastases in this setting of patients was 18%
(11). To demonstrate an absolute increase of 20% in the ability of
[18F]F-choline PET/CT to identify lymph node metastases, with a signifi-
cance level (a) of 5% and a power of test of 80%, 137 positive lymph
node patients were necessary (2-tailed x2 test). If a 35% prevalence of
lymph node metastases was supposed, 195 patients for each arm were
necessary, for a total of 390 patients. The study arms were compared
using the x2 test. The results were expressed as percentages with 95%
CIs. For the primary endpoint, a conventional methodology was used to
evaluate diagnostic performance in terms of sensitivity, specificity, and
accuracy for nodal and distant metastatic groups, together and separately.
For secondary outcomes, the proportion of patients with a management
effect were compared using the Fisher exact test. Safety profiles were
compared using the Student unpaired t test. Finally, survival analysis
was calculated using Kaplan–Meier analysis and log-rank testing.

RESULTS

Patient Population
From February 2016 to December 2020, 256 patients were ran-

domly assigned at 7 sites. Table 1 includes the characteristics of
patients for each group. Although the number of patients expected
was 390, the accrual was stopped. However, the increase in diag-
nostic performance by [18F]F-choline PET/CT was enriched, as
reported below.
In total, 236 patients were considered for the final assessment: 117

in the control arm and 119 in the experimental arm (Fig. 1). Baseline
characteristics were similar in each group. Most of the patients had
Gleason scores of either 7 or 8, and roughly 65% of the patients had
high-risk PCa. Most patients had the T2b stage (36.8% in the experi-
mental arm and 29.2% in the control arm). The proportion of patients
with a stage higher than T2 was 13.3% and 12.4% in the experimental
and control groups, respectively. In the control arm versus the experi-
mental arm, 41 (35%) versus 46 (38.7%) and 76 (65%) versus 73
(61.3%) patients had intermediate- and high-risk PCa, respectively.

Diagnostic Accuracy
The detection of lymph node metastases on ceCT was higher in

the experimental group (n 5 18, 15.1%) than in the control group
(n 5 9, 7.7%). Additionally, the incidence of bone or distant

lymph node or liver metastases on ceCT was slightly higher in the
experimental group (n 5 12, 10.1%) than in the control group
(n 5 11, 9.4%). At bone scintigraphy, the experimental group had
a slightly higher percentage of positive findings for bone metasta-
ses (n 5 27, 22.9%) than did the control group (n 5 24, 21.1%).
PET/CT was positive for local lymph nodes and distant metastases
(i.e., distant lymph nodes, bone, lung, or liver) in 41 (35%) and 13
(11%) patients, respectively. In the experimental arm, agreement
between ceCT and [18F]F-choline PET/CT for detection of local
lymph nodes was 77.8% (n 5 91/117).
A histologic reference standard was assessable in 159 patients

(n 5 73, 62.9%, and n 5 86, 72.9%, in the control and experimen-
tal arms, respectively). Serial PSA levels within 6mo from radio-
therapy, hormonal therapy, chemotherapy, or a combination of
more than one therapy was considered the gold standard in the
remaining 77 patients. The most frequently performed surgical
procedure was robot-assisted radical prostatectomy (49.3% in the
control group and 41.2% in the experimental group), followed by
open radical prostatectomy (45.1% in the control group and 48.2%
in the experimental group) and laparoscopic radical prostatectomy
(5.6% in the control group and 10.6% in the experimental group).
Lymphadenectomy was performed on 69 and 83 patients in the

control and experimental groups, respectively. In the control arm,
62 (89.9%) patients were classified as pN0, whereas 7 (10.1%)
patients had lymph node metastasis (pN1). Conversely, in the
experimental group, 64 (77.1%) patients were pN0 and 18
(21.7%) were pN1. A median of 15 (range, 2–48) and 14 (range,
2–53) lymph nodes was removed in the control and experimental
arms, respectively. On the basis of the combination of lymphade-
nectomy and serial PSA evaluation during follow-up, 66 patients
were considered pN1: 34 (29.1%) in the control arm and 32
(27.6%) in the experimental arm. Table 2 presents the diagnostic
performance of imaging techniques (ceCT alone vs. [18F]F-choline
PET/CT) for detecting lymph node metastases in both arms, with
the final pathology finding of the lymphadenectomy serving as the
reference standard. On the other hand, Table 3 reports the diagnos-
tic performances for lymph node metastases in both arms by con-
sidering the final pathology finding of the lymphadenectomy and
serial PSA evaluations as the standard of reference.
On the whole, sensitivities were higher in the experimental arm

than in the control one (77.78% vs. 28.57% [P 5 0.0661], and
65.62% vs. 17.65% [P 5 0.0002], respectively), both in the case
of lymphadenectomy as the standard of reference and in the case
of histopathology plus serial PSA evaluation as the standard of ref-
erence. However, a slight decrease in specificity was reported in
both cases (P , 0.02). Possibly, some lymph nodes showing signs
of inflammation were considered positive during the analysis of
the PET images. Nevertheless, although not statistically signifi-
cant, the negative predictive values were higher in the experimen-
tal arms, independently of disease prevalence.
Tables 4 and 5 describe the diagnostic accuracies of imaging tech-

niques in the different risk groups of patients. Because of the limited
number of intermediate-risk patients with positive lymph nodes at
histopathology, data were missing. However, in the high-risk group,
[18F]F-choline PET/CT was more sensitive than ceCT in detecting
pathologic lymph nodes (75% vs. 16.67%, respectively). When the
combined reference standard was used, the higher value for the sen-
sitivity in the experimental group than in the control one was con-
firmed in patients with high-risk PCa. Moreover, in intermediate-risk
PCa patients, [18F]F-choline PET/CT registered a sensitivity of 50%
and a negative predictive value of 87.88%.

10 pts
missing data

10 pts
missing data

256 patients

129 patients
Experimental arm

127 patients
Control arm

117 patients
Standard of reference

119 patients
Standard of reference

FIGURE 1. Trial profile.
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Unnecessary Lymphadenectomy
On the basis of the definition of unnecessary lymphadenectomy,

20 of 117 (17.1%) and 13 of 119 (10.9%) patients received an
extended or superextended lymphadenectomy in the case of patho-
logically confirmed absence of lymph node involvement (pN0) or
stage IV disease, respectively, in the control and experimental arms.

Tolerance of [18F]F-Choline Injection
Data about the tolerance of [18F]F-choline injection were avail-

able for 63 of 119 (53%) patients. The radiopharmaceutical was
well tolerated. No side effects or adverse effects were reported by the
patients during the 24h after the examination (Supplemental Fig. 2).

Survival Analysis
Median follow-up time was 4.43 y (interquartile range, 2.74–

5.18 y). At survival analysis, 29 of 117 (24.8%) and 32 of 119

(26.9%) patients in the control and experimental arms experienced
recurrence of disease (either biochemical or radiologic recurrence).
However, 8 of 117 and 8 of 119 died in the control and experi-
mental arms, respectively, whether related to the cancer or not.
Figure 2 reports the Kaplan–Meier analysis for OS and RFS. The
5-y OS was 88.5% versus 92.4% (log-rank test, P 5 0.762), and
the 5-y RFS was 66.4% versus 67.4% (log-rank test, P 5 0.915),
in the control and experimental arms, respectively.
Furthermore, across all patient populations, the detection of posi-

tive nodes by histopathology plus serial PSA evaluation correlated
with a 5-y OS of 66.7% in the control arm and 90.9% in the experi-
mental arm, as well as a 5-y RFS of 41.7% in the control arm and
62.7% in the experimental arm. However, these differences were
not statistically significant (log-rank test, P 5 0.6224 for OS and
P 5 0.6221 for RFS in the control and experimental arms, respec-
tively) (Figs. 3A and 3C). In contrast, among patients with negative

TABLE 2
Diagnostic Performance for Lymph Node Disease in Control and Experimental Arms, Based on Histopathologic Data

Statistic Control arm Experimental arm P

Sensitivity 28.6% (3.7%–71%) 77.8% (52.4%–93.6%) 0.0661

Specificity 95.2% (86.5%–99%) 79.7% (67.8%–88.7%) 0.0193

Positive LR 5.9 (1.2–29.5) 3.8 (2.2–6.6) —

Negative LR 0.8 (0.5–1.2) 0.3 (0.12–0.67) —

PPV 40% (11.8%–76.9%)*; 76.6% (39.5%–94.2%)† 51.9% (38.6%–65%)‡; 66.5% (53.5%–77.4%)§ 1.0000

NPV 92.2% (88%–95%)*; 70.7% (60.1%–79.4%)† 92.7% (84.2%–96.8%)‡; 87.4% (74.3%–94.3%)§ 1.0000

Accuracy 88.4% (78.4%–94.9%)*; 71.5% (59.3%–81.7%)† 79.3% (68.9%–87.4%)‡; 79% (68.6%–87.3%)§ —

*Estimated disease prevalence 5 10.14%.
†Disease prevalence in population 5 35.60%.
‡Estimated disease prevalence 5 21.95%.
§Disease prevalence in population 5 34.10%.
LR 5 likelihood ratio; PPV 5 positive predictive value; NPV 5 negative predictive value.
Data in parentheses are 95% CIs.

TABLE 3
Diagnostic Performance for Lymph Node Disease in Control and Experimental Arms, Based on Histopathologic Data and

Serial PSA Levels During Follow-up

Statistic Control arm Experimental arm P

Sensitivity 17.7 (6.8%–34.5%) 65.6% (46.8%–81.4%) 0.0002

Specificity 96.4% (89.8%–99.3%) 75% (64.4%–83.8%) 0.0002

Positive LR 4.88 (1.29–18.41) 2.62 (1.68–4.11) —

Negative LR 0.85 (0.73–1.00) 0.46 (0.28–0.75) —

PPV 66.7% (34.7%–88.3%)*; 74.9% (44.3%–91.9%)† 50% (39%–61%)‡; 60.5% (49.4%–70.5%)§ 0.5884

NPV 74.1% (70.9%–77.1%)*; 65.6% (61.9%–69.2%)† 85.1% (77.7%–90.4%)‡; 78.9% (69.6%–86%)§ 0.1091

Accuracy 73.5% (64.6%–81.2%)*; 66.5% (57.2%–74.9%)† 72.4% (63.3%–80.3%)‡; 71.6% (62.4%–79.5%)§ —

*Estimated disease prevalence 5 29.06%.
†Disease prevalence in population 5 38.00%.
‡Estimated disease prevalence 5 27.59%.
§Disease prevalence in population 5 36.80%.
LR 5 likelihood ratio; PPV 5 positive predictive value; NPV 5 negative predictive value.
Data in parentheses are 95% CIs.
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lymph node status at histopathology plus serial PSA evaluation, both
5-y OS and 5-y RFS were comparable between the control and
experimental arms, with rates of 90.4% versus 93.0% (log-rank
test, P 5 0.4878) for OS and 68.8% versus 71.0% (log-rank test,
P5 0.6160), respectively, for RFS (Figs. 3B and 3D).

DISCUSSION

In the present prospective study, we found that in lymph node
and bone metastases, [18F]F-choline PET/CT had a per-patient
diagnostic accuracy superior to that of conventional imaging alone
in men with intermediate- and high-risk PCa. This finding rein-
forces data from retrospective single-center studies that have sug-
gested potentially higher accuracy for [18F]F-choline PET/CT than
for ceCT and bone scanning in the staging of disease (7,14–16).
Beheshti et al. (17) correlated histopathologic findings after radical

prostatectomy and extended lymphadenectomy in 111 patients
with intermediate- and high- risk of PCa. Using a patient-based
analysis, they reported a sensitivity of 45% and a specificity of
96% for lymph node disease. The authors underlined the failure of
[18F]F-choline PET/CT to detect the presence of micrometastatic
lymph nodes. Poulsen et al. (18) reported, at patient-based analy-
sis, a slightly higher sensitivity of 73.2% and a quite similar speci-
ficity of 87.6%. Evangelista et al. (7), by a comparison between
conventional imaging (i.e., ceCT) and [18F]F-choline PET/CT,
demonstrated that the latter is more accurate for the identification
of lymph node and distant metastases than are conventional
modalities (46.2% vs. 69.2% for CT and PET/CT, respectively).
Moreover, [18F]F-choline PET/CT is able to detect bone marrow
metastases early, with sensitivity of 79%–100% and specificity of
77.2%–97% (7,19). In accordance with these latter 2 authors, the pre-
sent study demonstrated [18F]F-choline PET/CT to be superior to

TABLE 4
Diagnostic Performance for Lymph Node Disease in Control and Experimental Arms, Based on Histopathologic Data

Control arm Experimental arm

Statistic Intermediate High Intermediate High

Sensitivity — 16.7% (0.4%–64.1%) — 75% (47.6%–92.7%)

Specificity — 92.1% (78.6%–98.3%) — 75% (56.6%–88.5%)

Positive LR — 2.11 (0.26–17.12) — 3 (1.55–5.82)

Negative LR — 0.90 (0.63–1.31) — 0.33 (0.14–0.80)

PPV — 25% (60%–80.6%)* — 60% (36%–80.1%)†

NPV — 87.5% (73.2%–95.8%)* — 85.7% (67.3%–96%)†

Accuracy — 81.8% (67.3%–91.8%)* — 75% (60.4%–86.4%)†

*Disease prevalence in population 5 13.64%.
†Disease prevalence in population 5 33.33%.
LR 5 likelihood ratio; PPV 5 positive predictive value; NPV 5 negative predictive value.
Data in parentheses are 95% CIs.

TABLE 5
Diagnostic Performance for Lymph Node Disease in Control and Experimental Arms, Based on Histopathologic Data and

Serial PSA Levels During Follow-up

Control arm Experimental arm

Statistic Intermediate High Intermediate High

Sensitivity — 20.8% (7.1%–42.1%) 50% (15.7%–84.3%) 70.9% (48.9%–87.4%)

Specificity — 94.2% (84.1%–98.8%) 78.4% (61.8%–90.2%) 72.3% (57.4%–84.4%)

Positive LR — 3.61 (0.94–13.89) 2.31 (0.92–5.83) 2.56 (1.51–4.35)

Negative LR — 0.84 (0.68–1.04) 0.64 (0.31–1.30) 0.40 (0.21–0.77)

PPV — 62.5 (24.5%–91.5%)* 33.3% (9.9%–65.1%)† 56.7% (37.4%–74.5%)‡

NPV — 72.1% (49.9%–82.3%)* 87.9% (71.8%–96.6%)† 82.9% (67.9%–92.9%)‡

Accuracy — 71.1% (59.5%–80.9%)* 73.3% (58.1%–85.4%)† 71.8% (59.9%–81.9%)‡

*Disease prevalence in population 5 31.58%.
†Disease prevalence in population 5 17.78%.
‡Disease prevalence in population 5 33.80%.
LR 5 likelihood ratio; PPV 5 positive predictive value; NPV 5 negative predictive value.
Data in parentheses are 95% CIs.
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ceCT alone for the identification of lymph node disease, with sensi-
tivities of 78% and 66%, respectively, as compared with histopatho-
logic evaluation or the combination of histopathology and serial PSA
levels. However, early detection of lymph node disease before sur-
gery can be valuable in reducing the number of aggressive lympha-
denectomy procedures or guiding selective lymphadenectomy to
avoid unnecessary complications. In the present study, we found
about an 8% reduction in unnecessary extended lymphadenectomy
with [18F]F-choline PET/CT as compared with ceCT—an interesting
finding considering the high incidence of PCa and the complications
due to the surgical procedure. However, much effort is ongoing to
identify algorithms able to reduce the number of unnecessary extended
lymphadenectomy procedures, using PSMA-based PET (20).
After radical prostatectomy, approximately 35% of patients will

experience biochemical recurrence within 10 y (21–24). One reason
for this high rate of treatment failure is the limited accuracy of con-
ventional imaging in detecting metastatic disease ab initio. How-
ever, to our knowledge, this was the first prospective study that
evaluated the effect on the outcome of [18F]F-choline PET/CT
versus conventional imaging. Indeed, the 5-y OS was slightly higher
in the experimental arm than in the control arm (92.4% vs. 88.5%,

respectively), although not statistically sig-
nificant. However, if the incidence rate
range provided by Giona were used (6.3–
83.4 per 100,000 people) (25), the numbers
of individuals affected by intermediate-
and high-risk PCa would range from 6.3
to 83,400. Subsequently, approximately
6,552–86,736 individuals could benefit
from a 4% increase in survival.
On the other hand, 5-y RFS was similar

in both groups. Recently, a study by Urso
et al. (26) demonstrated that, in real-world
experience, [18F]F-choline PET/CT as a tool
for the initial management of PCa had a

relevant impact in terms of therapy selection and was associated
with longer biochemical RFS. Preliminary data about the prognos-
tic value of [68Ga]Ga-PSMA-11 PET–detected nodal involvement
in 251 patients without distant metastases, after a follow-up
period of 54mo, were discussed at the last European Congress
of Nuclear Medicine (27). Patients without lymph node involve-
ment on [68Ga]Ga-PSMA-11 PET imaging were free from treat-
ment failure longer than those with N1M0 disease (hazard ratio,
2.1; range, 1.2–3.17; P , 0.01). Conversely, CT- and bone scan–
defined N0M0 versus N1M0 were not prognostic (hazard ratio,
0.6; range, 0.1–2.4; P 5 0.45). In this trial, we confirmed that the
presence of positive nodes at histopathologic/PSA evaluation
impacted long-term survival outcomes; additionally, [18F]F-choline
PET/CT further stratified them, although the observed differences
in OS and RFS between the control and experimental arms did not
reach statistical significance. Interestingly, among patients with
negative lymph node status, there were no notable differences in
5-y OS and RFS rates between the 2 arms. A prolonged follow-up
is undoubtedly necessary to comprehensively evaluate the impact
of [18F]F-choline PET on long-term outcomes for patients with
intermediate- and high-risk PCa.

The current trial had some limitations.
First, the inability to mask the imaging
modality during randomization introduced
potential bias. Second, histopathologic
assessment was not available in some parti-
cipants, especially those with local or distant
nodal metastases who underwent radiother-
apy. However, to overpass this limitation,
we used a reference standard incorporating
6mo of follow-up with serial PSA evalua-
tions and repeated imaging, if needed, which
is considered a robust method. Finally,
although there has been a large expansion
of PSMA-targeted tracers, these agents
remain unavailable in certain countries and
smaller hospitals. Therefore, the availability
of alternative radiopharmaceutical agents
for PET imaging could prove invaluable in
furthering the expansion of nuclear medi-
cine modalities, particularly in underserved
regions and smaller health care facilities.

CONCLUSION

[18F]F-choline PET/CT has demon-
strated higher diagnostic performance than
conventional imaging in detecting both

FIGURE 2. Kaplan–Meier curves for OS (A) and RFS (B) stratified according to randomization arm.

FIGURE 3. Kaplan–Meier curves for OS (A and B) and RFS (C and D) stratified according to positive
(A and C) or negative (B and D) lymph nodes at histopathologic and PSA evaluation.
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lymph node and bone metastases. Moreover, it can reduce the rate
of unnecessary extensive lymphadenectomy in more than 8% of
patients. Finally, it can slightly affect the 5-y OS, increasing the
survival rate to 4%. These results provide additional evidence sup-
porting the discontinuation of conventional imaging for staging
PCa.
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KEY POINTS

QUESTION: Is PET/CT with [18F]F-choline able to identify
lymph node and systemic involvement during initial staging in
intermediate- and high-risk PCa patients?

PERTINENT FINDINGS: A prospective controlled, open, randomized
multicenter phase III trial involving 7 Italian centers enrolled 236
patients (117 in the control arm and 119 in the experimental arm).
In the experimental arm, the sensitivity for lymph node metastases
was higher than in the control arm (77.78% vs. 28.57% and
65.62% vs. 17.65%, respectively).

IMPLICATIONS FOR PATIENT CARE: In the initial staging
of PCa, [18F]F-choline PET/CT exhibited superior diagnostic
performance to conventional imaging for detecting metastases,
thus supporting the consideration of discontinuing conventional
imaging in this setting of disease.
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This study aimed to assess the diagnostic value of [18F]AlF-thretide
PET/CT in patients with newly diagnosed prostate cancer (PCa).
Methods: In total, 49 patients with biopsy-proven PCa were enrolled
in this prospective study. All patients underwent [18F]AlF-thretide
PET/CT, and the scoring system of the PRIMARY trial was used for
PET image analysis. The dosimetry evaluation of [18F]AlF-thretide was
performed on 3 patients. Pathologic examination was used as the ref-
erence standard to evaluate the location, number, size, and Gleason
score of tumors, for comparison with the [18F]AlF-thretide PET/CT
results. PSMA expression was evaluated by immunohistochemical
staining. Results: All patients tolerated the [18F]AlF-thretide PET/CT
well. The total effective dose of [18F]AlF-thretide was 1.16E202
mSv/MBq. For patient-based analysis of intraprostatic tumors, 46 of
49 (93.9%) patients showed pathologic uptake on [18F]AlF-thretide
PET/CT. For lesion-based analysis of intraprostatic tumors, the sensi-
tivity and positive predictive value for [18F]AlF-thretide PET/CT were
58.2% and 90.5%, respectively. Delayed images can detect more
lesions than standard images (n 5 57 vs. 49, P 5 0.005), and the
SUVmax and tumor-to-background ratio of the former were higher than
those of the latter (SUVmax: 14.56 16.7 vs. 11.46 13.6, P , 0.001;
tumor-to-background ratio: 37.16 42.3 vs. 23.16 27.4, P , 0.001).
The receiver-operating-characteristic curve analysis showed that the
areas under the curve for PRIMARY score–predicted true-positive
and false-positive lesions were significantly higher than those for the
SUVmax of standard images (P5 0.015) and seemed higher than those
for the SUVmax of delayed images (P 5 0.257). [18F]AlF-thretide
PET/CT showed a higher detection rate than multiparametric MRI for
all intraprostatic foci (53.5% vs. 40.8%, P5 0.012) and clinically signif-
icant PCa (75.0% vs. 61.4%, P5 0.031).Conclusion: [18F]AlF-thretide
PET/CT showed high diagnostic value for patients with primary PCa

and can be used as an excellent imaging modality for preoperative
evaluation of PCa patients.

Key Words: [18F]AlF-thretide; prostate cancer; PRIMARY score;
mpMRI
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Prostate cancer (PCa) is one of the most common malignant
neoplasms in men (1). Because of the advancements in various
imaging modalities complementing traditional prostate-specific
antigen screening, accurate diagnosis in a larger percentage of
affected men has been possible in recent years. Prostate-specific
membrane antigen (PSMA) is a transmembrane glycoprotein over-
expressed in PCa cells (2). The concept of targeting PSMA for
imaging and therapy in PCa has been around since the late 1990s
and early 2000s, but it was not until the current decade that
PSMA-targeted radiopharmaceuticals entered the field of clinical
nuclear medicine, such as the most widely used, [68Ga]Ga-PSMA-11
(3), and its related derivatives including [68Ga]Ga-PSMA-I&T,
[18F]F-DCFPyL, [18F]F-PSMA-1007, and [18F]F-rhPSMA-7.3 (4).
For PET imaging,18F-labeled radiotracers have demonstrated

several advantages over 68Ga (half-life, 68min), including the lon-
ger half-life (110min) and larger-scale radiosynthesis, which may
allow transportation to satellite nuclear medicine centers and thus
benefit more patients (5). In addition, the lower positron emission
energy of 18F than of 68Ga (0.65 vs. 1.90MeV) may also improve
the theoretic maximum spatial resolution to obtain higher-quality
images (5,6). Al18F labeling is a method that has been viewed as
promising because of its simplicity, short reaction time, and poten-
tial for kit preparation (7). An Al18F-labeled PSMA ligand
(denoted as [18F]AlF-thretide or [18F]AlF-PSMA-BCH) was syn-
thesized using Al18F labeling; this ligand possesses the NOTA
structure, strong stability, and the advantages of 18F-labeled
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radiopharmaceuticals. Previous studies have shown that [18F]AlF-
thretide has high stability in vitro and in vivo and can accumulate
specifically in PCa with high binding affinity, safety, and selectiv-
ity, which may result in high diagnostic efficacy (7).
Here, we aimed to further investigate the diagnostic accuracy

and whole-body radiation dosimetry of [18F]AlF-thretide PET/CT
in patients with newly diagnosed, treatment-naïve PCa using histo-
pathology as a reference standard.

MATERIALS AND METHODS

This study was approved by the Ethics Committee of the First Affili-
ated Hospital, Fujian Medical University (approval [2022]023) and reg-
istered at ClinicalTrials.gov (NCT05516329). All participants signed a
written informed consent form. Participants who met the inclusion crite-
ria (as stated in the supplemental materials, available at http://jnm.
snmjournals.org) underwent [18F]AlF-thretide PET/CT.

The patients were observed for any drug-related adverse events, and
the vital parameters of the patients were followed up for 1 wk. The
methods are detailed in the supplemental data.

Image Analysis
For each eligible patient, 2 nuclear medicine physicians who were

unaware of the prostate multiparametric MRI (mpMRI) and pathologic
results evaluated the [18F]AlF-thretide images. SUVmax was measured
in tumors, and SUVmean was measured in normal organs. The tumor-
to-background ratio was defined as the SUVmax of tumors divided by
the SUVmean of the gluteus maximus. The scoring system of the PRI-
MARY trial was used to assess the intraprostatic tumors (8). Briefly, a
5-level PRIMARY score was assigned on the basis of the most clini-
cally significant patterns and SUVmax. Lack of any pattern was given a
score of 1; a diffuse transition zone or central zone (not focal), a score
of 2; a focal transition zone, a score of 3; a focal peripheral zone, a
score of 4; and an SUVmax of at least 12, a score of 5. A PRIMARY
score of 3–5 was a high-risk pattern (tumor). For extraprostatic
lesions, any focal [18F]AlF-thretide uptake above the surrounding
background activity that could not be explained by benign or physio-
logic tracer uptake was considered a tumor. A consensus of imaging,
clinical, and follow-up findings was used to determine the distant
metastases, which were not verified by histopathology. Dose estima-
tion based on dynamic PET data was ana-
lyzed using Hermes software (Hermes
Medical Solutions). Details were as
described previously (9).

All mpMR images were interpreted by 2
independent radiologists (with 10 and 15 y of
experience in MRI) while masked to
[18F]AlF-thretide PET/CT and pathologic
data. Any disagreements between readers
were resolved by consensus with a third radi-
ologist. The mpMRI component was scored
according to Prostate Imaging Reporting and
Data System version 2.1 (10). Studies with
lesions scored as 3 or above were considered
positive.

Histopathology Analysis
A genitourinary pathologist read each sec-

tion (tissue sections of 4mm, histologic sec-
tions cut at 3mm, each cross-section divided
equally into 4–8 parts) and assessed each
lesion for location, area of cancer foci, and
International Society of Urological Pathology
(ISUP) grade. Then, the histologic samples

were digitized using the Motic VM 3.0 digital slice scanning and
application system (version 1.0.7.60; Motic China Group Co., Ltd.).
The obtained images were arranged and reoriented for comparison
between histology and PET imaging. Lesions at the same location on
adjacent layers were defined as the same lesion. To define imaging–
pathology correspondence on a lesion level, the PET image was rebuilt
to a corresponding thickness of 4mm and a neighboring approach was
used (11,12). This approach allowed the location correspondence to
involve the immediately adjacent segments to overcome possible inter-
pretation errors from inaccurate registration. Clinically significant PCa
was defined as an ISUP grade group of at least 2.

Outcomes
The primary endpoint was diagnostic accuracy, on both a per-

patient and a per-lesion basis. The additional primary endpoint was
radiation dosimetry evaluation. The secondary endpoint was safety eval-
uation based on the Common Toxicity Criteria for Adverse Events 5.0.

The methods for patient inclusion and exclusion criteria, radiopharma-
ceutical, PET imaging procedures, safety evaluation, mpMRI protocol,
immunohistochemistry, and statistical analysis are provided in the sup-
plemental materials (13–15).

RESULTS

Patient Characteristics and Safety
From August 2022 to March 2023, 49 patients were enrolled in

the study. Among them, 4 patients were rated as having low-risk
PCa, 15 patients as having intermediate-risk PCa, and 30 patients
as having high-risk PCa. Further patient characteristics are listed
in Supplemental Table 1.
All patients tolerated the [18F]AlF-thretide PET/CT well. No

significant drug-related side effects were reported during follow-
up, and vital parameters remained stable. The results are detailed
in the supplemental materials.

Biodistribution and Dosimetry
Three patients underwent dynamic PET scans for dosimetry calcu-

lations. The representative maximum-intensity projections and biodis-
tribution data assessed by SUV kinetics are shown in Figure 1. The

FIGURE 1. (A) Sequential dynamic maximum-intensity projections of [18F]AlF-thretide PET/CT
derived from patient with primary PCa (arrows). (B–D) Time–activity curves based on dynamic
PET/CT scans from 3 patients.
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effective dose of [18F]AlF-thretide was 1.16E202 mSv/MBq, corre-
sponding to 2.6–3.5 mSv for a target activity of 222–296 MBq. The
results for biodistribution and dosimetry are detailed in the supple-
mental materials, including Supplemental Table 2.

Diagnostic Performance of [18F]AlF-Thretide PET/CT Based on
Histopathology
As for the interpretation of lesions, 2 observers revealed sub-

stantial agreement at the patient level (Fleiss k 5 0.73, P , 0.001)
and moderate agreement at the lesion level (Fleiss k 5 0.67,
P , 0.001).
The intraprostatic tumors with the highest PRIMARY score in

each patient were selected for patient-based analysis. The numbers
of patients with PRIMARY scores of 1, 2, 3, 4, and 5 were 2, 1, 2,
22, and 22, respectively. Among the 49 patients, 46 (93.9%) pre-
sented with pathologic uptake on [18F]AlF-thretide PET/CT. The
SUVmax of the primary tumors on [18F]AlF-thretide PET/CT was
18.76 18.4 at 1 h after injection. There was a weak but significant
association between SUVmax and baseline total prostate-specific
antigen (r 5 0.417, P 5 0.004), biopsy Gleason score (r 5 0.342,
P 5 0.031), and risk stratification (r 5 0.319, P 5 0.027). Simi-
larly, there was also a weak but significant correlation between
PRIMARY score and baseline total prostate-specific antigen (r 5
0.305, P 5 0.037), biopsy Gleason score (r 5 0.426, P 5 0.006),
and risk stratification (r 5 0.359, P 5 0.011).
Among the 49 patients, 41 underwent radical prostatectomy;

however, complete tissue specimens could not be obtained from
10 of these patients because suboptimal preservation damaged the
pathologic sections or because the patients underwent surgery at
other hospitals. Therefore, only 31 samples underwent full histo-
pathologic analysis. For lesion-based analysis, pathologic exami-
nation identified 98 malignant foci, and [18F]AlF-thretide PET/CT
identified 63 PET-positive lesions, of which 57 were true-positive
and 6 were false-positive (2 lesions were pathologically mani-
fested as prostatitis and 4 lesions as cystic dilatation) (Supplemen-
tal Fig. 1). The sensitivity and positive predictive value of
intraprostatic tumors for [18F]AlF-thretide PET/CT were 58.2%
and 90.5%, respectively. It was noteworthy that the delayed
images detected 8 more tumors than did the standard images, and
the SUVmax and tumor-to-background ratio of delayed images

were higher than those of standard images (n 5 57 vs. 49, P 5
0.005; SUVmax: 14.56 16.7 vs. 11.46 13.6, P , 0.001; tumor-to-
background ratio: 37.16 42.3 vs. 23.16 27.4, P , 0.001)
(Fig. 2). Among these PET-positive lesions, 9 lesions had a PRI-
MARY score of 3, of which 2 (22.2%) were false-positive; 36
lesions had a PRIMARY score of 4, of which 4 (11.1%) were
false-positive; and 18 lesions had a PRIMARY score of 5 with no
false-positive findings (Figs. 3 and 4). The receiver-operating-
characteristic (ROC) curve demonstrated that the area under curve
(AUC) for PRIMARY score–predicted true-positive and false-
positive lesions was 0.909 (95% CI, 0.806–1.011), which was sig-
nificantly higher than that for the SUVmax of standard images
(AUC, 0.712; 95% CI, 0.590–0.833; P 5 0.015) and seemed
higher than that for the SUVmax of delayed images (AUC, 0.829;
95% CI, 0.729–0.930; P 5 0.257) (Fig. 4). The optimal diagnostic
cutoff for the PRIMARY score according to ROC analysis was
3.5. When the PRIMARY score was greater than 3.5, sensitivity
and specificity were 86.5% and 83.8%, respectively. Using an
SUVmax of 4.8 for standard images as a cutoff, sensitivity and
specificity were 63.5% and 91.7%, respectively. Similarly, with
an SUVmax of 5.0 for delayed images as a cutoff, the values were
69.2% and 91.7%, respectively.
In total, 98 lesions were detected by pathology, and 41 lesions

(41.8%) were missed by PET/CT. The pathologic area of true-
positive lesions was significantly larger than that of false-negative
lesions (139.76 170.6 mm2 vs. 3.46 4.1 mm2, P , 0.001). The
ROC curve analysis showed that the AUC for the pathologic area
was 0.957 (95% CI, 0.917–0.996) in distinguishing between true-
positive and false-negative lesions. The optimal diagnostic cutoff
for area according to the ROC analysis was 9.15 mm2, and the
resulting sensitivity and specificity were 87.0%, and 95.1%, respec-
tively. Among 41 lesions missed by PET/CT, 28 (68.3%) had an
ISUP grade group of 1. The AUC for the ISUP grade group–
predicted true-positive and false-negative lesions was 0.774 (95%
CI, 0.673–0.875). Using the ISUP grade group of 1.5 as a cutoff,
sensitivity and specificity were 80.4% and 73.2%, respectively.
Detailed data on diagnosis of lymph node and other metastases

for [18F]AlF-thretide PET/CT based on histopathology and com-
prehensive imaging analysis are in the supplemental materials,
including Supplemental Table 3.

Diagnostic Performance of [18F]AlF-
Thretide PET/CT Versus mpMRI
All patients underwent mpMRI exami-

nation: 37 patients at our hospital and the
other 12 patients at an outside institution.
Finally, 24 individuals with full mpMRI,
PET/CT, and pathology results were
included for comparison and analysis.
For patient-based analysis, the detection

rate for intraprostatic tumor was 100%
(24/24) and 95.8% (23/24) for [18F]AlF-
thretide PET/CT and mpMRI, respectively.
For lesion-based analysis, pathologic exa-
mination identified 71 malignant foci.
[18F]AlF-thretide PET/CT had a higher
detection rate than mpMRI (53.5% [38/71]
vs. 40.8% [29/71], P5 0.012); Specifically,
[18F]AlF-thretide PET/CT identified 10
lesions missed by mpMRI, whereas mpMRI
identified 1 lesion missed by [18F]AlF-thretide

FIGURE 2. A 63-y-old man with biopsy-proven PCa with prostate-specific antigen level of
12.60ng/mL at time of [18F]AlF-thretide PET/CT. (B) Standard images revealed distinct uptake in right
peripheral zone (red arrows) (C) Delayed images demonstrated another focus of activity in left periph-
eral zone (blue arrows). (D) Hematoxylin–eosin staining confirmed bilateral tumors (right peripheral
zone, ISUP grade of 2; left peripheral zone, ISUP grade of 1) (top), and immunohistochemical results
showed strong PSMA expression (bottom).
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PET/CT (Supplemental Fig. 2). In addition, 44 of 71 lesions
(62.0%) were graded as clinically significant PCa. The detection
rate for clinically significant PCa was 75.0% (33/44) and 61.4%
(27/44) for [18F]AlF-thretide PET/CT and mpMRI (P 5 0.031),
respectively.
Detailed data on diagnosis of lymph node and bone metastases

for [18F]AlF-thretide PET/CT compared with mpMRI are in the
supplemental materials.

Immunohistochemistry of PSMA Expression
Thirty-eight surgical specimens of intraprostatic tumors were

analyzed with immunohistochemistry. PSMA expression was nega-
tive in 2 (5.2%), mild in 3 (7.9%), moderate in 9 (23.7%), and
strong in 24 (63.2%). The Spearman correlation coefficient
revealed a moderate correlation between SUVmax and intensity of
staining (r 5 0.449, P 5 0.005), percentage of positive cells (r 5
0.490, P 5 0.002), and immunoreactive score (r 5 0.540, P ,

0.001). Besides, we also found that prostatitis and cystic dilatation
had weak to strong PSMA expression, which was consistent with
the [18F]AlF-thretide PET images.

DISCUSSION

In this single-center, prospective study, we confirmed that
[18F]AlF-thretide PET/CT has high accuracy in the detection of
PCa, along with satisfactory safety and radiation dosimetry, indi-
cating that [18F]AlF-thretide is a promising radiopharmaceutical
and worthy of further research.
In line with previous research (7), the biodistribution of

[18F]AlF-thretide from 0 to 2.5 h after administration revealed
rapid and high tumor uptake, long tumor retention, and urinary
excretion, which were similar to the tracers [68Ga]Ga-PSMA-11
and [18F]F-DCFPyL (16,17). Furthermore, the effective dose of
[18F]AlF-thretide (1.16E202 mSv/MBq) was close to previous
findings from 11 PCa patients (7). In addition, no clinically signifi-
cant drug-related adverse events were observed in any of the 49
patients during follow-up, indicating its safety and tolerability.
[18F]AlF-thretide PET/CT showed high diagnostic accuracy in

patients with primary PCa. In a per-patient analysis, the total
detection rate of intraprostatic tumors for [18F]AlF-thretide
PET/CT was 93.9%, which was slightly higher than the reported
detectability of [68Ga]Ga-PSMA-11, [68Ga]Ga-PSMA-I&T, and
[18F]F-DCFPyL PET/CT (18–20). In a per-lesion analysis,
[18F]AlF-thretide PET/CT also revealed high diagnostic efficiency,
with a sensitivity of 58.2% and a positive predictive value of
90.5%, which were also higher than the reported detection rate of
[18F]F-PSMA-1007 PET/CT (21). In our study, we used a 5-level
PRIMARY score to optimize the diagnosis of intraprostatic tumor
for [18F]AlF-thretide PET/CT. Through comparative analysis, we
found that the PRIMARY score was more accurate than visual
SUV analysis, and the detection sensitivity of [18F]AlF-thretide
PET/CT also improved with increasing PRIMARY score. Several
prospective studies have previously tried to establish the best
SUVmax cutoff to improve the reliability and reproducibility of
PSMA-ligand PET/CT (22,23); however, this is a method that
may lack general applicability in clinical practice because of the
strong influence of unharmonized PET cameras, differing recon-
struction algorithms, and especially variable PSMA ligands on the
semiquantitative calculation of SUV (8). The PRIMARY score
incorporating intraprostatic pattern and intensity on PSMA
PET/CT may achieve high interreader agreement and has the
potential to be applied as a standardized PSMA PET/CT reporting
method. However, it was noteworthy that CT scans with poor ana-
tomic resolution for the prostate may have difficulty distinguishing
the central zone/transition zone from the peripheral zone because
of prostatic hyperplasia. As a result, some lesions with a true PRI-
MARY score of 2–3 may be incorrectly classified as having a
score of 4, which may reduce the specificity of the PRIMARY
score while guaranteeing the sensitivity (8). In the future, clinical
trials based on PSMA PET/MRI may be necessary for further
analysis of accuracy for the PRIMARY score.
Additionally, delayed [18F]AlF-thretide PET images showed

better diagnostic performance than standard images, although extra
findings did not alter the overall staging of the patients. Hence, we
suggest that 1 h may be the optimal interval between [18F]AlF-
thretide injection and PET imaging—similar to most other PSMA-
targeting radiotracers (4). Of course, a delayed scan at 2.5–3 h
after injection also remains necessary for improved contrast and
visualization of any indeterminate findings observed on standard
images.
On the basis of histopathology analysis, we found that false-

negative lesions were smaller and had lower ISUP scores than

FIGURE 3. (A) [18F]AlF-thretide PET/CT showed multifocal true-positive
tumors (PRIMARY scores of 3, 4, and 4, indicated by red, green, and blue
arrows, respectively). There was high imaging–pathology correspondence.
(B) [18F]AlF-thretide PET/CT revealed true-positive tumors (PRIMARY
score of 5, red arrow) and false-negative tumor (PRIMARY score of 1,
black arrow).

FIGURE 4. (A) Diagnostic sensitivity of [18F]AlF-thretide PET/CT
improved with increasing PRIMARY score. (B) ROC curves for PRIMARY
score and for SUVmax of standard and delayed images.
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true-positive lesions. The area of true-positive tumors on
[18F]AlF-thretide PET was much larger than that of false-negative
lesions, and the latter showed an average diameter of approxi-
mately 3mm, which was acceptable, considering that most exist-
ing PET/CT scanners have an average transverse and axial spatial
resolution of 3–5mm (24,25). With the advancement of PET scan-
ners and reconstruction algorithms, the ability of [18F]AlF-thretide
PET to detect small lesions may improve further in the future. In
addition, some studies have illustrated that PSMA PET/CT had
lower diagnostic efficacy in low- and intermediate-risk PCa than
in high-risk PCa (26,27). In our study, among the false-negative
tumors, 68.3% of lesions had an ISUP grade group of 1, which is
generally consistent with the findings of previous studies.
Multiparameter prostate MRI plays an important role in the detec-

tion and treatment of primary PCa. Johnson et al. (28) showed that
mpMRI detected 45% of all lesions and 65% of clinically significant
lesions. There is still over a 50% and 30% chance of missing all
PCa and clinically significant PCa, respectively, in men with multi-
focal disease. Therefore, additional methods are needed to better
identify PCa foci. In our study, we found that [18F]AlF-thretide
PET/CT had a higher detection rate than mpMRI for all intrapro-
static foci and clinically significant PCa. However, because of the
limited cohort, there was no statistical difference between the 2
imaging modalities in detecting lymph node and bone metastasis.
Furthermore, the immunohistochemistry results confirmed that

PSMA was overexpressed in most prostatic tumors. There was
a significant positive correlation between the SUV of [18F]AlF-
thretide PET/CT and the expression levels of PSMA, which con-
stituted the molecular prerequisite for PSMA imaging. Similar to
some previous studies (3,29), we also found that some benign
prostatic lesions had different levels of PSMA expression, which
resulted in false-positive findings on the [18F]AlF-thretide PET
images. This should be kept in mind as a potential pitfall.
As for the detection of lymph node, bone, and visceral metasta-

ses, [18F]AlF-thretide PET/CT showed excellent diagnostic perfor-
mance, better perhaps than some other compounds in previously
reported studies (20,30–32). However, the small sample size of
nodal disease in this study may result in bias; further validation of
larger cohorts is still needed in the future.
Our study had several limitations, including the relatively small

sample size, the lack of pathologic confirmation of suspected bone
metastases, and the lack of confirmation of PSMA expression for
lymph node metastases.

CONCLUSION

In this prospective study, [18F]AlF-thretide PET/CT demon-
strated excellent tumor detection efficacy with favorable tolerabil-
ity in patients with primary PCa. In particular, the detectability of
[18F]AlF-thretide PET/CT for intraprostatic tumors was signifi-
cantly superior to mpMRI. Our findings suggest that [18F]AlF-
thretide may serve as an improved alternative to currently routinely
used PSMA-targeted radiopharmaceuticals. Further investigations on
larger cohorts are warranted.
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KEY POINTS

QUESTION: What is the diagnostic efficiency of [18F]AlF-thretide
PET/CT in patients with newly diagnosed, treatment-naïve PCa
using histopathology as a reference standard?

PERTINENT FINDINGS: This histopathologically validated, pro-
spective study showed that 46 of 49 (93.9%) patients showed
pathologic [18F]AlF-thretide uptake for intraprostatic tumors based
on per-patient analysis. For lesion-based analysis, the sensitivity
and positive predictive value for [18F]AlF-thretide PET/CT were
58.2% and 90.5%, respectively.

IMPLICATIONS FOR PATIENT CARE: [18F]AlF-thretide PET/CT
showed high diagnostic efficiency for patients with newly diag-
nosed PCa and can be used as an alternative PSMA imaging
agent in the detection of PCa.
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Prognostic Implications of 68Ga-FAPI-46 PET/CT–Derived
Parameters on Overall Survival in Various Types of
Solid Tumors
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Tumoral fibroblast activation protein expression is associated with
proliferation and angiogenesis and can be visualized by PET/CT. We
examined the prognostic value of [68Ga]Ga-fibroblast activation pro-
tein inhibitor (FAPI) (68Ga-FAPI)–46 PET/CT for different tumor entities
in patients enrolled in 2 prospective imaging studies (NCT05160051,
n5 30; NCT04571086, n5 115).Methods:Within 4 wk, 145 patients
underwent 68Ga-FAPI-46 and [18F]FDG (18F-FDG) PET/CT. The asso-
ciation between overall survival (OS) and sex, age, tumor entity, total
lesion number, highest SUVmax, and the presence of each nodal, vis-
ceral, and bone metastasis was tested using univariate Cox regres-
sion analysis. Multivariate analyses were performed for prognostic
factors with P values of less than 0.05. Results: In the univariate anal-
ysis, shorter OS was associated with total lesion number and the pres-
ence of nodal, visceral, and bone metastases on 68Ga-FAPI-46
PET/CT (hazard ratio [HR], 1.06, 2.18, 1.69, and 2.05; P, 0.01,, 0.01,
5 0.04, and5 0.02, respectively) and 18F-FDG PET/CT (HR, 1.05, 2.31,
1.76, and 2.30; P, 0.01,, 0.01,5 0.03, and, 0.01, respectively) and
with SUVmax on

68Ga-FAPI-46 PET/CT (HR, 1.03; P5 0.03). In the mul-
tivariate analysis, total lesion number on 68Ga-FAPI-46 PET/CT was an
independent risk factor for shorter OS (HR, 1.05; P 5 0.02). In patients
with pancreatic cancer, shorter OS was associated with total lesion
number on 68Ga-FAPI-46 PET/CT (HR, 1.09; P , 0.01) and bone
metastases on 18F-FDG PET/CT (HR, 31.39; P, 0.01) in the univariate
analysis and with total lesion number on 68Ga-FAPI-46 PET/CT (HR,
1.07; P5 0.04) in themultivariate analyses. In breast cancer, total lesion
number on 68Ga-FAPI-46 PET/CT (HR, 1.07; P5 0.02), as well as bone
metastases on 18F-FDG PET/CT (HR, 9.64; P 5 0.04), was associated
with shorter OS in the univariate analysis. The multivariate analysis did

not reveal significant prognostic factors. In thoracic cancer (lung cancer
and pleural mesothelioma), the univariate and multivariate analyses did
not reveal significant prognostic factors. Conclusion: Disease extent
on 68Ga-FAPI-46 PET/CT is a predictor of short OS and may aid
in future risk stratification by playing a supplemental role alongside
18F-FDG PET/CT.

Key Words: 68Ga-FAPI-46; PET/CT; 18F-FDG; overall survival; total
lesion number
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In vivo visualization of fibroblast activation protein (FAP) by
means of [68Ga]Ga-FAP inhibitor (FAPI) (68Ga-FAPI) PET/CT
imaging is characterized by high tumor uptake and low back-
ground accumulation of radioligands (1). This results in high
detection rates in a multitude of solid tumors in comparison with
[18F]FDG (18F-FDG) PET/CT (2–4).
FAP expression has been confirmed in many cancers (90% of

carcinomas), especially in the stroma in the tumor tissue, and thus
may become a universal marker of cancer-associated fibroblasts
(5). This expression has been associated with proliferation, inva-
sion, angiogenesis, and drug resistance (5), leading to a poor prog-
nosis in several malignancies, including gastric (5), colorectal (6),
pancreatic (7), and non–small cell lung (8) cancer. However, only
a few studies, mostly on small cohorts, have examined the prog-
nostic value of 68Ga-FAPI PET/CT in this context (9–11).
To address this gap in knowledge, we compared the prognostic

implications of 68Ga-FAPI-46 PET/CT and 18F-FDG PET/CT in a
large population of patients with various tumors.
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MATERIALS AND METHODS

Patients
We screened our institutional database of prospective imaging stud-

ies for consecutive patients who underwent 68Ga-FAPI-46 PET/CT
and 18F-FDG PET/CT within 4 wk from April 2020 to September
2022 for imaging of tumors other than sarcoma (because of another
ongoing project focused on sarcoma). The patient selection process is
shown in Figure 1.

All patients gave written informed consent. Of these, 145 patients
were included in 2 prospective imaging studies (NCT05160051, 30
interventional; NCT04571086, 115 observational). Data analysis was
approved by the ethics committee of the University of Duisburg–Essen
(20-9485-BO and 19-8991-BO). The patient subgroups have previ-
ously been reported (12–16). We obtained the precursor of 68Ga-
FAPI-46 from SOFIE Biosciences.

Image Acquisition
At 23.36 20.2min (range, 9–102min) after the injection of 123.96

31.0 MBq (range, 60–199 MBq) of 68Ga-FAPI-46, PET/CT was per-
formed on a Siemens 128-slice Biograph mCT (26/145 patients, 17.9%),
Siemens Biograph Vision (115/145 patients,
79.3%), or Philips Vereos (4/145 patients,
2.8%). Acquisition times were based on a
prior publication by our group (13).

18F-FDG PET/CT was performed 71.86
18.2min (range, 43–147min) after the injec-
tion of 267.16 84.6 MBq (range, 94–458
MBq) of 18F-FDG. Images were acquired on a
Biograph mCT (27/145 patients, 18.6%), Bio-
graph Vision (109/145 patients, 75.2%), or
Vereos (9/145 patients, 6.2%). All PET images
were iteratively reconstructed with time of
flight (Biograph mCT: 3 iterations and 21 sub-
sets, gaussian filtering of 4mm; Biograph
Vision: 4 iterations and 5 subsets, gaussian fil-
tering of 2mm; Vereos: 2 iterations and 10
subsets, gaussian filtering of 4mm).

Image Interpretation and
Quantitative Analysis

Images were interpreted by a board-certified
nuclear medicine physician and radiologist

with 14y of experience, who had completed institutional reader train-
ing on 50 68Ga-FAPI-46 PET/CT datasets including common pitfalls.
The reader was not aware of the clinical information. Masked interpre-
tation was chosen to avoid biases due to knowledge of clinical informa-
tion and to measure the standalone impact of the imaging modalities,
even though lack of clinical information may trigger faulty image inter-
pretation at times.

Lesions were classified as malignant if they exhibited focal tracer
accumulation incongruent with physiologic or nonneoplastic uptake (17)
and were categorized into the following anatomic regions: primary, cer-
vicothoracic nodal metastases, abdominopelvic nodal metastases, pulmo-
nary metastases, hepatic metastases, other visceral metastases, and bone
metastases. Lesion number (#10 per region to avoid individual bias,
from larger to smaller lesions), and SUVmax was assessed visually on
Syngo.via software (Siemens Healthineers). Representative diagnosis
cases are shown in Figures 2 and 3.

Statistical Analysis
Overall survival (OS) was defined as the interval from the day of

the PET/CT scans (68Ga-FAPI-46 PET/CT and 18F-FDG PET/CT)
until death or the end of the study (censored in June 2023). For OS,
we performed univariate Cox proportional hazards regression analysis
using the following variables: sex, age, restaging (vs. initial staging),
tumor entity, total lesion number, the presence of nodal metastases,
the presence of visceral metastases, the presence of bone metastases,
and the highest SUVmax of all lesions. Prognostic factors with a
P value of less than 0.05 in the univariate analysis, as well as the
tumor entity as a categoric parameter (considering the heterogeneity of
tumor characteristics), were considered statistically significant and
tested in multivariate analyses. We also performed subanalyses for the
patients with pancreatic cancer, breast cancer, and thoracic cancer
(lung cancer and pleural mesothelioma). Separate Cox analyses for
each tumor entity (pancreatic cancer, breast cancer, and thoracic can-
cer) are susceptible to multiple-comparison problems due to small
sample sizes. To resolve this issue, we entered into the multivariate
Cox analysis only the prognostic parameters that were significant pre-
dictors of OS in the multivariate analysis on the entire cohort. We per-
formed Kaplan–Meier analysis using log-rank testing to determine the
statistical association between OS and findings on 18F-FDG PET/CT
and 68Ga-FAPI-46 PET/CT. For statistical analysis, we used MedCalc
version 22.007, 32-bit (MedCalc Software), and Prism 8 (GraphPad
Software). Numeric values are provided as mean 6 SD.

FIGURE 1. Consolidated Standards of Reporting Trials (CONSORT)
diagram illustrating enrollment process. CECT5 contrast-enhanced CT.

FIGURE 2. Intraindividual comparison between 68Ga-FAPI-46 PET/CT and 18F-FDG PET/CT for
restaging in patient with postoperative pancreatic head cancer (73-y-old woman with extensive nodal
metastases). Bilateral nodal metastases in supraclavicular region were detectable only on 68Ga-
FAPI-46 PET/CT (SUVmax, 5.74 on right side and 10.19 on left side; arrows); findings on 18F-FDG
PET/CT were nonspecific (SUVmax, 2.93 on right side and 3.58 on left side; arrows). At level of bilat-
eral renal pelvis, there were 3 and only 1 detectable paraaortic nodal metastases on 68Ga-FAPI-46
PET/CT (SUVmax, 6.75, 11.37, and 11.75 from right to left) and 18F-FDG PET/CT (SUVmax, 7.94; other
2 lymph nodes not measurable), respectively (arrows). SUVbw 5 SUV based on body weight.
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RESULTS

Patient Cohort
The final cohort included 145 patients, of whom 85 were male

and 60 were female (mean 6 SD, 61.66 11.8 y old; range, 30–
85 y old). We enrolled 53 patients (36.6%) for staging and 92
patients (63.4%) for restaging. The most common tumor entities
were pancreatic cancer (n 5 40), mesothelioma (pleural, n 5 18;
peritoneal, n 5 2), and breast cancer (n 5 17). Sixty-four of 145
(44.1%) patients died during the mean follow-up period of 13.8mo
(range, 1–30mo). Patient characteristics are provided in Table 1.
Because we enrolled patients requiring either staging or restaging,
we classified only the patients with T(positive)/N0/M0, T(any)/
N(positive)/M0, and T(any)/N(any)/M(positive), by referring to the
68Ga-FAPI-46 PET/CT, 18F-FDG PET/CT, and contrast-enhanced
CT, all of which were performed within 4 wk. The median total
lesion number was 4 on 68Ga-FAPI-46 PET/CT (range, 0–53; 1
with no lesions; 44 with 1 lesion; 27 with 2 or 3 lesions; 8 with 4

or 5 lesions; 20 with 6–10 lesions; 45 with .10 lesions) and 3 on
18F-FDG PET/CT (range, 0–57; 8 with no lesions; 47 with 1 lesion;
26 with 2 or 3 lesions; 7 with 4 or 5 lesions; 20 with 6–10 lesions;
37 with .10 lesions).
The treatment records were available for 133 of 145 patients

(91.7%). Ninety-four of 145 patients (64.8%) underwent surgery.
In 93 cases (93/145, 64.1%), the primary was resected, and in 22
cases (22/145, 15.2%), metastases were resected; in 21 of those,
both the primary and metastases were resected (21/145, 14.5%).
Of the 94 patients who underwent surgery, 79 (79/145, 54.5%)

received systemic therapy (chemotherapy or immunotherapy). Of the
remaining 39 recorded patients without surgery (39/145, 26.9%), 31
(31/145, 21.4%) received systemic therapy. Systemic therapy was
used in 110 of 145 (75.9%) patients, of whom 14 had breast cancer, 5
had lung cancer, 14 had pleural mesothelioma, 2 had peritoneal meso-
thelioma, 13 had cholangiocellular cancer, 33 had pancreatic cancer,
13 had colorectal cancer, 9 had renal cell cancer, and 7 had

TABLE 1
Patient Characteristics (n 5 145)

Clinical variable Value

Mean age (y) 61.6 (range, 30–85)

Male/female 85 (58.6%)/60 (41.4%)

Staging/restaging 53 (36.6%)/92 (63.4%)

Primary tumor

Breast cancer 17 (11.7%)

T1N0M0/T(any)N1M0/T(any)N(any)M1 5 (3.4%)/4 (2.8%)/8 (5.5%)

Lung cancer 12 (8.3%)

T1N0M0/T(any)N1M0/T(any)N(any)M1 6 (4.1%)/1 (0.7%)/5 (3.4%)

Mesothelioma (pleural/peritoneal) 18 (12.4%)/2 (1.4%)

T1N0M0/T(any)N1M0/T(any)N(any)M1 6 (4.1%)/7 (4.8%)/7 (4.8%)

Cholangiocellular cancer 15 (10.3%)

T1N0M0/T(any)N1M0/T(any)N(any)M1 3 (2.1%)/2 (1.4%)/10 (6.9%)

Pancreatic cancer 40 (27.6%)

T1N0M0/T(any)N1M0/T(any)N(any)M1 11 (7.6%)/7 (4.8%)/22 (15.2%)

Colorectal cancer 15 (10.3%)

T1N0M0/T(any)N1M0/T(any)N(any)M1 3 (2.1%)/0 (0%)/12 (8.3%)

Renal cell cancer 15 (10.3%)

T1N0M0/T(any)N1M0/T(any)N(any)M1 5 (3.4%)/1 (0.7%)/9 (6.2%)

Prostate cancer 11 (7.6%)

T1N0M0/T(any)N1M0/T(any)N(any)M1 4 (2.8%)/0 (0%)/7 (4.8%)

Treatment data, available/not available 133 (91.7%)/12 (8.3%)

Surgery for primary site/metastases 93 (64.1%)/22 (15.2%)

Chemo- or immunotherapy, surgical cases 79 (54.5%)

Neoadjuvant/adjuvant/salvage/unspecified 21 (14.5%)/46 (31.7%)/53 (36.6%)/5 (3.4%)

Chemo- or immunotherapy, no surgery 31 (21.4%)

Other therapy

RPT/radioembolization/223Ra 4 (2.8%)/3 (2.1%)/1 (0.7%)

Hormone/RFA/radiation therapy 11 (7.6%)/2 (1.4%)/38 (26.2%)

RPT 5 radiopharmaceutical therapy; RFA 5 radiofrequency ablation.
Values are number and percentage, except for age.
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prostate cancer. Other therapies consisted of radiopharmaceutical
therapy with [177Lu]Lu-PSMA-617 (n 5 4), radioembolization
(n 5 3), [223Ra]Ra-chloride (n 5 1), hormone therapy (for breast
cancer and prostate cancer, n5 11), radiofrequency ablation (n 5 2),
and external-beam radiotherapy (n 5 38). Information on the treat-
ment is summarized in Table 1.

Prognostic Analysis
In the univariate analysis for 68Ga-FAPI-46 PET/CT, total

lesion number; the presence of nodal, visceral, and bone metasta-
ses; and the highest SUVmax of all lesions were significant predic-
tors of short OS (hazard ratio [HR], 1.06, 2.18, 1.69, 2.05, and
1.03, respectively; 95% CI, 1.03–1.08, 1.32–3.60, 1.03–2.77,
1.12–3.77, and 1.00–1.07, respectively; P , 0.01, , 0.01, 5 0.04,
5 0.02, and 5 0.03, respectively; Table 2). In the multivariate
analysis (Table 2), total lesion number was significantly associated
with OS (HR, 1.05; 95% CI, 1.01–1.10; P 5 0.02), whereas the
presence of nodal, visceral, and bone metastases and the highest
SUVmax of all lesions were not (HR, 1.12, 1.10, 2.21, and 1.02,
respectively; 95% CI, 0.57–2.19, 0.56–2.16, 0.93–5.26, and 0.98–
1.07, respectively; P 5 0.75, 0.78, 0.07, and 0.29, respectively).
Kaplan–Meier curves for OS based on the total lesion number are

shown in Figure 4 using the median total
lesion number (n 5 4) as the cutoff. The
median survival of patients with at least 4
lesions (73 patients) versus less than 4
lesions (72 patients) was 17 and 25mo,
respectively (P , 0.001).
Regarding 18F-FDG PET/CT (Table 2),

total lesion number and the presence of
nodal, visceral, and bone metastases were
significantly associated with shorter OS
(HR, 1.05, 2.31, 1.76, and 2.30, respec-
tively; 95% CI, 1.03–1.08, 1.41–3.80,
1.07–2.92, and 1.27–4.17, respectively;
P , 0.01, , 0.01, 5 0.03, and , 0.01,
respectively). In the multivariate analysis
(Table 2), the presence of bone metastases
was a predictor of shorter OS (HR, 3.46;
95% CI, 1.49–8.03; P , 0.01), whereas
total lesion number and the presence of
nodal and visceral metastases were not
(HR, 1.04, 1.53, and 1.20, respectively;
95% CI, 0.999–1.08, 0.81–2.88, and 0.60–

2.39, respectively; P 5 0.055, 0.19, and 0.61, respectively).
Kaplan–Meier curves for OS in the group with positive bone
metastases (25 patients) and those with negative bone metastases
(120 patients) are shown in Figure 4. The median survival was 13
and 23mo, respectively (P , 0.005).
Regarding 68Ga-FAPI-46 PET/CT in the patients with pancre-

atic cancer, total lesion number was significantly associated with
shorter OS in the univariate analysis (HR, 1.09; 95% CI, 1.03–
1.15; P , 0.01) and in the multivariate analysis (HR, 1.07; 95%
CI, 1.004–1.13; P 5 0.04). For 18F-FDG PET/CT, bone metasta-
ses were a significant prognostic indicator for shorter OS in the
univariate analysis (HR, 31.39; 95% CI, 4.33–227.36; P , 0.01).
In the multivariate analysis, bone metastases were borderline-
significant (HR, 8.67; 95% CI, 0.91–82.78; P 5 0.06). These
results are summarized in Table 3.
As for the patients with breast cancer using 68Ga-FAPI-46

PET/CT, total lesion number was significantly associated with
shorter OS in the univariate analysis (HR, 1.07; 95% CI, 1.01–
1.13; P 5 0.02) but was not significant in the multivariate analy-
sis (HR, 1.03; 95% CI, 0.95–1.11; P 5 0.47). For 18F-FDG
PET/CT, bone metastases were a significant prognostic indicator
for OS in the univariate analysis (HR, 9.64; 95% CI, 1.12–
83.30; P 5 0.04) but was not significant in the multivariate anal-
ysis (HR, 5.58; 95% CI, 0.38–81.50; P 5 0.21). These results
are summarized in Table 4.
Concerning the subanalysis for patients with thoracic cancer,

including lung cancer and pleural mesothelioma, no PET-derived
prognostic factors were not associated with OS in the uni- and
multivariate analyses. These results are summarized in Table 5.

DISCUSSION

The results of our study reveal that 68Ga-FAPI-46 PET/CT–
based parameters have prognostic value in a mixed population of
cancer patients. The presence of bone metastases on 18F-FDG
PET/CT, and lesion number on 68Ga-FAPI-46 PET/CT (HR,
1.05), were independent risk factors for shorter OS in the multivar-
iate analysis. Although the HR of the latter may appear small, con-
tinuous variables with a wide range (0–53) often display lower

FIGURE 3. Intraindividual comparison between 68Ga-FAPI-46 PET/CT and 18F-FDG PET/CT for
restaging in patient with postoperative left breast cancer (36-y-old woman with large number of
metastases). Several metastases to muscles were detectable only on 18F-FDG PET/CT (red arrows).
At same axillary level (right side of body), there were 1 and 3 detectable nodal metastases on 68Ga-
FAPI-46 PET/CT (SUVmax, 3.47; other 2 distal lymph nodes not measurable) and on 18F-FDG PET/CT
(SUVmax, 26.28, 18.54, and 29.60 from proximal to distal lymph nodes), respectively (blue arrows). In
liver region (lower part of images), 2 liver metastases were detectable on 18F-FDG PET/CT (SUVmax,
6.65 in segment 4 and 4.50 in segment 5); however, no liver metastases were detectable on 68Ga-
FAPI-46 PET/CT (blue arrows). SUVbw 5 SUV based on body weight.

FIGURE 4. Kaplan–Meier analyses for OS regarding total lesion number
on 68Ga-FAPI-46 PET/CT (A) and presence of bone metastases on 18F-
FDG PET/CT (B). Blue and red lines are groups with $4 total lesions
(median value of all patients) and those with #3 total lesions in A (P ,

0.001) and group with positive bone metastases and those with negative
bone metastases in B (P, 0.005), respectively.
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HRs. Yet the effect of lesion number on the extreme ends of the
spectrum is not negligible, as shown in the context of Ki-67, an
established prognostic parameter in a multitude of malignancies,
where HRs in the similar range are commonly observed (e.g., 1.05
in patients with adrenocortical carcinoma regarding OS (18)). In
addition, the univariate analysis identified metastases to nodes, vis-
ceral organs, and bone and the highest SUVmax of all lesions on
68Ga-FAPI-46 PET/CT as significant prognostic indicators for
shorter OS. 68Ga-FAPI-46 PET/CT–based parameters such as total
lesion number, and 18F-FDG PET/CT–based parameters such as
the presence of hypermetabolic bone metastases, may aide risk

stratification alongside other, already-established, prognostic mar-
kers (19). 18F-FDG PET/CT as a prognostic marker is well estab-
lished in a multitude of malignancies, underpinned by an extensive
body of research, and is well understood, especially with regard to
its associations with dedifferentiation and proliferation. 18F-FDG
PET/CT–derived markers that have been well studied in their asso-
ciation with OS are, among others, metabolic tumor volume and
total lesion glycolysis, such as in patients with lung, pancreatic,
and breast cancer (19–21).
On the basis of our results, it appears unlikely that 68Ga-FAPI-46

PET/CT–derived markers will generally replace 18F-FDG PET/CT,

TABLE 2
Uni- and Multivariate Analyses of OS Using Cox Proportional Hazards Regression Analysis

(Death Events, n 5 64; Censored, n 5 81)

Parameter

Univariate Multivariate

HR P HR P

68Ga-FAPI-46 PET/CT

Sex 1.25 (0.75–2.08) 0.40

Age 1.01 (0.99–1.03) 0.31

Restaging vs. initial staging 1.70 (0.98–2.93) 0.06

Tumor entity*

Mesothelioma (n 5 20) 0.77 (0.37–1.59) 0.48 0.62 (0.28–1.34) 0.22

Breast cancer (n 5 17) 0.67 (0.27–1.64) 0.38 0.30 (0.10–0.90) 0.03

Cholangiocarcinoma (n 5 15) 0.56 (0.23–1.36) 0.20 0.43 (0.17–1.06) 0.07

Renal cell carcinoma (n 5 15) 0.33 (0.10–1.10) 0.07 0.22 (0.06–0.84) 0.03

Colorectal cancer (n 5 15) 0.44 (0.15–1.26) 0.13 0.39 (0.13–1.18) 0.10

Lung cancer (n 5 12) 0.27 (0.06–1.14) 0.08 0.19 (0.04–0.85) 0.03

Prostate cancer (n 5 11) 0.53 (0.20–1.38) 0.19 0.27 (0.08–0.91) 0.03

Total lesion number 1.06 (1.03–1.08) ,0.01 1.05 (1.01–1.10) 0.02

Nodal metastases 2.18 (1.32–3.60) ,0.01 1.12 (0.57–2.19) 0.75

Visceral metastases 1.69 (1.03–2.77) 0.04 1.10 (0.56–2.16) 0.78

Bone metastases 2.05 (1.12–3.77) 0.02 2.21 (0.93–5.26) 0.07

Highest SUVmax 1.03 (1.00–1.07) 0.03 1.02 (0.98–1.07) 0.29
18F-FDG PET/CT

Tumor entity*

Mesothelioma (n 5 20) 0.77 (0.37–1.59) 0.48 0.50 (0.23–1.06) 0.07

Breast cancer (n 5 17) 0.67 (0.27–1.64) 0.38 0.20 (0.06–0.62) ,0.01

Cholangiocarcinoma (n 5 15) 0.56 (0.23–1.36) 0.20 0.39 (0.16–0.97) 0.04

Renal cell carcinoma (n 5 15) 0.33 (0.10–1.10) 0.07 0.16 (0.04–0.60) ,0.01

Colorectal cancer (n 5 15) 0.44 (0.15–1.26) 0.13 0.30 (0.10–0.92) 0.03

Lung cancer (n 5 12) 0.27 (0.06–1.14) 0.08 0.17 (0.04–0.75) 0.02

Prostate cancer (n 5 11) 0.53 (0.20–1.38) 0.19 0.20 (0.06–0.69) 0.01

Total lesion number 1.05 (1.03–1.08) ,0.01 1.04 (0.999–1.08) 0.055

Nodal metastases 2.31 (1.41–3.80) ,0.01 1.53 (0.81–2.88) 0.19

Visceral metastases 1.76 (1.07–2.92) 0.03 1.20 (0.60–2.39) 0.61

Bone metastases 2.30 (1.27–4.17) ,0.01 3.46 (1.49–8.03) ,0.01

Highest SUVmax 1.02 (0.995–1.05) 0.11

*Compared with pancreatic cancer.
Data are mean followed by 95% CI in parentheses.
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yet they may serve as complementary markers, with lesion number
being particularly promising. The latter may be the consequence of a
better diagnostic performance in some tumor entities (2,4,11). Addi-
tionally, the identification of PET biomarkers derived from 68Ga-
FAPI-46 PET/CT can be of particular interest in tumor entities, where
it could eventually become the gold standard for PET imaging (22).

68Ga-FAPI-46 PET/CT may therefore aid treatment decisions
not just by providing accurate staging but also by providing prog-
nostic information. The impact on patient prognosis has previously
been shown in the context of patients with colorectal cancer,
where FAP expression on 68Ga-FAPI-46 PET/CT was associated
with a significantly shorter relapse-free survival (9).
In our subanalysis of patients with pancreatic cancer, bone

metastases (HR, 31.39; 95% CI, 4.33–227.36; P , 0.01) in 18F-
FDG PET/CT were significantly associated with shorter OS in the
univariate analysis and showed borderline significance (HR, 8.67;
95% CI, 0.91–82.78; P 5 0.06) in the multivariate analysis. On
the other hand, with regard to 68Ga-FAPI-46 PET/CT–derived
parameters, only total lesion number reached statistical signifi-
cance in the univariate analysis (HR, 1.09; 95% CI, 1.03–1.15;
P , 0.01) and multivariate analysis (HR, 1.07; 95% CI, 1.004–
1.13; P 5 0.04).
A prior study on pancreatic cancer has shown that SUVmax in

68Ga-FAPI-04 PET/CT had a significant independent prognostic
value for recurrence-free survival and that total pancreatic FAP
expression (the sum of the multiplication of SUVmean and total

FAPI-avid volume) was a significant prognostic indicator for OS
(10). Similarly, in a published metaanalysis, tumor SUVmax on
18F-FDG PET/CT has been shown to be a significant prognostic
factor for OS (19). Furthermore, a high glycolytic activity in pan-
creatic cancer has been linked with subtypes that commonly
exhibit a poor prognosis (e.g., basal subtype) and is associated
with metastatic spread (23). In our study, we additionally found
that total lesion number on 68Ga-FAPI-46 PET/CT could be a use-
ful prognostic factor for OS in patients with pancreatic cancer.
Importantly, the presence of bone metastases on PET/CT corre-
lated more strongly with OS for 18F-FDG than for 68Ga-FAPI-46
in our study. This may be partly attributable to the fact that of the
4 of 39 patients with bone metastases secondary to pancreatic can-
cer, bone metastases were detected by 18F-FDG PET/CT, by 68Ga-
FAPI-46 PET/CT, and by both modalities in 2, 3, and 1 cases,
respectively. The large discrepancy in HR between the 2 modali-
ties may therefore be caused by the low number of positive cases
in the subgroup with pancreatic cancer.
To our knowledge, this was the first study to report on the prog-

nostic implications of FAPI PET/CT in patients with breast
cancer:
In our cohort, total lesion number on 68Ga-FAPI-46 PET/CT,

and bone metastases on 18F-FDG PET/CT, were significant prog-
nostic indicators for shorter OS in the univariate analysis; how-
ever, total lesion number on 68Ga-FAPI-46 PET/CT and bone
metastases on 18F-FDG PET/CT were not significant in the

TABLE 3
Uni- and Multivariate Subanalyses of OS for Patients with Pancreatic Cancer Using Cox Proportional Hazards Regression

Analysis (Death Events, n 5 28; Censored, n 5 12)

Parameter

Univariate Multivariate

HR P HR P

68Ga-FAPI-46 PET/CT

Total lesion number 1.09 (1.03–1.15) ,0.01 1.07 (1.004–1.13) 0.04
18F-FDG PET/CT

Bone metastases 31.39 (4.33–227.36) ,0.01 8.67 (0.91–82.78) 0.06

Data are mean followed by 95% CI in parentheses.

TABLE 4
Uni- and Multivariate Subanalyses of OS for Patients with Breast Cancer Using Cox Proportional Hazards Regression

Analysis (Death Events, n 5 6; Censored, n 5 11)

Parameter

Univariate Multivariate

HR P HR P

68Ga-FAPI-46 PET/CT

Total lesion number 1.07 (1.01–1.13) 0.02 1.03 (0.95–1.11) 0.47
18F-FDG PET/CT

Bone metastases 9.64 (1.12–83.30) 0.04 5.58 (0.38–81.50) 0.21

Data are mean followed by 95% CI in parentheses.
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multivariate analysis. The prognostic value of 18F-FDG PET/CT
has been shown by an expansive body of evidence, for which a
correlation between glycolytic activity on the one hand and tumor
aggressiveness and poor prognosis on the other hand could be
established (20,24). The lack of statistically significant results in
the multivariate analysis may at least partially be attributable to
insufficient statistical power due to the sample size.
A central limitation of this study is the low number of patients

for each tumor entity, potentially affecting statistical power and
calling for further prospective analyses on larger cohorts. Espe-
cially for the Cox subanalysis, there are few total events and few
events per variable (25). Also, it has yet to be determined which
PET-derived parameters can most accurately predict OS. Future
multicenter prospective analyses with a larger sample size may be
warranted to confirm the results. In addition, the 50 cases used to
train the reader may be a limitation, since interobserver agreement
has been shown to be moderate at this experience level; an experi-
ence level of at least 300 cases may be needed for substantial
agreement (26). The prognostic parameters we assessed could
complement risk stratification alongside already-established risk
factors, such as resection status and neural invasion in the context
of pancreatic cancer (27,28). Also, the absence of segmentation of
PET-derived whole-body tumor volume and whole-body SUVmean

may be a major limitation.

CONCLUSION

Here, we demonstrate an association of disease extent (parame-
trized by total lesion number on 68Ga-FAPI-46 PET/CT) on the
one hand and OS on the other hand in various malignancies, such
as pancreatic cancer. In line with prior publications, 18F-FDG
PET/CT allowed for stratification of prognosis, especially in the
presence of bone metastases. Improved risk stratification may aid
patient management in the future.
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care (speaker), Eczacıbaşı Monrol (speaker), Abx (speaker), Amgen

(speaker), and Urotrials (speaker), outside the submitted work.
Rainer Hamacher reports grants from the Clinician Science Pro-
gram of the University Medicine Essen Clinician Scientist Acad-
emy. He also reports other support from Eli Lilly and Company,
Novartis, and PharmaMar, as well as personal fees from Pharma-
Mar and Eli Lilly and Company, outside the submitted work. Kim
Pabst reports personal fees and research funds from Bayer Health-
care, outside the submitted work, as well as a Junior Clinician
Scientist Stipend from the University Medicine Essen Clinician
Scientist Academy and travel fees from IPSEN. Stefan Kasper
received honoraria from Merck Serono, MSD, Novartis, BMS,
Amgen, Roche, Sanofi-Aventis, Servier, Incyte, Pierre Fabre, and
Lilly and research funding from Lilly, BMS, and Roche. Bastian
von Tresckow is an advisor or consultant for Allogene, Amgen,
BMS/Celgene, Cerus, Gilead Kite, Incyte, IQVIA, Lilly, Merck
Sharp & Dohme, Miltenyi, Novartis, Noscendo, Pentixapharm,
Pfizer, Pierre Fabre, Qualworld, Roche, Sobi, and Takeda; has
received honoraria from AbbVie, AstraZeneca, BMS/Celgene,
Gilead Kite, Incyte, Lilly, Merck Sharp & Dohme, Novartis,
Roche Pharma AG, and Takeda; reports research funding from
Esteve (to the institution), Merck Sharp & Dohme (to the institu-
tion), Novartis (to the institution), and Takeda (to the institu-
tion); and reports travel support from AbbVie, AstraZeneca,
Gilead Kite, Lilly, Merck Sharp & Dohme, Pierre Fabre, Roche,
Takeda, and Novartis, all outside the submitted work. Sherko
K€ummel reports a consultant or advisory role with Roche/
Genentech, Genomic Health, Novartis, AstraZeneca, Amgen,
Celgene, SOMATEX, Daiichi Sankyo, pfm medical, Pfizer,
MSD Oncology, Lilly, Sonoscape, Gilead Sciences, Seagen, and
Agendia. He also reports travel support and expenses from
Roche, Daiichi Sankyo, and Gilead Sciences and an uncompen-
sated relationship with WSG. Boris Hadaschik declares grants to
the institution from Novartis, BMS, and the German Research Foun-
dation; consulting fees from ABX, Accord, Amgen, AstraZeneca,
Bayer, BMS, Janssen, Lightpoint Medical, and Pfizer; payment for
lectures from Accord, Astellas, Janssen, and Monrol; support for
travel or attending meetings from Bayer, Ipsen, and Janssen; and
participation on data safety monitoring boards for Janssen, all out-
side the submitted work. Viktor Gr€unwald has received honoraria
from Bristol-Myers Squibb, Pfizer, Ipsen, Eisai, MSD Oncology,
Merck HealthCare, EUSAPharm, Apogepha, and Ono Pharmaceuti-
cal; has an advisory role with Bristol-Myers Squibb, Pfizer, MSD
Oncology, Merck HealthCare, Ipsen, Eisai, Debiopharm, PCI Bio-
tech, Cureteq, and Oncorena; and receives travel funds from Pfizer,
Ipsen, and Merck HealthCare. Jens Siveke reports honoraria from
AstraZeneca, Bayer, Immunocore, Novartis, Roche/Genentech, and
Servier, outside the submitted work. Work in his laboratory is sup-
ported by the German Cancer Consortium. His institution receives
research funding from Bristol-Myers Squibb, Celgene, Eisbach, Bio,
and Roch/Genentech. He holds ownership in and serves on the board
of directors of Pharma15. Ken Herrmann reports personal fees from
Bayer, SIRTEX, Adacap, Curium, Endocyte, IPSEN, Siemens
Healthineers, GE Healthcare, Amgen, Novartis, ymabs, Aktis Oncol-
ogy, 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 Applications, IPSEN, and Eli Lilly, outside
the submitted work. No other potential conflict of interest relevant to
this article was reported.

TABLE 5
Uni- and Multivariate Subanalyses of OS for Patients

with Thoracic Cancer Using Cox Proportional
Hazards Regression Analysis (Death Events, n 5 11;

Censored, n 5 19)

Parameter

Univariate

HR P

68Ga-FAPI-46 PET/CT

Total lesion number 1.01 (0.93–1.10) 0.78
18F-FDG PET/CT

Bone metastases 1.62 (0.20–13.01) 0.65

Data are mean followed by 95% CI in parentheses.
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KEY POINTS

QUESTION: Do findings from 68Ga-FAPI-46 PET/CT have
prognostic implications regarding OS?

PERTINENT FINDINGS: Disease extent derived from 68Ga-FAPI-46
PET/CT is a predictor of OS and may enhance risk stratification in
various solid tumors.

IMPLICATIONS FOR PATIENT CARE: Improved tumor detection
and risk stratification may aide clinical decisions and the pursuit of
personalized medicine.
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In Vivo PET Imaging of 89Zr-Labeled Natural Killer Cells
and the Modulating Effects of a Therapeutic Antibody
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Natural killer (NK) cells can kill cancer cells via antibody-dependent
cell-mediated cytotoxicity (ADCC): a tumor-associated IgG antibody
binds to the Fcg receptor CD16 on NK cells via the antibody Fc region
and activates the cytotoxic functions of the NK cell. Here, we used
PET imaging to assess NK cell migration to human epidermal growth
factor receptor 2 (HER2)–positive HCC1954 breast tumors, examining
the influence of HER2-targeted trastuzumab antibody treatment on
NK cell tumor accumulation. Methods: Human NK cells from healthy
donors were expanded ex vivo and labeled with [89Zr]Zr-oxine. In vitro
experiments compared the phenotypic markers, viability, proliferation,
migration, degranulation, and ADCC behaviors of both labeled (89Zr-NK)
and unlabeled NK cells. Female mice bearing orthotopic human
breast HCC1954 tumors were administered 89Zr-NK cells alongside
trastuzumab treatment or a sham treatment and then scanned using
PET/CT imaging over 7 d. Flow cytometry and g-counting were used
to analyze the presence of 89Zr-NK cells in liver and spleen tissues.
Results: 89Zr cell radiolabeling yields measured 42.2% 6 8.0%. At
an average specific activity of 16.764.7 kBq/106 cells, 89Zr-NK cells
retained phenotypic and functional characteristics including CD56
and CD16 expression, viability, migration, degranulation, and ADCC
capabilities. In vivo PET/CT studies indicated predominant accumu-
lation of 89Zr-NK cells in the liver and spleen. Ex vivo analyses of liver
and spleen tissues indicated that the administered human 89Zr-NK
cells retained their radioactivity in vivo and that 89Zr did not transfer
to cells of murine soft tissues, thus validating this 89Zr PET method
for NK cell tracking. Notably, 89Zr-NK cells migrated to HER2-
positive tumors, both with and without trastuzumab treatment. Tras-
tuzumab treatment was associated with an increased 89Zr-NK cell
signal at days 1 and 3 after injection. Conclusion: In vitro, 89Zr-NK
cells maintained key cellular and cytotoxic functions. In vivo, 89Zr-NK
cells trafficked to HER2-postive tumors, with trastuzumab treatment
correlating with enhanced 89Zr-NK infiltration. This study demon-
strates the feasibility of using PET to image 89Zr-NK cell infiltration
into solid tumors.

Key Words: natural killer cell; ADCC; trastuzumab; HER2 receptor;
cell tracking
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Monoclonal IgG antibodies used in clinical oncology exert
therapeutic effects by inhibiting cancer cell receptors that drive
tumor proliferation. In breast cancer treatment, trastuzumab targets
human epidermal growth factor receptor 2 (HER2). By binding of
the antibody Fab region to HER2, trastuzumab prevents HER2
dimerization, thus inhibiting the downstream proliferative signals
that promote tumor growth. In addition, in combination with
immune effector cells (most notably natural killer [NK] cells),
trastuzumab can trigger antibody-dependent cell-mediated cytotox-
icity (ADCC), resulting in immune-cell activation and cancer-cell
lysis.
NK cells express the low-affinity yet potent FcgRIIIA (or

CD16) activating receptor. In vivo, a specific IgG monoclonal
antibody can engage via its Fab region with its target antigen on a
cancer cell; simultaneously, the Fc region of the monoclonal anti-
body is recognized by CD16, facilitating the activation of cyto-
toxic NK cell functions. NK cells can also independently induce
cytotoxic responses against cancer cells through lytic synapse for-
mation or apoptotic pathways. NK cells also modulate other
immune responses involving T cells, macrophages, and dendritic
cells through cytokine or chemokine pathways.
ADCC can contribute to the efficacy of HER2-targeted immu-

notherapies. In patients administered HER2-targeted immunothera-
pies, improved responses are associated with higher tumor infiltration
of NK cells (1–3) or lymphocytes (4,5) in HER2-positive breast can-
cer biopsies. Furthermore, analyses of surgical specimens from
HER2-positive breast cancers have previously revealed an increase in
NK cells in tumor tissue after trastuzumab treatment, relative to speci-
mens collected either before treatment (1) or from case-matched con-
trols who did not receive trastuzumab treatment (2). Similarly, in a
murine model of HER2-positive breast cancer, an increase in NK cell
numbers was observed in tumors after treatment with a trastuzumab-
derived antibody–drug conjugate (6). Highlighting the clinical signifi-
cance of ADCC effects mediated by NK cells, a phase 1 clinical trial
in patients with HER2-positive tumors recently reported that a thera-
peutic regime of expanded autologous NK cells in combination with
trastuzumab is safe, exhibits tumor engagement, and shows prelimi-
nary evidence of therapeutic efficacy (7). Compared with paired
tumor biopsies obtained before treatment, increases in NK cells,
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lymphocytes, and apoptosis activity were observed in biopsies after
treatment.
The distribution and tumor infiltration of NK cells, and how this

may be influenced by therapeutic antibody treatment, is therefore
important in understanding the immunologic landscape of cancer
at the cellular, tissue, and whole-body levels. Whole-body imaging
can provide spatial and longitudinal insights into the distribution
of NK cells in vivo. In direct cell-tracking methods, NK cells are
labeled ex vivo with a contrast agent and then administered for
in vivo tracking using whole-body imaging. This approach has
been previously applied using optical imaging (8,9), MRI (10),
SPECT imaging or g-scintigraphy with [111In]In-oxine (11–13),
and PET imaging using [89Zr]Zr-oxine (14). Optical imaging and
MRI can provide high-resolution images but lack quantitative
attributes. In contrast, PET and g-scintigraphy/SPECT imaging
can provide real-time and quantitative information, and both are
highly sensitive.
A recently developed method enables the radiolabeling of cells

using [89Zr]Zr-oxine (89Zr half-life, 78.41 h), facilitating longitudi-
nal cell tracking over 1–2 wk with PET (15). The method has
been applied to track NK cells (14), T cells (16,17), and bone mar-
row cells (18) in vivo, among others (19). Similar methods using
[111In]In-oxine are well established for 111In cell tracking with
g-scintigraphy/SPECT imaging. In both cases, [89Zr]Zr-oxine and
[111In]In-oxine diffuse into cells and release the radionuclide intra-
cellularly, resulting in cell labeling. Previous in vivo studies have
investigated the biodistribution of 89Zr- and 111In-labeled NK cells
in healthy and cancer subjects without augmentation of therapeutic
adjuvants (11–14). Here, we use PET/CT tracking to study the bio-
distribution of 89Zr-labeled human NK (89Zr-NK) cells in mice

bearing HER2-positive solid orthotopic HCC1954 human breast
tumors and to assess whether administration of HER2-targeted
trastuzumab enhances NK cell infiltration into tumors.

MATERIALS AND METHODS

Human NK Cells, 89Zr Radiolabeling, and Cell Assays
Experiments using human blood received approval from King’s

College London–Research Ethics Committee (study reference HR/DP-
20/21-24483). All donors provided written informed consent. NK cells
were isolated from the mononuclear cell layer of human peripheral blood,
cultured, and expanded ex vivo (20). [89Zr]Zr-oxine (#45 kBq/106 cells)
was added to ex vivo–expanded NK cells suspended in phosphate-
buffered saline (PBS) at 15 3 106 to 20 3 106 cells/mL, followed by
incubation for 15min at ambient temperature (15), as shown in the sup-
plemental materials (supplemental materials are available at http://jnm.
snmjournals.org).

Cell retention, viability and growth assays, chemotaxis assays,
CD107a degranulation assays, and ADCC assays were performed on
89Zr-NK and unlabeled NK cells (supplemental materials).

In Vivo Murine and PET/CT Biodistribution Studies
Animal experiments were ethically reviewed by the Animal Welfare

and Ethical Review Board at King’s College London and were performed
in accordance with the Animals (Scientific Procedures) Act 1986U.K.
Home Office regulations governing animal experimentation. NSG mice
(8-to-10-wk-old female NOD-scid-g [NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ];
Charles River) were inoculated with 1.53 106 HCC1954 cells in the left
mammary fat pad between the fourth and fifth pairs of nipples. Experi-
ments commenced when tumors reached 100–150 mm3.

Tumor-bearing mice were randomized into 3 groups and intravenously
administered 1 3 107 freshly radiolabeled NK cells (150–200 kBq),

FIGURE 1. In vitro functional and phenotypic characteristics of 89Zr-NK cells and 89Zr-retention. (A) Flow cytometry shows comparable CD56 and
CD16 expression in unlabeled and 89Zr-NK cells. (B) Chemotaxis assays show that chemotactic responses to fetal bovine serum, in unlabeled and 89Zr-
NK cells, are similar (mean 6 SD, n 5 5). (C) Degranulation assays reveal similar degranulation levels in 89Zr-NK and unlabeled NK cells under various
conditions (mean 6 SD, n 5 4). (D and E) Viability (D) and proliferation profiles (E) indicate that both 89Zr-NK and unlabeled NK cells remained viable for
up to 7 d in culture without interleukins. Although unlabeled NK cells continued to proliferate, 89Zr-NK cells did not (mean6 SD, n5 7). (F) 89Zr retention
in 89Zr-NK cells gradually decreased over 7 d in culture, with 36.4% 6 10.5% of initial activity remaining on day 7 (mean6 SD, n 5 7). *P , 0.05. **P ,

0.01. ****P, 0.0001. FBS5 fetal bovine serum; ns5 nonsignificant; PMA5 phorbol 12-myristate-13-acetate; RFU5 relative fluorescence units.
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rhIL-15 (2,500 IU), and either PBS, anti–normal immunosuppressive pro-
tein isotype control (5mg/kg), or trastuzumab (5mg/kg) (#200mL of
PBS). NK cells from 3 healthy human volunteers were used. Additional
doses of rhIL-15 (2,500 IU/dose) were given on days 3 and 6 via intraper-
itoneal injection to support the in vivo survival and expansion of NK
cells (13).

PET/CT imaging was conducted using a nanoScan PET/CT scanner
(Mediso) on days 1, 3, and 7 after cell injection. The images were
coregistered and analyzed using VivoQuant version 3.0 (Invicro).
SPECT/CT imaging using [111In]In-CHX-A99-DTPA-trastuzumab was
performed to determine the antibody biodistribution (supplemental
materials).

Ex Vivo Flow Cytometry Study
Single-cell suspensions, prepared from mouse liver and spleen

collected 3 d after 89Zr-NK cell administration, were stained with anti-
human antibodies CD56-FITC, CD16-APC, and CD45-PE-Cy7.
CD45-positive and CD45-negative populations were sorted on a BD
FACSMelody cell sorter (BD Biosciences) and collected for
g-counting (supplemental materials).

Statistical Analysis
Independent experiments were conducted on separate days using

NK cells from different donors. Statistical analysis was conducted
using Prism 9.5.0 (GraphPad Software). Data are presented as mean 6

SD. Statistical significance was determined using either an unpaired or
paired 2-tailed Student t test. For tumor uptake analysis across the
treatment groups, 1-way ANOVA followed by t tests with multiple
comparison correction (Tukey method) was performed. A P value
below 0.05 was considered statistically significant.

RESULTS

In Vitro–Labeled 89Zr-NK Cells Show Comparable Phenotype
and Functional Characteristics to Unlabeled NK Cells
Using a prefabricated oxine kit (15), [89Zr]Zr-oxine was repro-

ducibly synthesized, with a radiochemical yield of 90.0% 6 5.8%.
Ex vivo–expanded human primary NK cells from peripheral blood
were incubated with [89Zr]Zr-oxine at room temperature for
15min, with cell radiolabeling efficiencies of 42.2% 6 8.0%. The
final specific activity measured 16.76 4.7 kBq/106 cells.
To assess the effect of 89Zr labeling on human NK cells, several

NK cell markers and functions were measured in 89Zr-NK cells,
including phenotypic CD56 and CD16 expression and functional
characteristics, namely, migratory ability, viability and prolifera-
tion, and cytotoxic degranulation and ADCC responses. Flow
cytometry of both 89Zr-NK (measured 2 and 24 h after radiolabel-
ing) and unlabeled NK cells indicated that CD56 and CD16
expression was unaffected by 89Zr labeling (Fig. 1A). The migra-
tion of 89Zr-NK (24 h after radiolabeling) and unlabeled NK cells
toward fetal bovine serum stimulus was similar, with migration
toward fetal bovine serum for both cells shown to be 3- to 4-fold
higher than background migration (Fig. 1B). The cytotoxic
response of NK cells was measured in a degranulation assay by
quantifying the levels of lysosome-associated membrane protein-1
(CD107a) (Fig. 1C). The percentages of CD107a-positive cells in
both 89Zr-NK cells and unlabeled NK cells were comparable
across all conditions: high percentages in the phorbol 12-myris-
tate-13-acetate/ionomycin–positive controls (74.9% 6 8.7% and
77.8% 6 8.0%), moderate percentages in the presence of either
HCC1954 (23.4% 6 11.0% and 21.5% 6 12.7%) or MDA-MB-
231 (46.7.4% 6 7.4% and 47.6% 6 13.0%) cocultures, and mini-
mal baseline degranulation (2.4% 6 1.9% and 2.9% 6 2.4%).

The viability of 89Zr-NK cells in culture, determined by trypan
blue assay, remained unaffected (.95%) over 7 d, as compared
with unlabeled NK cells (Fig. 1D). However, in the absence of
interleukins, 89Zr-NK cells did not proliferate after radiolabeling,
even at low levels of associated 89Zr (#16 kBq/106 cells) (Fig. 1E),
whereas unlabeled NK cells continued to proliferate; the difference
became significant from day 2 in culture (P , 0.05). Lastly, 89Zr-
radioactivity slowly dissociated from NK cells, with the initial
activity in the cells remaining at 73.7% 6 10.4% at day 1, 58.9%
6 10.5% at day 3, and 36.4% 6 10.5% at day 7 (Fig. 1F).
The cytolytic activity of 89Zr-NK cells (24 h after radiolabeling)

and unlabeled NK cells, from 4 healthy human donors, was
assessed in ADCC assays using trastuzumab and HER2-positive
breast cancer cell lines SKBR3 and HCC1954 (Fig. 2). For each
donor, 89Zr-NK cells displayed ADCC effects highly similar to
those with unlabeled NK cells. Consistent with published litera-
ture, ADCC effects were donor-specific: trastuzumab boosted the
cytolytic activity of NK cells from donors A and B against both
cell lines in a concentration-dependent manner, whereas negligible
ADCC effects were observed for donors C and D under our exper-
imental conditions (Supplemental Fig. 1).

89Zr-NK Cells in HCC1954 Tumor–Bearing Mice Demonstrate
Enhanced Tumor Localization with Trastuzumab Treatment
Using PET/CT imaging, the migration and accumulation of

human 89Zr-NK cells were studied in female NSG immunodefi-
cient mice (which lack T, B, and NK cells) bearing orthotopic
human HCC1954 breast tumors. Despite expressing high levels of
HER2, HCC1954 cells are resistant to the Fab-mediated HER2-
binding downstream inhibitory (and associated therapeutic) effects
of trastuzumab (21). Therefore, the HCC1954 model is useful in
assessing trastuzumab treatment on NK cell tumor accumulation
in a setting where the antibody can only exert Fc-mediated effector
functions against these tumors.

FIGURE 2. ADCC assays using 89Zr-labeled and unlabeled NK cells
against HER2-expressing breast cancer cell lines HCC1954 (A) and SKBR3
(B) (10:1 effector/target ratio) and various trastuzumab concentrations. 89Zr-
NK cells demonstrated similar ADCC response to unlabeled NK cells.
ADCC response varied among human NK cells from different healthy volun-
teers (Supplemental Fig. 1). Data were fitted to 4-parameter logistic curve.
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Here, 1 3 107 89Zr-NK cells were coadministered to mice intrave-
nously (tail vein) in combination with either a PBS sham (n 5 6),
HER2-targeted trastuzumab (n 5 6), or a hapten-specific anti–normal
immunosuppressive protein IgG1 isotype control antibody (n 5 4)
(which does not recognize mammalian antigens including HER2 but
bears a human Fc region capable of binding to CD16 receptors of NK
cells). NK cells from 3 different healthy volunteers were used, with 2
animals in each group receiving 89Zr-NK cells from each volunteer.
Additionally, mice received intraperitoneal doses of rhIL-15 to support
the survival of NK cells in vivo (13). PET/CT scanning was performed
1, 3, and 7 d after injection of 89Zr-NK cells.
In all mice, 89Zr-NK cells migrated to the lungs, liver, and

spleen within the first 24 h, with redistribution from the lungs to
the liver and spleen over 7 d (Fig. 3A).
PET/CT imaging indicated that 89Zr-NK cells accumulated in

tumors but decreased from day 1 to day 7 after injection. 89Zr-NK
cell tumor distribution was highly heterogeneous in all groups of
mice. A significant proportion of 89Zr-NK cells localized at the
periphery of tumors (Supplemental Video 1). Importantly, from
PET quantification (Fig. 3B), mice in the trastuzumab-treated group
demonstrated significantly higher 89Zr-NK cell infiltration in
tumors at 1 d after injection (0.666 0.13 percentage of injected
dose [%ID]$g21) compared with both the sham group (0.386 0.16
%ID$g21, P 5 0.0063) and the isotype group at 1 d after injection
(0.376 0.11 %ID$g21, P 5 0.0499). Similarly, at 3 d after injec-
tion, the trastuzumab-treated group demonstrated higher 89Zr-NK
cell tumor infiltration (0.346 0.12 %ID$g21) compared with both
the sham group (0.216 0.04 %ID$g21, P 5 0.0593) and the iso-
type group (0.186 0.03 %ID$g21, P 5 0.0268). At the same time
points, there was no significant difference in tumor activity between
the isotype-treated group and the PBS sham–treated group. In con-
cordance with the gradual loss of the 89Zr label observed after cul-
turing 89Zr-NK cells for 7 d in vitro, in this in vivo study, only low
amounts of 89Zr were detected in tumors 7 d after injection
(0.156 0.04 %ID$g21 in the trastuzumab group) and no differences
between groups were found at this time point (Fig. 3B).
Ex vivo biodistribution and tissue g-counting experiments at days 3

and 7 provided results similar to those of PET image quantification,
demonstrating comparable radioactivity concentrations in major organs
and tissues (Supplemental Fig. 2). However, no significant differences
in tumor radioactivity between trastuzumab-treated, PBS sham, and
isotype groups were found at day 3, likely because of the loss of NK
cells during washing steps after dissection, given their predominant
localization in the tumor periphery.

89Zr-NK Cells Accumulate and Persist in Spleen and Liver Tissues
To validate this 89Zr-NK PET imaging method, ex vivo flow

cytometric phenotyping was undertaken. Liver and spleen tissues
from mice administered 89Zr-NK cells (3 d after injection) were
processed to form single-cell suspensions, followed by staining.
Flow cytometry (Fig. 4) revealed the presence of human CD45-
positive cells, which were further identified as CD56-positive/
CD16-positive NK cells. CD45-positive and CD45-negative cell
populations were separated and counted for radioactivity: human
CD45-positive cells from the liver measured an average of 1,899
counts per minute/103 cells, whereas CD45-negative cells mea-
sured 0.9 counts per minute/103 cells; CD45-positive cells from
the spleen measured 1,230 counts per minute/103 cells, whereas
CD45-negative cells measured 0.8 counts per minute/103 cells.
This indicated that the 89Zr signal was largely associated with
human NK cells in soft tissue.

The accumulation of 89Zr-NK cells was particularly high in the
spleen across all groups, with 89Zr radioactivity concentration the
highest in animals coadministered trastuzumab at 3 and 7 d after
injection (Fig. 3B). To investigate this further, 89Zr-NK cells were
coadministered with the [111In]In-CHX-A99-DTPA-trastuzumab
immunoconjugate. At 3 d after injection, PET/CT and SPECT/CT
showed colocalization of the 89Zr signal and 111In signal
(0.456 0.001 %ID) in splenic tissue (Fig. 5A). SPECT/CT imag-
ing also indicated that significant amounts of [111In]In-CHX-A99-
DTPA-trastuzumab accumulated in HER2-positive HCC1954
tumors (2.416 0.006 %ID). Importantly, the heterogeneous PET
signal, attributed to infiltration of 89Zr-NK cells, was coincident
with the SPECT signal of [111In]In-CHX-A99-DTPA-trastuzumab
in tumor tissue (Fig. 5B).
Lastly, to confirm the presence of human NK cells in spleen,

liver, and tumors in this specific NSG orthotopic HCC1954 breast
cancer murine model, NK cells were labeled ex vivo with fluores-
cent CMFDA (5-chloromethylfluorescein diacetate), before intra-
venous in vivo administration, both with and without trastuzumab.
Confocal microscopy of tumor, lung, spleen, and liver sections
obtained 3 d after injection and costained with DAPI (49,6-diami-
dino-2-phenylindole) revealed the presence of CMFDA-labeled
NK cells in these tissues (Fig. 6; Supplemental Fig. 3).

DISCUSSION

89Zr-oxine (19) has been increasingly used for PET tracking of
immune cells, including NK, chimeric antigen receptor T, gd-T,
and bone marrow cells (16,17). Here, the 89Zr radiolabeling
yields and in vitro cellular retention of NK cells were comparable
to those of previous studies of NK cells (14) and other immune
cells (17). Importantly, the average specific activity of 89Zr-NK
cells used here did not significantly alter crucial functional NK
cell characteristics, including NK cellular viability, motility,
activation, and cytolytic potency, and key phenotypic markers,
consistent with prior reports (14). Although in vitro retention of
89Zr radioactivity decreased over 7 d, retention at days 1 and 3
was sufficiently high to enable reliable in vivo 89Zr-NK cell PET
tracking.
PET/CT images revealed initial margination of 89Zr-NK cells in

lung—the first capillary bed encountered by intravenously injected
cells—followed by redistribution to the liver and spleen. This is
consistent with many prior cell-tracking reports (Supplemental
Table 1) (11–14).
Additionally, 89Zr activity accumulated in the mouse bones,

most prominently in the joints, consistent with reports that dissoci-
ated oxyphilic Zr41 is associated with regions of high bone miner-
alization (22). It is highly probable that a portion of this signal is a
result of NK cell migration to the bone marrow (11). In addition,
our ex vivo flow cytometric evaluations demonstrated that NK
cells isolated from liver and spleen tissues showed 1,500-fold and
2,100-fold higher levels of 89Zr radioactivity than did murine
spleen and liver cells, respectively, indicating that in soft tissue,
89Zr activity is largely associated with only the administered
human NK cells.
Prior imaging studies in murine cancer models and cancer

patients, showing the migration of prelabeled NK cells to tumors,
are consistent with our data. Near-infrared optical imaging has
indicated the in vivo migration of near-infrared-dye–labeled
human NK cells to human MDA-MB-231 breast tumors in NSG
mice (8). Whole-body SPECT imaging studies in patients with
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FIGURE 3. Biodistribution of 89Zr-NK cells in female NSG mice bearing orthotopic HER2-expressing HCC1954 tumors. (A) Representative maximum-
intensity projection (MIP) and tumor slice PET/CT images of mice administered 89Zr-NK cells (107 cells, #150–200 kBq) in combination with trastuzumab
(5mg/kg) or PBS only. Tumors are outlined for clarity. (B) PET image quantification of selected organs and tumors (mean 6 SD, n 5 4–6/group).
*P, 0.05. **P, 0.01. Li5 liver; Lu5 lungs; MIP5 maximum-intensity projection; ns5 nonsignificant; Sp5 spleen; T5 tumor.

PET IMAGING OF NATURAL KILL CELLS ! Pham et al. 1039



renal cell carcinoma have evidenced that 111In-labeled allogenic
NK cells migrate to metastases (11).
We show that 89Zr-NK cells migrate to HCC1954 breast cancer

xenografts, with or without trastuzumab treatment. At 1 and 3 d
after injection, enhanced NK cell infiltration in tumor tissue
is associated with coadministration of trastuzumab, aligning
with clinical evidence (1,2,7). However, although statistically
significant, this enhancement remains relatively modest. Several

mechanisms could restrict NK cell tumor infiltration. In solid
tumors, such as ovarian carcinoma and lung cancer, NK cell
activation by antitumor antibody therapy is limited (23–25).
NK cells may be exhausted in the tumor microenvironment
because of the downregulation of activation markers (26), lead-
ing to reduced infiltration and retention. Alternatively, on activa-
tion, CD16 can be shed or sequestered, thus modulating ADCC
effects (27).

FIGURE 4. Flow cytometry and g-counting of CD45-positive and CD45-negative cell populations from murine liver (A) and spleen (B) revealed that 89Zr
radioactivity was associated with human CD45-positive (huCD45) cells (n 5 4, mean 6 SD), which were confirmed as C56-positive/CD16-positive NK
cells. CPM5 counts per minute; FSC-A5 forward scatter area.

FIGURE 5. Maximum-intensity projection (MIP) (A) and tumor slice PET/CT and SPECT/CT (B) images of mice 3 d after injection of 89Zr-NK cells in
combination with [111In]In-CHX-A99-DTPA-trastuzumab. HU5 Hounsfield unit; Sp5 spleen; T5 tumor.
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Animals coadministered trastuzumab demonstrated higher
splenic uptake of 89Zr-NK cells than did animals coadministered a
PBS sham at 3 and 7 d after injection. SPECT/CT indicated that
significant amounts of [111In]In-CHX-A99-DTPA-trastuzumab also
localized to the spleen. Splenic vasculature is highly perfused
and permeable to many blood-borne components: immune cells
(11–14) and IgG antibodies (28) are well documented to accumu-
late in splenic tissue. In immune-deficient NSG mice that lack B
cells and therefore normal endogenous levels of circulating immu-
noglobulins, exogenous human IgG antibodies exhibit particularly
high uptake in the spleen. This has been attributed to antibody Fc
binding to unoccupied murine Fc receptors expressed on spleen-
residing monocytes, neutrophils, macrophages, and dendritic cells
(29). In this study, it is possible that high residency of trastuzumab
antibody in the spleen increases the accumulation of human 89Zr-
NK cells, which can compete with endogenous immune cells for
binding to the humanized trastuzumab Fc region. However, we
note that animals coadministered an IgG isotype control alongside
89Zr-NK cells did not show the same levels of splenic 89Zr activity
as did animals coadministered trastuzumab.
Multiple doses of NK cells combined with antibody treatment

can augment ADCC effects better than a single dose of NK cells
or multiple doses of antibody alone (27). Future studies of differ-
ent dosing regimens of 89Zr-NK cells and antibody will allow
more in-depth studies of cellular dynamics in the context of
therapy.

CONCLUSION

We have shown the utility of [89Zr]Zr-oxine for radiolabeling
and tracking of human NK cells in a murine orthotopic human
breast cancer model. This sensitive method enables quantitative
assessment of changes in NK cell biodistribution in response to

antibody therapies. Importantly, our find-
ings reveal that NK cells migrate to ortho-
topic HER2-expressing HCC1954 tumors,
with enhanced infiltration facilitated by
HER2-targeted trastuzumab at early time
points, aligning with clinical evidence. The
use of 89Zr and PET/CT can therefore aid
the development and understanding of anti-
body therapies, in the context of the
immune environment and Fc-mediated
therapeutic effects.
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KEY POINTS

QUESTION: Can PET/CT assess [89Zr]Zr-oxine–labeled human
NK cell infiltration in HER2-positive breast tumors and quantify
whether HER2-targeted trastuzumab therapy enhances this
infiltration?

PERTINENT FINDINGS: 89Zr-NK cells migrate to orthotopic
HER2-expressing HCC1954 human tumors, with enhanced
infiltration facilitated by HER2-targeted trastuzumab at early time
points, aligning with clinical evidence.

IMPLICATIONS FOR PATIENT CARE: The use of 89Zr and
PET/CT can aid the development and understanding of antibody
therapies, in the context of the immune environment and
Fc-mediated therapeutic effects.
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The incidence of androgen receptor (AR)–negative (AR2) prostate
cancer, including aggressive neuroendocrine prostate cancer (NEPC),
has more than doubled in the last decade, but its timely diagnosis is
difficult as it lacks typical prostate cancer hallmarks. The carcinoem-
bryonic antigen–related cell adhesion molecule 5 (CEACAM5) has
recently been identified as an upregulated surface antigen in NEPC.
We developed an immuno-PET agent targeting CEACAM5 and evalu-
ated its ability to delineate AR2 prostate cancer in vivo. Methods:
CEACAM5 expression was evaluated in a panel of prostate cancer
cell lines by immunohistochemistry and Western blotting. The
CEACAM5-targeting antibody labetuzumab was conjugated with the
chelator desferrioxamine (DFO) and radiolabeled with 89Zr. The in vivo
distribution of the radiolabeled antibody was evaluated in xenograft
prostate cancer models by PET imaging and ex vivo organ distribu-
tion. Results: The NEPC cell line H660 exhibited strong CEACAM5
expression, whereas expression was limited in the AR2 cell lines PC3
and DU145 and absent in the AR–positive cell line LNCaP. [89Zr]Zr-
DFO-labetuzumab imaging was able to clearly delineate both neuro-
endocrine H660 xenografts and AR2 DU145 in vivo but could not
detect the AR–positive xenograft LNCaP. Conclusion: Immuno-PET
imaging with [89Zr]Zr-DFO-labetuzumab is a promising diagnostic
tool for AR2 prostate cancer.

KeyWords:CEACAM5; androgen receptor–negative prostate cancer;
immuno-PET; molecular imaging
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Prostate cancer is one of the most common types of cancer and
the second leading cause of cancer-related deaths in men in the
United States (1). Androgen receptor (AR)–dependent prostate
cancer is the most frequent and most studied form of prostate can-
cer. Accordingly, AR–dependent prostate cancer management has
seen significant improvement in recent years (2), with androgen
deprivation therapy becoming the standard of care and several

diagnostic biomarkers being identified, including prostate-specific
antigen, prostate stem cell antigen, and prostate-specific membrane
antigen (PSMA) (3). However, the incidence of AR–negative
(AR2) prostate cancer has greatly increased in the last few
decades. This can be partly attributed to the selection pressure of
androgen deprivation therapy, which can drive the emergence of
AR2 cancer cells. Consequently, the percentage of patients with
metastatic castration-resistant prostate cancer displaying an AR2

profile has increased from 11.7% in 1998–2011 to 36.6% in 2012–
2016 (2,4). AR2 prostate cancers are not only hard to treat, being
generally resistant to standard prostate cancer therapies, but also
difficult to detect, since they lack typical AR–dependent prostate
cancer diagnostic biomarkers such as PSMA and prostate stem
cell antigen. Research into new diagnostic agents for AR2 prostate
cancer is critical for timely diagnosis and treatment decisions,
enabling earlier patient enrollment in clinical trials or initiation of
chemotherapy as necessary.
A particularly aggressive form of treatment-related AR2 pros-

tate cancer is neuroendocrine prostate cancer (NEPC), which
arises because of the lineage plasticity of prostate cancer cells,
resulting in neuroendocrine differentiation with loss of AR expres-
sion and acquisition of neuroendocrine markers such as chromo-
granin A, synaptophysin, and CD56 (also known as NCAM) (5).
The d-like ligand 3 has recently been recognized as an NEPC-
specific biomarker, and we showed that 89Zr-labeled d-like ligand
3–targeting antibodies could selectively detect NEPC using PET
(6) and that a 177Lu-labeled version of the same antibody was
effective in NEPC-targeted radiotherapy (7).
Recently, an integrated transcriptomic and cell-surface proteo-

mic approach has identified the carcinoembryonic antigen–related
cell adhesion molecule 5 (CEACAM5), also known as CEA or
CD66e, as an upregulated antigen in a large subset of NEPC cell
lines, patient-derived xenografts, and patient tumors (8). Elevated
CEACAM5 serum levels in castration-resistant prostate cancer
patients have previously been associated with aggressive disease
and poor prognosis (9).
CEACAM5 is a member of the CEACAM family, a group of

cell surface glycoproteins belonging to the superfamily of immu-
noglobulin cell adhesion molecules (10,11). It has 7 glycosylated
extracellular immunoglobulin domains, including 1 variable-like
domain (N domain) and 3 repeating units (A1B1, A2B2, and
A3B3) comprising 6 constant C2-like domains. CEACAM5 is
anchored to the cell membrane at the B3 domain through a
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glycosylated phosphatidylinositol moiety. The most external domain
is the N terminus, which plays a major role in cell–cell adhesion
(12). CEACAM5 is overexpressed in several types of cancer,
whereas distribution in normal tissue is limited mostly to the apical
surface of the gastrointestinal epithelium and other mucosal epithelial
cells. It was first recognized as a tumor-associated antigen in colorec-
tal cancer (13) in the mid-1960s and was used both as a serum
marker for this disease (because colon cancer cells continuously
exfoliate membrane components into the bloodstream) and as a target
for antibody-based imaging of colorectal cancer (14). A recently
completed clinical trial (NCT00645060) investigated the use of a
90Y humanized anti-CEACAM5 antibody, M5A, in patients with
CEACAM5-producing cancers (including colorectal cancer, non–
small cell lung cancer, breast cancer, and medullary thyroid cancer)
(15). An 225Ac version of the same antibody is currently in a clinical
trial for a-radiotherapy of CEACAM5-expressing cancers
(NCT05204147), whereas M5A antibodies labeled with 64Cu and
124I are being clinically investigated as PET diagnostic tools
(NCT02293954 and NCT03993327). More recently, a CEACAM5-
targeting 68Ga single-domain antibody has been evaluated in colorec-
tal cancer patients (16). Labetuzumab govitecan, an antibody–drug
conjugate of a humanized anti-CEACAM5 antibody binding to
CEACAM5 A3B3 epitope (labetuzumab) with the topoisomerase
inhibitor SN-38, has been used for treatment-refractory metastatic
colorectal cancer (17).
The recent identification of CEACAM5 as a potential marker for

NEPC has paved the way for CEACAM5-targeted therapies to be
investigated in prostate cancer. Labetuzumab govitecan was shown
to eradicate CEACAM5-positive NEPC xenografts and patient-
derived xenograft models (18). CEACAM5-targeting CAR-T cells
encoding a single-chain variable fragment derived from either labe-
tuzumab or the fully human monoclonal antibody 1G9 have also
been developed and tested preclinically in NEPC models (8,19).
In this work, we explored the potential of CEACAM5 as an

imaging biomarker for NEPC and other AR2 prostate cancers to
expand the diagnostic tools for early detection of these tumors.
We investigated 89Zr-labeled labetuzumab as a CEACAM5-
targeted PET imaging agent, and we assessed its ability to detect
AR2 prostate cancers in vivo.

MATERIALS AND METHODS

Information on cell lines, xenograft establishment, immunohistochem-
istry, Western blotting, and matrix-assisted laser desorption/ionization
determination of chelator-to-antibody ratio can be found in the supple-
mental materials (available at http://jnm.snmjournals.org). Methods for
the analysis of CEACAM5 expression in organoids and metastatic biop-
sies are also reported in the supplemental materials.

Chemicals
The humanized monoclonal antibody labetuzumab was obtained

from Genscript (purity . 99% as confirmed by size-exclusion
chromatography–high-performance liquid chromatography; Supple-
mental Fig. 1). p-isothiocyanatobenzoyl DFO was obtained from
Macrocyclics. 89Zr was produced by proton bombardment of an 89Y
foil on a cyclotron (20) and supplied by the Radiochemistry and
Molecular Imaging Probes Core at Memorial Sloan Kettering Cancer
Center or by 3D Imaging. All aqueous solutions used for conjugation
and radiolabeling were prepared with Chelex (Bio-Rad)-treated deio-
nized water.

Conjugation
Conjugation was performed according to literature procedures (21).

Labetuzumab (Genscript) or IgG1 (InVivoMab BE0297; Bio X Cell)
solution in phosphate-buffered saline (PBS) was buffered to pH 8.5–
9.0, followed by incubation with a 6-molar excess of the chelator
p-isothiocyanatobenzoyl-DFO (8 mM in DMSO, ,2% total volume)
for 90 min on a thermomixer (37"C, 350 rpm). The immunoconjugates
were then purified by size-exclusion chromatography on a PD-10
desalting column (GE Healthcare), eluted with PBS, and concentrated
with a 50,000 molecular weight cut-off Amicon centrifugal filter.

Radiolabeling
The [89Zr]Zr-oxalate solution (7.4 MBq) was adjusted to pH 6.8–

7.2 by the addition of 1 M sodium carbonate (Na2CO3) and incubated
at 37"C with the DFO-mAbs (labetuzumab-DFO or IgG-DFO isotype-
matched control, 20 mg) for 1 h on a thermomixer (37"C, 350 rpm).
Radiochemical purity was assessed by silica gel radio–instant thin-
layer chromatography using 50 mM ethylenediaminetetraacetic acid as
the eluent or by radio–high-performance liquid chromatography with a
Yarra SEC-3000 column (Phenomenex) and an isocratic method (flow
rate, 1 mL/min) using citrate buffer at pH 6.4 (100 mM sodium citrate,
100 mM sodium chloride) as the mobile phase. The product was puri-
fied on a PD-10 desalting column whenever radiochemical purity was
inferior to 95%.

Stability to demetallation in serum was evaluated by incubating
[89Zr]Zr-DFO-labetuzumab in human serum at 37"C for 5 d. Radio-
chemical purity at different time points was determined by instant
thin-layer chromatography in 50 mM ethylenediaminetetraacetic acid.

Bead-Binding Assay
To determine the CEACAM5 target-binding fraction of [89Zr]Zr-

DFO-labetuzumab, a bead-based binding assay was performed (22).
Briefly, 20 mL of nickel–nitrilotriacetic acid beads (HisPur Beads;
Thermo Fisher) were added to each microcentrifuge tube, washed with
PBS with Tween (Croda Americas LLC) (PBST) (0.05% polysorbate-
20 solution in PBS), and resuspended in 400 mL of PBST. One micro-
gram of His-tagged CEACAM5 (10 mL, 0.1 mg/mL aqueous solu-
tion; Thermo Fisher Scientific) was added to each tube, and all tubes
were placed on a rotating platform at 4"C for 15 min before centrifuga-
tion, removal of the supernatant, and washing with PBST. The beads
were then resuspended in 400 mL of PBST, and 1 ng of [89Zr]Zr-DFO-
labetuzumab (1 mL of a 1 ng/mL solution in PBST) was added to all
tubes. Tubes were left rotating at 4"C for 30 min. The supernatant was
then collected, and the beads were washed 3 times with PBST. Beads,
supernatant, and washing tubes were measured on a g-counter, and the
percentage of bead-bound activity was calculated. For the control, the
procedure was the same except no His-tagged CEACAM5 was added
to assess nonspecific binding of [89Zr]Zr-DFO-labetuzumab to the
naked beads. For the blocking group, the procedure was the same
except for an excess of labetuzumab (5 mg, 5,0003 excess), which was
added to block specific binding of [89Zr]Zr-DFO-labetuzumab to His-
tagged CEACAM5.

Cell-Binding Assay
Cells were harvested, counted, placed in microcentrifuge tubes

(10 3 106 cells in 0.2 mL of culture medium), and put on ice. Twenty
microliters (3 ng) of a 0.15 mg/mL solution of [89Zr]Zr-DFO-labetuzu-
mab in PBS with 1% bovine serum albumin were added to each tube.
For the blocking experiment, an excess of labetuzumab (5,0003
excess) was added to the cells immediately before addition of the
radiolabeled antibody. The cells were allowed to incubate for 1 h with
gentle stirring in a vortex mixer every 15 min to resuspend the cells.
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Then, the cells were centrifuged (600g, 5 min) and the supernatant col-
lected. The cells were washed 3 times with 1 mL of ice-cold PBS fol-
lowed by centrifugation (600g, 5 min) and removal of the supernatant
in separate microcentrifuge tubes. Lastly, the cell pellet, the medium
supernatant, and the 3 wash fractions were placed on a g-counter to
determine the percentage of cell-bound radioactivity of [89Zr]Zr-DFO-
labetuzumab.

Animal Studies
All animal experiments were approved by the Institutional Animal

Care and Use Committee and Research Animal Resource Center at
Memorial Sloan Kettering Cancer Center.

Ex Vivo Biodistribution Studies
Biodistribution studies were performed by euthanizing mice (4 per

group) at 24, 48, or 120 h after injection with [89Zr]Zr-DFO-labetuzu-
mab (7.4 MBq, 20 mg, 100 mL in PBS) to evaluate the accumulation
of the radiotracer in subcutaneous H660, DU145, or LNCaP
xenografts.

Organs of interest and the tumor were harvested, weighed, and
counted on a g-counter to determine the accumulation of radioactivity.
The percentage injected dose per gram was determined for each sam-
ple by normalizing the counts per sample to the total amount of activ-
ity injected.

Imaging Studies
PET imaging of mice bearing subcutaneous prostate cancer xenografts

was performed. Mice bearing H660, DU145, or LNCaP tumors were
intravenously injected with [89Zr]Zr-DFO-labetuzumab or [89Zr]Zr-DFO-
IgG (7.4 MBq, 20 mg, 100 mL in PBS). For the blocking studies in H660
and DU145 models, the mice were preinjected with 20- or 10-fold uncon-
jugated labetuzumab, respectively, 1 h before radiotracer administration.
The mice were anesthetized with 1%–2% isoflurane, and images were
acquired on an Inveon small-animal PET/CT instrument (Siemens) at dif-
ferent time points. After the final imaging time point, the mice were eutha-
nized and ex vivo biodistribution was performed as described above.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 9.5.1.

One-way ANOVA followed by Tukey multiple-comparison testing
was used to identify statistically significant differences in organ
accumulation between [89Zr]Zr-DFO-labetuzumab at 120 h and the
other groups (threshold for significance, P 5 0.05).

RESULTS

Labetuzumab was conjugated with the DFO by non–site-specific
conjugation to lysine residues according to literature procedures
(Fig. 1A). Matrix-assisted laser desorption/ionization–time-of-flight

FIGURE 1. Labetuzumab radiolabeling and characterization. (A) Schematic representation of labetuzumab conjugation to DFO-NCS and radiolabeling
with 89Zr. (B) Size-exclusion chromatography–high-performance liquid chromatography trace showing quantitative radiolabeling of DFO-labetuzumab
conjugate with 1 major peak in radiochromatogram (bottom) corresponding to immunoconjugate peak in fluorescence chromatogram (top, l emission is
350nm). The small shoulder at left of main peak is imputable to small amount of immunoconjugate aggregates. (C) Bead-based binding assay confirming
CEACAM5-targeting capability of [89Zr]Zr-DFO-labetuzumab, which could be blocked in presence of excess unconjugated antibody (demonstrating specifi-
city) and low nonspecific binding (NSB). Values are expressed as average percentage uptake6 SEM. ****P, 0.0001.
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mass spectrometry analysis of the conjugate (Supplemental Fig. 2)
revealed an average of 1.3 chelators per antibody.
Radiolabeling of the immunoconjugate with [89Zr]Zr-oxalate at

neutral pH consistently yielded [89Zr]Zr-DFO-labetuzumab in quan-
titative radiochemical yield (.98%) and purity without the need for
purification, as clearly indicated by radio–high-performance liquid
chromatography analysis and instant thin-layer chromatography
(Fig. 1B; Supplemental Fig. 3). The immunoconjugate remained sta-
ble in human serum for up to a week after incubation at 37"C
(.98%, Supplemental Fig. 3).
To verify that the labetuzumab antibody maintained binding

capacity to CEACAM5 after DFO conjugation and radiolabeling, a
bead-binding assay was performed with His-tagged CEACAM5-
covered nickel–nitrilotriacetic acid beads. [89Zr]Zr-DFO-labetuzu-
mab retained more than 90% binding to CEACAM5-bearing nickel–
nitrilotriacetic acid beads, which could be blocked by an excess of
unconjugated labetuzumab (Fig. 1C). These findings confirmed spe-
cificity of [89Zr]Zr-DFO-labetuzumab binding to CEACAM5.
Expression of CEACAM5 was investigated in prostate cancer cell

lines with a different AR and NEPC status, including hormone-
sensitive prostate adenocarcinoma LNCaP (AR-positive [AR1]/neu-
roendocrine [NE]-negative [NE2]), NEPC H660 (AR2/NE-positive
[NE1]), and double-negative prostate cancer (DNPC) DU145 and
PC3 (AR2/NE2). Immunohistochemistry analysis of cell pellets
showed extremely strong CEA expression in H660 (Fig. 2A). Milder
expression was also observed in the DNPC cell lines PC3 and
DU145, which are AR-null but do not display NEPC features,
whereas AR1 LNCaP cells did not show any CEACAM5 expression
(Fig. 2A). On the other hand, when Western blotting was used to
measure CEACAM5 protein expression in the same cell lines, only
H660 showed visible CEACAM5 expression (Supplemental Fig. 4).
In agreement with these results, a cell-binding assay using

[89Zr]Zr-DFO-labetuzumab confirmed high binding to H660 cells
(34.3% uptake, Fig. 2B). The binding could be blocked in the
presence of excess unlabeled labetuzumab, confirming [89Zr]Zr-
DFO-labetuzumab binding specificity to the target antigen. Negli-
gible binding was observed in all the other cell lines.
We then moved to in vivo PET imaging to evaluate the ability of

[89Zr]Zr-DFO-labetuzumab to delineate NEPC tumors in male nude
mice bearing H660 xenografts. [89Zr]Zr-DFO-labetuzumab showed

excellent accumulation in H660 xenografts as early as 24h and was
able to reach remarkable uptake levels at 120h, demonstrating the
potential of anti-CEA imaging in NEPC tumors (Fig. 3A). This was
also confirmed by [89Zr]Zr-DFO-labetuzumab biodistribution studies
at different time points (Fig. 3B; Supplemental Fig. 5). In contrast,
when the [89Zr]Zr-DFO-IgG was used, only low, nonspecific uptake
was visible in the H660 tumors at all time points considered (Supple-
mental Fig. 6). Terminal ex vivo biodistribution (Fig. 3B) for
[89Zr]Zr-DFO-IgG similarly showed markedly reduced tumor accu-
mulation compared with [89Zr]Zr-DFO-labetuzumab, whereas uptake
in other organs was largely identical, except for the liver, which
showed increased uptake for the isotype-matched imaging group.
We further verified the specificity of our tracer in H660 tumors by

performing a blocking experiment in which the administration of
[89Zr]Zr-DFO-labetuzumab was preceded by injection of excess unla-
beled labetuzumab. Lower tumor uptake was observed at all time
points, consistent with the specificity of the radioimmunoconjugate
for the CEACAM5 receptor (Fig. 3A; Supplemental Fig. 7). Terminal
biodistribution (120h) for the blocking cohort revealed similar accu-
mulation of [89Zr]Zr-DFO-labetuzumab in all organs, with the only
significant difference being tumor uptake (Fig. 3B; Supplemental
Fig. 5).
On the basis of in vitro results, the AR2/NE2 prostate cancer

model DU145 was initially chosen as the negative model for the
in vivo study. However, PET imaging and ex vivo biodistribution
showed unexpected tumor uptake, although lower than what observed
in the H660 model (Figs. 4A and 4B; Supplemental Fig. 8). A block-
ing experiment with excess unlabeled labetuzumab confirmed that the
observed uptake was specific (Fig. 4A; Supplemental Fig. 9). In con-
trast, when mice bearing subcutaneous AR1/NE2 LNCaP tumors
were imaged with [89Zr]Zr-DFO-labetuzumab, little tumor uptake
was observed at any time point (Fig. 5; Supplemental Fig. 10).
Accordingly, when the biodistribution in the 3 models was com-

pared (Fig. 6A), the AR2/NE1 H660 xenograft displayed the high-
est tumor-to-tissue ratios (tumor-to-blood ratio of 116 1, tumor-to-
muscle ratio of 986 17), the AR2/NE2 DU145 displayed moder-
ate but specific uptake, and no specific uptake was observed in the
AR1/NE2 LNCaP tumors. Image quantification of tumor uptake
from the PET study (Supplemental Fig. 11) also showed the same
trend. Immunohistochemical analysis of resected tumor samples for
each xenograft model (Fig. 6B, isotype-matched control in Supple-
mental Fig. 12) confirmed our in vivo findings, with H660 xenograft
sections showing intense CEACAM5 expression throughout the tis-
sue, DU145 showing heterogeneous CEACAM5 expression, and
LNCaP xenografts completely lacking expression.
To check whether our unexpected observation of in vivo expres-

sion of CEACAM5 in both AR2/NE1 and AR2/NE2 prostate
cancer xenografts is clinically valid and relevant, we analyzed
CEACAM5 expression in a large cohort of human tumor orga-
noids and metastatic biopsy samples of prostate cancer previously
validated in the literature (24,25). In organoid samples (Fig. 7A),
we found elevated CEACAM5 transcript levels in both NEPC
organoids and a subset of DNPC organoids that the authors classi-
fied as stem cell-like prostate cancer, which express CD44 and other
stem cell-like markers (23). In this classification, DU145 and PC3
are classified as stem cell-like prostate cancers. Generally, organoid
expression of CEACAM5 showed a slightly negative correlation
with the expression of PSMA, prostate-specific antigen, and AR
(Supplemental Fig. 13). For the biopsy samples (Fig. 7B), all tissues
displaying CEACAM5 expression (based on single-cell RNA

FIGURE 2. In vitro evaluation of prostate cancer cell lines. (A) Immuno-
histochemistry characterization of CEACAM5 expression in H660, PC3,
DU145, and LNCaP cell lines; scale bar is 50mm. (B) Uptake assay show-
ing selective binding of [89Zr]Zr-DFO-labetuzumab to H660 cells. Values
are expressed as average percentage uptake6 SEM. ****P, 0.0001.
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sequencing) were consistently located within the AR2/NE1 (NEPC)
or the AR2/NE2 (DNPC) clusters, as classified according to the
Uniform Manifold Approximation and Projection (Supplemental Fig.
14), but not in AR1 castration-resistant prostate cancer cluster.

DISCUSSION

Receptor-targeted PET imaging provides a noninvasive tool to iden-
tify prostate cancer lesions, even when these are relatively inaccessible

to biopsy, such as bone metastases. Compared with biopsy, imaging
enables a better understanding of tumor and intratumor heterogeneity,
by essentially illustrating the expression of a specific target receptor in
the tumor tissue. Although PET imaging biomarkers have been identi-
fied and translated into the clinic for AR1 prostate cancer (most nota-
bly 18F-/68Ga-PSMA), currently there are no clinical diagnostic tools
for NEPC and DNPC.
The cell-adhesion molecule CEACAM5 has been investigated for

imaging of colorectal cancer and, to a lesser extent, non–small cell

FIGURE 3. Evaluation of [89Zr]Zr-DFO-labetuzumab in H660 xenografts. (A) Exemplar maximum-intensity projections obtained by dynamic PET imaging
of mice injected with [89Zr]Zr-DFO-labetuzumab at different time points after administration, showing remarkably high uptake of radioimmunoconjugate.
This is compared (on right) with negligible uptake obtained at 120h when excess of unconjugated labetuzumab was administered 1h before [89Zr]Zr-DFO-
labetuzumab, confirming specific tumor uptake. (B) Ex vivo biodistribution in selected organs comparing accumulation of [89Zr]Zr-DFO-labetuzumab at dif-
ferent time points, with the same tracer in presence of excess labetuzumab and [89Zr]Zr-DFO-IgG. Values are expressed as average percentage injected
dose per gram (%ID/g)6 SEM (n5 4, full biodistribution data in Supplemental Fig. 5). *P, 0.05. ***P, 0.005.
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lung cancer. More recently, CEACAM5 was identified as a key
receptor in NEPC, with the CEACAM5-targeting antibody–drug
conjugate labetuzumab govitecan showing strong antitumor activity
in preclinical studies with NEPC models (18).
Here, we have investigated the ability of [89Zr]Zr-DFO-labetu-

zumab to effectively delineate NEPC in vivo using PET imaging
in a H660 xenograft model, which we have previously shown to
express the NEPC marker synaptophysin while lacking common
prostate cancer biomarkers (AR, prostate-specific antigen, and
PSMA) (7). The PET images obtained using [89Zr]Zr-DFO-labetu-
zumab in this model demonstrated the remarkable ability of the
radiotracer to accumulate in H660 xenografts. Specificity of the
CEACAM5 targeting was confirmed by the ability of excess

unlabeled labetuzumab to block tumor accumulation of the radio-
tracer and by the negligible tumor uptake of the 89Zr-labeled
isotype-matched control.
Intriguingly, the AR2/NE2 prostate cancer model DU145 could

also be effectively delineated with [89Zr]Zr-DFO-labetuzumab
in vivo, and although much lower tumor accumulation was
observed, contrast remained high because of low background sig-
nal. Immunohistochemical characterization of DU145 cells and
xenograft showed that, although little expression of CEACAM5
was detected in cells, moderate levels of expression were measured
in vivo. Previous reports by DeLucia et al. (18) and Lee et al. (8)
have used the DU145 cells as a negative control but did not explore
their behavior in vivo. Using PET imaging, we could gain unique

FIGURE 4. Evaluation of [89Zr]Zr-DFO-labetuzumab in DU145 xenografts. (A) Exemplar maximum-intensity projections obtained by dynamic PET
imaging of mice injected with [89Zr]Zr-DFO-labetuzumab at different time points after administration, compared (on right) with negligible uptake obtained
at 120h for blocking study. (B) Ex vivo biodistribution in selected organs comparing accumulation of [89Zr]Zr-DFO-labetuzumab at different time points
with and without blocking. Values are expressed as average percentage injected dose per gram (%ID/g) 6 SEM (n 5 4, full biodistribution data in Sup-
plemental Fig. 8). **P, 0.01.
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insight suggesting that DU145 xenografts interact with the tumor
microenvironment and start expressing CEACAM5.
Remarkably, analysis of CEACAM5 expression in human orga-

noids and metastatic biopsy samples (Fig. 7) validated our experi-
mental observation that CEACAM5 is expressed in both NEPC
and a subset of DNPC prostate cancer. Our data and the literature
reports suggest that CEACAM5 could serve as a biomarker for
diagnosis of different types of AR2 prostate cancer. This is parti-
cularly relevant because the increased use of potent AR signaling
inhibitors in patients is resulting in a significantly increased pro-
portion of patients with AR2 prostate cancer of both NE2 and
NE1 subtypes compared with the traditional AR1 phenotype (2).
For these patients, the development of an AR2 diagnostic tool,
such as CEACAM5-targeted immuno-PET, could enable early
diagnosis and inform treatment decisions in the same way as
PSMA PET does for AR-dependent prostate cancer.
One inherent limitation of our study, in view of a potential clini-

cal translation, is the absence of CEACAM5 expression in mouse
tissue, which prevents us from predicting specific accumulation of
the radiotracer in nontarget organs. However, previous clinical
imaging studies with anti-CEACAM5 antibodies have shown a
relatively low background for this target (25,26). Another limita-
tion of our study is that it is limited to subcutaneous xenograft
tumors, which may not be representative of clinical AR2 lesions.
Further studies will include imaging in patient-derived xenograft
models previously determined to be AR2 by immunohistochemis-
try. Finally, to enable imaging at earlier time points than is possi-
ble with directly labeled anti-CEACAM5 full-length antibodies,
pretargeting strategies (27) or smaller formats such as single-
domain antibodies (16) could be explored in future studies.
Importantly, besides its potential as a diagnostic tool for AR2

prostate cancer, PET imaging with [89Zr]Zr-DFO-labetuzumab
could also be used for patient stratification. Here, CEACAM5
immuno-PET imaging would serve as a biomarker to identify
prostate cancer patients who could benefit from labetuzumab-
govitecan and other CEACAM5-targeted therapies, including
targeted radiotherapy approaches based on the same antibody car-
rying b- and a-emitting radiometals.

FIGURE 7. Evaluation of CEACAM5 expression in prostate cancer organoids and biopsies. (A) Box plots showing variance-stabilized transformed
(VST) counts of CEACAM5 in AR1, NEPC, and stem cell-like (SCL) organoid subtypes (significance analysis by Wilcox test). (B) Minimum to maximum
scaled CECAM5 expression plotted by tumor biopsy and labeled by AR-high, DNPC, and NEPC biopsies.

FIGURE 6. (A) Comparison of tumor-to-tissue ratios of [89Zr]Zr-DFO-
labetuzumab accumulation at 120h after injection in 3 different xenograft
models. (B) Ex vivo immunohistochemistry showing CEACAM5 expression
in 3 models (scale bar, 50mm).

FIGURE 5. Evaluation of [89Zr]Zr-DFO-labetuzumab in LNCaP xeno-
grafts. Exemplar maximum-intensity projections were obtained by
dynamic PET imaging of LNCaP-bearing mice injected with [89Zr]Zr-DFO-
labetuzumab at different time points after administration (ex vivo biodistri-
bution data in Supplemental Fig. 10).
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CONCLUSION

Overall, these data show the ability of CEACAM5-targeted
immuno-PET imaging to clearly delineate NEPC and other AR2

prostate cancers in vivo and pave the way to the development of
an imaging-based diagnostic tool to enable early detection of these
lesions and inform patient treatment.
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KEY POINTS

QUESTION: Can CEACAM5-targeted immuno-PET identify
AR-null tumors, specifically NEPC, in vivo?

PERTINENT FINDINGS: [89Zr]Zr-DFO-labetuzumab was able to
clearly delineate the NE1/AR2 model H660 in vivo but also,
although to a lesser extent, the NE2/AR2 model DU145. No
uptake of the radiotracer was observed in NE2/AR1 LNCaP
xenografts, suggesting its selectivity for AR2 prostate cancer.

IMPLICATIONS FOR PATIENT CARE: CEACAM5-targeted
immuno-PET has the potential to be translated clinically as a
noninvasive diagnostic tool to enable early detection of AR2

prostate cancer.
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Despite the inclusion of multiple agents within the prostate cancer
treatment landscape, new treatment options are needed to address
the unmet need for patients with metastatic castration-resistant pros-
tate cancer (mCRPC). Although prostate-specific membrane antigen is
the only cell-surface target to yield clinical benefit in menwith advanced
prostate cancer, additional targets may further advance targeted
immune, cytotoxic, radiopharmaceutical, and other tumor-directed
therapies for these patients. Human kallikrein 2 (hK2) is a novel
prostate-specific target with little to no expression in nonprostate tis-
sues. This first-in-human phase 0 trial uses an 111In-radiolabeled
anti-hK2 monoclonal antibody, [111In]-DOTA-h11B6, to credential
hK2 as a potential target for prostate cancer treatment. Methods:
Participants with progressive mCRPC received a single infusion of
2mg of [111In]-DOTA-h11B6 (185 MBq of 111In), with or without 8mg
of unlabeled h11B6 to assess antibody mass effects. Sequential
imaging and serial blood samples were collected to determine [111In]-
DOTA-h11B6 biodistribution, dosimetry, serum radioactivity, and
pharmacokinetics. Safety was assessed within a 2-wk follow-up
period from the time of [111In]-DOTA-h11B6 administration. Results:
Twenty-two participants received [111In]-DOTA-h11B6 and are included
in this analysis. Within 6–8 d of administration, [111In]-DOTA-h11B6
visibly accumulated in known mCRPC lesions, with limited uptake in
other organs. Two treatment-emergent adverse events unrelated to
treatment occurred, including tumor-related bleeding in 1 patient,
which led to early study discontinuation. Serum clearance, biodistri-
bution, and tumor targeting were independent of total antibody mass
(2 or 10mg). Conclusion: This first-in-human study demonstrates
that tumor-associated hK2 can be identified and targeted using
h11B6 as a platform as the h11B6 antibody selectively accumulated
in mCRPC metastases with mass-independent clearance kinetics.
These data support the feasibility of hK2 as a target for imaging and
hK2-directed agents as potential therapies in patients with mCRPC.
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Patients with metastatic castration-resistant prostate cancer
(mCRPC) have limited treatment options as novel androgen recep-
tor (AR) inhibitors and cytotoxic therapies move to the castration-
sensitive setting (1,2). Recently, the mCRPC treatment landscape
has expanded with the approval of the targeted radiopharmaceuti-
cal therapy 177Lu-vipivotide tetraxetan (Pluvicto; Novartis), a sys-
temic treatment that delivers radiation directly to the tumor cell,
providing a novel mechanism for mCRPC treatment (3). Adminis-
tration of such therapies requires a well-defined tumor-specific tar-
get to support effective payload delivery and minimal toxicity. In
addition, other tumor-directed therapies, such as immunotherapies
with chimeric antigen receptor T cells or T-cell–sequestering anti-
bodies and antibody–drug conjugates, are promising avenues for
drug development for mCRPC (4,5). Prostate-specific membrane
antigen (PSMA) is the only cell surface target to be leveraged for
clinical benefit in men with advanced prostate cancer; however,
PSMA expression is heterogeneous among patients and even
within patients on a lesion-to-lesion basis (6). PSMA is also puta-
tively expressed in normal tissues such as the salivary and lacrimal
glands, which can lead to off-tumor but on-target side effects in
nonprostate tissue (6). Finally, patients who progress through
PSMA-directed therapy may develop disease that does not express
PSMA. New targets are therefore needed to address these short-
comings and to advance the treatment options for a disease as bio-
logically dynamic and diverse as mCRPC.
Human kallikrein 2 (hK2; HUGO Gene Nomenclature Commit-

tee–approved gene symbol KLK2) is a trypsinlike antigen pro-
duced by columnar prostate epithelial cells with expression driven
by AR signaling in a manner identical to that of the closely related
gene encoding prostate-specific antigen (HUGO Gene Nomencla-
ture Committee–approved gene symbol KLK3) (7–10). hK2 is both
secreted and membrane-bound; however, unlike prostate-specific
antigen, circulating hK2 is found at exceptionally low levels, where
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it can be bound by multiple protease inhibitor complexes (7,8,11).
It has been shown that higher hK2 expression correlates with
increased cell proliferation and lower apoptosis in castration-
resistant prostate cancer specimens, thereby modulating the growth of
castration-resistant disease (12). Additionally, a study reported 80%
of mCRPC bone lesions to be AR-driven based on high expression
of AR gene signatures, including both KLK2 and KLK3 (13).
Increased AR signaling activity has demonstrated increased hK2
expression but decreased PSMA expression in multiple prostate can-
cer models (8,14,15). Specifically, treatment with the a-particle emit-
ter 225Ac generated a feed-forward mechanism with increased AR
signaling and hK2 expression (8). This could impact therapeutic out-
comes of targeting hK2 versus PSMA in mCRPC, because reactiva-
tion of AR signaling is commonly associated with mCRPC, despite
castration serum levels of androgen. Indeed, preclinical observations
in animal models showed improved survival after a single administra-
tion of hK2-targeting 225Ac, suggesting a therapeutic benefit of tar-
geting hK2 (8). Finally, hK2 expression shows prostate specificity
and is relatively homogeneously expressed across disease stages,
from localized to metastatic prostate cancer (16). Together, these data
suggest hK2 to be a promising target for treatment.
In preclinical studies, reduction in tumor volume along with pro-

longation of survival were observed in mouse models of prostate
cancer treated with the 225Ac-radiolabeled humanized anti-hK2
monoclonal antibody, h11B6, where h11B6 bound only membrane-
associated hK2 (8,17). This phase 0 first-in-human study evaluated
the biodistribution, normal-tissue dosimetry, and tumor targeting of
111In-radiolabeled h11B6 ([111In]-DOTA-h11B6) to evaluate hK2 as
a target in patients with mCRPC.

MATERIALS AND METHODS

Study Design and Participants
This was a phase 0 imaging study conducted to evaluate the biodis-

tribution, normal-tissue dosimetry, and tumor targeting of [111In]-
DOTA-h11B6 (ClinicalTrials.gov identifier NCT04116164). After
written informed consent for study participation was provided by the
patients, screening of eligible participants was conducted 14 d before
administration of the study agent. Participants at least 18 y of age with
progressive measurable/evaluable mCRPC as defined by Prostate Can-
cer Working Group 3 criteria were prospectively enrolled in the study.
Eligible participants had an Eastern Cooperative Oncology Group per-
formance status of 1 or less, a Karnofsky performance scale score of
70 or greater, castrate testosterone levels less than 50 ng/dL, and meta-
static disease documented by CT, PET/CT, MRI, or a radionuclide
(99mTc-methylene diphosphonate or 18F-NaF) bone scan. Participants
with lesions identified by PSMA PET only and participants with pure
small-cell or neuroendocrine prostate cancer were excluded. Partici-
pants could not have any condition that could impair the ability to com-
ply with study procedures and could not have received radiotherapy or
immunotherapy within 30 d, a therapeutic radioactive isotope within
28 d, or a single fraction of palliative radiotherapy within 14 d of
administration of the study agent. Participants with a known allergy to
antibodies were also excluded. The study was performed under a U.S.
Food and Drug Administration–reviewed exploratory investigational
new drug application and was approved by the Memorial Sloan Ketter-
ing Cancer Center Investigational Review Board, and all participants
signed an informed consent form. Study data were collected and pro-
cessed with adequate precautions to ensure confidentiality and compli-
ance with data privacy protection laws and regulations.

The study enrolled participants in cohort 1, with the option to
expand into an additional cohort at the discretion of the sponsor on the
basis of findings from cohort 1. The focus of cohort 1 was to identify

the optimal mass of [111In]-DOTA-h11B6, which was defined as the
mass at which there is minimal accumulation of radioactivity in paren-
chymal organs (liver, lung, spleen) and maximal accumulation in
mCRPC lesions as assessed by imaging. Data collected from cohort 1
were used to estimate the serum clearance, the normal-tissue dosime-
try, and the most favorable mass amount of [111In]-DOTA-h11B6.
Participants in cohort 1 received a single administration of [111In]-
DOTA-h11B6 (185 MBq) as a slow intravenous bolus over 1 min 6

30 s followed by a saline flush through an indwelling peripheral intra-
venous catheter.

Participants in cohort 1 were divided into 3 subcohorts (1A, 1B, and
1C). Participants in subcohort 1A received 2 mg of antibody ([111In]-
DOTA-h11B6 only) followed by imaging and biodistribution studies.
Participants in subcohort 1B received 10 mg of antibody (8 mg of
h11B6 and 2 mg of [111In]-DOTA-h11B6) with subsequent imaging
and biodistribution studies. Subcohort 1C was to receive 20 mg of anti-
body (18 mg of h11B6 and 2 mg of [111In]-DOTA-h11B6) followed
by imaging.

The primary endpoints of the study were safety and [111In]-DOTA-
h11B6 dosimetry, including serum clearance, optimal mass, and [111In]-
DOTA-h11B6 biodistribution. Secondary and exploratory endpoints
included pharmacokinetic parameters and serum hK2 levels, respectively.

[111In]-DOTA-h11B6 Imaging Agent
The macrocyclic chelator DOTA was conjugated to h11B6 (Dia-

Prost AB) through incubation in a p-SCN-Bn-DOTA solution (Macro-
Cyclics Inc.) at 25"C for 20 h. [111In]-DOTA-h11B6 was prepared by
incubating 111In in acetate buffer for 2 h at 37"C with DOTA-h11B6.
The reaction mixture was purified and tested for sterility, endotoxins,
and radiochemical purity. Immunoreactivity was measured through a
validated immunoassay. Preclinical testing of [111In]-DOTA-h11B6
demonstrated radiochemical purity of more than 95% and immunore-
activity consistently greater than 80%. In vitro studies confirmed
antigen-mediated antibody internalization as previously reported (8).

Assessments
Anterior and posterior planar 111In whole-body images were obtained

immediately after study agent administration (0–4 h) and on day 2
(24 6 6 h), days 3–4 (42–78 h), and days 6–9 (114–198 h). A
SPECT/CT scan from the inferior portion of the lungs to the kidneys
was performed at one or more of these time points. For all time points
except 0–4 h, participants were instructed to void urine before imaging.
Imaging was performed on a dual-head hybrid g-camera (Siemens
Intevo SPECT/CT; Siemens Healthcare).

Blood samples were collected before treatment; 15, 30, 60, 120,
and 240 min (65 min) after study agent administration; at each imag-
ing session; and at the 2-wk follow-up visit to measure the radioactiv-
ity and/or serum concentrations of h11B6. Vital signs (blood pressure,
pulse, respiratory rate, temperature, and weight) were obtained before
and up to 2 h after study agent administration as well as at imaging.
Complete blood count and comprehensive metabolic panels were
obtained at baseline and at follow-up.

Serum samples were measured in duplicate using an NaI (Tl)
g-well–type detector (Wallac Wizard 1480 automatic g-counter;
PerkinElmer) together with appropriate standards to assess radioactiv-
ity. The measured radioactivity concentrations were converted to a per-
centage of injected dose per liter, and serum volume of distribution
was estimated as 100% per time-zero intercept of the percentage of
injected dose per liter. Serum concentrations of h11B6 were deter-
mined using a validated immunoassay.

Absorbed radiation doses to normal tissues from [111In]-DOTA-
h11B6 were estimated on the basis of serum clearance of radioactivity
and by image analysis of tissue uptake and retention of radioactivity
over time. Data of the time-integrated activity coefficient derived from
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this analysis were used with the U.S. Food and Drug Administration–
approved software package application OLINDA/EXM version 2.0
(Hermes Medical Solutions) to estimate absorbed radiation doses to a
panel of normal tissues using the MIRD method.

Accumulation of radioactivity was defined as an increasing ratio of
tumor-to-nontumor signal over time in known sites of disease. The
number of lesions that demonstrated accumulation of radioactivity
was also measured.

Adverse events were assessed using the National Cancer Institute
Common Terminology Criteria for Adverse Events version 5.0, and
participants were monitored for side effects during infusion and at
every follow-up visit for up to 2 wk after agent administration. Partici-
pants were contacted 1–2 d after study agent administration to ascer-
tain occurrence of any treatment-emergent adverse events when
symptoms were not assessed during an on-site visit.

Statistical Analysis
Descriptive statistics were calculated for key parameters, reported

as the mean value and SD or SE.

RESULTS

Participant Population
Of the 22 participants included in this analysis, characteristics

were comparable across the 2 subcohorts (16 in subcohort 1A and
6 in subcohort 1B; Table 1; Supplemental Table 1; supplemental
materials are available at http://jnm.snmjournals.org). Since the
optimum mass amount was determined in the first 2 subcohorts,
the study did not accrue to subcohort 1C. SPECT/CT imaging
identified tumors located in bone (n 5 14), liver (n 5 3), and
lymph nodes (n 5 3) (Table 1). 111In-administered activities were
similar between cohorts with a mean 6 SD of 2056 16 MBq and
2016 7 MBq in subcohorts 1A and 1B, respectively.

Safety
All participants who received the study agent were included in

the safety and tolerability analysis. [111In]-DOTA-h11B6 was well
tolerated. Of the 22 participants enrolled, 2 participants (9.1%) in

TABLE 1
Participant Characteristics Across Subcohorts

Subcohort Patient Age (y)
Weight
(kg) ECOG PS

Gleason
score

Baseline PSA
(ng/mL)

Primary
metastatic tumor

location*
Targeting
location

Administered
activity (MBq)

1A 001 84 92 0 9 (514) 19.7 Bone Yes 218

002 68 92 0 8 (315) 22.6 Liver Yes 221

003 70 85 0 7 (314) 40.5 Bone Yes 202

007 80 80 0 7 (413) 13.3 Bone Yes 206

009 70 111 0 6 (313) 43.5 Bone Yes 213

013 69 85 0 9 (514) 5.34 Nodes Yes 210

014 75 86 1 2.78 Bone Yes 216

016 75 60 1 9 (415) 1.34 Bone Yes 199

017 66 103 1 7 (314) 113 Bone Yes 199

018 61 100 1 10 (515) 73.8 Bone Yes 196

019 66 104 0 7 (314) 84.4 Bone Yes 202

020 72 90 0 9 (415) 2.44 Bone Yes 203

022 60 158 1 9 (415) 39.4 N/A† N/A† 155

023 81 92 0 7 (314) 10.5 Nodes Yes 221

025 62 111 0 7 (413) 9.38 Bone Yes 197

027 75 84 1 9 (415) 66.6 Liver No 218

1B 004 68 85 0 9 (415) 4.96 Bone Yes 206

005 79 79 0 6 (313) 49.4 Bone Yes 196

006 82 56 1 7 (413) 124 Nodes Yes 193

008 56 91 0 9 (415) 507 Bone Yes 201

011 65 89 0 9 (415) 8.99 Liver No 195

015 72 109 0 9 (415) 1.33 None‡ None 213

*Tumor location is based on conventional imaging or PSMA PET.
†Participant was unable to complete remaining imaging per protocol because of noncompliance and discontinued study early.

No results on tumor location or targeting are available.
‡Participant had no obvious disease on imaging.
ECOG PS 5 Eastern Cooperative Oncology Group performance status; PSA 5 prostate-specific antigen; N/A 5 not available.
Subcohort 1A received 2mg of protein, and subcohort 1B received 10mg of protein.
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subcohort 1A experienced treatment-emergent adverse events,
which were not treatment-related, including 1 case of grade 3
tumor-related bleeding and 1 case of grade 2 hypertension. The
participant with tumor-related bleeding discontinued postinjection
imaging. No infusion reactions or anaphylactoid reactions were
reported.

Biodistribution, Pharmacokinetics, and
Radioactivity Clearance
Serial whole-body images showed gradual clearance of radioac-

tivity from the vascular compartment and gradual though normal
accumulation in the liver at later time points. There was no evi-
dence of increased physiologic [111In]-DOTA-h11B6 accumula-
tion in bones, salivary glands, or the thyroid at either antibody
mass level. Time-integrated activity analyses confirmed predomi-
nant localization of [111In]-DOTA-h11B6 in the vascular compart-
ment rather than in critical normal organs (Table 2), and absorbed
radiation doses of critical normal organs were low for both cohorts
(Table 3). A complete list of absorbed radiation doses of normal
organs is included in Supplemental Table 2. A relationship between
administered antibody mass and biodistribution was not observed
(Fig. 1A). Serum clearance kinetics showed a gradual decline in
radioactivity over time (Fig. 1B), with no apparent difference
between the 2-mg antibody mass (subcohort 1A) and 10-mg anti-
body mass (subcohort 1B), suggesting independence of antibody
mass. The mean volume of [111In]-DOTA-h11B6 distribution 6 SE
was 2.826 0.13L and 2.876 0.26L for subcohort 1A (n 5 15) and
subcohort 1B (n 5 6), respectively.
Targeting of [111In]-DOTA-h11B6 to known lesions was observed

in 18 participants via SPECT/CT (Fig. 2) and was confirmed via
68Ga-PSMA-11 PET/CT (data not presented). In the 4 participants

with no evidence of lesion targeting, 1 participant had no evidence
of disease by PSMA PET and 1 had incomplete imaging.

DISCUSSION

This first-in-human study demonstrated the favorable distribu-
tion of [111In]-DOTA-h11B6 in participants with mCRPC and
highlighted the feasibility of hK2-directed imaging. Tumor uptake
was noted in 18 of 22 participants. Of the 4 participants with no evi-
dence of tumor targeting, 1 had no evidence of disease by PSMA
PET and 1 participant had incomplete imaging. Tumor accumulation
of [111In]-DOTA-h11B6 was visually observed approximately 4 d
after agent administration and was more evident via imaging with
increasing time after injection.
As with other monoclonal antibodies, serum clearance kinetics

and time–activity analyses demonstrated antibody localization pre-
dominantly to the vascular compartment, with clearance character-
istics comparable to those of other intact humanized IgGs (18,19).
Imaging data further supported vascular compartment localization,
with no evidence of significant parenchymal targeting or any
extratumoral antigen sink. Importantly, the antibody mass amounts
studied (2 and 10mg) had no effect on serum clearance, volume
of distribution, or tumor targeting.
[111In]-DOTA-h11B6 was tolerated in participants with mCRPC.

Two treatment-emergent adverse events were observed; however,
these events were not related to the study treatment. The patient
who experienced tumor-related bleeding discontinued the study
early. Normal-organ and whole-body absorbed radiation doses
were well within the limits of use for imaging radiopharmaceuti-
cals. Unlike PSMA-targeted agents that are accompanied by an
uptake in the lacrimal and salivary glands and in the renal tubules,
which can lead to dose-limiting toxicity (20), targeting of hK2 with
[111In]-DOTA-h11B6 showed no significant uptake in the salivary
glands and a modest renal uptake (0.22–0.23 mGy/MBq); therefore,
low radiation doses to these organs is expected. Phase 1 studies asses-
sing hK2-targeting therapies, including 225Ac radioimmunotherapy,
are currently ongoing and may further support hK2 as a therapeutic
target in advanced prostate cancer (21). As off-target localization to
parenchymal organs and bone marrow is a potential area of concern,
especially for radioactive payloads, hK2-targeting radiolabeled agents
will need careful monitoring. To this end, the risks of myelosuppres-
sion, renal and liver toxicity, and gastrointestinal effects have been
identified with appropriate mitigation strategies in the ongoing phase
1 study assessing JNJ-6240 ([225Ac]-DOTA-h11B6) (21).
The tumor-targeting specificity of [111In]-DOTA-h11B6, its

mass-independent biodistribution, and its tolerable safety profile
together suggest a role for h11B6 as a carrier for targeted delivery
of a conjugated payload for the treatment of mCRPC. Through

TABLE 2
Time-Integrated Activity Coefficients for Key Organs by

Subcohort A (n 5 15*) and Subcohort 1B (n 5 6)

Subcohort

Time (h)

Kidney Liver Red marrow

1A 0.99 (0.05) 13.0 (0.6) 5.03 (0.19)

1B 0.87 (0.10) 12.8 (1.5) 4.69 (0.54)

*One participant was unable to complete remaining imaging per
protocol because of noncompliance and discontinued study early.

Data are mean with SE in parentheses. Subcohort 1A received
2mg of protein, and subcohort 1B received 10mg of protein.

TABLE 3
Absorbed Radiation Doses for Key Organs by Subcohort 1A (n 5 15*) and Subcohort 1B (n 5 6)

Subcohort

Absorbed dose/activity (mGy/MBq)

Kidney Liver Red marrow Total body

1A 0.23 (0.01) 0.45 (0.02) 0.17 (0.01) 0.12 (0.003)

1B 0.22 (0.02) 0.46 (0.05) 0.17 (0.01) 0.12 (0.01)

*One participant was unable to complete remaining imaging per protocol because of noncompliance and discontinued study early.
Data are mean with SE in parentheses. Subcohort 1A received 2mg of protein, and subcohort 1B received 10mg of protein.
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characterization of h11B6 biodistribution in human participants,
this study further adds to previous preclinical prostate cancer stud-
ies (8,22) by validating the expression of hK2 in mCRPC, provid-
ing data to support the use of h11B6 in a clinical setting.

CONCLUSION

This phase 0 trial demonstrated that [111In]-DOTA-h11B6 was
well tolerated with mass-independent biodistribution and tumor
targeting in mCRPC. These data not only confirm the validity of
hK2 as both an imaging and a potential therapeutic target for
mCRPC but also support the continued investigation of h11B6 for
directed delivery of payloads such as therapeutic radionuclides to
address an unmet need for additional mCRPC treatment options.

DISCLOSURE

This work was supported by Janssen Research & Development,
LLC, and SpectronRX, Inc. Neeta Pandit-Taskar reports honoraria
from Actinium Pharmaceuticals; a consulting or advisory role for
Illumina, Progenics, Telix, and Lantheus; a Speakers Bureau asso-
ciation for Actinium Pharmaceuticals and Telix; research funding
(institutional) from Bayer Health, Bristol Myers Squibb, Clarity
Pharmaceuticals, Imaginab, Janssen Research & Development,
LLC, Regeneron, Ymabs, and Innervate; and travel support from
AstraZeneca and Bayer. Joseph O’Donoghue reports consulting
for Janssen Research & Development, LLC; Invicro, LLC; and
Curadh MTR. Dushen Chetty reports stock and other ownership
interests for Novartis AG and is an employee of Janssen Research
& Development, LLC. Steven Max, Margaret Yu, and Michael

Russell report stock and other ownership interests for, and are
employees of, Janssen Research & Development, LLC. Danielle
Wanik reports research funding from Janssen Research & Develop-
ment, LLC (institutional), and is an employee of Invicro LLC. Ohad
Ilovich is an employee of Invicro LLC. Chaitanya Divgi reports a
consulting or advisory role for Janssen Research & Development,
LLC, and SpectronRX, Inc. Michael Morris reports stock and other
ownership interests for Doximity; a consulting or advisory role for
Lantheus Medical Imaging, AstraZeneca, Amgen, Daiichi, Conver-
gent Therapeutics, Pfizer, ITM Isotope Technologies Munich, Clarity
Pharmaceuticals, Blue Earth Diagnostics, POINT Biopharma,
Telix Pharmaceuticals, Progenics, and Z-a; research funding
from Bayer (institutional), Progenics (institutional), Corcept
Therapeutics (institutional), Roche/Genentech (institutional), Janssen
Research & Development, LLC (institutional), Celgene (institutional),

FIGURE 1. (A) Representative anterior and posterior whole-body images
over time showing biodistribution after administration of 2mg (top) or 10mg
(bottom) of [111In]-DOTA-h11B6. Bars on right represent percentage of max-
imum pixel value over all images. (B) Average serum clearance kinetics are
based on decay-corrected percentage of injected 111In activity (percentage
of injected dose per liter6 SE) across subcohort 1A (2mg, n5 15) and sub-
cohort 1B (10mg, n5 6). %ID/L5 percentage of injected dose per liter.

FIGURE 2. Representative images showing tumor uptake of [111In]-
DOTA-h11B6 administered at 2mg (top 2 images) or 10mg (lower image).
Arrows denote lesions.

RADIOLABELED ANTI-HK2 ANTIBODY IN MCRPC ! Pandit-Taskar et al. 1055



Novartis (institutional), and Astellas Pharma (institutional); and
travel, accommodations, and expenses from AstraZeneca, APCCC,
and Memorial Sloan Kettering Cancer Center. No other potential
conflict of interest relevant to this article was reported.

ACKNOWLEDGMENTS

We thank the Prostate Cancer Clinical Trials Consortium (PCCTC
LLC) for managing this clinical trial. Medical writing and editorial
support was provided by Brittany Carson, PhD, and Amanda Hall,
PhD, of MEDiSTRAVA.

KEY POINTS

QUESTION: Can hK2 expression be leveraged as a prostate
cancer imaging and therapeutic target in humans?

PERTINENT FINDINGS: This first-in-human study demonstrated
that the [111In]-radiolabeled anti-hK2 antibody, [111In]-DOTA-h11B6,
selectively targeted mCRPC tumors without safety concerns.

IMPLICATIONS FOR PATIENT CARE: This study highlights
the feasibility of hK2 as a prostate cancer target and supports
continued investigation of h11B6 or other hK2-targeting agents in
the treatment of mCRPC.
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Deescalated 225Ac-PSMA-617 Versus 177Lu/225Ac-PSMA-617
Cocktail Therapy: A Single-Center Retrospective Analysis of
233 Patients
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The aim of this work is to evaluate our clinical real-world data obtained
with 225Ac-PSMA-617 (AcPSMA), which were acquired under com-
passionate care regulations in patients with advanced-stage prostate
cancer. The objective parameters that could be derived from this eval-
uation are compared with previous literature about AcPSMA and
177Lu-PSMA-617 (LuPSMA).Methods: The medical files of all patients
who had received AcPSMA on an individual patient basis at the Heidel-
berg University Hospital since January 2014 were analyzed retrospec-
tively. Previously published patients were excluded. The remaining
patients were tailored into 2 subgroups with different treatment strate-
gies: group 1 received AcPSMA as a deescalated monotherapy, and
group 2 received LuPSMA plus AcPSMA as a cocktail regimen. Base-
line characteristics, serum prostate-specific antigen (PSA) response,
and overall survival were compared with the most appropriate histori-
cal controls. Results: Of 287 patients treated, 54 were excluded
because of previous publication and 233 were evaluated, 104 of whom
received AcPSMA monotherapy (median, 6 MBq). In this group, 55
patients (53%) presented with a best PSA response of at least 50%.
The other 129 patients received a cocktail therapy of AcPSMA
(median, 4 MBq) plus LuPSMA (4 GBq). In this group, a best PSA
response of at least 50% was observed in 74 patients (57%). The
median overall survival in the monogroup was 9mo and in the cocktail
group was 15mo. If adjusted for prognostic baseline characteristics,
the efficacy of both regimens was not significantly different. Conclu-
sion: Deescalated treatment activities of AcPSMA or AcPSMA and
LuPSMA cocktail regimens present better tolerability with regard to
xerostomia than previous regimens of at least 100 kBq/kg while retain-
ing high antitumor activity in poor-prognosis prostate cancer patients.

KeyWords: 225Ac; 177Lu; TAT; PSMA;mCRPC; cocktail
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Prostate-specific membrane antigen (PSMA)–targeted a-therapy
(TAT) for advanced-stage metastatic castration-resistant prostate
cancer patients was introduced in 2014 (1). After a preliminary
dosimetry estimate and brief empiric dose escalation (2), treatment

activity of 100 kBq of 225Ac-PSMA-617 (AcPSMA) per kilogram
of body weight (kgBW) was proposed and applied to the next 40
patients (3). Using this protocol, promising efficacy with regard to
duration of tumor control has been observed. However, salivary
gland toxicity increased with cumulative treatment cycles and 10%
of responding patients discontinued PSMA-TAT because of dose-
limiting xerostomia.
In the following years and confirmative to one another, some

research groups reported a relevant tumor sink effect for radiola-
beled PSMA ligands in high-tumor-burden patients (4–6). Because
our initial dose escalation was based on such advanced patients, it
is likely that we overestimated the maximum tolerable dose with
respect to low to intermediate tumor mass patients, including the
ones who started PSMA-TAT with high tumor volume but achieved
partial remission after the first treatment cycles. With growing accep-
tance of PSMA-targeted radiopharmaceutical therapy in general, an
increasing number of patients with less advanced tumor spread were
scheduled to our department to receive PSMA-TAT. Thus, the
responsible nuclear medicine physicians often modified the regimen
by reducing the treatment activity.
Some years ago, a pilot study introduced the concept of 177Lu-

PSMA-617 (LuPSMA) and AcPSMA combination therapy (7).
One course of AcPSMA (median, 5.3 MBq; range, 1.5–7.9) com-
bined with LuPSMA (median, 6.9 GBq; range, 5.0–11.6) was
administered to 20 metastatic castration-resistant prostate cancer
patients and followed by LuPSMA maintenance monotherapy. In
a different publication from the same group, 2 cycles of LuPSMA
(mean, 6.76 1.8 GBq) were administered to 15 patients and aug-
mented with 2.76 1.1 MBq of AcPSMA in the first (n 5 7), sec-
ond (n 5 3), or both (n 5 5) cycles (8). In a third publication,
17 patients received a single cycle of 1.8–6.9 MBq of AcPSMA in
combination with 3.8–8.2 GBq of LuPSMA (9). The salivary
gland toxicity of these combination therapies was found to be
favorable compared with 100 kBq of AcPSMA per kgBW and
comparable to LuPSMA standard therapy. These preliminary
reports have relevant limitations because of the variability in the
numbers of performed treatment cycles, the range of administered
activity of both LuPSMA and AcPSMA, short follow-up, low
overall patient numbers, and major heterogeneity on how treatment
was continued after the 1–2 cycles of combination therapy (i.e.,
some patients received a further combination and others received
maintenance with LuPSMA only). Nevertheless, because of the
low rate of reported xerostomia at promising antitumor activity, we
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considered the cocktail approach to be an encouraging strategy to
refine the trade-off between tolerability and antitumor activity.
In this retrospective evaluation, we determined the tolerability, the

prostate-specific antigen (PSA) response rate, and overall survival
(OS) observed with patients receiving a regimen of less than 100 kBq
of AcPSMA per kgBW or AcPSMA and LuPSMA cocktail therapy.

MATERIALS AND METHODS

Patients
We retrospectively analyzed all patients who started treatment with

AcPSMA in the Department of Nuclear Medicine at Heidelberg Uni-
versity Hospital between January 2014 and July 2021. These patients
were considered inappropriate for treatment or had already exhausted
the approved treatments at that time. Experimental salvage therapies
were offered on an individual patient basis under the conditions of the
updated Declaration of Helsinki, paragraph 37 (“Unproven Interven-
tions in Clinical Practice”), and national regulations. Patients were
informed about the experimental nature of this therapy and gave writ-
ten informed consent. Considering their own clinical experience with
AcPSMA, general experience with PSMA-targeted radiopharmaceutical
therapy, and patients’ different clinical situations, physicians offered
patients a dosing regimen that followed the best available knowledge at
the time. Treatment with AcPSMA was offered only to patients with a
positive PSMA baseline scan that was available under real-world condi-
tions. For 68Ga-PSMA-11, 18F-DCFPyL, and 18F-PSMA-1007, a SUV
of more than 10 was defined as PSMA-positive. For 99mTc-PSMA tra-
cers, tumor uptake equal to or higher than that of salivary glands in
visual inspection in all measurable tumor lesions (in analogy to the
VISION and TheraP clinical trials, only lesions . 10mm were consid-
ered measurable) was defined as PSMA-positive. This retrospective
observational study was approved by the research ethics committee of
the medical faculty of Heidelberg University (permit S-732/2018).

Patients who were previously published from our department were
excluded from this analysis (1–3). Nevertheless, we cannot exclude par-
tial overlap with pooled patient cohorts of patients treated in Germany
that have been reported from a Dutch research group (10,11).

Radiopharmaceuticals, Patient Preparation, and
Dosing Regimens

The PSMA-617 precursor was obtained from ABX. 225Ac was pro-
duced by radiochemical extraction from 229Th at the European Commis-
sion’s Joint Research Centre (12). 177Lu (EndolucinBeta) was obtained
from ITM. The labeling conditions for AcPSMA and LuPSMA have
been described previously (1,13). The treatment activity was determined
on the basis of consensus of those authors who already had broad clinical
experience with 131I-MIP1095 (14), 90Y-PSMA-617 (15), LuPSMA
(16,17), AcPSMA (2), and 225Ac-DOTATOC (18), considering the prog-
nosis and progression velocity of each patient.

These individual treatment decisions can be assigned to 2 general con-
cepts. The first concept, dynamic deescalation, means that the first cycle
was performed with a fixed standard treatment activity of 8 MBq of
AcPSMA (a simplification of the protocol of 100 kBq of AcPSMA per
kgBW, considering an average body weight of 80 kg for male patients)
in superscan-pattern patients and 6 MBq in normal biodistribution
patients. Depending on PSA and clinical response, the treatment activity
was reduced by 2 MBq for the subsequent cycles (i.e., 4–6 MBq for the
second cycle and eventually 2–4 MBq for the third cycle).

The second approach was to administer a combination of approxi-
mately 4 GBq of LuPSMA together with 4 MBq of AcPSMA, which
equals approximately 50% of the previously recommended LuPSMA
and AcPSMA treatment doses, respectively.

In both concepts, the intention-to-treat protocol was a 3-cycle therapy,
with cycles administered every 2mo (8–9 wk). Standard androgen

deprivation therapy and bone-protecting agents were continued during
AcPSMA, but other therapies related to metastatic castration-resistant
prostate cancer were discontinued (chemotherapies . 6 wk in advance).

The treatment was administered as a slow (#30 s), intravenous free-
hand injection from a lead-shielded syringe. Hydration with 2 L of
physiologic electrolyte solution (Sterofundin; B. Braun Melsungen)
was administered on the treatment day (starting 30min before therapy
with a flow of 250mL/h; combination with oral or intravenous diure-
tics was clinically indicated) and the following day, respectively.

Follow-up and Statistical Data Analysis
Restaging per PSMA PET/CT or PSMA SPECT/CT was recom-

mended 2mo after the third treatment cycle (or earlier in cases of clin-
ical and biochemical progression) at the location of the initial staging.
In long-term follow-up, the urologist or oncologist chose imaging
according to medical appropriateness. PSA was measured at week 8
and week 16 after the first treatment cycle and was evaluated with
waterfall graphs for the week 8 PSA response or best PSA response
obtained at either week 8 or week 16.

Statistical analysis was performed using SPSS version 28 (IBM).
Median OS (mOS) was approximated with Kaplan–Meier curves
using the data provided by local oncologists or national death record
registers. Patients still alive were censored with their last available
follow-up date (data freeze, May 2, 2022). The baseline characteristics
of the cohorts were compared using (2-sided) Pearson correlation. OS
was checked to determine whether it was related to the presence of
bone marrow infiltration, and a significant difference was found
between the groups (ANOVA). A propensity score matched-pair anal-
ysis (paired t test) was done for OS using the factors of age, Eastern
Cooperative Oncology Group clinical performance status score, time
to therapy, and presence of bone marrow infiltration.

RESULTS

From 287 patients who received AcPSMA between January
2014 and July 2021, 54 were previously published by our group
and therefore excluded from this analysis. The medical files of the
remaining 233 patients, who originated from several countries all
over the globe (Supplemental Fig. 1 [supplemental materials are
available at http://jnm.snmjournals.org]), were evaluated retro-
spectively. The analysis revealed that between 2014 and 2017, 104
patients received deescalated AcPSMA monotherapy and that
between 2018 and 2021, 129 patients received a cocktail regimen.
The main characteristics of the patient cohorts receiving AcPSMA

monotherapy and the AcPSMA and LuPSMA cocktail are provided
in Table 1. The baseline profile of our patients is relatively similar to
that of the patients who have been recruited to the VISION clinical
trial (19). However, 5%–16% of our patients would not have been
candidates for the VISION trial because of low platelet count and
12%–22% would not have been candidates because of low baseline
hemoglobin. Our monotherapy and cocktail groups also included
37% and 32% of patients who had previously been treated with
LuPSMA. Both of our groups included more patients with visceral
metastases than did the VISION trial.
An itemwise comparison of our patients’ baseline characteristics

with the historical controls from the VISION trial is provided in
Supplemental Table 1. In our patients, some other nonstandard
treatments had been applied in advance of AcPSMA; in contrast,
VISION patients received these treatments after LuPSMA (Supple-
mental Table 2). The baseline characteristics were well balanced
between the monotherapy and the cocktail groups except for a sig-
nificantly higher number of patients with bone marrow infiltration
in the monotherapy group (P , 0.001).
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TABLE 1
Patient Characteristics for AcPSMA Monotherapy Group and AcPSMA and LuPSMA Cocktail Group

Characteristic AcPSMA AcPSMA and LuPSMA

Patients (n) 104 129

Age (y) 62 (48–81) 62 (44–80)

ECOG score of 0–1 (%) 66.3 87.6

ECOG score $ 2 (%) 34.6 12.4

Time until PSMA therapy (mo) 85 (9–282) 76 (2–295)

Previous b-PSMA therapy (%)

1 cycle 11 7

$2 cycles 26 25

Site of disease (%)

Lung 13 8

Liver 22 15

Lymph node 70 67

Bone 96 97

Bone marrow (superscan) 76 39

Brain 2 1

Other 21 15

PSA (ng/mL) 312 (0–4,843) 78 (0–6,557)

AP (IU/L) 203 (19–3,148) 128 (37–1,866)

LDH (IU/L) 403 (156–4,066) 245 (149–2,662)

Gleason score (%)

6–7 30 28

8–10 53 61

Unknown 17 11

Previous therapy (%)

Prostatectomy and lymph node dissection 53 51

Radiotherapy of primary tumor 32 19

Both local therapies 43 39

Previous NAAD therapy (%) 89 87

1 regimen 32 38

2 regimens 68 59

More than 2 regimens 0 3

No NAAD regimen 11 13

Previous taxane therapy (%) 70 71

1 regimen (%) 51 40

2 regimens (%) 32 41

3 regimens (%) 18 20

No chemotherapy regimen 30 29

PLT $ 100/nL (%) 84 95

PLT , 100/nL (%) 16 5

Hb $ 9g/dL (%) 78 88

Hb , 9g/dL (%) 22 12

Event death (%) 62.5 52

Event censored (%) 37.5 48

ECOG 5 Eastern Cooperative Oncology Group clinical performance status; AP5 alkaline phosphatase (reference level, 40–130 U/L);
LDH 5 lactate dehydrogenase (reference level,,342 U/L); NAAD5 novel androgen axis drugs, i.e., abiraterone, enzalutamide, apalutamide,
and darolutamide; PLT 5 platelet (reference level, 150–440/nL); Hb 5 hemoglobin.

Data are median and range.
Taxane retreatment with docetaxel and cabazitaxel in complete 6-cycle series was counted as additional treatment line.
Percentages may not total 100% because of rounding.

AC-PSMA THERAPY VERSUS LU/AC COCKTAIL ! Rathke et al. 1059



In total, 536 treatment cycles with cumulative treatment activity
of 2,884 MBq of 225Ac were administered to either 104 patients
receiving AcPSMA monotherapy (250 cycles, 1,644 MBq of 225Ac,
and average of 6.6 MBq/cycle) or 129 patients receiving AcPSMA
and LuPSMA cocktail therapy (286 cycles, 1,240 MBq of 225Ac,
and average of 4.3 MBq/cycle).
We did not observe acute adverse reactions during application and

observed only moderate (numeric rating scale change of 2–4 com-
pared with administration date) flare-up of pain in bone lesions in 37
of 536 treatments (7%) during the first 48-h observational phase after
the injection. Mild xerostomia (Common Terminology Criteria for
Adverse Events grade 1 or 2; National Cancer Institute) was reported
from all patients. However, patients who discontinued PSMA-TAT
did so because of insufficient PSA response, clinical nonresponse, or
travel restrictions related to the coronavirus disease 2019 pandemic.
In contrast to previous treatment regimens, none of the responding
patients discontinued because of intolerable xerostomia.
After the first treatment cycle, of the 104 patients who received

AcPSMA monotherapy, 46 (44%) achieved a decrease of more than
50% in the PSA level and 27 (26%) achieved a PSA decrease of
more than 80% at week 8. Of the 129 patients who received
AcPSMA and LuPSMA cocktail therapy, decreases in PSA of more
than 50% and 80% were observed in 64 (50%) and 34 (26%), respec-
tively, at week 8.
In the AcPSMA monogroup, the best PSA response, a PSA

decline of more than 50%, was found in 55 of 104 patients (53%),
and a PSA decline of more than 80% was found in 39 of 104
patients (38%; Fig. 1A). Best PSA responses of more than 50%
were found in 74 of 129 patients (57%; Fig. 1B) and of more than
80% were found in 45 of 129 patients (35%) of the cocktail cohort.
Consequently, there was no statistically significant difference in PSA
response between the 2 groups (x2 test with Yates correction, P 5

0.49, and without Yates correction, P 5 0.58). The PSA response
correlates well with the imaging response of the PET-positive vol-
ume. Positive radiologic responses of lymph nodal and visceral
metastases were observed with both treatment schemes (Fig. 2).
The mOS of the AcPSMA monotherapy patients was 9.0mo

(95% CI, 7.2–10.8mo), and the mOS of the cocktail therapy patients
was 15.0mo (95% CI, 11.0–19.0mo). Kaplan–Meier curves are pre-
sented in Figure 3.
In ANOVA, OS was significantly (P 5 0.032) dependent on the

presence of bone marrow infiltration. Because the percentage of
bone marrow–infiltrated patients was significantly (P , 0.001)
higher in the monotherapy group, most likely the poor risk profile

of this group is responsible for the shorter
mOS observed. If a propensity score
matched-pair analysis considering the East-
ern Cooperative Oncology Group clinical
performance status score, bone marrow infil-
tration, and time from diagnose to PSMA
therapy is applied, the mOS between the
2 groups is not significantly different
(P 5 0.174).

DISCUSSION

In this work, we retrospectively com-
pare 2 approaches to improve the tolera-
bility of PSMA-TAT to salivary glands
without losing too much antitumor activity.
One group of patients received monother-

apy with AcPSMA that was individually deescalated by considering
baseline tumor burden and early PSA response, and another group
received combination therapy of AcPSMA plus LuPSMA. PSA
response and OS are not significantly different between the groups if
propensity score matching for the Eastern Cooperative Oncology
Group clinical performance status score and bone marrow infiltration
is applied.
With our initially projected regimen of 100 kBq of AcPSMA per

kgBW, a PSA response of more than 50% in 24 of 40 intention-to-
treat patients (60%) was observed. However, 4 of 40 patients (10%)
discontinued therapy because of xerostomia despite positive response
(3). This dosing regimen has been used in other centers. Satapathy
et al. (20) reported 11 patients (46%) with a PSA response of more
than 50%; the follow-up was too short to assess mOS. Yadav et al.
(21) reported 28 patients with a median follow-up of up to 22mo

FIGURE 1. Waterfall graphs of best PSA response. (A) Of 104 patients receiving AcPSMA mono-
therapy, 55 had PSA decline of .50% (green); 16 had stable disease, defined by PSA decrease of
,50% up to PSA increase of ,20% (blue); 17 had PSA progression (red); and 16 were follow-up
losses (purple). (B) Of 129 cocktail group patients, 74 had PSA decline of .50% (green), 36 had sta-
ble disease (blue), 17 had PSA progression (red), and 12 were follow-up losses (purple).

FIGURE 2. (A–D) Patient with meningeal, adrenal, pulmonary, lymph
nodal, and osseous metastases. (A) Baseline staging per 18F-PSMA-1007
PET/CT is demonstrated as maximum-intensity projection. (B and C) Two
cycles of AcPSMA and LuPSMA cocktail therapy were documented per
planar scan of 208-keV g-line of 177Lu. (D) PET/CT restaging presents par-
tial remission. (E–H) Patient with adrenal, osseous, lymph nodal, and
hepatic metastases. (E) Baseline imaging was done as planar 99mTc-
PSMA scintigraphy. (F and G) AcPSMA monotherapy was documented
per planar emission scans using 26% 440-keV and 12% 218-keV
g-coemissions of 213Bi and 221Fr. (H) Restaging per planar 99mTc-PSMA
scintigraphy demonstrates near-total remission.

1060 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 7 ! July 2024



and found that 39% of these patients had a PSA response of more
than 50%, with a mOS of 17mo. Previous chemotherapy in 82% (23/
28) and the fraction of patients with previous LuPSMA (15/28) are

comparable to our baseline characteristics (i.e., previous chemother-
apy in 85% and 68% and previous LuPSMA in 37% and 32% of the
AcPSMA monotherapy group and the cocktail group, respectively)
(21). The fractions of cocktail group patients with lung, liver, and
brain metastases were 10.7%, 10.7%, and 7%, respectively, versus
13%, 22%, and 2%, respectively, in our monotherapy group patients
(21). Even higher treatment activities of 100–150 kBq/kg were used
by Ballal et al. (22) and translated into a higher rate of treatment-
related fatigue. Nevertheless, PSA response and mOS demonstrated
no clear benefit from this additional treatment escalation. Neither the
dynamic deescalation nor the cocktail regimen appear to be dramati-
cally inferior to the AcPSMA regimen of at least 100 kBq/kg.
The dynamic deescalation approach has been reported previously

by Sathekge et al. (23). In a cohort of 17 chemotherapy-naïve
patients, a fixed dose of 8 MBq of AcPSMA for the first cycle was

FIGURE 3. Kaplan–Meier curves for AcPSMA monotherapy group with
mOS of 9mo (95% CI, 7.18–10.82) (A) and for AcPSMA and LuPSMA
cocktail group with mOS of 15mo (95% CI, 10.93–19.02) (B).

TABLE 2
Overview of Available Literature About AcPSMA Monotherapy or Combination Therapy

Source Patients (n) Treatment activity Cycles (n) Ligand
PSA response
. 50% (%) mOS (mo)

Previous
LuPSMA (%)

(2) 14 50, 100, 150, or 200
kBq/kg

31 (1–4) in
study

PSMA-617 44 .12 21

(3) 40 100 kBq/kg 3–5/patient PSMA-617 60 .12 20

(23) 17 7.4 MBq 59 in study PSMA-617 82 NR 88

(24) 73 8, 7, 6, or 4 MBq, with
deescalation of
responders

210 in study PSMA-617 70 18 70

(21) 28 100 kBq/kg 85 in study PSMA-617 39 17 54

(20) 11 100 kBq/kg 25 in study PSMA-617 45 NR 46

(7) 20 5.3 (1.5–7.9) MBq 1 6.9
(5–11.6) GBq of 177Lu

1/patient PSMA-617 65 12 100

(31) 73 7.8/cycle mean 34 in study PSMA-I&T 50 NR 79

(8) 15 2.761.1 MBq 1
6.761.8 GBq of 177Lu

2 (1–6)/
patient

PSMA-617 29 .20 PR; 8.3
SD, PD

100

(10) 13 8 MBq first cycle, 6 MBq
subsequent cycles

3/patient PSMA-617 69 8.5 15.4

(28) 12 7.4 MBq 25 in study PSMA-617 50 10 58

(29) 38 100 kBq/kg 2 (2–5)/
patient

PSMA-617 66 12 23.6

(30) 13 100 kBq/kg, 7.6 (6–8.5)
MBq

31 in study PSMA-I&T 14.3 10 77

(25) 106 8 MBq first and second
cycles, 6 MBq, and 4
MBq, with
deescalation of
responders

4 (1–9)/
patient

PSMA-617 80.2 15 6.6

(27) 23 7.6 (6.2–10) MBq mean 38 in study PSMA-617 26 7.7 100

(22) 56 100–150 kBq/kg 204 in study PSMA-617 67.8 15 48.2

This work 233 536 in study PSMA-617

Monotherapy 104 6 MBq, with
deescalation of
responders

53 9 37

Combination
therapy

129 4 MBq 1 4 GBq of 177Lu 57 14 32

NR 5 not reported; PR 5 partial remission; SD 5 stable disease; PD 5 progression of disease.
Continuous data are median and range unless indicated otherwise.
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administered, with consecutive deescalation in subsequent treatment
cycles to 7, 6, or 4 MBq based on response to the previous treatment
cycles. Grade 1 or 2 xerostomia was observed in all patients, but none
was severe enough to lead to discontinuation of treatment. The week
8 PSA and best PSA responses of more than 50% were 76% (13/17)
and 88% (15/17), respectively (23). The mOS could not be approxi-
mated because of the short follow-up of only 1y (23). In a cohort of
73 men reported by the same group, xerostomia was seen in 85%
of patients but never led to discontinuing treatment; a PSA response
of more than 50% was observed in 70% of the patients, and mOS
was 18mo (24). Our results are similar with regard to tolerability, but
only 53% of patients in the AcPSMA monotherapy group achieved a
PSA response of more than 50%, which is inferior to the results from
South Africa. However, this could be explained by the baseline char-
acteristics. For example, lung, liver, and brain metastases were present
in 3%, 5%, and 1% of the South African patients but 13%, 22%, and
2% of our patients (monotherapy group), respectively. Only 37% of
the South African patients had previously received chemotherapy, but
85% of our patients had undergone such treatment.
So far, the largest study with dynamic deescalation of respond-

ing patients has been reported by Lawal et al. (25). Even though
32.1% of patients in this cohort presented with a superscan, hema-
tologic tolerability was excellent and the superscan pattern was
probably protective for salivary glands. Consequently, dose dees-
calation was done after 2 cycles of 8 MBq of AcPSMA. These
results are confirmative to our experience that AcPSMA is well
suited for patients with diffuse red marrow infiltration. It also sup-
ports the thesis that the initially proposed 100 kBq/kg tolerable
dose might have been overestimated by the tumor sink effect.
A recent metaanalysis presented the most common side effects

from AcPSMA with grade 1 or 2 xerostomia in 63.1% (89/141) of
the evaluated patients (26). A complete overview of the available
literature about AcPSMA monotherapy or combination therapy is
provided in Table 2 (2,3,7–10,20–25,27–31).
The LuPSMA VISION trial (19) presents the best standard of

comparison to evaluate the antitumor activity of our treatment proto-
cols. This trial recruited patients between May 2018 and August
2019; thus, these patients are not historical controls but were treated
contemporaneously with our patients and consequently received
nearly identical standards of care (Supplemental Table 1). The mOS
of VISION patients was 15.3mo, which is remarkably similar to our
AcPSMA and LuPSMA cocktail group, with a mOS of 15mo. Pro-
spective phase 3 results should not be compared with less reliable
real-world data; however, the number of deaths observed versus
patients censored, as an important quality criterion for Kaplan–Meier
statistics, is almost equal (Supplemental Table 1), and the objective
parameter OS is independent of the clinical follow-up protocol used.
However, some discrepancies between the patient cohorts exist.
Several other experimental, off-label, or antiquated treatments had
already been applied in advance of PSMA-TAT to our patients but
were offered to VISION patients as additional treatment lines with
potential antitumor activity not before their progression under
LuPSMA trial medication (Supplemental Table 2). Bone marrow
superscan was an exclusion criterion in the VISION trial but was pre-
sent in a large fraction of our patients and was found to be signifi-
cantly correlated with OS. In addition, 5%–16% of our patients
would not have been candidates for the VISION trial because of low
platelet count, and 12%–22% would not have been candidates
because of low baseline hemoglobin. A recent literature review found
a decreased efficacy of PSMA-TAT if patients were previously

exposed to LuPSMA (32). However, 11% of our AcPSMA monother-
apy patients and 7% of our AcPSMA and LuPSMA cocktail patients
received 1cycle and 26% of the AcPSMA monotherapy patients and
25% of the AcPSMA and LuPSMA cocktail patients received at least
2 cycles of b-PSMA–targeted radiopharmaceutical therapy before
TAT. Altogether, we observed similar antitumor activity despite prog-
nostically worse patients. This observation is in line with preclinical
research comparing 177Lu- and 225Ac-labeled PSMA ligands, which
reported a favorable absorbed dose distribution to tumor cell nuclei
from PSMA-TAT, especially in micrometastases (33–35).
This evaluation has mentionable limitations. Because PSMA-TAT

was offered on an individual patient basis, there was no prospective
randomization, but deescalation approaches were offered as the phy-
sician’s choice. AcPSMA monotherapy was preferable and chosen
in cases of diffuse-type organ infiltration, and the cocktail became
standard once earlier-stage patients were scheduled by the referring
urologists or oncologists. Real-world data are less stringent in the
documentation of adverse events than pharmacovigilance monitoring
in clinical trials; hence, they could not be evaluated systematically
within this work. Because the urologist or oncologist chose the long-
term follow-up (imaging and tumor markers) according to medical
appropriateness, we were not able to obtain reliable radiologic
progression-free survival data retrospectively.

CONCLUSION

Even deescalated treatment activities of the AcPSMA regimen
or the AcPSMA and LuPSMA cocktail regimen present high anti-
tumor activity in poor-prognosis prostate cancer. Considering the
prognostic factors in the respective baseline profiles, the outcomes
of both treatment regimens are well in line with previous
AcPSMA studies. Treatment efficacy was similar to that reported
for LuPSMA despite a worse initial situation. In contrast to previ-
ous high-dose regimens, none of the responding patients discontin-
ued treatment because of xerostomia.
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KEY POINTS

QUESTION: Can the treatment activity of AcPSMA be reduced to
improve tolerability compared with the current standard of 100
kBq/kgBW without losing too much antitumor activity?

PERTINENT FINDINGS: Despite worse prognostic baseline char-
acteristics, mOS and PSA response rates are equivalent to VISION
in patients with advanced-stage prostate cancer. None of the two
tested approaches was obviously better than the other one.

IMPLICATIONS FOR PATIENT: Reduced-dose 225Ac and
225Ac/177Lu cocktail PSMA-617 therapies have strong antitumor
activity and a tolerable trade-off of side effects.
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Assessing Response to PSMA Radiopharmaceutical Therapies
with Single SPECT Imaging at 24 Hours After Injection
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Understanding the relationship between lesion-absorbed dose and
tumor response in 177Lu-PSMA-617 radiopharmaceutical therapies
(RPTs) remains complex. We aimed to investigate whether baseline
lesion-absorbed dose can predict lesion-based responses and to
explore the connection between lesion-absorbed dose and prostate-
specific antigen (PSA) response.Methods: In this retrospective study,
we evaluated 50 patients with 335 index lesions undergoing 177Lu-
PSMA-617 RPT, who had dosimetry analysis performed on
SPECT/CT at 24h after cycles 1 and 2. First, we identified the index
lesions for each patient and measured the lesion-based absorbed
doses. Lesion-based response was calculated after cycle 2. Addition-
ally, PSA50 response (a decline of 50% from baseline PSA) after cycle
2 was also calculated. The respective responses for mean and maxi-
mum absorbed doses and prostate-specific membrane antigen
(PSMA) volumetric intensity product (VIP-PSMA) at cycles 1 and 2
were termed SPECTmean, SPECTmaximum, and SPECTVIP-PSMA, respec-
tively. Results: Of the 50 patients reviewed, 46% achieved a PSA50
response after cycle 2. Of the 335 index lesions, 58% were osseous,
32% were lymph nodes, and 10% were soft-tissue metastatic lesions.
The SPECT lesion-based responses were higher in PSA responders
than in nonresponders (SPECTmean response of 46.8% 6 26.1% vs.
26.2% 6 24.5%, P 5 0.007; SPECTmaximum response of 45% 6

25.1% vs. 19% 6 27.0%, P 5 0.001; SPECTVIP-PSMA response of
49.2% 6 30.3% vs. 14% 6 34.7%, P 5 0.0005). An association was
observed between PSA response and SPECTVIP-PSMA response (R2 5

0.40 and P , 0.0001). A limited relationship was found between
baseline absorbed dose measured with a 24-h single time point and
SPECT lesion-based response (R2 5 0.05, P 5 0.001, and R2 5 0.03,
P 5 0.007, for mean and maximum absorbed doses, respectively).
Conclusion: In this retrospective study, quantitative lesion-based
response correlated with patient-level PSA response. We observed a
limited relationship between baseline absorbed dose and lesion-
based responses. Most of the variance in response remains unex-
plained solely by baseline absorbed dose. Establishment of a dose–
response relationship in RPT with a single time point at 24h presented
some limitations.

Key Words: SPECT/CT; dosimetry; prostate cancer; radiopharma-
ceutical therapy; response to RPT; theranostics
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The relationship between lesion-absorbed dose and tumor
response for radiopharmaceutical therapies (RPTs) is not well
understood. As RPT fundamentally involves radiation delivery,
knowledge of the absorbed dose versus the tumor response in
external-beam radiotherapy serves as a useful starting point for
evaluating this relationship for RPT. Dose–response relationships
have been described in external-beam radiotherapy, aiding in pre-
dicting tumor response and potential tissue toxicity (1–3). More-
over, lesion dosimetry has been shown to optimize dose delivery
for various cancers, playing a crucial role in treatment outcomes
(4–10).
Unlike external-beam radiotherapy, where we have the ability

to control and modify the absorbed dose to normal tissues and
tumors, nonuniform dose delivery in systemic RPT renders the
understanding of dose–response relationship considerably more
challenging (11–13). There are preliminary data on dose response
with 177Lu-DOTATATE in pancreatic neuroendocrine tumors,
demonstrating correlation between tumor-absorbed dose and tumor
size reduction (14). The same group was, however, not able to estab-
lish a dose–response relationship in small-bowel neuroendocrine
tumors (15). Most recently, in patients with gastroenteropancreatic
neuroendocrine tumors who underwent 177Lu-DOTATATE therapy,
a study demonstrated that the tumor-absorbed dose was associated
with radiologic response but not with overall survival (16).
Prostate-specific membrane antigen (PSMA)–targeting RPT

using 177Lu-PSMA-617 has demonstrated favorable prostate-
specific antigen (PSA) response rates and longer progression-free
survival and overall survival in patients with metastatic castration-
resistant prostate cancer (17,18). Violet et al. performed whole-
body tumor dosimetry and showed a correlation between absorbed
tumor doses and PSA response after 177Lu-PSMA-617 RPT at
12 wk (19). Another study looking into index lesion–based dosimetry
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did not find a significant difference in mean absorbed dose and index
lesion dose between PSA responders and nonresponders (20).
Overall, the relationship between lesion-absorbed dose and

response in PSMA RPT remains unknown. Therefore, we aimed
to analyze whether baseline lesion-absorbed dose, calculated with
a single time point measured at 24 h, predicts lesion-based
response in patients treated with 177Lu-PSMA-617 RPT. Addition-
ally, we analyzed the relationship between response based on
lesion-absorbed dose and PSA response.

MATERIALS AND METHODS

Study Population
We conducted a retrospective review of patients with metastatic

castration-resistant prostate cancer who received 177Lu-PSMA-617
RPT between June 2022 and January 2023 at our institution. All
patients who received a minimum of 2 cycles, with a treatment inter-
val of 6–8 wk, and 24-h posttherapy SPECT/CT were included. The
institutional review board approved this retrospective study, and the
requirement to obtain informed consent was waived.

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

after each cycle in the context of routine clinical care using a dual-
head g-camera (Infinia Hawkeye; GE Healthcare) with the following
acquisition parameters: 208% 6 10% keV photopeak, 170% 6 10%
keV scatter window, 1283 128 matrix, 20–30 s per projection, 60 pro-
jections in total using 2 detectors, medium-energy general-purpose
collimators, and a low-dose CT scan for attenuation correction.

Lesion Selection
For each patient, lesions in each of 3 regions were included: lymph

node, osseous, and soft tissue (e.g., liver, lung or adrenals). We
included the highest- and lowest-expressing lesion based on visual
assessment within each region, and the 3 largest remaining lesions, for
up to a total of 5 lesions per region. To be included, soft-tissue lesions
had to measure more than 10mm along the long axis and lymph nodes
had to measure more than 15mm along the short axis on the CT com-
ponent of the SPECT/CT scan. Osseous lesions had to measure more
than 2 cm3 in SPECT-segmented volume in order minimize the effect
of partial-volume averaging (21–24). For liver and lung lesions, indi-
vidual lesions were segmented individually, although if confluent,
adjacent lesions were grouped.

Absorbed Dose Calculation
MIM SPECTRA Quant (MIM Software) was used for image recon-

struction with an iterative ordered-subset expectation-maximization
algorithm using 4 iterations and 10 subsets. Scatter correction, attenua-
tion correction, and resolution recovery were applied (25). The kid-
neys were segmented using the autocontouring software from MIM
with manual adjustment to region of interest as required. Quantitative
dosimetry measurements were performed on the index lesions and kid-
neys at cycles 1 and 2. Lesion-based segmentation was done by a
nuclear medicine physician using a standardized semiautomated work-
flow using SurePlan MRT (MIM software), which applies a single
imaging time point for biokinetic evaluation based on the H€anscheid
approach and performs dosimetry using voxel-based absorbed dose
calculation using voxel S-value (26,27). To determine mean and maxi-
mum absorbed doses in grays, we performed segmentation on the dose
map using a 42% threshold of the maximum (26,28). Additionally,
similar to tumor lesion glycolysis and volumetric intensity product
(VIP) used previously (16,29), we calculated the VIP-PSMA by multi-
plying the tumor volume and mean absorbed dose of the index lesions,
excluding the least avid lesion.

Lesion-Based Response Evaluation
Mean and maximum absorbed doses and VIP-PSMA at cycles 1 and 2

were compared and their respective responses (termed SPECTmean,
SPECTmaximum, and SPECTVIP-PSMA, respectively) were calculated
using the following formula:

Response5 12
absorbed dose ðcycle 1Þ2absorbed dose ðcycle 2Þ

absorbed dose ðcycle 1Þ :

Biochemical Response Evaluation
Serum PSA levels served as the standard of reference for response

assessment to therapy (30,31). Serum PSA from the day of the first cycle
and 3 wk after the second cycle was used to calculate PSA response.
A decline of 50% from baseline PSA was defined as a PSA50 response,
and accordingly, patients were categorized as responders or nonresponders.

Radiographic Response Evaluation
Radiographic response was evaluated on the CT component of

SPECT/CT scans for both cycle 1 and cycle 2. For lymph nodes, the
maximum of the small-axis diameter was measured, whereas for other
soft-tissue lesions, the maximum of the long-axis diameter was mea-
sured. Although lesion-level analysis was being performed, the rela-
tive change in the lesion size was calculated using the following
equation, where D1 represents the lesion diameter at cycle 1 and D2
corresponds to the diameter at cycle 2:

Response5
D12D2

D1
3 100:

Statistical Analysis
Descriptive statistics in the form of median with interquartile range and

mean with SD for continuous variables and count with percentage for
binary variables were used to describe quantitative variables from the clin-
ical data. Lesion-level data were averaged for each patient to obtain
patient-level data, and results were expressed as mean with SD. A Student
t test was conducted to assess the relationship between lesion-based
response and PSA response between responders and nonresponders. We
used a linear regression model for patient-level analysis to assess the asso-
ciation between various predictors (baseline mean and maximum absorbed
dose and VIP-PSMA) and PSA response. We used a linear mixed model
for lesion-level analysis to explore the association between different para-
meters of absorbed dose and lesion-based response while considering that
the data from the same subject share the same random component. Of the
5 lesions segmented for each patient, 4 lesions excluding the least avid
lesions were termed index lesions and were analyzed collectively. The
results for the least avid index lesions were analyzed separately. Because
of lack of an established framework for SPECT lesion-based response, we
extrapolated from the 30% decrease used in PERCIST and RECIP
(32,33). A P value of less than 0.05 was considered significant.

RESULTS

Patient Characteristics
Fifty-seven sequential patients with metastatic castration-

resistant prostate cancer received 177Lu-PSMA RPT from June
2022 to January 2023. Seven patients did not meet the inclusion
criteria. A patient flowchart and the demographic data are pro-
vided in Table 1 and Supplemental Figure 1. Of the 50 patients
analyzed, 23 (46%) achieved a PSA50 response after cycle 2. Of
the 335 index lesions analyzed, 58% (194) were osseous, 32%
(107) were lymph nodes, and 10% (34) were soft-tissue lesions.
Two patients were low PSA secretors and were excluded from the
PSA response analysis. At the patient level, the average of the
mean absorbed dose at cycle 1 was 7.56 6.2Gy. At the lesion
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level, the average of the mean absorbed dose at cycle 1 was
6.76 6.6Gy (Fig. 1). The mean absorbed dose to kidneys during
cycles 1 and 2 was 1.16 0.2Gy and 1.16 0.5Gy, respectively
(Table 1).

Lesion-Based Response and PSA Response
The SPECTmean response from cycle 1 to cycle 2 was 46.8% 6

26.1% for responders and 26.2% 6 24.5% for nonresponders
(P 5 0.007). The SPECTmaximum response from cycle 1 to cycle 2

TABLE 1
Patient Demographics and Dosimetry Data

Parameter Data

Total patients (n) 50

Age, median 72 (IQR, 67.2–78.7)

Gleason grade group,* median 5 (IQR, 4–5)

Prior treatments (n)

ADT 50 (100%)

ARTT 50 (100%)

Chemotherapy 50 (100%)

Radical prostatectomy 18 (36%)

Radiation therapy 50 (100%)

Serum PSA before cycle 1, median 107.3 (IQR, 22.5–331.7)

Serum PSA after cycle 2, median 55.7 (IQR, 6.9–262.2)

Cycle 1, mean

Administered activity (GBq) 7.1 (SD, 6.9–7.4)

Mean absorbed dose to index lesions (Gy) 7.54 (SD, 6.87)

Maximum absorbed dose to index lesions (Gy) 14.6 (SD, 14.8)

Mean absorbed dose to kidneys (Gy) 1.1 (SD, 0.2)

Cycle 2, mean

Administered activity (GBq) 7.2 (SD, 7.1–7.4)

Mean absorbed dose to index lesions (Gy) 4.7 (SD, 5.1)

Maximum absorbed dose to index lesions (Gy) 9.8 (SD, 13.0)

Mean absorbed dose to kidneys (Gy) 1.1 (SD, 0.5)

Timing of posttreatment SPECT in relation to 177Lu-PSMA RPT, median (h)

Cycle 1 23. 9 (IQR, 21.3–25.9)

Cycle 2 24.6 (IQR, 21.3–26.2)

*Gleason grade – 4 5 Gleason score (31 5); 5 5 (414).
IQR 5 interquartile range; ADT 5 adrogen deprivation therapy; ARTT 5 androgen receptor–targeted therapy.

FIGURE 1. Scatterplots showing distribution of lesion-absorbed doses at cycle 1. (A) Mean of lesion mean absorbed dose within each individual patient,
with whiskers representing SD. (B) Mean absorbed dose for each individual index lesion, with whiskers representing SD of dose within individual lesion.
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was 45% 6 25.1% for responders and 19% 6 27.0% for nonre-
sponders (P 5 0.001). The SPECTVIP-PSMA response from cycle 1
to cycle 2 was 49.2% 6 30.3% for responders and 14% 6 34.7%
for nonresponders (P 5 0.0005, Fig. 2). There was an association
between PSA response and SPECTVIP-PSMA response for the index
lesions and for the single most avid lesion (R2 5 0.40 and
P , 0.0001 for index lesions and R2 5 0.35 and P , 0.0001 for
the single most avid lesion, respectively).

Lesion-Level Radiographic Response and SPECT-
Based Response
For the lymph nodes, there was an association between radio-

graphic response and SPECT-based response for the index lesions
(R2 5 0.58 and P , 0.0001 for SPECTmean response, R

2 5 0.67 and
P , 0.0001 for SPECTmaximum response, and R2 5 0.42 and P ,
0.0001 for SPECTVIP-PSMA response). For the soft tissues, among all
the parameters, SPECTVIP-PSMA response for the index lesions had
an association with the radiographic response (R2 5 0.34 and
P , 0.005). Additionally, for both the soft tissues and the lymph
nodes, no association was observed between the baseline lesion-
absorbed dose and the lesion-level radiographic response.

Baseline Lesion-Absorbed Dose and PSA Response
The mean lesion-absorbed dose at cycle 1 was 8.16 6.7Gy for

responders and 7.36 5.9Gy for nonresponders (P 5 0.7). The
maximum lesion-absorbed dose during cycle 1 was 15.86 13.0Gy
for responders and 14.06 11.8Gy for nonresponders (P 5 0.6).
The VIP-PSMA during cycle 1 was 104.96 238.0 for responders
and 61.06 74.6 for nonresponders (P 5 0.3). No association was
observed between the baseline lesion-absorbed dose and PSA
response (Supplemental Table 1).

Baseline Lesion-Absorbed Dose and Lesion-Based Response
With the 30% reduction response criterion, the mean absorbed

dose during cycle 1 was 7.76 8.3Gy in responders (n 5 30) and
7.36 4.6Gy in nonresponders (n 5 20) (P 5 0.8). The maximum
absorbed dose during cycle 1 was 14.96 10.6Gy in responders
and 14.16 13.8Gy in nonresponders (P 5 0.8). The VIP-PSMA
during cycle 1 was 113.46 240.0 in responders and 59.16 72.7 in
nonresponders (P 5 0.2). With a linear mixed-effects model at the
lesion level, there was a minimal relationship between baseline
absorbed dose and lesion-based response (R2 5 0.05, P 5 0.001,
for mean absorbed dose and SPECTmean response; R2 5 0.03,
P 5 0.007, for maximum absorbed dose and SPECTmaximum

response; Supplemental Table 1).

Location of Disease and Response
Lymph nodes had a higher mean absorbed dose than did osse-

ous metastases during cycle 1 (8.3Gy 6 9.4Gy and 5.96 4.5Gy,
respectively, P 5 0.001). However, no significant difference
was noted in the lesion-based response between lymph nodes and
osseous metastases (SPECTmean response of 36.9% vs. 33.7%,
P . 0.05). The mean absorbed dose during cycle 1 was the lowest
for soft-tissue metastases (5.66 4.1Gy), and there was no signifi-
cant difference between the lesion-based response in soft-tissue
metastases and in the other 2 metastatic sites (SPECTmean response
of 39%, P . 0.05, Supplemental Table 2).

Least Avid Lesions
There were 81 least avid lesions included. Although the mean

absorbed dose during cycle 1 was significantly lower in the least
avid lesions (3.686 4.2Gy, P , 0.001), there was no significant
difference in lesion-based response between the least avid and
other index lesions (SPECTmean of 30% vs. 36.5%, P . 0.05).

DISCUSSION

Our results suggest that patients with a PSA50 after 2 RPT cycles
showed a significantly better SPECT/CT lesion-based response than
did nonresponders. For the index lesions, neither the lesion-based
response nor the PSA response strongly correlated with the baseline
absorbed dose obtained using single SPECT imaging at 24h.
In routine clinical practice, it is common to perform 24-h 177Lu

SPECT/CT scans because of their practicality. Since these were the
only quantitative data available, we performed single-time-point
dosimetry using the H€anscheid method despite its not being the
optimal time point for dosimetric analysis as indicated by existing
literature (27,34–36). The H€anscheid method, particularly when
applied at the 24-h time point, underestimates absorbed doses to
both the kidneys and the tumors (35–37). Consequently, our com-
puted absorbed doses were comparatively lower than those reported
in the literature (19,20). Although the reported doses are underesti-
mated, the relative dose across patients and between patients at
cycles 1 and 2 are reflective of the effect of the absorbed dose.
We did not observe a relationship between baseline lesion-

absorbed dose and PSA response. Note that we looked at only 5
index lesions and not the total tumor burden. Violet et al. found
higher whole-body tumor doses in patients with a PSA50, but
index lesion dose did not correlate with PSA50 (19). Of note, they
compared index lesion–absorbed dose with patient-level response

FIGURE 2. SPECTmean response (A), SPECTmaximum response (B), and SPECTVIP-PSMA response (C) in PSA50 responders and nonresponders. Box
plots display median and first and third quartiles. One outlier was observed at2100% for SPECTVIP-PSMA response.
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and not with individual lesion-level response. Similarly, our results
did not show a relationship between baseline lesion-absorbed dose
and PSA response. V€olter et al. also failed to demonstrate a rela-
tionship between index lesion–absorbed dose and PSA response
(20). Conversely, a study investigating RPT in patients with low-
volume hormone-sensitive metastatic prostate cancer found a sta-
tistically significant correlation between the absorbed dose to the
index lesion and PSA response, although in only 10 patients (38).
We also observed an absorbed dose to the kidneys that would
result in a lower absorbed dose than the 23Gy to the kidneys
extrapolated from external-beam radiation therapy. It could be that
the lack of a dose–response relationship seen in our cohort is
because the absorbed doses do not yet meet a threshold for tumor
response; that is, we may be currently underdosing patients. Stud-
ies in the future that escalate the administered activity on the basis
of the limits of target organs may result in more robust dose–
response relationship. Dose escalation studies aiming to reach tox-
icity levels may establish a dose–response relationship in RPTs
that has not yet been demonstrated in the literature.
Although we found a statistically significant relationship between

baseline mean and maximum absorbed dose and their respective
SPECTmean and SPECTmaximum responses, the baseline absorbed dose
is not sufficient to explain the variation in SPECT lesion-based
response, suggesting that additional variables such as the tumor micro-
environment should also be taken into account. Larger solid tumors
with necrotic cores might have larger doses deposited in the necrotic
region and would require a higher dose in the periphery (39). The
tumor microenvironment, particularly the cancer-associated fibroblasts
and the secretory factors, contribute to radiation resistance through
signaling and immune modulation (40). Lastly, intrinsic radiation
sensitivity is influenced by DNA repair, apoptosis, cellular prolif-
eration, and hypoxia (41–43). Factors affecting tumor-absorbed
dose and response in RPT are not fully understood, and ongoing
analyses are aimed at shedding light on these aspects (44,45).
A recent study showed that 41.4% of the interviewed physicians

made decisions to discontinue RPT based on clinical progression
alone, signifying that the optimal measure for response assessment
in RPT is still unclear (46). PSA as an early marker of response is
not always accurate. Assessing measurable disease in radiographic
response assessment on CT is hindered by bone metastases
(47,48). PSMA PET–based parameters have been suggested
(33,49,50), but their clinical implementation has yet to be seen.
Our results suggest that the SPECTmean, SPECTmaximum, and

SPECTVIP-PSMA responses were significantly higher in PSA respon-
ders than nonresponders. A 40% association between SPECTVIP-

PSMA response and PSA response was noted in our study, whereas
this association was less than 10% for baseline absorbed dose and
lesion-based response. Additionally, we also demonstrated that
SPECTVIP-PSMA response correlated with radiographic response for
lymph nodes and soft-tissue metastases. Although baseline
absorbed dose did not correlate with subsequent response, the rela-
tive change in the absorbed dose over cycles does match PSA and
radiographic response well. The change in dose over cycles likely
indicates the radiation sensitivity of the tumor. In parallel with our
quantitative lesion-based dosimetric analysis, John et al. pursued a
qualitative approach to assess response to RPT using SPECT/CT
imaging assessment (51). SPECT/CT-based analysis, in terms of
both qualitative and quantitative parameters, is an efficient and
practical tool for response assessment to RPT.
One of the main limitations of this study is the use of single-

time-point dosimetry at 24 h using the H€anscheid method. More

accurate dosimetry with multiple time points or later time points
may be helpful to understand the relationship between dose and
response. Moreover, tumors usually present uptake and washout
phases (i.e., a biexponential behavior) that is not correctly mod-
eled by the H€anscheid simplification (27).
There are other limitations to our study as well. First, we did

not perform radiographic or PSMA PET–based response evalua-
tion to assess the dose–response relationship. Second, we did not
perform whole-body tumor dosimetry analysis, which may have
yielded different results; however, our goal was to understand rela-
tionships between dose and response at the lesion level. Third, the
impact of additional treatment cycles and cumulative activity on
the PSA outcomes for our patient group remains unclear because
we focused on response with the first 2 cycles.

CONCLUSION

Establishing dose–response relationship in RPT remains challeng-
ing. Quantitative dosimetry lesion-based analysis of SPECT/CT imag-
ing at cycles 1 and 2 of RPT predicted a better lesion-based response
in PSA responders. Patient with higher lesion-based responses on
cycle 2 dosimetry had a higher chance of PSA response. Although
we observed a significant relationship between baseline absorbed
dose and lesion-based responses, most of the variance in response
remains unexplained by baseline absorbed dose alone. Lesion-
based response on SPECT/CT in combination with PSA response
may serve as an early response marker to 177Lu-PSMA RPT.
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KEY POINTS

QUESTION: What is the relationship between baseline lesion-
absorbed dose and lesion-based response in 177Lu-PSMA-617
RPT, and how does this correlate with PSA response?

PERTINENT FINDINGS: PSA50 responders exhibited a
significantly better lesion-based response on SPECT/CT after
cycle 2 than did nonresponders. Although there was a relationship
between baseline absorbed dose and lesion-based response,
most of the variance cannot be attributed solely to baseline
absorbed dose.

IMPLICATIONS FOR PATIENT CARE: Incorporating lesion-
based response evaluation on SPECT/CT imaging with PSA
response may be a valuable early response marker for
177Lu-PSMA RPT.
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Peptide receptor radionuclide therapy presents the possibility of tracing
and quantifying the uptake of the drug in the body and performing
dosimetry, potentially allowing individualization of treatment schemes.
However, the details of how neuroendocrine tumors (NETs) respond to
different absorbed doses are insufficiently known. Here, we investigated
the relationship between tumor-absorbed dose and tumor response in a
cohort of patients with NETs treated with [177Lu]Lu-DOTATATE. Meth-
ods: This was a retrospective study based on 69 tumors in 32 patients
treated within a clinical trial. Dosimetry was performed at each cycle of
[177Lu]Lu-DOTATATE, rendering 366 individual absorbed dose assess-
ments. Hybrid planar–SPECT/CT imaging using [177Lu]Lu-DOTATATE
was used, including quantitative SPECT reconstruction, voxel-based
absorbed dose rate calculation, semiautomatic image segmentation,
and partial-volume correction. Changes in tumor volume were used to
determine tumor response. The volume for each tumor was manually
delineated on consecutive CT scans, giving a total of 712 individual
tumor volume assessments. Tumors were stratified according to grade.
The relationship between absorbed dose and response was investigated
using mixed-effects models and logistic regression. Tumors smaller than
4 cm3 were excluded. Results: In grade 2 NETs, a clear relationship
between absorbed dose and volume reduction was observed. Our
observations suggest a 90% probability of partial tumor response for an
accumulated tumor-absorbed dose of at least 135Gy. Conclusion: Our
findings are in accordance with previous observations regarding the rela-
tionship between tumor shrinkage and absorbed dose. Moreover, our
data suggest an absorbed dose threshold for partial response in grade 2
NETs. These observations provide valuable insights for the design of
dosimetry-guided peptide receptor radionuclide therapy schemes.

Key Words: radionuclide therapy; neuroendocrine; dosimetry; tumor;
[177Lu]Lu-DOTATATE; dose response
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For patients with metastatic somatostatin receptor–positive
neuroendocrine tumors (NETs), [177Lu]Lu-DOTATATE is an
essential treatment. Results from the NETTER-1 clinical trial

showed an improved median survival compared with treatment
with high-dose somatostatin analogs in small-intestine NETs, with
relatively modest side effects (1).
According to the established treatment scheme, all patients are

given the same number of cycles (4), with a fixed activity per cycle
(7.4 GBq). A radiobiologic perspective, however, suggests that the
treatment effect of [177Lu]Lu-DOTATATE could be improved
through patient-specific dosimetry. Dosimetry takes advantage of the
characteristics of the radioactive decay of 177Lu, for which there is an
intrinsic proportionality between the intensities of the cell-damaging
b-radiation and the measurable g-radiation, which provides a unique
opportunity to quantify, and thus individualize, treatment.
A few groups have studied individualized dosimetry-guided

[177Lu]Lu-DOTATATE treatment, with the overarching goal of miti-
gating side effects and increasing the antitumor effect. In these studies,
the cumulative administered activity was tailored to the patient, taking
into consideration the absorbed dose to organs at risk, mainly the kid-
neys, rather than the absorbed dose to the tumors. The cumulative
administered activity has been modified by either altering the number
of treatment cycles (while keeping the activity per cycle fixed) or alter-
ing the activity per cycle (while keeping the number of treatment
cycles fixed) (2–4). So far, these dosimetry-based [177Lu]Lu-DOTA-
TATE studies have not produced substantial survival benefits com-
pared with the NETTER-1 results (2,4–6), although differences in
patient populations preclude direct comparison of results.
The dosimetry-guided schedules adhere to an approach that maxi-

mizes the total administered activity within the constraints set by tis-
sues at risk. Treatment optimization according to this approach
assumes that a higher cumulative administered activity also results in
a higher tumor-absorbed dose, leading to a higher likelihood of tumor
response. However, in a previous study, a decreasing pattern in the
tumor-absorbed dose over treatment cycles was observed, which was
more pronounced for grade 2 (G2) NETs than for grade 1 (G1)
NETs (7), suggesting that the timing of treatment intensification dur-
ing the course of treatment could potentially also be of importance.
Still, fundamental pieces of knowledge are yet lacking in view

of treatment optimization. Data supporting the relationship between
tumor-absorbed dose and tumor response are still scarce for NETs
treated with [177Lu]Lu-DOTATATE. Existing observations suggest
that tumor shrinkage becomes more pronounced with increasing
absorbed doses in large pancreatic NETs (8). For small-intestine
NETs, a similar observation has been made, although with an argu-
ably weaker relationship (9,10). Nevertheless, data indicating which
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levels of absorbed doses are required to elicit tumor response do
not yet exist, further limiting optimization of dosimetry-guided pep-
tide receptor radionuclide therapy.
The aim of this study was to investigate parameters of importance

for the response of NETs, including the total administered activity and
the absorbed dose. Further aims included investigation of the existence
of an absorbed dose–response relationship and the possibility of iden-
tifying a threshold absorbed dose required to elicit tumor response.

MATERIALS AND METHODS

Patient and Tumor Selection
Tumor data were derived from the Iluminet trial (NCT01456078) (2),

a phase II nonrandomized clinical trial run at 2 sites in Sweden between
2011 and 2018. The study was approved by the institutional review
board, and all subjects signed an informed consent form. In total, 103
patients with somatostatin receptor–expressing NETs were included.
Tumors were allowed a Ki-67 index of no more than 20% (e.g., G1 and
G2 tumors) based on the most recent biopsy before inclusion in the study.
The included patients were given repeated cycles of [177Lu]Lu-DOTA-
TATE (7.4 GBq) at intervals ranging from 8 to 12 wk. Kidney dosimetry
was performed after each cycle. On reaching an accumulated renal bio-
logically effective dose of 276 2Gy, no further treatment cycles were
given. Patients younger than 70y with a good renal and hematologic tol-
erance and no signs of tumor progression were, however, allowed to con-
tinue up to a renal biologically effective dose of 406 2Gy. In the trial,
follow-up of tumor response was done according to RECIST 1.1, based
on contrast-enhanced CT (CECT) imaging and in a few cases MRI.
Follow-up started at baseline (the first CECT before treatment began) and
continued until the patient left the study. The intervals between CECT
scans were initially fixed to every 3mo, but with longer follow-up the
intervals were prolonged and in practice ranged between 3 and 12mo.

Data in this study were derived from the 48 patients in the ILUMI-
NET study treated at the facility in Lund. For a tumor to be eligible
for analysis, it needed to be quantifiable on both baseline CECT and
hybrid planar–SPECT/CT using [177Lu]Lu-DOTATATE images.
Tumors with unsatisfactory dosimetry in any cycle or unsatisfactory
visibility in subsequent CECT were excluded, as were skeletal tumors
and tumors that progressed during treatment.

Tumor Volumetry from CT Images
Tumors were identified on all postbaseline CECT (or MRI) scans

and were manually delineated using ARIA 15.6 (Varian Medical Sys-
tems, Inc.). When more than one CT contrast phase was available, the
tumor was delineated in the phase where it was most readily visible
throughout the range of scans. If the tumor was not sufficiently identi-
fiable, it was excluded from the analyses, as were bone tumors. From
defined volumes of interest (VOIs), tumor volumes were calculated by
the software and extracted.

Tumor volumes were analyzed graphically as a function of time
after baseline, and the times of the maximum (vmax) and minimum
(vmin) tumor volumes were identified. The relative tumor volume
reduction was calculated according to

Dv5ðvmax2vminÞ=vmax: Eq. 1

In most cases, vmax occurred at baseline. However, in some cases,
vmax occurred at the next time of follow-up. Moreover, for a few
tumors, the best response (vmin) occurred before the delivery of the
last treatment cycle. For complementary analyses, the smallest tumor
volume after treatment was then also scored.

Image-Based Dosimetry
Tumor dosimetry was based on a combination of SPECT/CT using

[177Lu]Lu-DOTATATE, performed at 1 d after administration, and

planar image data, with nominal acquisition times at 1, 24, 96, and
168 h. Details of the image acquisition and of the methods for activity
quantification and dosimetry have been presented earlier (7) and are
summarized in Supplement 1 (supplemental materials are available at
http://jnm.snmjournals.org) (11–13). Tumors were selected for analysis
if deemed eligible, according to the criteria for planar images detailed
previously (14). The absorbed dose to each tumor was determined for
each cycle. The cumulative absorbed dose was determined both as the
sum until the time of best response and as the sum over all delivered
cycles. Likewise, the cumulative administered activity was determined
until the time of best response and over all cycles. The uncertainty in
absorbed dose for each cycle was assessed similarly as in Gear et al.
(15). The uncertainty in cumulative absorbed dose over the cycles was
then calculated assuming independence between cycles. Further details
are provided in Supplement 2.

Statistical Analysis
Tumors with a volume reduction greater than or equal to 66% were

defined as responders, whereas the remaining tumors were defined as non-
responders. The cutoff volume reduction was derived from RECIST 1.1,
in which a reduction of more than 30% of the sum of diameters of prede-
termined lesions is classified a partial tumor response (16). Translated to
volume for spheres, 30% corresponds to a volume reduction of 66%.

The potential association between tumor response and the cumulative
absorbed dose, as well as the cumulative administered activity, was
examined by analyzing the difference between the means for responders
and nonresponders. To mitigate uncertainties in the tumor-absorbed
doses, which become higher for smaller volumes (15,17), a volume cut-
off was set such that tumors smaller than 4 cm3 on the baseline CECT
image were excluded from analysis. Since tumor grade has been previ-
ously found to affect the absorbed dose pattern over the cycles (7), sepa-
rate analyses were made for grade 1 and 2 NETs. To take potential
interaction between tumors in the same patient into account, a linear
mixed-effects model was used to test the difference in means between
responders and nonresponders, with patient identity included as a random
effect. A P value of less than 0.05 was considered statistically significant.
Supplement 3 provides details on the linear mixed-effects model.

For variables that exhibited a significant difference between respon-
ders and nonresponders, further analyses were made using nonlinear
mixed models including both logistic regression for dichotomized
response data and response-versus-dose modeling for continuous
response data. Logistic regression was used to model the tumor control
probability (TCP) by fitting of the logarithm of the odds ratio (Supple-
ment 4). A patient-specific random effect was included for the inter-
cept, and tumor grade was included as a factor. The SD in the
modeled TCP was determined from the Jacobian and propagation of
the covariance matrix obtained from model fitting. A 95% CI for the
modeled TCP was obtained as 1.96 times the SD. Receiver operating
characteristics were also analyzed to assess the consistency between
observed and model-predicted probabilities for response, with a 95%
CI estimated by bootstrapping with 104 bootstrap repetitions. Sensitiv-
ity and specificity were calculated for different absorbed doses.
Response-versus-dose modeling was performed according to the
asymptotic growth model using a nonlinear mixed model. A patient-
specific random effect was included for the curve amplitude, and grade
was included as a factor (Supplement 5). Normality of residuals was
confirmed using a quantile–quantile plot and the Shapiro–Wilk test.
Initial estimates for the model were obtained by making preliminary
fits using a nonmixed model, and a 95% CI was determined in a man-
ner corresponding to that for the logistic regression.

Statistical analyses were performed in R, version 4.2.2; mixed-effects
models were implemented in package LME4 and NLME (18); signifi-
cance tests were performed using emmeans, version 1.4.8-1; and receiver-
operating-characteristic analyses were based on the package pROC (19).
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RESULTS

Characteristics of Tumors
Initially, 275 tumors from 41 patients were included after an

assessment of their visibility on baseline CECT scans and hybrid
planar–SPECT/CT using [177Lu]Lu-DOTATATE images acquired
during therapy. Of these, 76 tumors were excluded because they
were not deemed eligible for dosimetry, 81 tumors were excluded
because of limited visibility on subsequent CECT scans, and 19
tumors were excluded because of immediate progression after
inclusion in the study. After these exclusions, 118 tumors from 38
patients remained. These were identified on every subsequent
CECT scan and delineated. After the exclusion of all tumors smal-
ler than 4 cm3, 69 tumors from 32 patients remained. Figure 1
demonstrates the selection process.
For the 32 patients, the time of follow-up ranged from 0.8 to

8.3 y, with a mean of 3.6 y and a median of 2.7 y. The number of
cycles administered to the included patients ranged from 2 and 9,
with a median of 5.5. The cumulative administered activity ranged
from 15 to 67 GBq, with a median of 41 GBq.
The number of tumors per patient ranged from 1 to 9, with a

median of 2. Table 1 summarizes the tumor origin and grade across
patients. Of the 69 included tumors, 41 (59%) were G1 and 28 were
G2 (41%). Forty-three (62%) tumors were of small-intestine origin,
and 26 (38%) originated from other organs (17 from the pancreas, 5
from the lung, 1 from the right colon, and 1 from the ovaries; 2
were of unknown origin). Of the 43 tumors from the small intestine,
34 (79%) were G1 and 9 (21%) were G2. Of the 26 tumors from
other organs, 7 (27%) were G1 and 19 (73%) were G2.
For all evaluated tumors, baseline volumes ranged from 4.0 to

630 cm3, with a median of 17.1 cm3. The tumor volume reduction
ranged from 6.0% to 100%, with a median of 69.9%. For G1
tumors, the median tumor volume reduction was 63%, whereas for
G2 it was 75%. The cumulative tumor-absorbed dose delivered
until best response ranged from 22 to 368Gy, with a median of
142Gy. For G1, the median absorbed dose was 179Gy (range,
35–368Gy), and for G2 the corresponding values were 109Gy
and 22–226Gy. The cumulative administered activity for G1
tumors was 22–67 GBq, with a median of 45 GBq. For G2 tumors,
the median value was 30 GBq, with a range of 15–45 GBq.

Evaluation of Variables and Their Association with Response
Table 2 summarizes the results from analysis of the association

between tumor response, cumulative administered activity, and
tumor-absorbed dose, with means calculated using a linear mixed-
effects model (Supplemental Eq. 1) and stratification according to
tumor grade.
The cumulative administered activities did not significantly dif-

fer between responders and nonresponders for either G1 or G2
NETs. The mean absorbed doses were significantly higher for
responding than for nonresponding G2 tumors (P 5 0.01). For G1
tumors, there was a clear numeric difference, but statistical signifi-
cance was not reached (P 5 0.08). Figure 2 shows the absorbed
dose data underlying Table 2 as box plots for G1 and G2 NETs,
for responding and nonresponding tumors. For 5 tumors in 4
patients (2 G1 and 2 G2), the best response occurred before the
delivery of all treatments. For this reason, complementary analyses
were also performed on the association between the best response
identified after treatment and the cumulative administered activity
or tumor-absorbed dose over all cycles. The difference between
this analysis and the results in Table 2 was thus the time when the
tumor response and absorbed dose were evaluated for the 5 tumors.

The results obtained were similar to those of Table 2 and Figure 3,
with mean absorbed doses of 167 versus 203Gy (G1) and 72 ver-
sus 129Gy (G2) for nonresponders and responders, respectively.
The results of the P values for differences between means were
also similar, and results were thus consistent with Table 2.

Relationship Between Absorbed Dose and Response
Figure 3 shows the probability of tumor control as a function of

absorbed dose for G2 NETs. As a significant difference in the
absorbed doses between responders and nonresponders was not
reached, corresponding analyses were not performed for G1 NETs.
Parameters describing the curve for G2 were obtained for the

intercept (b0 in Supplement 4) to 21.4460.78 (estimate 6 SE)
and rate constant for dose dependence ðb11b2Þ of
0.02760.01Gy21. The receiver-operating-characteristic analysis
yielded an area under the curve (AUC) of 0.89 (bootstrapped CI,
0.73–1). The optimal threshold (Youden J) TCP was obtained to
65%, corresponding to a sensitivity and specificity of 0.95 and
0.75, respectively, an odds ratio of 1.85 (95% CI, 0.71–4.85), and
an absorbed dose of 76Gy. From a clinical perspective, a TCP of,
for example, 90% may be considered more relevant. For an
absorbed dose of 135Gy, a TCP of 90% (95% CI, 64%–98%) was
obtained, corresponding to a sensitivity and specificity of 0.4 and
0.88, respectively. The continuous data underlying Figure 3 are
presented in Figure 4.
Analysis of these data with the asymptotic growth model (Sup-

plement 5) yielded a curve that leveled out at a volume reduction
of 78%. The curve parameter determining the amplitude (b01b1)
was obtained to 78% 6 7% (estimate 6 SE), and the slope
(b21b3) was obtained to 32612Gy. The relative uncertainty in
cumulative absorbed dose over cycles ranged from 4% to 10%,
with a mean of 5%. The major uncertainty contribution was asso-
ciated with estimation of tumor volume.

DISCUSSION

Our data provide empiric insights on parameters that govern the
tumor response in G1 and G2 NETs. For both grades, the adminis-
tered activity was found to be less informative as a predictor than
the absorbed dose was, although significance in the difference
between the absorbed doses for responders and responders was not
reached for G1 NETs.

275 tumors visible on CECT and
177Lu images at baseline

n = 275

76 tumors excluded due to
unsatisfactory dosimetry

n = 199

81 tumors excluded due to limited
visibility on subsequent CECTs

n = 118

19 tumors excluded due to
progression during treatment

n = 99

30 tumors excluded due to
volume less than 4 cm3

n = 69

FIGURE 1. Schematic overview of selection of included tumors.
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Our data suggest that G2 tumors that respond well to peptide
receptor radionuclide therapy generally have received a higher
absorbed dose than G2 tumors that do not respond as well. In G1
tumors, similar results were observed, but without reaching signifi-
cance. Although this particular observation is new, it also harmo-
nizes well with previous data showing a dose–response relationship
in the generally faster-growing pancreatic NETs but a less distinct
dose–response relationship in the generally slower-growing small-
intestine NETs (9,10). In our material, a majority of G1 tumors
(83%) were small-intestine NETs whereas a minority of G2 tumors
(32%) were small-intestine NETs. Taken together, the available
data strongly suggest that there exists a relationship between
response and increased absorbed doses in G2 tumors.
The cutoff in tumor volume on the baseline CECT was set to

limit the influence of dosimetry uncertainties. The cutoff of 4 cm3

was established as a compromise between loss of data and dosime-
try uncertainties. Notably, the absorbed doses were determined for
each cycle and then summed over cycles, and the relative uncer-
tainty in the cumulative absorbed dose was thus expected to be
lower than for a single cycle. However, as a consequence, approxi-
mately 40% of the analyzed tumor data were excluded. This is
considered a major limitation to this study, as the relationship
between absorbed dose and response for small tumors is left unan-
swered. In addition to the relatively sparse number of included
tumors and patients, further limitations to this study are its retro-
spective and nonrandomized nature. Moreover, because of the
time-consuming nature of tumor volume assessment, only one
observer assessed the tumor volumes, possibly making CECT
volumetry susceptible to operator bias.
To further elucidate the reasons behind the negative results

obtained for G1 NETs, an exploratory analysis was performed of
the impact of tumor volume at baseline. As the absorbed dose was

not considered for this analysis, the 4 cm3 volume cutoff was not
required, and volume data on 118 tumors could be included.
G1 and G2 tumors were separated into 2 groups based on their ini-
tial volume and the mean volume decrease estimated for the
respective group using a linear mixed-effects model corresponding
to Supplemental Equation 3.1, for different volume thresholds.
Figure 5 shows box plots separated by tumor volumes below or
above 30 cm3 at baseline. For G1, there was a significant differ-
ence (P 5 0.001) in the mean volume reduction between the 2
groups, with means of 70% versus 48% (medians, 70% vs. 47%).
For G2, there was a similar tendency, although the difference was
not significant (P 5 0.07), with means of 73% versus 63% (medi-
ans, 86% vs. 59%). Although data did not allow for inclusion of
baseline volume as a factor for the dose–response analyses, we
find the observation interesting, in particular for G1 NETs. The
expression of somatostatin 2 receptors has, in preclinical studies,
been shown to vary across the tumor, implying that the activity
uptake can be nonuniform (20,21). Most G1 tumors originate from
small-intestine cells, known to excrete profibrotic substances, pos-
sibly then affecting the distribution of active tumor cells (22). In
preclinical studies, the radiobiologic response has been observed to
be nonuniform, protracted, and associated with cellular senescence
(20). It is reasonable to assume that the nonuniformity is more pro-
nounced for large than small tumors. In the perspective of the mean
range of the b-particles emitted from 177Lu, which is less than
0.5mm in soft tissue, the absorbed dose distribution becomes nonu-
niform within the tumor, which together with a nonuniform distri-
bution of active tumor cells may affect response. Possibly, therapy
using 90Y, with a longer electron range, could counteract the effects
of nonuniformity (23).
To our knowledge, this was the first study to estimate the TCP

in NETs treated with [177Lu]Lu-DOTATATE. Because of the

TABLE 1
Tumor Origin and Grade

Tumor Patient

Tumor grade Tumor grade

Tumor origin G1 (n 5 41) G2 (n 5 28) Tumor origin G1 (n 5 18) G2 (n 5 14)

Small-intestine NET (n 5 43) 34 9 Small-intestine NET (n 5 21) 14 7

Other NET (n 5 26) 7 19 Other NET (n 5 11) 4 7

TABLE 2
Cumulative Administered Activity and Absorbed Dose for G1 and G2 NETs

Administered activity (GBq) Absorbed dose (Gy)

Grade Response* Mean P Mean P

G1 Nonresponder 41 0.25 163 0.08

Responder 43 203

G2 Nonresponder 34 0.53 68 0.01

Responder 35 128

*Responders have $66% tumor volume reduction; nonresponders have ,66% tumor volume reduction.
Means were estimated using linear mixed-effects models, and P values refer to difference between means.
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small sample size, data did not allow for evaluation of the predic-
tion capability, and the presented results would benefit from verifi-
cation in an independent patient cohort. Nevertheless, our results
appear to harmonize with 2 previous studies, exploring dose–
response relationships in mixed populations of NET patients trea-
ted with 90Y selective internal radiation therapy (24,25). In these
studies, tumor-absorbed dose cutoffs of 191.3 and 200Gy were
found to be predictive of tumor response, with 93% and 80% sen-
sitivity, respectively (24,25). Although these absorbed doses are
slightly higher than those obtained in this study, the differences in
treatment mode, radionuclide, and tumor characteristics, and the

relatively small sample size in all 3 studies, make our results com-
parable and suggest that they may be clinically applicable.
In our clinical experience, some patients with a large tumor bur-

den and distinct tumor-related symptoms may benefit from a swift
reduction in tumor volume. In these cases, we believe it advisable
to aim for a total tumor-absorbed dose of at least 150Gy. It is,
however, unclear whether tumor shrinkage is the ultimate goal in
the treatment of NET patients in general. Low-grade NET is gen-
erally an indolent disease in which the patient lacks debilitating

FIGURE 5. Volume reduction relative to baseline for G1 and G2 NETs,
separated by 30 cm3 tumor volume at baseline. Horizontal box-lines indicate
median and 25th and 75th percentiles, and whiskers indicate 1.5 times
interquartile range. Markers represent individual tumor data; horizontal dis-
persion within each box was introduced for purpose of visibility.

FIGURE 2. Cumulative absorbed dose until best response of G1 and G2
NETs, separated by volume reduction relative to baseline of 66%. Horizontal
box-lines indicate median and 25th and 75th percentiles, and whiskers indi-
cate 1.5 times interquartile range. Markers represent individual tumor data;
horizontal dispersion within each box has been introduced for purpose of
visibility.

FIGURE 3. TCP for G2 NETs, as function of cumulative absorbed dose
over all cycles. Tumor control was defined as 66% volumetric reduction
after baseline. Colored points indicate data for individual tumors, where
same color represents same patient. Black line shows result of logistic
regression via mixed-effects model, and gray-shaded band indicates CI
for fitted TCP curve.

FIGURE 4. Tumor volume reduction as function of cumulative absorbed
dose over all cycles to G2 NETs. Colored points indicate data for individ-
ual tumors, with same color representing same patient, and error bars
indicate 6SD in cumulative absorbed dose. Black line shows result of
modeling using mixed-effects asymptotic growth model, and gray-shaded
band indicates CI for fitted curve.
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symptoms for long periods but in which the tumor eventually pro-
gresses. In these cases, time to tumor growth after peptide receptor
radionuclide therapy might be a more relevant response metric
than tumor shrinkage. This would also provide a response metric
that may be more clinically attractive and possibly more suitable
for response assessment of G1/small-intestine NETs. In our mate-
rial, there were too few tumors that progressed during the observa-
tion period to enable such an analysis.

CONCLUSION

Our data are in accordance with previous observations that
tumor response is dependent on tumor-absorbed dose in NETs
treated with [177Lu]Lu-DOTATATE. Moreover, our data suggest
a TCP of 90% in tumors for an accumulated absorbed dose of at
least 135Gy. These observations provide valuable insights for the
design of future dosimetry-guided peptide receptor radionuclide
therapy schemes.
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KEY POINTS

QUESTION: Is tumor response dependent on the absorbed dose
in NETs treated with[177Lu]Lu-DOTATATE, and does a dose
threshold for tumor response exist?

PERTINENT FINDINGS: In our retrospective study comparing
dosimetry-derived tumor-absorbed doses and tumor response in
NET G2 patients treated with [177Lu]Lu-DOTATATE, a statistically
significant correlation between tumor response and tumor-
absorbed dose was found. Moreover, a tumor-absorbed dose of
135Gy was suggested to provide a TCP of 90%.

IMPLICATIONS FOR PATIENT CARE: Our data suggest that
future dosimetry-guided treatment schemes of [177Lu]Lu-DOTA-
TATE in NETs should aim for an accumulated tumor-absorbed
dose of at least 135Gy.
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Randomized Trial of Prostate-Specific Membrane
Antigen PET/CT Before Definitive Radiotherapy for
Unfavorable Intermediate- and High-Risk Prostate
Cancer (PSMA-dRT Trial)
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This multicenter randomized phase III trial (NCT04457245) evaluated
the effect of performing prostate-specific membrane antigen (PSMA)
PET/CT before definitive radiotherapy. Methods: Men with unfavor-
able intermediate- or high-risk prostate cancer were randomized
1.08:1 between receiving and not receiving a PSMA PET/CT scan
before definitive radiotherapy. All other imaging modalities were
allowed in the control arm. The primary endpoint was 5-y progression-
free survival. Results: Fifty-four men were randomized between
November 2020 and December 2021 (PSMA PET/CT, n 5 25; control,
n5 29). The trial closed early after approval and insurance coverage of
PSMA PET/CT. In the PSMA PET/CT arm, 14 patients had localized
disease (miT2b-cN0M0), 6 had locally advanced disease (miT3a-
bN0M0), 3 had regional metastasis (miN1M0), and 1 had distant metas-
tasis (miM1b). Four patients were upstaged. Conclusion: PSMA
PET/CT upstaged 17% of patients, which allowed for more accurate
radiotherapy planning. Unfortunately, this trial closed early before com-
pletion of target enrollment (54/316, 17%) and was underpowered to
assess the effect of PSMA PET/CT on progression-free survival.

Key Words: PET; prostate cancer; prostate-specific membrane
antigen; radiation therapy; randomized clinical trial
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Prostate-specific membrane antigen (PSMA) is highly expressed
in prostate cancer cells, making it an excellent target for PET radio-
tracers used to detect prostate cancer. PSMA PET/CT offers superior
diagnostic accuracy for nodal and distant metastasis compared with
both conventional imaging (CT, bone scanning, and MRI) (1,2) and
non-PSMA radiotracer PET scans (3–5).

Nonrandomized studies that used PSMA PET/CT for staging
before definitive radiotherapy (dRT) reported distant metastasis in
6%–9% of patients and findings that led to either radiation dose
escalation or pelvic lymph node irradiation in 13%–20% of
patients (6–9). However, the effect of PSMA PET/CT staging
before dRT on clinical outcomes has not been well studied in a
randomized controlled trial. Here, we discuss the results of the
PSMA-dRT phase III randomized controlled trial.

MATERIALS AND METHODS

Study Population
The PSMA-dRT trial was a multicenter phase III randomized con-

trolled trial (ClinicalTrials.gov identifier NCT04457245). This was an
investigator-initiated trial supported by Progenics Pharmaceuticals
Inc., conducted under investigational new drug application 147591.
The UCLA institutional review board approved this study (approval
20-000378) and all subjects gave written informed consent. The study
protocol (supplemental material, available at http://jnm.snmjournals.
org) was previously published (10).

This study was designed to randomize 312 men with unfavorable
intermediate- or high-risk prostate cancer 1.08:1 between receiving and
not receiving a PSMA PET/CT scan. This randomization was chosen to
account for an estimated detection rate of 8% for extrapelvic metastasis
on PSMA PET/CT. Patients in the intervention arm who were found to
have extrapelvic metastasis were no longer eligible for dRT and were
not included in the primary endpoint analysis. In the intervention arm,
reports and DICOM images of the PSMA PET/CT were transferred to
the treating radiation oncologist before radiotherapy planning. In the
control arm, patients were staged per physician discretion (CT, MRI,
bone scanning, or PET/CT with a non-PSMA radiotracer).

Radiotherapy Delivery
Radiotherapy was delivered at the treating radiation oncologist’s

facility. The treating radiation oncologist decided on the radiation
modality (external-beam radiotherapy, low-dose-rate brachytherapy,
high-dose-rate brachytherapy, or external-beam radiotherapy with a
brachytherapy boost), radiation dose, fractionation (conventionally frac-
tionated, moderately hypofractionated, or stereotactic body radiotherapy),
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inclusion of elective pelvic lymph nodes, and inclusion of androgen dep-
rivation therapy.

Patient Follow-up
Patients had follow-up visits with the treating radiation oncologist

every 3–4 mo for the first year and every 6 mo thereafter. Patients
underwent prostate-specific antigen testing around the time of each
follow-up visit. Imaging follow-up was ordered per physician discre-
tion if disease progression was suspected on the basis of a rising
prostate-specific antigen level.

Study Endpoints
The primary endpoint was progression-free survival (PFS) at 5 y.

Progression was defined as whichever of the following occurred first:
prostate-specific antigen level more than 2 ng/mL above the postra-
diotherapy nadir, recurrence on imaging or biopsy, initiation of sal-
vage therapy, or death. Progression was calculated starting from the
time of randomization.

Statistical Analysis
Differences in patient and treatment characteristics between the 2

cohorts were compared using the Pearson x2 test for categoric vari-
ables and 2-tailed t tests for continuous variables. PFS was calculated
using Kaplan–Meier survival analysis. Comparisons were made using
log rank testing. All statistical analyses were performed using SPSS
Statistics, version 28 (IBM Corp.).

RESULTS

Between November 2020 and December 2021, 54 patients were
randomized (PSMA PET/CT, n 5 25; control, n 5 29). Two
patients withdrew after randomization and were excluded (Fig. 1).
Table 1 describes patient and treatment characteristics. There were
no significant differences between the 2 groups.

Among patients staged using PSMA PET/CT in the intervention
arm (n 5 24), 14 had localized disease (miT2b-cN0M0), 6 had
locally advanced disease (miT3a-bN0M0), 3 had regional metastasis
(miN1M0), and 1 had regional and distant metastasis (miN1M1b).
Four were upstaged relative to baseline: 1 with locally advanced
disease, 2 with regional metastasis, and 1 with distant metastasis.
All 3 patients with miN1M0 disease received pelvic lymph

node irradiation. The patient with miN1M1b disease received
upfront androgen deprivation therapy with abiraterone acetate and
prednisone followed by consolidative radiotherapy to the prostate
and pelvic lymph nodes.
After U.S. Food and Drug Administration approval of PSMA

PET/CT radiotracers in 2021, patients gained access to PSMA
PET/CT as a standard, medically reimbursed procedure. Conse-
quently, the trial closed prematurely in February 2022 after the
recruitment rate significantly decreased.
At the time of this analysis (August 2023), median follow-up

was 21mo (interquartile range, 17.6–26.3mo). There were no cases
of biochemical recurrence, disease recurrence, or prostate cancer–
specific death in either arm. There were 2 nonprostate cancer deaths
in the PSMA PET/CT arm. Two-year PFS was 93.8% for the
PSMA PET/CT arm and 100% for the control arm. There were no
significant differences between the 2 groups (Fig. 2, P 5 0.13).

DISCUSSION

In this study of men with unfavorable intermediate- or high-risk
prostate cancer, PSMA PET/CT upstaged 1 in 6 patients relative
to baseline staging. This information guided target volume delin-
eation, radiation dose, and hormone therapy intensification. This
suggests that the adoption of PSMA PET/CT for primary staging
in this patient population impacts management choices.
Unfortunately, this study was terminated prematurely after Food

and Drug Administration approval of PSMA PET/CT radiotracers.
Before Food and Drug Administration approval, there was signifi-
cant interest in this trial among patients and enrolling physicians
because of the otherwise significant hurdles to obtaining PSMA
PET/CT. After Food and Drug Administration approval, most
medical insurance companies in the United States covered PSMA
PET/CT scans for primary staging of men with high-risk or unfa-
vorable intermediate-risk prostate cancer, significantly reducing
enrollment and the feasibility of the control arm.
As a result, this trial was closed after randomizing only 54 men,

thus significantly reducing the statistical power of this study to
detect a PFS difference. A second limitation is the low frequency
of biochemical recurrence and disease progression in the first 2 y
after dRT. Even in cohorts that include men with high-risk pros-
tate cancer, reported 2-y rates are less than 5% (11). Thus, the
only observed PFS events were 2 nonprostate cancer deaths in the
PSMA PET/CT arm.
When examining upstaging rates of PSMA PET/CT compared

with other imaging modalities, we found consistency with previ-
ously reported, prospective trials. The proPSMA study reported
that PSMA PET/CT led to more frequent management changes
than did conventional imaging (28% vs. 15%, P 5 0.008) (1). A
prospective, multicenter study in Australia by Roach et al. found
that PSMA PET/CT changed management in 21% of cases (9).
These are both similar to the 16.7% reported in our study.
Across multiple prospective studies, PSMA PET/CT has been

shown to have superior accuracy and sensitivity for staging
patients compared with conventional imaging. This information

FIGURE 1. CONSORT (Consolidated Standards of Reporting Trials) flow
diagram.
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TABLE 1
Patient and Treatment Characteristics

Characteristic Control arm PSMA PET/CT arm

All patients*

Median age (y) 73.6 70.7

Race

White 17 (58.6%) 16 (64.0%)

African American 2 (6.9%) 2 (8.0%)

Other 10 (34.5%) 7 (28.0%)

NCCN risk group

Unfavorable intermediate risk 14 (48.3%) 11 (44.0%)

High risk 15 (51.7%) 14 (56.0%)

Median initial PSA (ng/mL) 8.4 (IQR, 4.9–20.5) 10.7 (IQR, 6.4–12.9)

Gleason score

#7 18 (62.1%) 13 (52.0%)

8 5 (17.2%) 4 (16.0%)

9–10 6 (20.7%) 8 (32.0%)

T stage by conventional imaging

T1–2 25 (86.2%) 20 (80.0%)

T3–4 4 (13.8%) 5 (20.0%)

N stage by conventional imaging

N0/Nx 27 (93.1%) 23 (92.0%)

N1 2 (6.9%) 2 (8.0%)

Conventional imaging performed

CT 1 (3.4%) 1 (4.0%)

MRI 8 (27.6%) 7 (28.0%)

CT and MRI 3 (10.3%) 2 (8.0%)

Bone scan and CT 1 (3.4%) 1 (4.0%)

Bone scan and MRI 0 (0%) 3 (12.0%)

Bone scan, CT, and MRI 11 (37.9%) 10 (40.0%)
18F-fluciclovine PET and MRI 4 (13.8%) 0 (0%)
18F-fluciclovine PET, MRI, bone scan, and CT 1 (3.4%) 0 (0%)
18F-fluciclovine PET, bone scan, and CT 0 (0%) 1 (4.0%)

Patients included in primary endpoint analysis†

Concurrent ADT 21 (75.0%) 18 (75%)

Pelvic lymph node irradiation 7 (25.0%) 8 (33.3%)

PSMA PET/CT miTNM stage —

miT2bN0M0 10 (41.7%)

miT2cN0M0 4 (16.7%)

miT3aN0M0 4 (16.7%)

miT3bN0M0 2 (8.3%)

miT3aN1M0 3 (12.5%)

miT3bN1M1b 1 (4.2%)

*All patients in the study (n 5 29 patients in the control arm and 25 patients in the PSMA PET/CT arm).
†Patients included in primary endpoint analysis (n 5 28 patients in the control arm and 24 patients in the PSMA PET/CT arm).
NCCN 5 National Comprehensive Cancer Network; PSA 5 prostate-specific antigen; IQR 5 interquartile range; ADT 5 androgen

deprivation therapy.
Data are number and percentage unless otherwise indicated.
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can guide radiation volume delineation, radiation dose escalation,
and hormone therapy intensification. The rapid adoption and avail-
ability of PSMA PET/CT staging has already changed prostate
cancer treatment across the world. As a result of its success, the
window to conduct prospective randomized controlled trials and
show long-term clinical outcome benefits is closing. This raises
questions about the expectations of the medical community to first
demonstrate improved oncologic outcomes before widespread
adoption. Including PSMA PET/CT staging in the design of future
clinical trials is now warranted, and strong consideration must be
given to how and whether PSMA PET/CT-based endpoints should
be included as primary or secondary endpoints in clinical trials.

CONCLUSION

PSMA PET/CT upstaged 17% of patients, which allowed for
more accurate radiotherapy planning. Unfortunately, this trial was
underpowered to assess the effect of PSMA PET/CT on progression-
free survival.
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KEY POINTS

QUESTION: What is the effect of performing PSMA PET/CT
before dRT for prostate cancer?

PERTINENT FINDINGS: One in 6 patients was upstaged by
PSMA PET/CT. This study closed early before completion of
target enrollment (54/316, 17%) and was underpowered to
assess the effect on PFS.

IMPLICATIONS FOR PATIENT CARE: Information from PSMA
PET/CT can guide radiation volume delineation, radiation dose
escalation, and hormone therapy intensification.
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18F-rhPSMA-7.3 (18F-flotufolastat) is a high-affinity prostate-specific
membrane antigen–targeted diagnostic radiopharmaceutical for PET
imaging in patients with prostate cancer. Here, we report findings
from the SPOTLIGHT study (NCT04186845), assessing the perfor-
mance of 18F-flotufolastat PET/CT for identifying prostate-specific
membrane antigen–positive lesions confirmed by standard of truth
(SoT) in men with biochemical recurrence of prostate cancer and neg-
ative conventional imaging at baseline.Methods:Men with biochemi-
cal recurrence received 296 MBq of 18F-flotufolastat intravenously
and then underwent PET/CT 50–70min later. 18F-flotufolastat PET/CT
findings were evaluated by 3 masked central readers and verified
using histopathology or follow-up confirmatory imaging (CT, MRI,
bone scan, or 18F-fluciclovine PET/CT) as the SoT. The present analy-
sis evaluated all patients who had negative conventional imaging at
baseline, underwent 18F-flotufolastat PET/CT, and had SoT verifica-
tion by histopathology or follow-up confirmatory imaging to report
detection rate (DR), which is the number of patients with at least 1
PET-positive lesion, divided by the number of evaluable patients, and
verified DR (VDR), which is the proportion of patients with at least 1
true-positive lesion as verified by SoT, of all patients scanned (PET-
positive and PET-negative scans). DR and VDR were calculated and
stratified according to prior therapy. Majority read data (agreement
between$2 readers) are reported. Results: In total, 171 patients with
negative baseline conventional imaging and SoT by histopathology or
post-PET confirmatory imaging were evaluated. By majority read, the
overall 18F-flotufolastat DR among these patients was 95% (163/171;
95% CI, 91.0%–98.0%), and 110 of 171 of these patients had at least
1 true-positive lesion identified (VDR, 64%; 95% CI, 56.7%–71.5%).
In the postprostatectomy group (133/171), 8.3% of patients had at
least 1 true-positive lesion in the prostate bed, 28% in pelvic lymph
nodes, and 35% in other sites. Among those who had received radio-
therapy (36/171), 50% of patients had true-positive detections in the
prostate, 8.3% in pelvic lymph nodes, and 36% in other sites.

Conclusion: 18F-flotufolastat frequently identified true-positive pros-
tate cancer lesions in patients with negative conventional imaging.
18F-flotufolastat may help to better define sites of disease recurrence
and inform salvage therapy decisions than does conventional imag-
ing, potentially leading to improved outcomes.

Key Words: 18F-flotufolastat; PSMA; rhPSMA; prostate cancer; bio-
chemical recurrence
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To effectively manage recurrent prostate cancer, it is essential
to have accurate imaging techniques since the presence, volume,
and distribution of disease will determine therapeutic choices (1).
Prostate-specific membrane antigen (PSMA)–targeting radiophar-
maceuticals have recently been included in the National Compre-
hensive Cancer Network, the American Society of Clinical
Oncology guidelines, and the European guidelines for prostate
cancer detection and selection for radiopharmaceutical therapy
with PSMA-targeted agents, such as 177Lu-PSMA-617 (2–4).
PSMA-targeted PET radiopharmaceuticals such as 18F-DCFPyL
(18F-piflufolastat; Pylarify; Lantheus) and 68Ga-PSMA-11 offer
improved sensitivity, specificity, and overall diagnostic accuracy
compared with conventional imaging methods such as CT, MRI,
and bone scintigraphy (2,4).
The PSMA-targeting radiopharmaceutical 18F-flotufolastat (18F-

rhPSMA-7.3) has recently been approved by the U.S. Food and
Drug Administration for diagnostic PET imaging of patients with
unfavorable intermediate- and high-risk prostate cancer who are
candidates for initial definitive therapy and for patients with sus-
pected biochemical recurrence (BCR) based on elevated serum
prostate-specific antigen (PSA) levels (5). 18F-flotufolastat is a
high-affinity PSMA-targeting PET radiopharmaceutical that is rep-
resentative of a novel class of radiohybrid PSMA ligands that can
be labeled with 18F for diagnostic imaging or with a- or b-emitting
radiometals for systemic radiation therapy (6). 18F-flotufolastat is a
single diastereoisomer of 18F-rhPSMA-7 that shows high PSMA
binding affinity and internalization by PSMA-expressing cells and
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a favorable diagnostic performance in patients with prostate cancer
(6–9). 18F-flotufolastat was selected for clinical development on the
basis of preclinical assessments (7). Its favorable biodistribution
profile in healthy volunteers and patients with prostate cancer (10–
12) correlates with clinical data that show the low average urinary
excretion of 18F-flotufolastat does not impact image assessment for
most patients (13). Primary data from the phase 3 SPOTLIGHT
study (NCT04186845) show high detection rates (DRs) and
standard-of-truth (SoT)–verified DRs (VDRs) with 18F-flotufolastat
for the accurate localization of recurrent prostate cancer across wide-
ranging PSA values, alongside a favorable safety profile (14–16).
In this predefined exploratory analysis of the SPOTLIGHT

study, we investigate the added clinical value of 18F-flotufolastat
PET/CT over conventional imaging and assess 18F-flotufolastat
PET/CT findings of local, nodal, and metastatic disease in patients
with BCR and negative conventional imaging and patients who
had SoT verification of PET/CT findings by histopathology or
follow-up confirmatory imaging.

MATERIALS AND METHODS

Study Design and Patients
SPOTLIGHT was a phase 3, prospective, multicenter, open-label,

single-arm study (15). As previously reported, the study protocol was
approved by the independent ethics committee from each study site,
and all patients provided written informed consent before enrollment
(15). Men older than 18 y with previously treated and localized pros-
tate cancer and a PSA level after radical prostatectomy (RP) (with or
without radiotherapy) of at least 0.2 ng/mL (with confirmation), or
nadir plus 2 ng/mL after radiotherapy, were eligible for inclusion if
they were being considered for curative-intent salvage therapy (15).

Baseline Assessments
Recent conventional imaging was accepted if it had been collected

90 d or fewer before screening. If no conventional imaging was avail-
able, this was performed during the baseline assessments (primarily
MRI, CT, bone scintigraphy, and 18F-fluciclovine PET/CT) (15).

Imaging Procedures
18F-flotufolastat PET/CT took place on day 1, as previously

described (15). All PET/CT images were first read onsite to guide SoT
verification activities before being sent for interpretation by 3 masked
independent central readers. PET/CT findings were verified using his-
topathology or follow-up confirmatory imaging (CT, MRI, bone scan,
or 18F-fluciclovine PET/CT) as the SoT within 90 d after 18F-flotufola-
stat PET/CT. When feasible, image-guided biopsies of suspected
lesions identified by 18F-flotufolastat PET/CT were performed within
60 d. A SoT consensus panel reviewed all available images using pre-
specified criteria (15).

Efficacy Endpoints
The overall patient-level DR was the number of patients with at

least 1 PET-positive lesion divided by the number of patients with
an evaluable PET scan. The VDR was the proportion of patients with
at least 1 true-positive lesion verified by SoT, regardless of any coex-
isting false-positive lesions, of all patients scanned (including both
PET-positive and PET-negative patients) (15). Any 18F-flotufolastat
PET-positive lesion not proven as a true-positive lesion by the SoT
was categorized as a false-positive lesion by default. DR and VDR
data were analyzed according to the patients’ prior therapy and are
presented at a patient level as well as by region: prostate or prostate
bed, pelvic lymph nodes, or other (extrapelvic nodes, bone, viscera,
and other soft tissues).

Statistical Analysis
The efficacy analysis population comprised all patients who under-

went 18F-flotufolastat imaging and had sufficient data for SoT determi-
nation (15). The present analysis focuses on patients in the efficacy
analysis population who had negative conventional imaging at base-
line and SoT confirmation through histopathology or follow-up con-
firmatory imaging. Imaging endpoints were summarized as point
estimates (percentages) for the majority read (agreement between $2
readers), alongside 2-sided 95% CIs.

RESULTS

Patients
In total, 250 of 366 (68%) patients in the efficacy analysis popu-

lation had negative conventional imaging at baseline. Of these
patients, 171 of 250 (68%) had SoT determination based on histo-
pathology (n 5 46) or follow-up confirmatory imaging (n 5 125)
(Fig. 1). The baseline characteristics for these patients are pro-
vided in Table 1.

18F-Flotufolastat–Positive Lesions in Patients with Negative
Conventional Imaging
The overall 18F-flotufolastat DR in patients with negative baseline

imaging and post-PET SoT confirmation was 95% (163/171; 95% CI,
91.0%–98.0%) by majority read (Fig. 2; Supplemental Fig. 1; supple-
mental materials are available at http://jnm.snmjournals.org). The
VDR was 64% (110/171; 95% CI, 56.7%–71.5%) (Fig. 2).
Regional 18F-flotufolastat PET/CT DRs by majority read (Fig. 2;

Supplemental Fig. 1) were 40% in the prostate or prostate bed, 39%
in pelvic lymph nodes, and 47% in other sites. Verification of these
lesions (predominantly by imaging) gave the following VDRs: 17%

Screen failures: 29

420 patients consented
(conventional imaging performed

historically or at baseline)

391 received 18F-flotufolastat

389 with an evaluable PET/CT

366 with data to determine SoT
(EAP)

250 with negative conventional
imaging at baseline

PET/CT not evaluable: 2

Incomplete SoT
assessment: 23

171 with negative baseline
conventional imaging and post-

PET SoT confirmation were
included

• Confirmatory imaging SoT: 125
• Histopathology SoT: 46

Baseline/historical
imaging SoT only: 79

Positive conventional
imaging at baseline: 116

FIGURE 1. Standards for Reporting of Diagnostic Accuracy flow dia-
gram of study participants. EAP5 efficacy analysis population.
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TABLE 1
Patient Baseline Characteristics and 18F-Flotufolastat PET/CT and SoT Details

Parameter

Patients with negative baseline
conventional imaging

and post-PET SoT (n 5 171)

Age (y) 69 (45–85)

Gleason score

#6 12 (7.0%)

7 101 (59%)

$8 53 (31%)

Missing 5 (2.9%)

ISUP grade group

1 12 (7.0%)

2 44 (26%)

3 52 (30%)

4 21 (12%)

5 32 (19%)

Missing 10 (5.8%)

Time from initial prostate cancer diagnosis (mo) 71 (2–409)

Prior therapy

With prior prostatectomy 133 (78%)

With radiotherapy 67 (39%)

Without radiotherapy 66 (39%)

Without prior prostatectomy 38 (22%)

With radiotherapy 36 (21%)

With other therapy 2 (1.2%)

With no prior therapy 0 (0%)

Baseline PSA for all patients (ng/mL) 1.40 (0.20–48.70)

Patients with PSA ,1ng/mL 71 (42%)

Patients with PSA ,2ng/mL 95 (56%)

Baseline PSA for patients treated with prior prostatectomy with or without
radiotherapy (ng/mL)*

0.85 (0.20–22.71)

Baseline PSA for patients treated with prior radiotherapy only (ng/mL)† 4.08 (1.11–48.70)‡

18F-Flotufolastat

Administered activity in MBq 306.3 (230.14–355.20)

Administered activity in mCi 8.28 (6.22–9.60)

SoT modality

Histopathology 46 (27%)

Imaging only¶ 125 (73%)

MRI 62 (36%)

CT 35 (20%)

Bone scan 5 (2.9%)
18F-fluciclovine 37 (22%)

*Two patients received other therapies (n 5133).
†Two patients received other therapies (n 5 36).
‡One patient in SPOTLIGHT efficacy analysis population was found on reevaluation to have prescan PSA value that did not meet

inclusion criterion. This patient was excluded from per-protocol population as previously reported (15).
¶Some patients were evaluated with more than 1 imaging technique.
ISUP 5 International Society of Urological Pathology.
Qualitative data are number and percentage. Continuous data are median and range.
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in the prostate or prostate bed, 24% in pelvic lymph nodes, and
35% in other sites (Fig. 2).

18F-Flotufolastat PET/CT DR by SoT Modality
In 46 of 171 patients (27%) who had histopathology data avail-

able for SoT, the overall DR and VDR were 98% and 80%,
respectively. By region, the DR and VDR were 52% and 30% in
the prostate or prostate bed, 39% and 28% in pelvic lymph nodes,
and 52% and 41% in other sites, respectively (Fig. 3A).
In patients with post-PET confirmatory imaging SoT (125/171,

73%), the overall DR was 94% and the VDR was 58%. Regional
DR and VDR were 35% and 12% in the prostate or prostate bed,
39% and 22% in pelvic lymph nodes, and 46% and 33% in other
sites, respectively (Fig. 3B).

18F-Flotufolastat PET/CT DR by Baseline PSA Category
Figure 4 shows the 18F-flotufolastat PET/CT DR and VDR results

by baseline PSA levels. Both DR and VDR broadly increased
according to baseline PSA. DR ranged from 91% at a PSA of less
than 0.5 ng/mL to 100% at a PSA of at least 1.0 ng/mL. VDR ranged
from 44% to 85% across PSA categories, respectively.

18F-Flotufolastat PET/CT DR by Prior Treatment
Overall DR and VDR were found to vary according to prior

treatment (Figs. 5A and 5B). Among the patients treated with RP

(n 5 133), 33 (25%) had a histopathology SoT available and 100
(75%) had follow-up confirmatory imaging as the SoT. The
patient-level DR among the patients with prior RP was 94%. The
DR was 28% in the prostate bed, 44% in pelvic lymph nodes, and
47% in other sites (Fig. 5A). The patient-level VDR was 62%, and
by region, the VDR was 8.3% in the prostate bed, 28% in pelvic
lymph nodes, and 35% in other sites (Fig. 5A).
Among those patients who had received prior radiotherapy only

(n 5 36), 13 (36%) had a histopathology SoT and 23 (64%) had
follow-up confirmatory imaging as the SoT. The overall DR for
the patients with prior radiotherapy only was 100%. By region, the
DR was 83% in the prostate, 22% in pelvic lymph nodes, and
47% in other sites (Fig. 5B). The overall VDR was 75%. The
VDR was 50% in the prostate, 8.3% in pelvic lymph nodes, and
36% in other sites (Fig. 5B).
Very few patients had an alternative prior therapy (n 5 2);

therefore, no definitive conclusions could be drawn for them.
Figure 6 shows 18F-flotufolastat PET/CT images from a patient

in this cohort with BCR after radiotherapy (PSA, 1 ng/mL).

DISCUSSION

The prospective, phase 3, multicenter SPOTLIGHT study has
reported the diagnostic utility of 18F-flotufolastat PET/CT in men
with BCR of prostate cancer (15). In this exploratory analysis, we

assessed the ability of 18F-flotufolastat PET/
CT to identify true-positive (SoT-verified)
lesions in the subgroup of SPOTLIGHT
patients who had negative conventional
imaging at baseline and sufficient data for
SoT determination by histopathology or
follow-up confirmatory imaging. Our data
demonstrate a high likelihood of positive
results from 18F-flotufolastat PET/CT even
when conventional imaging is negative.
Conventional imaging has limited utility

for localizing recurrent disease, especially
at low PSA levels. For instance, in patients
with BCR after RP, only 11%–14% of
patients have a positive CT scan (4,17),
and previous studies have shown that the
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FIGURE 2. Patient- and region-level overall DRs and VDRs (majority
read) for 18F-flotufolastat PET/CT in patients with negative conventional
imaging and post-PET SoT (n5 171).
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FIGURE 3. Patient- and region-level overall DRs and VDRs for 18F-flotufolastat PET/CT (majority
read) in patients with negative baseline conventional imaging and histopathology SoT (n 5 46) (A) or
post-PET imaging SoT (n5 125) (B).
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with negative baseline conventional imaging and post-PET SoT.

18F-FLOTUFOLASTAT VERSUS STANDARD IMAGING ! Fleming et al. 1083



mean PSA level associated with a positive CT scan can be as high
as 27 ng/mL (17,18). Similarly, a positive bone scan is more likely
at a PSA level of at least 20 ng/mL and unlikely at a PSA level of
less than 7 ng/mL (17,19). PSMA-based PET offers sensitive
imaging at low PSA levels (,0.5 ng/mL) and may help distinguish
patients with local recurrence or locoregional spread from those
with distant disease after RP, which may influence subsequent
treatment choices, including salvage radiotherapy (4). In line with
this, and because of the higher sensitivity and specificity of PSMA
PET for the detection of micrometastatic disease, especially at low
PSA levels, the current National Comprehensive Cancer Network
and American Society of Clinical Oncology prostate cancer guide-
lines recommend PSMA PET (such as with 18F-flotufolastat,

18F-piflufolastat, or 68Ga-PSMA-11-PET)
as a front-line imaging tool for patients
with BCR or during initial staging or as a
work-up for progressive disease and
patient selection for PSMA radiopharma-
ceutical therapy (2,3).
The SPOTLIGHT study reported an

overall DR of 83% among 389 patients
with BCR (PSA, 1.10 ng/mL; range, 0.03–
134.6 ng/mL) (15). In our current analysis
of patients with negative baseline imaging
and post-PET SoT data (n 5 171), the
median baseline PSA value was 1.40ng/mL,
with 42% of patients having a PSA of less
than 1.00 ng/mL. Our overall DR (95%) in
these patients compares favorably with data
for other PSMA PET radiopharmaceuticals.

Data from the CONDOR study show an overall 18F-piflufolastat DR
of 59%–66% in patients with BCR and negative or equivocal
standard-of-care imaging (20), and an overall DR of 75% has been
reported for 68Ga-PSMA-11 PET in patients with BCR (median
PSA, 2.1 ng/mL), although these patients were included regardless
of prior conventional imaging findings (21).
The overall DR in patients treated with prior radiotherapy

(100%) was higher than that in patients who had prior RP (94%),
and a similar pattern was observed in the prostate region. This is
likely a reflection of higher baseline PSA levels in postradiother-
apy patients (to meet the current criteria for BCR (22)). When DR
and VDR for 18F-flotufolastat PET/CT were analyzed by PSA cat-
egory, the data indicated that both DR and VDR broadly increased
according to baseline PSA (Fig. 4).
Although region-level DRs were moderate in some regions,

likely because not every patient will have recurrent lesions in
every region evaluated, the patient-level DR of 95% shows the
high likelihood that 18F-flotufolastat PET/CT will localize recur-
rent lesions among patients with suspected recurrence of prostate
cancer, even in cases where conventional imaging is negative.
Moreover, the use of the robust and new recommended metric
by the U.S. Food and Drug Administration for BCR imaging
trials, VDR, demonstrates how 18F-flotufolastat PET/CT provides
clinically meaningful information. The VDR of 64% observed
across all patients with negative imaging at baseline indicates that
18F-flotufolastat PET/CT enabled visualization of at least 1 true-
positive lesion in nearly two thirds of patients that had been
missed by conventional imaging. Accurate localization of these
recurrent lesions can help inform patient management (23,24),
which may result in improved outcomes (25,26).
It is worth noting that only follow-up conventional imaging

(primarily MRI or bone and CT scans) was available as the SoT
for most patients in this analysis (73%), rather than histopathol-
ogy, which was available in only 27% of cases (at least partly due
to the coronavirus disease 2019 pandemic); therefore, the VDR
might partly be driven by false false-positive results due to a pre-
dominance of conventional imaging–only SoT; that is, a substan-
tial proportion of false-positive lesions may have been proven to
be true-positive lesions if histopathology had been available in a
higher percentage of patients or if longer-term follow-up of these
patients was available. In line with this, we show the VDR to be
greater in patients with histopathology SoT than in patients with
imaging SoT and closer to the overall DR, indicating that fewer
PET-positive lesions are considered to be false-positive lesions
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FIGURE 5. Patient- and region-level overall DRs and VDRs for 18F-flotufolastat PET/CT (majority
read) in patients with negative baseline conventional imaging and post-PET SoT treated with prior
prostatectomy (n5 133) (A) or prior radiotherapy only (n5 36) (B).

FIGURE 6. CT (left), fused 18F-flotufolastat PET/CT (middle), and 18F-
flotufolastat PET (right) transverse images of 76-y-old patient initially
presenting with high-risk prostate cancer (Gleason score, 41 5 5 9) and
subsequently with BCR after radical prostatectomy (PSA, 1.0 ng/mL). 18F-
flotufolastat–avid focus was detected within mildly sclerotic right thoracic
5 transverse process (A) and was subsequently verified as true-positive by
histopathology. In addition, 18F-flotufolastat–avid lesion was detected in
left seventh rib (B) and was also verified with 18F-fluciclovine PET/CT (C).
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when histopathology is used as the SoT. Currently, the National
Comprehensive Cancer Network guidelines recommend histologic
confirmation of any PET findings wherever possible to rule out
false positives (2). Nonetheless, false positives are increasingly
outweighed by the improved true-positive DR by PSMA PET
imaging compared with conventional imaging (2), which has led
to its recommendation over conventional imaging modalities for
guiding treatment choices in patients with BCR (2–4).

CONCLUSION

The present findings from the SPOTLIGHT study show that
18F-flotufolastat PET/CT frequently detects true-positive lesions
among patients otherwise considered negative for recurrence by
conventional imaging (particularly among patients with intact
prostates). It may help to inform when to omit potentially toxic
local treatment when finding multifocal metastatic disease. Such
findings may help to better define sites of disease recurrence and
inform salvage therapy decisions than is possible with conven-
tional imaging alone.
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KEY POINTS

QUESTION: Can 18F-flotufolastat PET/CT detect lesions missed
by conventional imaging in patients with suspected recurrence of
prostate cancer?

PERTINENT FINDINGS: In patients with negative baseline con-
ventional imaging, the overall 18F-flotufolastat PET/CT DR was
95%, and 110 of 171 of these patients had at least 1 true-positive
lesion verified by histopathology or follow-up confirmatory imaging
(VDR, 64%). Overall DR and VDR varied according to the SoT
modality and by prior therapy, with higher VDRs in patients with
histopathology and in men treated with prior radiotherapy only.
18F-flotufolastat PET/CT showed high levels of detection across a
range of PSA values, including in patients with PSA levels less
than 0.5 ng/mL.

IMPLICATIONS FOR PATIENT CARE: As 18F-flotufolastat
PET/CT frequently identifies true-positive lesions in patients with
negative conventional imaging, it is a useful tool to accurately
identify sites of disease recurrence and inform subsequent treat-
ment decisions, potentially improving patient outcomes.
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Receptor-Targeted Peptide Conjugates Based on Diphosphines
Enable Preparation of 99mTc and 188Re Theranostic Agents
for Prostate Cancer
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Benchtop 99Mo/99mTc and 188W/188Re generators enable economical
production of molecular theranostic 99mTc and 188Re radiopharma-
ceuticals, provided that simple, kit-based chemistry exists to radiola-
bel targeting vectors with these radionuclides. We have previously
described a diphosphine platform that efficiently incorporates 99mTc
into receptor-targeted peptides. Here, we report its application to
label a prostate-specific membrane antigen (PSMA)–targeted peptide
with 99mTc and 188Re for diagnostic imaging and systemic radiother-
apy of prostate cancer. Methods: Two diphosphine-dipeptide bio-
conjugates, DP1-PSMAt and DP2-PSMAt, were formulated into kits
for radiolabeling with 99mTc and 188Re. The resulting radiotracers were
studied in vitro, in prostate cancer cells, and in vivo in mouse xeno-
graft models, to assess similarity of uptake and biodistribution for
each 99mTc/188Re pair of agents. Results: Both DP1-PSMAt and
DP2-PSMAt could be efficiently radiolabeled with 99mTc and 188Re
using kit-based methods to furnish the isostructural compounds M-
DP1-PSMAt and M-DP2-PSMAt (M 5 [99mTc]Tc, [188Re]Re). All
99mTc/188Re radiotracers demonstrated specific uptake in PSMA-
expressing prostate cancer cells, with negligible uptake in prostate
cancer cells that did not express PSMA or in which PSMA uptake was
blocked. M-DP1-PSMAt and M-DP2-PSMAt also exhibited high
tumor uptake (18–30 percentage injected dose per gram at 2h after
injection), low retention in nontarget organs, fast blood clearance, and
excretion predominantly via a renal pathway. Importantly, each pair of
99mTc/188Re radiotracers showed near-identical biologic behavior in
these experiments. Conclusion: We have prepared and developed
novel pairs of isostructural PSMA-targeting 99mTc/188Re theranostic
agents. These generator-based theranostic agents have potential to
provide access to the benefits of PSMA-targeted diagnostic imaging
and systemic radiotherapy in health care settings that do not routinely
have access to either reactor-produced 177Lu radiopharmaceuticals or
PET/CT infrastructure.

KeyWords: 99mTc; 188Re; SPECT; phosphine; PSMA
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The PSMAt peptide, which targets the prostate-specific mem-
brane antigen (PSMA), has had clinical impact as a vector for
delivering radionuclides to prostate cancer for diagnostic imaging
and systemic peptide receptor radionuclide therapy (PRRT). The
radiopharmaceutical [177Lu]Lu-PSMA-617 (1,2) has recently been
approved by the Food and Drug Administration for PRRT of meta-
static castration-resistant prostate cancer. Diagnostic PET imaging
with [68Ga]Ga-PSMA-11 can inform clinical decision-making for
treatment of prostate cancer, and [68Ga]Ga-PSMA-11 is widely used
as a diagnostic companion to [177Lu]Lu-PSMA-617 (3). PSMA-
targeted radiopharmaceuticals for SPECT/g-scintigraphy imaging,
such as [99mTc]Tc-MIP-1404 (4,5), [99mTc]Tc-PSMA-I&S (6,7), and
[99mTc]Tc-EDDA/HYNIC-iPSMA (8,9), have been developed as
alternatives to 68Ga to enhance access to PSMA scanning when 68Ga
and PET are less accessible but generator-based 99mTc and SPECT/
g-scintigraphy cameras are available. Although these 99mTc (half-life
of 6 h, 90% g, 140keV) radiotracers exhibit lower sensitivity than
PSMA-targeted PET radiotracer alternatives, particularly in the case
of biochemical recurrence of prostate cancer at low PSA levels or
low tumor volumes, they have potential utility in providing useful
diagnostic information at high tumor volumes, assessing suitability
for and response to PRRT and radioguided surgery for which detec-
tion of every site of small volume of disease is less critical (4,7,8).
A range of radiometal ions with therapeutically efficacious emis-

sion profiles (e.g.,225Ac, 227Th, 212Pb, and 161Tb) has been used as
alternatives to 177Lu. However, in lower- and middle-income coun-
tries (LMICs), the availability of PRRT is limited by cost. The batch-
produced radiopharmaceuticals that prevail in high-income countries
are prohibitively expensive and are available only to the wealthiest
patients in LMICs. Additionally, the availability of PET infrastruc-
ture, including cyclotrons and scanners, in LMICs is limited (10).
The chemistry of rhenium is closely similar to that of its lighter

congener technetium. Importantly, b2-emitting 188Re (half-life of
17 h, 100% b2, 2.12MeV, 15% g, 155 keV) is available from a
benchtop 188W/188Re generator, offering hospitals an economical
and routinely accessible source of a therapeutic radionuclide.
Radiopharmaceuticals based on the theranostic 99mTc/188Re pair offer

Received Jan. 22, 2024; revision accepted Apr. 29, 2024.
For correspondence or reprints, contact Truc T. Pham (truc.pham@kcl.ac.

uk) or Michelle T. Ma (michelle.ma@kcl.ac.uk).
*Contributed equally to this work.
Published online Jun. 6, 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.

TARGETED
99MTC AND

188RE THERANOSTICS ! Pham et al. 1087



a potentially viable solution to economic and geographic barriers
posed by existing theranostic PRRT (11–13). Traditional 99mTc-radio-
pharmaceuticals are used in 30 million scans worldwide per year,
including in LMICs, in combination with g-scintigraphy (10,14).
Additionally, international consortia have identified 188Re as a highly
promising basis for systemic radiotherapy in LMICs: recognizing the
affordability of 188Re, the International Atomic Energy Agency has
sponsored multinational clinical trials of 188Re-labeled Lipiodol for
treatment of inoperable liver cancer in LMICs (11). 188Re-labeled
Lipiodol proved effective and inexpensive. 188Re-labeled bisphospho-
nates have also been extremely beneficial in palliative treatment of
bone metastases in LMICs (15). There is high potential for the combi-
nation of 99mTc with 188Re to provide economical, population-wide
access to stratified molecular imaging and PRRT in LMICs, provided
that suitable chemical platforms are available to enable radiochemical
production of well-defined pairs of theranostic 99mTc/188Re agents.
A new theranostic pair of 99mTc/188Re-labeled peptide radiotracers

has recently demonstrated preclinical and clinical PSMA-targeting
efficacy in prostate cancer (16), highlighting the potential utility of
this theranostic approach. We have contemporaneously developed
2 kit-based 99mTc-radiolabeled agents, [99mTc]Tc-DP1-PSMAt and
[99mTc]Tc-DP2-PSMAt (Fig. 1; Supplemental Chart 1; supplemen-
tal materials are available at http://jnm.snmjournals.org.), targeting
PSMA and reported their chemical properties (17). These com-
pounds are based on a diphosphine chelator (18), which also coor-
dinates ReV: we have used analogous nonradioactive ReV

derivatives to chemically characterize the radioactive TcV com-
pounds (17–19). Here, we report the preparation of isostructural
and isoelectronic 188Re-labeled derivatives ([188Re]Re-DP1-PSMAt
and [188Re]Re-DP2-PSMAt), the biologic behavior of the novel

99mTc radiotracers in prostate cancer models, and the comparative
biologic behavior of 188Re compounds.

MATERIALS AND METHODS

188Re Radiolabeling
[188Re]ReV-citrate was prepared from a saline solution of preconcen-

trated (13) [188Re]ReO4
2 in more than 95% yield (20,21). An aliquot of

this solution (75mL) was added to a DP1-PSMAt kit or DP2-PSMAt kit
(Supplemental Table 1), which was heated at 90"C for 30min. The reac-
tion solution was then analyzed by C18 radio–high-performance liquid
chromatography (HPLC). [188Re]Re-DP1-PSMAt eluted at 12.7min,
and [188Re]Re-DP2-PSMAt eluted at 17.5min (Supplemental Fig. 1).
The reaction mixtures, containing either [188Re]Re-DP1-PSMAt or
[188Re]Re-DP2-PSMAt, were purified and reformulated for biologic
experiments.

99mTc and 188Re Radiotracer Uptake in Prostate Cancer Cells
Solutions containing radiotracer (100 kBq in 8–12mL of phosphate-

buffered saline, .95% radiochemical purity) were added to DU145-
PSMA1 or LNCaP prostate cancer cells (22), and the cells were
incubated at 37"C for 1 h. Nonspecific uptake was determined using
non–PSMA-expressing cells (DU145, PC3) or by blocking PSMA-
expressing cells (DU145-PSMA1, LNCaP) with 2-phosphonomethyl
pentanedioic acid (PMPA). After incubation, the cells were washed
and samples collected for radioactivity counting. Uptake and localiza-
tion of 99mTc radiotracers were measured over time (15, 30, 60, and
120min) in DU145-PSMA1 or LNCaP cells (supplemental materials).

SPECT/CT Scanning and Biodistribution Studies in Mice
All animal experiments were ethically reviewed by an Animal Wel-

fare and Ethical Review Board at either King’s College London or
Barts Cancer Institute and were performed in
accordance with the Animals (Scientific Proce-
dures) Act 1986U.K. Home Office regulations
governing animal experimentation. Subcutane-
ous prostate cancer DU145-PSMA1 or DU145
xenografts were produced in SCID/beige mice
(male, 7–12 wk old). Subcutaneous LNCaP
prostate cancer xenografts were produced in
athymic nude mice (Crl:NU(NCr)-Foxn1nu,
male, 6–7 wk old). SPECT/CT and biodistribu-
tion studies using 99mTc and 188Re radiotracers
were performed once a tumor had reached an
appropriate size (supplemental materials).

RESULTS

Preparation of [188Re]Re-DP1-PSMAt
and [188Re]Re-DP2-PSMAt
We have previously prepared [99mTc]Tc-

DP1-PSMAt and [99mTc]Tc-DP2-PSMAt
using a single-step radiolabeling kit (17).
Here, the analogous 188Re agents were
prepared in 2 steps from a saline solution
containing [188Re]ReO4

2, obtained from
a 188W/188Re OncoBeta generator. In the
first step, [188Re]ReO4

2 was reduced to a
[188Re]ReV-citrate precursor: an aqueous
solution containing [188Re]ReO4

2 (#300–
500 MBq), sodium citrate, and stannous
chloride (SnCl2), at pH 5.5, was heated at
90"C for 30min, to give [188Re]ReV-citrate
in more than 95% yield, as previously

FIGURE 1. (A) Chemical structures of M-DP1-PSMAt and M-DP2-PSMAt, M 5 Tc (99mTc or 99gTc)
and Re (natRe or 188Re). (B) Reverse-phase C18-HPLC radiochromatograms showing coelution of
[188Re]Re-DP1-PSMAt, [99mTc]Tc-DP1-PSMAt, and [natRe]Re-DP1-PSMAt and coelution of [188Re]Re-
DP2-PSMAt, [99mTc]Tc-DP2-PSMAt, and [natRe]Re-DP2-PSMAt. UV5 ultraviolet.
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described (20,21). After this, [188Re]ReV-citrate (#130–210 MBq)
was added to a prefabricated, lyophilized kit (Supplemental Table 1)
containing sodium carbonate, sodium tartrate, SnCl2, and either
DP1-PSMAt or DP2-PSMAt. The resulting radiolabeling solution
(pH 8.0–8.5) was heated at 90"C for 30min to form [188Re]Re-
DP1-PSMAt in 20%–70% radiochemical yield and [188Re]Re-
DP2-PSMAt in 20%–50% radiochemical yield (as determined by
radio-HPLC): whereas formation of the desired products was
reproducible, yields were not.
[188Re]Re-DP1-PSMAt and [188Re]Re-DP2-PSMAt were subse-

quently isolated using reverse-phase HPLC, lyophilized, and then
reconstituted in phosphate-buffered saline to yield the radiotracers
in more than 95% radiochemical purity. The purified 188Re com-
pounds were analyzed by reverse-phase radio-HPLC. Each 188Re
compound coeluted with its nonradioactive natRe isotopolog and
radioactive 99mTc analog (17), confirming not only the chemical iden-
tity of these new 188Re agents but also that they are isostructural
and isoelectronic with their 99mTc analogs (Fig. 1). Each rhenium and
technetium compound consists of 2 closely eluting isomers, cis- and
trans-[MVO2(DPX-PSMAt)2]

1 (M 5 Re or Tc, X 5 1 or 2) (17).
The cis and trans designations denote the relative positions of the
PSMAt moieties.
Solutions of each new 188Re radiotracer were added to human

serum and incubated at 37"C for 24 h followed by analysis by

reverse-phase analytic radio-HPLC, which demonstrated that
[188Re]Re-DP1-PSMAt and [188Re]Re-DP2-PSMAt are stable,
with more than 95% each radiotracer, respectively, observed intact
in human serum over this time frame (Supplemental Fig. 2).

Uptake of 99mTc and 188Re Agents in Prostate Cancer Cells
To assess the specificity of the new radiotracers for PSMA,

[99mTc]Tc-DP1-PSMAt and [99mTc]Tc-DP2-PSMAt (100 kBq)
were each incubated with DU145-PSMA1 prostate cancer cells
(DU145 cells transfected to express PSMA receptor) (22). After
1 h of incubation, uptake of each radiotracer was quantified. To
assess specificity, each radiotracer was also coincubated with the
PSMA inhibitor PMPA with DU145-PSMA1 cells and incubated
with parental DU145 cells that do not express PSMA. [99mTc]Tc-
DP1-PSMAt and [99mTc]Tc-DP2-PSMAt exhibited uptake in DU145-
PSMA1 cells (12.46 2.8 percentage added radioactivity [%AR] and
7.86 1.3 %AR, respectively). This uptake was specific: DU145-
PSMA1 cell uptake of [99mTc]Tc-DP1-PSMAt and [99mTc]Tc-DP2-
PSMAt could be blocked with PMPA, and there was negligible
uptake in parental DU145 cells (Fig. 2). The uptake of [99mTc]Tc-
DP1-PSMAt and [99mTc]Tc-DP2-PSMAt was also studied in LNCaP
prostate cancer cells, which natively express PSMA, and PC3 cells,
which, like parental DU145 cells, do not express PSMA. In LNCaP
cells, uptake of [99mTc]Tc-DP1-PSMAt and [99mTc]Tc-DP2-PSMAt

measured 3.76 1.2 %AR and 3.06 0.8
%AR, respectively, whereas uptake of both
radiotracers in PC3 cells measured less than
0.3 %AR. Uptake in LNCaP cells could also
be blocked with PMPA.
The cellular localization of [99mTc]Tc-

DP1-PSMAt and [99mTc]Tc-DP2-PSMAt
was also evaluated in DU145-PSMA1 and
LNCaP cells over time (Fig. 2). Uptake of
both radiotracers increased over 2 h, and
most cell-associated radioactivity was found
in the internalized cell fraction at all mea-
sured time points for both PSMA-expressing
cell lines. Uptake of [99mTc]Tc-DP1-PSMAt
(both surface-bound and internalized radio-
activity) was slightly higher than that of
[99mTc]Tc-DP2-PSMAt.
Additionally, the uptake of [188Re]Re-

DP1-PSMAt and [188Re] Re-DP2-PSMAt
(100 kBq) was also assessed in the above-
mentioned prostate cancer cell lines: both
radiotracers exhibited uptake in DU145-
PSMA1 cells (13.56 2.7 %AR and 8.36
0.7 %AR, respectively) and LNCaP cells
(2.86 1.6 %AR and 2.66 1.6 %AR, respec-
tively). This uptake was also specific: uptake
of [188Re]Re-DP1-PSMAt and [188Re]Re-
DP2-PSMAt could be blocked with PMPA,
and there was negligible uptake in parental
DU145 cells and PC3 cells (Fig. 2).

Biodistribution and SPECT/CT Imaging
of 99mTc Radiotracers in Mice Bearing
Prostate Cancer Tumors
The biodistributions of [99mTc]Tc-DP1-

PSMAt and [99mTc]Tc-DP2-PSMAt were
assessed in male SCID/beige mice bearing

FIGURE 2. (A) Uptake of radiotracers in PSMA-positive and PSMA-negative prostate cancer cells.
(B) Time course uptake and localization of 99mTc radiotracers in DU145-PSMA cells and LNCaP cells.
Data are presented as mean6 SD; n5 3–4 biologic repeats performed in triplicate.
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DU145-PSMA1 xenograft tumors (Fig. 3). Each mouse was
administered either [99mTc]Tc-DP1-PSMAt or [99mTc]Tc-DP2-
PSMAt and euthanized at 2 h after injection (n 5 5), followed by
organ harvesting for ex vivo radioactivity counting. High amounts
of each tracer were observed in tumors 2 h after injection; for
[99mTc]Tc-DP1-PSMAt, the [99mTc]Tc concentration measured
18.06 3.5 percentage injected dose per gram (%ID/g), and for
[99mTc]Tc-DP2-PSMAt, the [99mTc]Tc concentration measured
29.46 6.3 %ID/g.
To assess the specificity of each radiotracer, separate groups of ani-

mals, also bearing DU145-PSMA1 tumors, were coadministered
either [99mTc]Tc-DP1-PSMAt and PMPA or [99mTc]Tc-DP2-PSMAt
and PMPA to inhibit PSMA-mediated uptake of radiotracer (n 5 5).
In mice bearing DU145-PSMA1 tumors, coadministration of PMPA
substantially decreased uptake of both [99mTc]Tc-DP1-PSMAt
and [99mTc]Tc-DP2-PSMAt in tumors. For [99mTc]Tc-DP1-
PSMAt, coadministration decreased uptake to 0.916 0.29 %ID/g
in tumors (compared with administration of [99mTc]Tc-DP1-
PSMAt only: mean difference of 17.12 %ID/g, P 5 43 1024). For
[99mTc]Tc-DP2-PSMAt, coadministration decreased uptake to
0.766 0.45 %ID/g in tumors (compared with administration
of [99mTc]Tc-DP2-PSMAt only: mean difference of 28.62 %ID/g,
P5 53 1024).
For both radiotracers, the concentration of 99mTc radioactivity in

the kidneys 2h after injection was high (Fig. 3). Increased amounts
of [99mTc]Tc-DP2-PSMAt were measured in the kidneys 2h after
injection (183.36 23.8 %ID/g,) compared with [99mTc]Tc-DP1-
PSMAt (115.96 27.3 %ID/g, mean difference of 67.4 %ID/g, P 5
0.003). Notably, for animals administered [99mTc]Tc-DP1-PSMAt,
coadministration of PMPA significantly decreased retention of
99mTc radioactivity in the kidneys. In contrast, although coadminis-
tration of PMPA also decreased the radioactivity concentration in
the kidneys for animals injected with [99mTc]Tc-DP2-PSMAt, this
effect was much less pronounced. There were also significant amounts
of both radiotracers ([99mTc]Tc-DP1-PSMAt: 12.06 5.3 %ID/g;
[99mTc]Tc-DP2-PSMAt: 7.76 3.4 %ID/g) that residualized in the
spleen, which is known to express low levels of PSMA and accumu-
late PSMA-targeted radiotracers (5,6,9). As expected, coadministra-
tion of PMPA significantly decreased retention of 99mTc
radioactivity in the spleen for both radiotracers ([99mTc]Tc-DP1-
PSMAt: 0.26 0.06 %ID/g, mean difference of 11.8 %ID/g, P 5
0.008; [99mTc]Tc-DP2-PSMAt: 0.36 0.18 %ID/g, mean difference
of 7.4 %ID/g, P5 0.008).
Additionally, groups of mice bearing non–PSMA-expressing

parental DU145 tumors were also administered these 99mTc radio-
tracers. For these groups, tumor uptake of [99mTc]Tc-DP1-PSMAt
decreased to 0.246 0.07 %ID/g, and tumor uptake
of [99mTc]Tc-DP2-PSMAt decreased to 0.186 0.07 %ID/g
(Supplemental Fig. 3).
In SPECT/CT scans of animals administered either [99mTc]Tc-

DP1-PSMAt or [99mTc]Tc-DP2-PSMAt only, tumors could be
clearly delineated at both 2h (Fig. 3) and 24h (Supplemental Fig. 4)
after injection. The kidneys and bladder were also clearly visible
across these time points, consistent with ex vivo biodistribution data.
SPECT/CT also showed negligible tumor uptake for animals either
coadministered PMPA or bearing DU145 tumors that do not express
PSMA receptor (Fig. 3). For all animals administered either
[99mTc]Tc-DP1-PSMAt only or [99mTc]Tc-DP2-PSMAt only, the
spleen was also identified in SPECT/CT scans acquired at 2 h after
injection. Coadministration of PMPA decreased spleen uptake of
both radiotracers.

Biodistribution of 188Re Radiotracers in Mice Bearing Prostate
Cancer Tumors
The biodistributions of the 188Re radiotracers, [188Re]Re-DP1-

PSMAt and [188Re]Re-DP2-PSMAt, were first assessed in SCID/
beige mice bearing DU145-PSMA1 tumors (Fig. 3). Radioactivity
concentration in the tumors of animals administered [188Re]Re-DP1-
PSMAt measured 27.76 6.4 %ID/g at 2h after injection, whereas
that of animals given [188Re]Re-DP2-PSMAt measured 19.26 8.6
%ID/g. Both compounds cleared the circulation via a renal pathway,
as evidenced by high concentrations of radioactivity measured in
the kidneys ([188Re]Re-DP1-PSMAt measured 88.36 18.8 %ID/g,
[188Re]Re-DP2-PSMAt measured 96.86 16.3 %ID/g). Biodistribu-
tion data also indicated that both compounds had low retention in
nontarget, healthy organs and tissues, except for the spleen. In this
experiment, there were no notable significant differences between the
biodistribution profiles of [188Re]Re-DP1-PSMAt and [188Re]Re-
DP2-PSMAt at 2 h after injection. As expected, coadministration of
PMPA significantly inhibited uptake of both 188Re radiotracers in the
tumor and spleen.
Urine was collected from mice administered either [188Re]Re-

DP1-PSMAt or [188Re]Re-DP2-PSMAt at 2 h after injection and
was analyzed by reverse-phase radio-HPLC. Radiochromatograms
showed that both [188Re]Re-DP1-PSMAt and [188Re]Re-DP2-
PSMAt were highly stable and were cleared from the blood pool
and excreted chemically intact (Supplemental Fig. 5).
With a view to developing a molecular [188Re]Re-labeled agent

for PSMA PRRT, we further characterized the biodistribution pro-
files of [188Re]Re-DP1-PSMAt and [188Re]Re-DP2-PSMAt in
male athymic nude mice bearing LNCaP xenografts (Fig. 4), which
recapitulate clinical metastatic prostate cancer more closely than
DU145-PSMA1 xenografts. Importantly, the 188Re agents exhibited
significant retention in tumors up to at least 1 d after administration.
In mice administered [188Re]Re-DP1-PSMAt, LNCaP tumor uptake
measured 7.06 2.3 %ID/g at 2h after injection and 2.96 0.8 %ID/g
at 24h after injection. For [188Re]Re-DP2-PSMAt, LNCaP tumor
uptake measured 9.86 2.8 %ID/g at 2h after injection and 7.66 4.4
%ID/g at 24h after injection. With the exception of the kidneys,
radioactivity concentrations in other organs were similar to what was
observed in prior experiments with male SCID/beige mice.
The concentration of 188Re agents in the kidneys was relatively

high at 2h after injection: [188Re]Re-DP1-PSMAt measured 137.16
34.6 %ID/g, and [188Re]Re-DP2-PSMAt measured 162.86 31.8
%ID/g. These decreased to 29.46 4.9 %ID/g and 37.06 12.2
%ID/g, respectively, at 24 h after injection. Separate groups of
animals were coadministered the plasma expander Gelofusine, which
has previously been used to reduce kidney retention of PRRT agents
and minimize potential nephrotoxicity. For animals coadministered
[188Re]Re-DP1-PSMAt and Gelofusine, kidney retention decreased
to 108.86 13.3 %ID/g at 2h after injection (P 5 0.11); for
[188Re]Re-DP2-PSMAt, kidney retention decreased to 127.66 17.7
%ID/g (P5 0.046).
Last, to further assess the biologic equivalence of pairs of 99mTc

and 188Re agents, the biodistributions of [99mTc]Tc-DP1-PSMAt
and [99mTc]Tc-DP2-PSMAt were also assessed in athymic nude
mice bearing LNCaP prostate cancer tumors. Importantly, the biodis-
tribution patterns and clearance pathways of [99mTc]Tc-DP1-PSMAt
and [188Re]Re-DP1-PSMAt were highly similar when compared
in the same mouse model (either male athymic nude mice
bearing LNCaP xenografts or male SCID/beige mice bearing
DU145-PSMA1 xenograft tumors). The same near-equivalent
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FIGURE 3. (A) Biodistribution (2 h after injection) of SCID/beige mice bearing DU145-PSMA1 prostate cancer tumors, administered either 99mTc or
188Re radiotracers intravenously. To assess specificity of radiotracer uptake, additional groups of mice were also coadministered radiotracer and PMPA
(Supplemental Tables 3 and 4). (B) Whole-body SPECT/CT maximum-intensity projections of SCID/beige mice bearing either DU145-PSMA1 tumors
or DU145 tumors, administered either [99mTc]Tc-DP1-PSMAt or [99mTc]Tc-DP2-PSMAt, 2 h after injection. To inhibit uptake in DU145-PSMA1 tumors,
animals were also coadministered PMPA.
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biodistribution patterns were observed for [99mTc]Tc-DP2-PSMAt
and [188Re]Re-DP2-PSMAt. Between analogous 99mTc and 188Re
radiotracers, the most notable difference in biodistribution behavior
was that 99mTc radiotracers demonstrated consistently higher kidney
residualization than did 188Re radiotracers.

DISCUSSION

Theranostic PSMA-targeted radiopharmaceuticals have had
an extraordinary impact on prostate cancer care in health care
settings where they are available. We have developed 2 pairs of
chemically analogous theranostic agents based on the generator-
produced radionuclides 99mTc and 188Re. Radio-HPLC alongside
careful chemical characterization of nonradioactive or long-lived
isotopologs (17) demonstrates that technetium and rhenium pairs are
chemical analogs and isostructural. Consequently, each pair exhibits
highly similar biologic behavior in in vitro and in vivo models
of prostate cancer. Importantly, both 188Re- and 99mTc-labeled
complexes of DP1-PSMAt and DP2-PSMAt show a high accumu-
lation in PSMA-expressing tumors and prostate cancer cells and,
in vivo, rapidly clear from the circulation via a renal pathway, with
minimal retention in healthy tissues. Furthermore, in vivo, these 4

radiotracers all demonstrate significant retention in prostate cancer
tumors up to 24h after injection.
In a clinical context, the favorable and near-identical biologic

behaviors of chemically analogous 99mTc and 188Re radiotracers
bring about the possibility of using 99mTc molecular imaging to
predict the biodistribution, accumulation, and dosimetry of a
complementary 188Re PRRT agent. Our novel theranostic pairs,
M-DP1-PSMAt and M-DP2-PSMAt (M 5 [99mTc]Tc, [188Re]Re),
which use economical generator-produced isotopes, have strong
potential utility for this purpose in prostate cancer treatment, parti-
cularly in LMICs. Additionally, the DP chemical platform under-
pinning these theranostic radiotracers is an excellent candidate for
development of other peptide-based radiotracers: this technology
could increase clinical use of receptor-targeted 99mTc and 188Re
radiopharmaceuticals and widen patient access to the benefits of
molecular theranostic agents.
In this work, [99mTc]Tc-DP1-PSMAt, [99mTc]Tc-DP2-PSMAt,

[188Re]Re-DP1-PSMAt, and [188Re]Re-DP2-PSMAt are all sub-
ject to postsynthetic HPLC purification and isolation procedures.
Using HPLC, all these compounds can be easily separated from
unreacted ligand and from unreacted 99mTc/188Re-labeled precursors,

FIGURE 4. (A–C) Biodistribution of 188Re in athymic nude mice bearing LNCaP prostate cancer tumors, administered either [188Re]Re-DP1-PSMAt or
[188Re]Re-DP2-PSMAt at 2h after injection (A), at 24h after injection (B), and at 2h after injection (C) with coadministration of Gelofusine. (D) Additionally, bio-
distributions of [99mTc]Tc-DP1-PSMAt and [99mTc]Tc-DP2-PSMAt at 2h after injection were measured (Supplemental Tables 5–8). GI5 gastrointestinal tract.
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yielding radiotracers of extremely high specific activity; that is, with
the exception of decay products, there is minimal unlabeled DP1-
PSMAt or DP2-PSMAt present in final radiotracer formulations.
This culminates in an extremely high accumulation in PSMA-
expressing prostate cancer cells in vitro and tissue in vivo (tumors,
spleen, and in the case of DP1-PSMAt derivatives, kidneys).
In some in vivo experiments, there were statistically significant

differences in tumor uptake between DP1 and DP2 bioconjugate
derivatives; however, these differences were not recapitulated in alter-
native experiments. For example, in experiments using SCID/beige
mice bearing DU145-PSMA1 tumors at 2 h after injection, tumors
had significantly higher [99mTc]Tc-DP2-PSMAt (29.46 6.3 %ID/g)
than [99mTc]Tc-DP1-PSMAt (18.06 3.5 %ID/g; mean difference,
11.4 %ID/g; P 5 0.01). However, in experiments using athymic
nude mice bearing LNCaP tumors, no statistically significant differ-
ence in tumor uptake was observed between these 2 99mTc radiotra-
cers at 2 h after injection. Between homologous DP1 and DP2
radiotracers, the most notable difference was that M-DP1-PSMAt
(M 5 [99mTc]Tc or [188Re]Re) exhibited significantly higher spleen
retention than did M-DP2-PSMAt at 2 h after injection (for compari-
sons of [99mTc]Tc DP1-PSMAt vs. [99mTc]Tc DP2-PSMAt or of
[188Re]Re-DP1-PSMAt vs. [188Re]Re-DP2-PSMAt in SCID/beige or
athymic nude mice, P # 0.05).
All 4 radiotracers exhibited high kidney residualization. In the case

of DP1-PSMAt derivatives, it is likely that this retention is in part
mediated by PSMA (in SCID/beige mice, [99mTc]Tc-DP1-PSMAt:
1166 27 %ID/g, with PMPA: 386 2.9 %ID/g, P 5 2.883 1023;
[188Re]Re-DP1-PSMAt: 886 19 %ID/g, with PMPA: 386 3.4
%ID/g, P 5 1.163 1022). Murine kidney tissues, specifically proxi-
mal renal tubules and Bowman capsule, express PSMA (23). DP2
radiotracers consistently demonstrated higher kidney retention than
DP1 radiotracers. We attribute this to the comparatively higher lipo-
philicity of DP2 derivatives (17). Prior comparative in vivo murine
studies have observed that increases in the lipophilicity of PSMAt-
derived compounds increase their kidney retention (24). Although
coadministration of Gelofusine decreased kidney retention of 188Re
agents at 2 h after administration, this observed decrease was not sta-
tistically significant. In light of the comparatively similar tumor
uptake of DP1 and DP2 radiotracers but the higher kidney retention
of DP2 radiotracers, we postulate that DP1-based radiotracers are bet-
ter clinical theranostic candidates.
Compared with the existing 99mTc- and 188Re-radiolabeled

tracers—[99mTc]Tc-MIP-1404 (5), [99mTc]Tc-PSMA-I&S (6),
[99mTc] Tc-EDDA/HYNIC-iPSMA (9), and [188Re]Re-PSMA-
GCK01 (16)—the new DP-based radiotracers demonstrate either
decreased or comparable residualization in murine liver and either
increased or comparable blood clearance at 1–2 h after administra-
tion (Supplemental Table 2).
Like existing PSMA-targeted 99mTc radiotracers, both [99mTc]

Tc-DP1-PSMAt and [99mTc]Tc-DP2-PSMAt can be formulated
using a kit: our existing protocols and prototype kit radiosynthetic
methods enable high radiochemical yields of desired radiotracer
(80%–90%) by heating a saline solution of generator-produced
[99mTc]TcO4

2 with kit components at 100"C for 5min (17–19).
We elected to use a 2-step protocol to prepare 188Re-radiolabeled
agents, in which a [188Re]ReV-citrate precursor is reacted with
either DP1-PSMAt or DP2-PSMAt to yield the desired 188Re
radiotracers. This procedure is similar to prior radiosyntheses of
[188Re][ReVO2]

1-labeled phosphine-containing P2S2 and P2N2 tetra-
dentate chelator derivatives (20,21). However, complexes of the latter

chelators were obtained in more than 90% radiochemical yield; the
highest radiochemical yields obtained for [188Re]Re-DP1-PSMAt and
[188Re]Re-DP2-PSMAt were about 70% and 50%, respectively. We
also note that the [188Re][ReOV]31-based complex, [188Re]Re-PSMA-
GCK01, can be obtained in 78% radiochemical yield and 96% radio-
chemical purity, using a one-pot radiochemical procedure (16). This
procedure involves heating an aqueous solution of precursor GCK01,
[188Re]ReO4

2, citrate, and ascorbic acid at pH 2.0–3.5 at high temper-
ature for 1h, followed by neutralization, further heating for 5min, and
final C18 Sep-Pak purification. We are currently optimizing kit-based
formulations to increase the radiochemical yields of DP-based 99mTc
and 188Re radiotracers and to obviate postsynthetic purification proce-
dures to remove unreacted 99mTc and 188Re precursors.

CONCLUSION

We have developed new PSMA-targeting 99mTc/188Re theranostic
agents, using versatile diphosphine chemical platforms. These radio-
tracers can be prepared using eluate from bench-top 99mTc and 188Re
generators and chemical kits. The resulting isostructural 99mTc and
188Re pairs show near-equivalent biologic behaviors in models of
prostate cancer. We are further developing optimized kit-based formu-
lations to enable near-quantitative radiochemical yields to obviate
purification steps after radiolabeling. Our new, generator-based thera-
nostic agents have potential to provide access to the benefits of
PSMA-targeted diagnostic imaging and systemic radiotherapy in
health care settings that do not routinely have access to either reactor-
produced 177Lu radiopharmaceuticals or PET/CT infrastructure.
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KEY POINTS

QUESTION: Are molecular theranostic radiotracers based on
99mTc and 188Re feasible for diagnostic imaging and systemic
radiotherapy of prostate cancer?

PERTINENT FINDINGS: Pairs of chemically analogous
99mTc/188Re radiotracers show equivalent uptake in
PSMA-expressing prostate cancer cells and favorable, highly
similar biodistribution profiles in mouse models of prostate
cancer.

IMPLICATIONS FOR PATIENT CARE: These generator-based
theranostic agents have potential to provide access to the benefits
of PSMA-targeted diagnostic imaging and systemic radiotherapy
in health care settings that do not routinely have access to either
cyclotron- or reactor-produced radionuclides.
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Safety and Efficacy of Radiosynoviorthesis: A Prospective
Canadian Multicenter Study

M$elanie Desaulniers1,2, Michel Paquette1,2, St$ephanie Dubreuil1,2, Helena Senta1,2, $Eric Lavall$ee1,2, J. Carter Thorne3–5,
and $Eric Turcotte1,2

1Department of Nuclear Medicine and Radiobiology, Universit$e de Sherbrooke, Sherbrooke, Quebec, Canada; 2Research Center of
CHUS, CIUSSSE–CHUS, Sherbrooke, Quebec, Canada; 3Arthritis Program Research Group Inc., Newmarket, Ontario, Canada;
4Division of Rheumatology, University of Toronto, Toronto, Ontario, Canada; and 5Division of Rheumatology, Southlake Regional
Health Center, Newmarket, Ontario, Canada

Radiosynoviorthesis is approved in several European countries and
the United States to treat refractory synovitis in many inflammatory
joint diseases, such as rheumatoid arthritis, spondyloarthropathies,
and other arthritic joint diseases. No radiopharmaceuticals for radiosy-
noviorthesis are currently approved in Canada. The aim of this Health
Canada–approved trial was to demonstrate the safety and efficacy of
radiosynoviorthesis. Methods: Between July 2012 and November
2017, we conducted a multicenter, prospective, interventional Cana-
dian trial. Patients (n5 360) with synovitis refractory to standard treat-
ments after failing 2 intraarticular glucocorticoid injections were
included. They were followed up at 3, 6, and 12mo. Outcome mea-
sures included adverse events (AEs) and clinical signs of synovitis
(pain, swelling, and joint effusion) measured with the Health Assess-
ment Questionnaire Disability Index, the Disease Activity Score, and
the Visual Analog Scale. Results: In total, 392 joints were treated,
including those reinjected after 6mo (n 5 34). Of these, 83.4% (327/
392) were injected with [90Y]Y-citrate for the knees and 9.9% (39/392)
with [186Re]Re-sulfide for medium-sized joints. Of the joints treated,
82.7% (324/392) were knees. Fifty-five AEs, most of them of mild
grade, occurred and resolved without sequelae and were not life-
threatening. The incidence of radiosynoviorthesis-related AEs was
9.4% (34/360). The proportion of patients showing an improvement
in synovitis symptoms after radiosynoviorthesis was significant at
3mo and was maintained up to 12mo (P , 0.001). Conclusion: This
study confirmed the safety of radiosynoviorthesis in the treatment
of patients with synovitis refractory to standard treatments. There is
evidence of sustained clinical efficacy at 12mo, suggesting that
radiosynoviorthesis is an effective treatment for improving synovitis
symptoms.

KeyWords: efficacy; radiosynoviorthesis; rhenium; safety; yttrium

J Nucl Med 2024; 65:1095–1100
DOI: 10.2967/jnumed.123.267297

Radiosynoviorthesis is an intraarticular radionuclide treatment
used since 1952 to treat inflammatory joint diseases (1). Radiosy-
noviorthesis is approved in many European countries and the
United States for the treatment of rheumatoid arthritis (RA), spon-
dyloarthropathies, and other arthritic joint diseases (2). The aim of

radiosynoviorthesis is to reduce synovitis symptoms after failure
or incomplete response to systemic therapy and intraarticular glu-
cocorticoid injections (1). When standard treatment fails, surgical
synovectomy may be recommended to remove the inflamed syno-
vial membrane (3,4). Radiosynoviorthesis is an outpatient alterna-
tive that delivers equivalent clinical results, is repeatable, reduces
the rate of joint effusion after arthroplasty, and is less expensive
than surgical synovectomy (5–8).
Previous studies have demonstrated that radiosynoviorthesis is

safe. Between 1976 and 2001, 2,412 patients showed no increase
in cancer risk, and there was no dose–response relationship with
the number of treatments (9). In Europe, of 900,000 joints treated
between 1990 and 2011, only 30 severe complications were reported
(10). Moreover, radiosynoviorthesis is effective for refractory
synovitis. Most studies report an improvement in symptoms during
the first 6mo after the procedure and good symptom control at
12mo in 70% of patients (11–13). As previously described (14),
[90Y]Y-citrate and [186Re]Re-sulfide were available in Canada
through a Special Access Program authorization between 1999 and
2010. In 2011, further scientific evidence of the safety and efficacy
of radiosynoviorthesis was needed, and to provide such evidence
was the aim of this study.

MATERIALS AND METHODS

Patient Population
The enrollment flowchart is shown in Figure 1. Between July 2012

and November 2017, all screened patients (n 5 360) from 12 hospitals
in 5 Canadian provinces were included in this prospective, multicenter,
open-label Canadian interventional trial (NCT01615991) approved by
Health Canada (approval 9427-C2049-41C) and received radiosyno-
viorthesis with [90Y]Y-citrate or [186Re]Re-sulfide (IBA-CIS Bio Inter-
national). There was no minimum or maximum age for inclusion.
Patients had to be referred by a specialist physician (rheumatology,
internal medicine, or orthopedics) and present clinical signs (pain,
swelling, and joint effusion) of active mono- or oligosynovitis. The
inflammatory joint diseases included are presented in Table 1. Patients
had to have failed medical treatment, defined as the absence of clinical
improvement of synovitis symptoms, after 6 mo or 2 intraarticular
long-acting glucocorticoid injections. The pain had to limit daily activi-
ties or require large doses of analgesics. Patients who had undergone
arthroscopic removal of the synovium were eligible. Joint imaging had
to show maximally moderate destruction of cartilage or bone (Kellgren–
Lawrence class# 3).

Exclusion criteria were a joint puncture within the last 2 wk, sur-
gery or arthroscopy within the last 6 wk, radiosynoviorthesis within
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the last 3 mo, and surgical synovectomy within the last 6 mo in this
joint. After a sufficient waiting period, an initially ineligible patient
could receive radiosynoviorthesis. Other exclusion criteria included
intraarticular fracture, painful prosthesis, massive hemarthrosis, infection,
synovial cyst rupture, pregnancy or breastfeeding, bone metastases, aller-
gies to radiopharmaceuticals, and concurrent participation in another
clinical trial related to the underlying condition. Data on excluded
patients are unknown, as only results from included and treated patients
were obtained.

The institutional Research Ethics Board approved this clinical trial
(approval CIMS-2011-03), and all subjects gave written informed con-
sent. Each participating site used its own funds to purchase radiopharma-
ceuticals from the manufacturer, who did not fund the present trial.

Radiosynoviorthesis Procedure
The skin was sterilized with an antiseptic pad saturated with 2%

chlorhexidine gluconate and 70% isopropyl alcohol. Sterile drapes and
gloves were used. The position of the needle in the synovial space was
confirmed by aspiration of synovial fluid from the knee. For other
joints, positioning was confirmed by contrast injection under fluoros-
copy. [90Y]Y-citrate or [186Re]Re-sulfide was injected for the radiosy-
noviorthesis. The choice of radiopharmaceutical depended on the size
of the joint, and administration was in accordance with the activities
and volumes proposed for each radiopharmaceutical in Supplemental
Table 1 (supplemental materials are available at http://jnm.snmjournals.
org). The [90Y]Y-citrate was used for the knees, and the [186Re]Re-
sulfide was used for the hips, shoulders, elbows, wrists, and ankles. On
request and under certain circumstances, medium-sized joints could be
injected with [90Y]Y-citrate after approval by the steering committee,
with the exception of the wrist. Several radiosynoviortheses in different
joints during the same visit were possible, but the maximum total activ-
ity authorized per visit was 555 MBq with [90Y]Y-citrate and 370 MBq
with [186Re]Re-sulfide. The needle was rinsed with methylprednisolone
acetate, 40 mg/mL. The volume injected per joint is available in Supple-
mental Table 2. During needle removal, soft-tissue massage and pressure
were applied to the puncture site. The joint had to be immobilized for
48 h. For knees, bed rest without splinting was recommended. If immo-
bilization was not possible, a splint was used to limit movement, as for
other joints. Joint scintigraphy was performed within 5 d of the proce-
dure. Patients were followed up at 3, 6, and 12 mo.

Safety
All adverse events (AEs) after radiosynoviorthesis, regardless of grade

or relationship to radiosynoviorthesis, were systematically reported by

FIGURE 1. Enrollment flowchart.

TABLE 1
Patient Characteristics

Characteristic Data

Age (y)

Mean 50.5 (SD, 16.9)

Median 51.0 (range, 5.0–87.0)

Sex

Female 185 (51.4%)

Male 173 (48.1%)

Unknown 2 (0.5%)

Joint inflammatory disease

Spondyloarthropathies 110 (30.6%)

RA 89 (24.7%)

Osteoarthritis 43 (11.9%)

Pigmented villonodular synovitis 28 (7.8%)

Hemophilic arthropathy 23 (6.4%)

Undifferentiated arthritis 22 (6.1%)

Juvenile idiopathic arthritis 19 (5.3%)

Other inflammatory arthritis 15 (4.2%)

Recurrent joint effusion
after surgery

9 (2.5%)

Unknown 2 (0.5%)

Concurrent medication

nbDMARD 323 (89.7%)

bDMARD 21 (5.8%)

Unknown 16 (4.5%)

Joint treated

Knee 324 (82.7%)

Ankle 24 (6.1%)

Elbow 18 (4.6%)

Wrist 13 (3.3%)

Shoulder 9 (2.3%)

Hip 4 (1.0%)

Radiopharmaceutical

[90Y]Y-citrate 327 (83.4%)

[186Re]Re-sulfide 39 (10.0%)

Unknown 26 (6.6%)

Radiologic class of joint destruction

0 218 (55.6%)

1 36 (9.2%)

2 35 (8.9%)

3 36 (9.2%)

Unknown 67 (17.1%)

nbDMARD 5 nonbiologic disease-modifying antirheumatic
drug; bDMARD 5 biologic disease-modifying antirheumatic drug.

Data are number followed by percentage in parentheses,
except for age. Total patients 5 360, and total joints 5 392.
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the physician. AEs were graded as mild (no interference with the
patient’s usual activities), moderate (disruption of the patient’s usual
activities without the need for medical intervention), or severe (disrup-
tion of the patient’s usual activities and requiring medical intervention).
Moreover, AEs could be definitely related to the treatment, could be
probably related (defined as a plausible chronology but potentially attrib-
utable to another underlying medical problem), or could be unrelated
(defined as a cause-and-effect relationship that is not biologically plausi-
ble because of chronology). The safety profile was assessed on the basis
of the incidence of AEs described per patient, category, and grades.
A joint reaction requiring intraarticular glucocorticoid injection within
14 d of radiosynoviorthesis was considered an AE.

Efficacy
Without clinical improvement in synovitis symptoms (pain, swell-

ing, and joint effusion), treatment failure was defined as the need for
an intraarticular glucocorticoid injection more than 14 d after radiosy-
noviorthesis. A partial response was defined as the need for a second
radiosynoviorthesis within the same joint after 6 mo, and steering
committee approval was required.

At baseline and at 3, 6, and 12 mo, the patient’s functional disability
using the Health Assessment Questionnaire Disability Index (HAQ-DI)
(15), the disease activity using the Disease Activity Score (DAS28)
(16), and the patient’s global assessment of disease activity using the
Visual Analog Scale (VAS 100 mm) (17) were assessed. To be signifi-
cant, HAQ-DI was to be reduced by 0.25, DAS28 by 1.2, and VAS
100 mm by 20 mm. The proportion of patients with improvement in
pain, swelling, and joint effusion at 3, 6, and 12 mo was recorded.

Statistical Analysis
Patients were not excluded from the trial on the basis of missing

data; on the contrary, for each variable or multivariate analysis, the
maximum number of evaluable patients was used and reported. On the
basis of 2009–2010 data available for radiosynoviorthesis performed
in Canada under the Special Access Program, the initial target sample
size was 1,500 joints. The trial was interrupted before reaching the pre-
determined number of joints because of a lack of financial resources
and time to maintain the steering committee.

Descriptive statistics included mean, median, range, SD, or propor-
tion with a 95% CI, as appropriate. For the incidence of patients with
radiosynoviorthesis-related AEs, a 95% Clopper–Pearson CI is pro-
vided. The generalized estimating equation model was used to consider
the repeated measurements for the main outcomes. If a specific time
point was relevant, the McNemar test was used to compare evolution
over time. All tests were 2-sided, with a significant probability thresh-
old of 5% (P , 0.05). Analyses were performed using SPSS version
26.0 (IBM).

RESULTS

Patient Characteristics
Table 1 shows the patient characteristics at baseline, when the

class of radiologic joint destruction was measured using the Kellg-
ren and Lawrence system (18). A total of 360 patients and 392
joints, including those reinjected after 6mo (n 5 34), underwent
radiosynoviorthesis. Before radiosynoviorthesis, 93.6% (337/360)
of patients had failed 2 intraarticular glucocorticoid injections. The
mean number 6 SD of intraarticular glucocorticoid injections
received in the past 12mo was 2.56 0.2. Radiosynoviorthesis was
preferable to surgery in 87.2% (314/360) of patients.

Safety
The median patient follow-up time was 12mo (range,

0–12mo). The total number of AEs was 55 (Supplemental Table 3).

The incidence of patients with radiosynoviorthesis-related AEs was
9.4% (34/360; 95% CI, 6.6%–13.0%). The categories and grades
according to the frequency of AEs are presented in Table 2; 14.5%
(8/55) of the AEs were severe, 51% (28/55) were mild, 23.6% (13/
55) were moderate, and 10.9% (6/55) were of unknown severity.
Only 23.6% (13/55) of AEs were definitely related to radiosyno-
viorthesis, 38.2% (21/55) were possibly related, 27.3% (15/55) were
unrelated, and 10.9% (6/55) were of unknown relation. Among the 8
severe AEs, there were 3 cases of radiosynoviorthesis-related radia-
tion synovitis, only one of which resolved with minor sequelae. The
other two resolved without sequelae. There was one case of radiation
skin necrosis that was severe, occurring at 7mo and possibly related
to radiosynoviorthesis, and a second case that was mild. A single
case each of knee synovitis, septic arthritis, lymphadenopathy, and
medication error was severe but not related to radiosynoviorthesis as
reported by the physician. Systemic reactions (40.0%, 22/55) were
attributable to intraarticular glucocorticoid injection. Additional sub-
group analyses between spondyloarthropathies, RA, osteoarthritis,
pigmented villonodular synovitis, hemophilic arthropathy, and juve-
nile idiopathic arthritis showed no significant differences in the inci-
dence of AEs or treatment failure reported below.

Efficacy
A total of 16.8% (66/392; 95% CI, 13.3%–20.9%) of joints

received an intraarticular glucocorticoid injection after 14 d, corre-
sponding to therapeutic failure. Reinjection after 6mo was needed in
8.7% of joints (34/392; 95% CI, 6.1%–11.9%), corresponding to a
partial response. Among them, 17.6% (6/34) had RA, 14.7% (5/34)
had osteoarthritis, and 67.6% (23/34) had diseases of other categories.
Figure 2 shows the proportion of patients who, after 3mo, showed

a significant improvement (P , 0.001) in synovitis symptoms (pain:

TABLE 2
Categories and Grades of AEs

AE category All grades Severe

Joint reaction

Pain 9 (16.4%) 0 (0.0%)

Inflammation 7 (12.7%) 3 (5.5%)

Swelling 6 (10.9%) 0 (0.0%)

Effusion 4 (7.3%) 1 (1.8%)

Stiffness 1 (1.8%) 0 (0.0%)

Septic arthritis 1 (1.8%) 1 (1.8%)

Skin reaction

Cutaneous necrosis 2 (0.6%) 1 (1.8%)

Skin hematoma 2 (0.6%) 0 (0.0%)

Systemic reaction

Flushing 16 (4.4%) 0 (0.0%)

Fever and chills 2 (0.6%) 0 (0.0%)

Lymphadenopathy 2 (0.6%) 1 (1.8%)

Nausea 1 (0.3%) 0 (0.0%)

Palpitations 1 (0.3%) 0 (0.0%)

Medication error 1 (0.3%) 1 (1.8%)

Data are number followed by percentage in parentheses. Total
AEs 5 55.
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60.4% [95% CI, 53.7%–66.9%] at 3mo, 57.9% [95% CI, 50.8%–
64.6%] at 6mo, and 98.3% [95% CI, 95.4%–99.5%] at 12mo;
swelling: 63.2% [95% CI, 56.7%–69.6%] at 3mo, 83.7% [95% CI,
77.9%–88.3%] at 6mo, and 96.3% [95% CI, 92.5%–98.5%] at
12mo; and joint effusion: 83.8% [95% CI, 77.8%–88.3%] at 3mo,
92.6% [95% CI, 87.9%–95.7%] at 6mo, and 92.4% [95% CI,
87.2%–95.6%] at 12mo). Figure 3 shows a nonsignificant reduc-
tion in the patient’s functional disability (mean HAQ-DI 6 SD:
0.856 0.07 at baseline, 0.696 0.07 at 3mo, 0.666 0.07 at 6mo,
and 0.636 0.08 at 12mo; P 5 0.3). On the other hand, the proba-
bility of HAQ-DI improvement decreased statistically significantly

at 6 and 12mo (generalized estimating equation odds ratio: 0.55
[95% CI, 0.35–0.86] at 6mo [P , 0.01] and 0.42 [95% CI, 0.26–
0.66] at 12mo [P , 0.01]). DAS28 showed a nonsignificant reduc-
tion in disease activity (mean DAS28 6 SD: 2.96 0.1 at baseline,
2.66 0.1 at 3mo, 2.76 0.1 at 6mo, and 2.66 0.1 at 12mo [P 5
0.1]; generalized estimating equation odds ratio: 0.81 [95% CI, 0.42–
1.54] at 6mo [P 5 0.52] and 0.95 [95% CI, 0.52–1.73] at 12mo
[P 5 0.86]) (Fig. 4). Figure 5 shows the stability of global assess-
ment of disease activity based on VAS 100mm (mean VAS 6 SD:
39.76 3.1 at baseline, 40.06 3.1 at 3mo, 38.96 3.5 at 6mo, and

FIGURE 2. Percentage of patients with reduction in pain, swelling, and
joint effusion at 3, 6, and 12mo after radiosynoviorthesis. Upper brackets
indicate 95% CI. Number of evaluable patients is 225 at 3mo, 211 at
6mo, and 188 at 12mo for pain; 229 at 3mo, 213 at 6mo, and 189 at
12mo for swelling; and 207 at 3mo, 200 at 6mo, and 178 at 12mo for
joint effusion. *Significant improvement in synovitis symptoms compared
with baseline (P, 0.001).

FIGURE 3. Improvement in patient’s functional disability based on HAQ-
DI at baseline and during follow-up (3, 6, and 12mo). Data are mean;
brackets represent SD. Nonsignificant reduction in patient’s functional dis-
ability was observed at follow-up compared with baseline (P5 0.3). Smal-
lest clinically significant difference in HAQ-DI is 0.25. Number of evaluable
patients is 360 at baseline, 325 at 3mo, 303 at 6mo, and 251 at 12mo.
*Probability of HAQ-DI improvement decreases statistically significantly at
6 and 12 mo (P, 0.01).

FIGURE 4. Decrease in disease activity based on DAS28 at baseline
and during follow-up (3, 6, and 12mo). Data are mean; brackets represent
SD. No significant reduction in disease activity was observed at follow-up
compared with baseline (P 5 0.1). Smallest clinically significant difference
in DAS28 is 1.2. Number of evaluable patients is 299 at baseline, 265 at
3mo, 240 at 6mo, and 200 at 12mo.

FIGURE 5. Stability of patient’s global assessment of disease activity
based on VAS at baseline and during follow-up (3, 6, and 12mo). Data are
mean; brackets represent SD. No significant change in patient’s global
assessment of disease activity was observed at follow-up compared with
baseline (P 5 0.5). Smallest clinically significant difference in VAS 100mm
is reduction of 20mm. Number of evaluable patients is 286 at baseline,
255 at 3mo, 238 at 6mo, and 202 at 12mo.
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38.26 3.6 at 12mo [P 5 0.5]; generalized estimating equation odds
ratio: 1.14 [95% CI, 0.54–2.39] at 6mo [P 5 0.74] and 1.20 [95%
CI, 0.68–2.13] at 12mo [P 5 0.53]). Additional subgroup analyses
to compare the efficacy of radiosynoviorthesis between spondyloar-
thropathies, RA, osteoarthritis, pigmented villonodular synovitis,
hemophilic arthropathy, and juvenile idiopathic arthritis showed no
significant differences. No progression of the joint destruction initially
present was observed, this joint destruction being observed in 32.7%
(128/392; 95% CI, 28.0%–37.5%) of joints between baseline and
12mo. Improvement in joint function at 12mo was noted by physi-
cians in 74.6% (91/122; 95% CI, 65.9%–82.0%) of patients.

DISCUSSION

In this study, mild and severe AEs occurred in 5.8% (21/360;
95% CI, 3.6%–8.8%) of patients. Most AEs were mild and
resolved spontaneously. Other studies have also shown that radio-
synoviorthesis using [90Y]Y-citrate and [186Re]Re-sulfide is safe
and well tolerated (11,19–21), with no evidence of radiation-induced
cancers at the long-term follow-up (9,22,23). In this trial, one of the
severe complications requiring surgical and multidisciplinary man-
agement was radiation skin necrosis at the wrist injection site at
7mo (14). The second case of radiation skin necrosis was mild, and
both cutaneous complications resolved without sequelae. This seri-
ous complication occurred in only 0.6% of cases in our trial. In the
literature, radiation skin necrosis is a complication occurring in 1.2%
of patients (24,25). The choice of radioisotope is decisive in pre-
venting this complication. Indeed, the extent of energy deposition
in soft tissue by the chosen radioisotope is crucial, which explains
why wrists with a thinner synovium benefit more from medium-
energy radioisotopes, such as [186Re]Re-sulfide (mean range,
1.2mm), than from [90Y]Y-citrate (mean range, 3.6mm) (2). For
this reason, even on request, treatment of a wrist with [90Y]Y-citrate
was not permitted in this trial.
Only one case of severe septic arthritis of the knee occurred,

representing an incidence of 0.3%. This is in line with the 0.1%
incidence of septic arthritis reported in the literature (26). Septic
arthritis after radiosynoviorthesis is attributable to the procedure
itself, not the radiopharmaceuticals, and is most often secondary to
skin bacteria (2,27). A few studies have shown that certain risk fac-
tors, including diabetes, a prosthesis, and glucocorticoid coadminis-
tration during radiosynoviorthesis, were more likely to increase the
risk of infection (27,28). Here, because of the lengthy interval
between the procedure and the AE (12mo), septic arthritis of the
knee is explained by the patient’s multiple underlying comorbid-
ities rather than the radiosynoviorthesis.
In our study, the significant and maintained improvement in

synovitis symptoms supports the efficacy of radiosynoviorthesis
for the treatment of refractory synovitis. A systematic review with
metaanalyses also demonstrated the efficacy of radiosynoviorthesis
(29). For [186Re]Re-sulfide radiosynoviorthesis, the success rate
was 69%–100% at 6mo and 54%–100% at more than 12mo, com-
pared with [90Y]Y-citrate, for which the success rate was 24%–

100% at 6mo and 29%–94% at 12mo. In our study, clinical
improvement in joint function was seen in 73.3% of patients at 6mo
and in 74.6% at 12mo. Our results are in line with a metaanalysis of
2,190 joints for which the overall response rate was 72.5% (30).
There was also a significant early reduction in synovitis symptoms
at 3mo that was sustained at 12mo. Some studies have also shown
an early clinical response as early as 6 wk and a significant sustained
response 10y after radiosynoviorthesis (11,12,19,26). In addition,

there was no progression of the joint destruction initially present.
A 9-y study of 153 joints showed no structural progression in 80%
of joints treated (31). Only 16.8% of treated joints required one or
more intraarticular glucocorticoid injections after more than 14 d,
confirming the therapeutic efficacy of radiosynoviorthesis. RA and
osteoarthritis were the main underlying inflammatory conditions in
the reinjected joints, but there was no significant difference between
these groups for efficacy. This can be explained by the small cohort
in our study and the presence of missing data. A study including 38
joints mainly affected by RA showed that a second attempt had a
certain advantage (11). Other studies have reported better results for
RA than for osteoarthritis (26,30). Finally, all joints in our study
received a therapeutic dose of methylprednisolone acetate, 40mg/mL,
during radiosynoviorthesis for needle flushing. A 3-arm, double-blind
study comparing [90Y]Y-citrate with [90Y]Y-citrate and glucocorti-
coids, and with glucocorticoids alone, demonstrated superior efficacy
of [90Y]Y-citrate versus glucocorticoids at 12mo (32). This procedure
probably did not influence the efficacy of radiosynoviorthesis.
Our study had a few limitations. Several variables, including

blood tests, bone scans, and medical questionnaires, were not col-
lected at the main site, resulting in several missing data. For exam-
ple, response assessment by bone scintigraphy at 6 and 12mo was
not performed for this reason. Only 38.8% of bone scans were col-
lected at the initial assessment, compared with 26.6% at 12mo.
However, one study involving 89 joints showed an improvement
of over 68% in synovitis symptoms when followed up with
2-phase bone scans (31). Another limitation of the study is the
absence of a comparator arm. However, our study demonstrated
efficacy of 74.6% at 12mo; this efficacy is superimposed on the
success rates found in the literature, which range from 60% to
80% for radiosynoviorthesis and surgical synovectomy (6,26). As
all patients received intraarticular glucocorticoid injections during
radiosynoviorthesis, there may be a favorable or synergistic
response to this combination therapy. Other studies have used the
same approach and obtained results similar to ours (25,26).

CONCLUSION

The results of this Canadian cohort confirm the safety of radiosy-
noviorthesis with [90Y]Y-citrate and [186Re]Re-sulfide while show-
ing this treatment to be efficacious for patients with refractory
synovitis. The results also demonstrate that radiosynoviorthesis is a
safe alternative to surgical synovectomy, for example—particularly
in candidates with multiple comorbidities for whom surgery is
undesirable—and significantly reduces synovitis symptoms in a
majority of patients.
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KEY POINTS

QUESTION: Is radiosynoviorthesis safe and effective?

PERTINENT FINDINGS: In this prospective, multicenter, open-label
Canadian interventional trial of 360 patients and 392 joints treated
with [90Y]Y-citrate or [186Re]Re-sulfide radiosynoviorthesis, the
incidence of patients with radiosynoviorthesis-related AEs was
9.4%, the majority being mild and without sequelae. A significant
and prolonged improvement in synovitis symptoms was also
observed at 12 mo.

IMPLICATIONS FOR PATIENT CARE: Health Canada’s official
approval of radiopharmaceuticals for radiosynoviorthesis, a safe
and effective treatment, would improve the quality of life of
patients with synovitis refractory to standard treatments.
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Our aim was to define a lower limit of reduced injected activity in
delayed [18F]FDG total-body (TB) PET/CT in pediatric oncology
patients. Methods: In this single-center prospective study, children
were scanned for 20min with TB PET/CT, 120min after intravenous
administration of a 4.0760.49 MBq/kg dose of [18F]FDG. Five ran-
domly subsampled low-count reconstructions were generated using
1=4, 1=8, 1=16, and 1=32 of the counts in the full-dose list-mode reference
standard acquisition (20min), to simulate dose reduction. For the 2
lowest-count reconstructions, smoothing was applied. Background
uptake was measured with volumes of interest placed on the ascend-
ing aorta, right liver lobe, and third lumbar vertebra body (L3). Tumor
lesions were segmented using a 40% isocontour volume-of-interest
approach. Signal-to-noise ratio, tumor-to-background ratio, and
contrast-to-noise ratio were calculated. Three physicians identified
malignant lesions independently and assessed the image quality using
a 5-point Likert scale. Results: In total, 113 malignant lesions were
identified in 18 patients, who met the inclusion criteria. Of these
lesions, 87.6% were quantifiable. Liver SUVmean did not change signif-
icantly, whereas a lower signal-to-noise ratio was observed in all
low-count reconstructions compared with the reference standard
(P , 0.0001) because of higher noise rates. Tumor uptake (SUVmax),
tumor-to-background ratio, and total lesion count were significantly
lower in the reconstructions with 1=16 and 1=32 of the counts of the ref-
erence standard (P , 0.001). Contrast-to-noise ratio and clinical
image quality were significantly lower in all low-count reconstructions
than with the reference standard. Conclusion: Dose reduction for
delayed [18F]FDG TB PET/CT imaging in children is possible without
loss of image quality or lesion conspicuity. However, our results indi-
cate that to maintain comparable tumor uptake and lesion conspicu-
ity, PET centers should not reduce the injected [18F]FDG activity
below 0.5 MBq/kg when using TB PET/CT in pediatric imaging at
120min after injection.

Key Words: total-body PET/CT; dose reduction; pediatric oncology;
long-axial-field-of-view PET/CT; [18F]FDG
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PET/CT has undergone rapid development since its first intro-
duction (1). The latest paradigm shift was achieved by the

introduction of long-axial-field-of-view and total-body (TB)
PET/CT systems (2–5). The increased signal collection efficiency
of these novel systems enables significant reduction of the injected
radiopharmaceutical activity (dose reduction). In addition, delayed
imaging time points (e.g., 120min after injection) are possible,
allowing further clearance of the radiotracer (4,6–11). With short-
axial-field-of-view PET/CT, it has been shown that some tumors
demonstrated higher [18F]FDG uptake on delayed images (12,13)
whereas benign lesions showed reduced tracer uptake over time
(14). Therefore, delayed imaging was routinely established with
the introduction of TB PET/CT to increase the image quality,
which is of particular interest in pediatric patients (10).
Children with oncologic diseases such as lymphoma, sarcoma,

and other soft-tissue malignancies are frequently referred to PET
centers for staging or restaging (15). Accurate imaging is crucial
because the therapy regime often relies on the PET/CT result (16).
However, the scanning of children—compared with adults—
harbors specific challenges. Accurate coregistration of PET and
CT is needed to provide the high image quality necessary for inter-
pretation. Because of patient motion, accurate coregistration is
often not possible, especially in younger children. Moreover, chil-
dren are more vulnerable to radiation, with an increased risk of
developing secondary malignancies (17). It has been reported that
the risk of developing childhood leukemia increases by 12%/mSv
of cumulative bone marrow dose (18) and that 9% of all thyroid
cancer cases are related to ionizing radiation (19). Therefore,
many attempts have been made to reduce the radiation exposure of
children undergoing frequent diagnostic procedures involving ion-
izing radiation (20–22).
First experiences with TB PET/CT have proven efficient in

dose reduction (4). Chen et al. reported that half-dose imaging
with [18F]FDG TB PET/CT was sufficient in a cohort of 100 chil-
dren, even with an acquisition of only 60 s, when 600 s was
the reference standard (22). Consequently, ultra-low-dose
[18F]FDG PET/CT is theoretically possible with only 1=20 of the
clinical reference injected activity, which would reduce the effec-
tive dose of a pediatric PET scan to 0.18–0.26 mSv (22–24).
However, in late imaging protocols, which help reduce back-

ground and blood-pool activity but also diminish the overall count
rate because of a higher amount of decayed activity, the feasibility
of dose reduction has not yet been evaluated (25). The first aim of
this study was to provide the methodology to evaluate the best
reconstruction parameters for reduced injected activity in delayed
imaging of pediatric oncology patients with TB PET/CT. The sec-
ond aim was to assess the full potential of dose reduction clini-
cally. The primary endpoint was to determine the lower limit of
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dose reduction with an image reconstruction protocol optimized
for late [18F]FDG TB PET/CT imaging.

MATERIALS AND METHODS

This study was approved by the University of California Davis
institutional review board (approval 1470016). The study was per-
formed in accordance with the Declaration of Helsinki.

Patient Population, Radiopharmaceutical, and Imaging
This was a retrospective analysis of prospectively collected

registry-type data. Nineteen pediatric subjects’ data were available for
this study after written informed consent was obtained by the parents
or guardian, providing access to the subjects’ primary staging and
follow-up examinations. From this cohort of 19, the initial staging
examination was used for image evaluation, whereas the follow-up TB
PET/CT scans from a subcohort of 12 of the 19 patients were used to
optimize the reconstruction parameters. All patients underwent clinical
routine [18F]FDG PET/CT on a TB PET/CT scanner (uEXPLORER;
United Imaging Healthcare). Subjects fasted for at least 6 h before a
4.07 6 0.49 MBq/kg intravenous injection of [18F]FDG. All patients
underwent TB PET/CT scans 120 min after injection. A 20-min list-
mode acquisition was recorded for all scans.

Inclusion criteria for the analysis were an age of less than 18 y,
biopsy-proven oncologic disease, and the ability to successfully com-
plete the clinical 20-min TB PET/CT scan without significant intras-
can motion or use of anesthesia.

Data Preparation Using List-Mode Subsampling
Using short-frame reconstructions of a PET dataset for simulating

low-count imaging will result in inherent interframe differences in the
count distribution because of motion, physiologic uptake changes, and
radioactive decay. To overcome this issue for a quantitative evaluation
of low-count imaging scenarios, randomly subsampled low-count
reconstructions were generated from the originally acquired raw list-
mode data to simulate 4 reduced-dose datasets with approximately 1=4,
1=8, 1=16, and 1=32 of the total counts. The subsampling was performed
by, first, randomly shuffling the list-mode coincidence events in the
PET raw data and, subsequently, running a 4-frame dynamic recon-
struction on the randomly shuffled dataset consisting of 1=4, 1=8, 1=16,
and 1=32 of the reference standard. The dynamic frames had no overlap
(i.e., a unique set of events used within each frame), to avoid inter-
frame noise correlation in the quantitative comparison. The methodol-
ogy is displayed in Figure 1. All standard data corrections were
included in all reconstructions.

Reconstruction Parameter Optimization Study
The reconstruction parameter optimization study was performed by

subsampling low-count reconstructions on the follow-up examinations
of 12 pediatric subjects, with 4 reconstruction parameter sets for each
subsampled dose, to provide a designated optimized reconstruction

parameter set to be used in the image evaluation study of the 18 pedi-
atric subjects. The 4 tested reconstruction parameter sets were chosen
by the TB PET imaging team. This led to a dataset with 12 subjects,
each with 4 subsampled acquisitions and 4 reconstruction parameter
sets (12 3 4 3 4). For each subject and each subsampled acquisition,
3 nuclear medicine physicians reviewed the 4 image volumes side by
side in randomized order and ranked them from best to worst. The pre-
ferred reconstruction parameter set was selected by consensus by 3
nuclear medicine physicians and was subsequently used for each
reduced dose of the 18 initial staging examinations, providing a total
of 18 3 4 subsampled low-count reconstructions (Table 1).

Semiquantitative Image Analysis
Tumor lesion uptake was quantified using a 40% isocontour volume

of interest placed on the lesion as previously described (4,26). SUVmax

and SUVpeak were used to assess the target lesion uptake. The back-
ground activity concentration was measured by placing a 30-mm-
diameter spheric volume of interest in the right lobe of healthy liver
tissue (27). An additional 10-mm-diameter sphere was placed on the
ascending aorta and on the third lumbar vertebral body (L3) to charac-
terize healthy organ uptake. In all cases, volumes of interest were ini-
tially placed on the reference standard image and then copied to the
same anatomic locations in different reconstructions to avoid errors.

The signal-to-noise ratio (SNR) was defined as the reciprocal coeffi-
cient of variation of the liver background as follows:

SNR5
1

COV
5

m

s

" !
,

where s is the SD of the background volume of interest and m is the
SUVmean of the background volume of interest (4). Tumor-to-background
ratio (TBR) was defined from the ratio of tumor uptake (SUVmax) to liver
uptake (SUVmean) as follows:

TBR5
SUVmaxðtumorÞ
SUVmean ðliverÞ :

Contrast-to-noise ratio (CNR) was calculated as follows:

CNR5
SUVmean ðlesionÞ2SUVmeanðbackground liverÞ

SDðbackground liverÞ ,

as previously published (28). For semiquantitative image analysis, OsiriX
version 13.0 (Pixmeo SARL) was used.

Visual Assessments of Lesion Detectability and Image Quality
Three nuclear medicine physicians evaluated lesion detectability.

The number of malignant lesions per patient was counted to a maxi-
mum of 10 lesions. Image quality was rated on a 5-point Likert scale:
1 was classified as nondiagnostic and 5 as the state of the art (29). To
minimize bias, reconstructions were anonymized and displayed ran-
domly during the clinical evaluation.

Statistical Analysis
Statistical analysis was performed using Excel (Microsoft) and

GraphPad Prism version 10 (30). Semiquantitative data are presented
as mean 6 SD or as median and range. Reconstructions were analyzed
using paired t testing after checking for a normal distribution. P values
of less than 0.05 were considered statistically significant.

RESULTS

Eighteen of the participants met the inclusion criteria. One
patient was excluded because a 20-min acquisition was not possi-
ble in the clinical setting. From the total of 18 pediatric oncology
patients included, 13 were male and 5 female, with a median age
of 12 y (range, 5–17 y) and an average body mass index of
22.336 4.93 kg/m2. Patient characteristics are outlined in the

FIGURE 1. Graphical visualization of data shuffling method. Available
full data were rearranged and consecutively subsampled into portions of
total injected activity.
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supplemental materials (available at http://jnm.snmjournals.org).
In the reference standard images, 113 malignant lesions were iden-
tified. Of these, 99 (87.6%) could be analyzed with the 40% iso-
contour approach in all reconstructions. The study flowchart is
shown in the supplemental materials.

Reconstruction Parameter Optimization Study
Table 1 presents the optimized reconstruction parameters

selected by the 3 nuclear medicine physicians. Increased smooth-
ing was preferred for the reduced-dose reconstructions, specifically
for 1=16- and 1=32-count levels. For the 1=4 and 1=8 reductions, the
nuclear medicine physicians preferred the standard clinical recon-
struction parameters except with the incorporation of point-spread
function modeling.

Physiologic Uptake and SNR
Although liver SUVmean did not significantly differ between the

low-count reconstructions and the 20-min reference standard
acquisition, liver SUVmax and SD were significantly higher in all
low-count reconstructions (P , 0.001). Furthermore, liver SNR
was significantly lower in all low-count reconstructions than with
the reference standard (P , 0.0001) (Fig. 2). There was no signifi-
cant difference in liver SNR among the low-count reconstructions.
Blood pool and bone (L3) uptake and SNRs are outlined in the
supplemental materials.

Tumor Uptake and Contrast
In total, 99 lesions were analyzed. Tumor uptake quantification

was significantly affected in the 2 lowest-count reconstructions,
showing a significantly lower (P , 0.001) tumor SUVmax in the
1=16 and 1=32 images than with the reference standard (Fig. 3).
Tumor-to-background ratio was also significantly lower in these
reconstructions (1=16 and 1=32, P , 0.0001), whereas the tumor-to-
background ratio of the images with 1=4 and 1=8 of the counts of the
reference standard showed no significant change from the full-
dose image (P 5 0.46 and 0.16) (Fig. 3). However, contrast-to-
noise ratio was significantly lower in all low-count reconstructions
than with the full-dose reference standard (P , 0.0001) (Fig. 3).

Clinical Image Evaluation and Number of Identified Lesions
The visual image quality assessments of all low-count recon-

structions showed significantly lower Likert scale ratings than
with the clinical reference standard (Fig. 4). The median rating of
the full-dose reference image was 5 and was not affected in the
1=4-dose image. The median rating decreased to 4 for the 1=8-dose
image, and the most impaired images (P , 0.0001) were found at
1=16 (median, 3) and 1=32 (median, 3) of the counts, as expected.
The visual lesion detectability evaluation revealed differences in

the number of identified lesions throughout the different low-count
reconstructions. Although a maximum of 113 lesions was identi-
fied in the clinical reference standard images by the 3 different
readers independently, a maximum of 107 and 105 lesions was
identified in the 1=4- and 1=8-dose reconstructions, respectively.
These differences in lesion count were not significantly different
from the reference standard (P 5 0.17 and P 5 0.11, respec-
tively). However, we found significant differences in the number
of identified lesions in the reconstructions with 1=16 and 1=32 of the

TABLE 1
Selected Reconstruction Parameters for Each Reduced Dose by Consensus from 3 Nuclear Medicine Physicians During

Reconstruction Parameter Optimization

Protocol
Equivalent
duration (s)

Reconstruction parameters

Isotropic voxel
size (mm) Iterations (n) Subsets (n)

Point-spread
function
modeling Smoothing

Filter FWHM
(mm)

Reference
standard

1,200 2.344 4 20 Yes None —

1=4 dose 300 2.344 4 20 Yes None —

1=8 dose 150 2.344 4 20 Yes None —

1=16 dose 75 2.344 4 20 Yes Gaussian 4
1=32 dose 37 2.344 6 20 Yes Gaussian 1

nonlocal
means

4

FWHM 5 full width at half maximum.

FIGURE 2. Liver SUVmean (A) and SUVmax (B) in all low-count recon-
structions, compared with full injected activity images, and SD (C) and
SNR (D) in liver volumes of interest. *P , 0.05. **P , 0.01. ***P , 0.001.
****P, 0.0001.
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counts of the reference standard. In the 1=16-count reconstruction,
a total of 102 lesions was identified (P 5 0.04), and in the
1=32-count reconstruction, readers identified only 88 lesions (P ,
0.0001). Figure 4 shows the number of lesions identified by the 3
readers per patient, in which the medians were 8, 5.5, 5, 5, and 3.5
lesions per patient for the reference standard and for 1=4, 1=8, 1=16,
and 1=32 of the reference standard, respectively.
Figure 5 illustrates an example of a 9-y-old patient for whom

the detectability of the axillary lymphoma lesions was impaired by
the increased noise level in the 2 lowest-count reconstructions,
resulting in an inability to detect the lesion visually.

DISCUSSION

In this study investigating the lower limit for injected [18F]FDG
activity reduction in pediatric oncology patients, we evaluated the
first data for delayed TB PET/CT in a prospective cohort. Showing
that reduced injected activities are possible even in delayed imag-
ing protocols may have the advantage of reducing absorbed doses
in children, may reduce costs for the PET center, and may reduce
diagnostic error due to higher tracer uptake in some malignant
lesions and less uptake in some benign ones (13).
In our new method, we randomly shuffled the list-mode clinical

reference standard acquisition of 20min after injection to simulate
reduction of injected activity. Clinical evaluation concluded that
after a limit of 1=8 of the reference standard, additional smoothing
is required to compensate for the increased noise level (Table 1).
This finding could be verified in the semiquantitative and qualita-
tive image analysis of this study.
Liver SNR significantly decreased in the low-count reconstruc-

tions compared with the reference standard acquisition. However,
we found no significant difference in the liver SNR among the
reduced low-count reconstructions (1=8, 1=16, and 1=32), indicating
that the reconstruction parameter optimization was mitigating this

SNR degradation, as intended. The stable SNR was achieved by
completing the first goal of the study to establish the methodology
for reconstruction parameter optimization. We note that past studies
missed this approach of reconstruction optimization (24,31–33).
Therefore, this study ensured that these low-count datasets are a real-
istic representation of how dose reduction would be seen clinically.
This optimization was necessary because reducing the counts in

any PET imaging protocol directly leads to increased noise (34). Fur-
thermore, it is not expected that the reconstruction parameters suitable
for a full-dose 20-min acquisition are also suitable for an acquisition
with far lower count statistics (e.g., with 1=16 or 1=32 of the reference
standard). However, previous approaches toward determining a lower
limit for imaging pediatric oncology patients have not implemented
image reconstruction optimization and, therefore, did not exploit the
full potential of TB PET/CT in pediatric oncology (24,35).
Thus, even with the optimization of especially the low-count

reconstructions (1=16 and 1=32), we noted significantly decreased
tumor uptake (P , 0.001), whereas the tumor uptake of 1=4 or 1=8
of the reference standard was not significantly reduced (Fig. 3).
This finding sets the lower limit of count reduction to 1=8 (i.e., 0.5
MBq/kg) of our clinical reference standard.
In agreement with the limit of injecting a 0.5 MBq/kg dose of

[18F]FDG in delayed TB PET/CT, the lesion conspicuity in the 2
lowest-count reconstructions was impaired, resulting in a significantly
lower lesion count by the 3 independent readers (1=16, 90.3% of
lesions identified [P 5 0.04]; 1=32, 77.9% of lesions identified [P ,
0.0001]). Moreover, these reconstructions (1=16 and 1=32) were found
to be barely diagnostic, with ill-defined lesion conspicuity and impair-
ment of diagnostic confidence. The subjective image noise was rated
as increased to excessive and was found to be worse than average,
according to the applied 5-point Likert scale (29). The clinical benefit
of these 2 reconstructions is—despite the applied reconstruction opti-
mization protocol—doubtful.
Our findings on the lower limits of count reduction for pediatric

oncologic imaging agree well with the current [18F]FDG PET/CT
oncologic examination guideline published by the European Associa-
tion of Nuclear Medicine, which suggests a time–activity product of at
least 7 MBq$min$bed21$kg21 for tumor imaging at 60min after injec-
tion with short-axial-field-of-view PET/CT scanners (36). We showed
that image quality is still acceptable, without significant changes in
tumor uptake, tumor-to-background ratio, or lesion count, with an
injected activity of 0.5 MBq/kg for delayed TB PET/CT scans in
pediatric patients. A 0.5 MBq/kg injected activity translates to a time–
activity product of 10 MBq$min$kg21 for our delayed imaging proto-
col. Notably, this would correspond to 7 MBq$min$kg21 for an
[18F]FDG TB PET/CT scan at 60min after injection (36), showing
even more potential to reduce the injected [18F]FDG activity with TB
PET/CT both at 60min after injection and in the delayed protocols.
Some limitations of our study should be acknowledged. First,

the sample size of 18 patients who met the inclusion criteria was
small. However, our lesion-based analysis detected 113 malignant
lesions and 99 analyzed lesions, strengthening our findings. More-
over, the study was not designed as a lesion detectability study.
Nevertheless, our approach was sufficient to discriminate differ-
ences among the 4 subsampled datasets. Second, our study investi-
gated potential use of lower injected activities using the
subsampled list-mode data from a 20-min acquisition. Given that
the subsampled list-mode data contain the same randoms rate and
dead-time losses as the reference standard injected activity (4.07
MBq/kg), our method is an approximation. On the basis of Spen-
cer et al., we estimate that this would equate to approximately a

FIGURE 3. (A) Tumor SUVmax in all reconstructions, compared with full-
injected-activity images. (B) Tumor-to-background ratio (TBR) in all recon-
structions, compared with full-injected-activity images. (C) Contrast-to-noise
ratio (CNR) in all reconstructions, compared with full-injected-activity
images. *P, 0.05. **P, 0.01. ***P, 0.001. ****P, 0.0001.

FIGURE 4. (A) Image quality on Likert scale (1–5) identified by 3 indepen-
dent readers for all reconstructions, compared with full-injected-activity
images. (B) Number of lesions identified by 3 independent readers for all
reconstructions, compared with full-injected-activity images. *P , 0.05.
**P, 0.01. ***P, 0.001. ****P, 0.0001.
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4% improvement in true count rates (37). Therefore, in a real clini-
cal setting we expect slightly better image quality than in our sub-
sampled images because of a lower randoms rate and less dead
time. The conclusions regarding reduced dose may be underesti-
mated, and in a real clinical setting even lower injected activities
might still yield diagnostic quality. Further studies may focus on
true reduction of injected activities and compare the data with
early PET/CT scans or scans from an adult patient.
In this preliminary study, only 4 low-count scans were investi-

gated. This enabled us to define a limit of possible dose reductions
at 1=8 of the reference standard. However, there might still be a
possibility to reduce the injected activity between the limit of 1=8
and the next lower-count reconstruction (1=16) further. It is note-
worthy that the patient cohort, with a median age of 12y (range,
5–17y) and an average body mass index of 22.3364.93kg/m2,
was relatively mature. This patient cohort was selected because of
the inclusion criteria and clinical imaging settings, which did not
allow sedation during the examination.

CONCLUSION

Injected activity reduction with delayed [18F]FDG TB PET/CT
imaging in children is possible without loss of image quality or
lesion conspicuity. This study supported the reduction of injected
radiotracer activity, especially in children who may undergo multi-
ple follow-up studies. Our results indicate that the lower limit for
delayed [18F]FDG TB PET/CT imaging in pediatric oncology
patients is 0.5 MBq/kg. Dose reduction can be generalized to other
long-axial-field-of-view scanners; however, the precise magnitude
of the reduced injected activity may be scanner-specific.

DISCLOSURE

Research reported in this publication was supported by the National
Institutes of Health under award R01CA249422. The work was also
supported by the In Vivo Translational Imaging Shared Resources
with funds from NCI P30CA093373 and by the Fred and Julia Rusch
Foundation for Nuclear Medicine Research and Education. Hande
Nalbant’s funding is partially provided by United Imaging Health-
care’s UIH Fellowship Gift. Axel Rominger has received research
support and speaker honoraria from Siemens. Lorenzo Nardo is the
principal investigator of a service agreement with United Imaging
Healthcare. Lorenzo Nardo is the site principal investigator of clinical
trials supported by Novartis Pharmaceuticals Corp. Lorenzo Nardo is
the principal investigator of clinical trials supported by Telix Pharma-
ceuticals, Lantheus Medical Imaging, and GE Healthcare. Lorenzo
Nardo is coprincipal investigator of a clinical trial supported by Lilly.

Ramsey Badawi is the principal investigator
of a clinical trial supported by Lilly. Simon
Cherry and Ramsey Badawi received
research support from United Imaging
Healthcare during the course of this work.
The University of California Davis has a rev-
enue sharing agreement with United Imaging
Healthcare. Fatma Sen is the principal inves-
tigator of clinical research sponsored by Bio-
gen. No other potential conflict of interest
relevant to this article was reported.

ACKNOWLEDGMENTS

We thank the EXPLORER Molecular
Imaging Center clinical research and compliance team, especially
Phu Huynh, Dana Little, Ofilio Vigil, Lynda Painting, and Anh
Nguyen.

KEY POINTS

QUESTIONS: Can we reduce the injected activity in delayed
imaging protocols scanning pediatric oncology patients with
[18F]FDG TB PET/CT?

PERTINENT FINDINGS: In this prospective single-center study,
delayed [18F]FDG TB PET/CT in pediatric oncology patients
enabled a reduction in the injected radioactivity (0.5 MBq/kg with
a 20-min acquisition).

IMPLICATIONS FOR PATIENT CARE: [18F]FDG TB PET/CT with
delayed imaging protocols in pediatric oncology patients can
decrease ionized radiation exposure.
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After Acute Myocardial Infarction: Correlation with Changes
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Angiogenesis is an essential part of the cardiac repair process after
myocardial infarction, but its spatiotemporal dynamics remain to be
fully deciphered.68Ga-NODAGA-Arg-Gly-Asp (RGD) is a PET tracer
targeting avb3 integrin expression, which is a marker of angiogenesis.
Methods: In this prospective single-center trial, we aimed to monitor
angiogenesis through myocardial integrin avb3 expression in 20
patients with ST-segment elevation myocardial infarction (STEMI). In
addition, the correlations between the expression levels of myocardial
avb3 integrin and the subsequent changes in 82Rb PET/CT para-
meters, including rest and stress myocardial blood flow (MBF), myo-
cardial flow reserve (MFR), and wall motion abnormalities, were
assessed. The patients underwent 68Ga-NODAGA-RGD PET/CT and
rest and stress 82Rb-PET/CT at 1 wk, 1mo, and 3mo after STEMI. To
assess 68Ga-NODAGA-RGD uptake, the summed rest 82Rb and
68Ga-NODAGA-RGD images were coregistered, and segmental SUVs
were calculated (RGD SUV). Results: At 1 wk after STEMI, 19 partici-
pants (95%) presented increased 68Ga-NODAGA-RGD uptake in the
infarcted myocardium. Seventeen participants completed the full
imaging series. The values of the RGD SUV in the infarcted myocar-
dium were stable 1mo after STEMI (1 wk vs. 1mo, 1.47g/mL [interquar-
tile range (IQR), 1.37–1.64g/mL] vs. 1.47g/mL [IQR, 1.30–1.66g/mL];
P 5 0.9), followed by a significant partial decrease at 3mo (1.32g/mL
[IQR, 1.12–1.71g/mL]; P 5 0.011 vs. 1 wk and 0.018 vs. 1mo). In
segment-based analysis, positive correlations were found between RGD
SUV at 1 wk and the subsequent changes in stress MBF (Spearman r:
r 5 0.17, P 5 0.0033) and MFR (Spearman r: r 5 0.31, P , 0.0001) at
1mo. A negative correlation was found between RGD SUV at 1 wk and
the subsequent changes in wall motion abnormalities at 3mo (Spearman
r: r 5 –0.12, P 5 0.035). Conclusion: The present study found that
avb3 integrin expression is significantly increased in the infarcted

myocardium 1 wk after STEMI. This expression remains stable after
1mo and partially decreases after 3mo. Initial avb3 integrin expres-
sion at 1 wk is significantly weakly correlated with subsequent
improvements in stress MBF, MFR, and wall motion analysis.

Key Words: integrin avb3; PET; myocardial infarction; angiogenesis;
RGD

J Nucl Med 2024; 65:1107–1112
DOI: 10.2967/jnumed.124.267514

The initiation of cardiac repair after a myocardial infarction
(MI) requires a complex series of processes. In the first few days
after reperfusion, an inflammatory phase with intense inflamma-
tion and immune cell infiltration enables the infarct to be cleared
of damaged cells. This phase is followed by a reparative and pro-
liferative phase over the next several days, with a believed peak
around day 7; it includes the resolution of inflammation, cardiac
fibroblast proliferation, scar formation, and angiogenesis, which
are essential parts of the repair process (1,2). However, the spatio-
temporal dynamics of angiogenesis after an MI remain to be fully
deciphered (2). To prevent heart failure after MI, an improved
understanding of myocardial angiogenesis is essential for the
future development of effective and targeted treatments.
The transmembrane glycoprotein avb3 integrin is involved in

cell interaction with the extracellular matrix, migration, and prolif-
eration. Integrin avb3 is expressed on activated endothelial cells,
where it plays a critical role in the angiogenic process within the
myocardium after injury (3–6). Expression of integrin avb3 has
also been reported in other various cell types, such as fibroblasts
and activated macrophages (7–10). This diversity in expression
may introduce some confounding effects. However, avb3 imaging
holds promise for assessment of cardiac wound healing and repair
after MI (11,12). In 2015, in a publication summarizing advanced
techniques to evaluate angiogenesis, the American Heart Associa-
tion cited the use of radiotracers to assess integrin expression (13).
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68Ga-NODAGA-Arg-Gly-Asp (RGD) is a PET tracer having a
high binding affinity for avb3 and favorable biokinetics (14,15). A
widely used PET perfusion tracer in clinical practice is 82Rb,
allowing for accurate measurement of rest and stress myocardial
perfusion in absolute units, with a test–retest methodologic preci-
sion of around 20% (16).
We hypothesized that myocardial 68Ga-NODAGA-RGD uptake is

increased during the peak of the proliferative phase after acute
ST-segment elevation MI (STEMI) and is reduced during later stages
of infarct healing. The objective of the present study was to assess
the expression levels of myocardial avb3 integrin at 1 wk after
STEMI and their potential evolution at 1 and 3mo. In addition, the
correlations between the expression levels of myocardial avb3 integ-
rin and the subsequent changes in 82Rb-PET/CT parameters, includ-
ing rest and stress myocardial blood flow (MBF), myocardial flow
reserve (MFR), and wall motion abnormalities, were assessed.

MATERIALS AND METHODS

Study Design
This was a prospective single-center trial conducted in the Centre Hos-

pitalier Universitaire Vaudois (Lausanne, Switzerland). All participants
were included within the first 12 h after symptom onset and underwent
reperfusion (supplemental materials; available at http://jnm.snmjournals.
org). The study was approved by the ethics committee of the canton of
Vaud (protocol CER-VD 429/14) and registered at ClinicalTrials.gov
(NCT03809689). All patients gave written informed consent.

PET/CT Imaging
All participants underwent 68Ga-NODAGA-RGD PET/CT and rest

and stress 82Rb-PET/CT at 1 wk (4–10 d) after STEMI. Then, the par-
ticipants underwent repeated 68Ga-NODAGA-RGD PET/CT and rest
and stress 82Rb-PET/CT at 1 and 3 mo after STEMI (Fig. 1). The
82Rb-PET/CT imaging was performed as previously described (17),
with the complete imaging acquisition protocol reported in the supple-
mental materials. Briefly, a 5 MBq/kg dose of 82Rb (Ruby-Fill genera-
tor and 82Rb elution system; Jubilant DraxImage) was administered
through an automated infusion system for 15–25 s, and 3-dimensional
dynamic PET images were acquired for 6.1 min (123 8, 53 12, 13 30,
13 60, and 13 120 s). Stress acquisitions were then performed using the
same protocol. Then, a median of 159 MBq of 68Ga-NODAGA-RGD
was injected as an intravenous bolus and was followed by a PET acqui-
sition of 10 min after a median of 60 min. Images were reconstructed
using ordered-subsets expectation maximization algorithms.

PET Image Analysis
Image analyses were performed using PMOD (version 4.3; PMOD

Technologies).
82Rb-PET/CT Analysis. Perfusion was assessed quantitatively,

measuring MBF in mL/min/g at rest and stress using a 1-tissue-
compartment model with a flow-dependent extraction correction

(supplemental materials). Perfu-
sion was also assessed visually
and semiquantitatively. A seg-
mental wall motion analysis
was performed on rest-gated
82Rb-PET images using a
5-point scoring scale, and the
summed rest score for wall
motion was derived. Rest left
ventricular end-diastolic and
end-systolic volumes, as well as
ejection fraction, were computed.

68Ga-NODAGA-RGD PET/CT Analysis. 68Ga-NODAGA-RGD
images were assessed visually and quantitatively. To assess the
RGD uptake, the summed rest 82Rb images and the 68Ga-NODAGA-
RGD images were coregistered (Supplemental Fig. 1). Polar maps of
68Ga-NODAGA-RGD uptake expressed as SUVs (SUV; measured
activity concentration [Bq/mL] 3 body weight [g]/injected dose at the
time of image decay correction [Bq]) were generated, and mean seg-
mental SUVs were calculated (RGD SUV). The characterization of
the infarcted myocardium and the remote myocardium is detailed in
the supplemental materials.

Statistical Analysis
No statistical methods were used to predetermine sample size. All

statistical analyses were performed using R software (version 4.2.2, R
Project). A P value of less than 0.05 was considered statistically signifi-
cant. Continuous variables were expressed as median and interquartile
range (IQR) or as mean 6 SEM. The comparisons were performed
using a Wilcoxon signed-ranks test. Categoric data were expressed as
count and percentage. The Friedman test was used to compare continu-
ous variables across multiple time points. When statistical significance
was reached, post hoc Dunn multiple-comparison tests were used for
pairwise comparisons. The correlations between RGD SUV and the
subsequent changes in rest MBF, stress MBF, MFR, and wall motion
analysis were assessed on all segments using the Spearman correlation
analysis. The tests were selected because of the nonnormal distribution
of the data, as determined by the Shapiro–Wilk test.

RESULTS

Participants
In total, 20 participants were included in the study (20% female;

age, 63 y [IQR, 58–69 y]; Supplemental Table 1). Among the par-
ticipants, 19 (95%) had no previous history of cardiovascular dis-
ease before the onset of acute STEMI. Only one participant had a
history of prior coronary revascularization, with percutaneous cor-
onary intervention (PCI) and coronary artery bypass graft surgery.
PCI was performed on all the participants 3.8 h (IQR, 2.3–6.3 h)

after symptoms onset. Invasive angiography found single-vessel
obstructive disease in 7 (35%) participants and multivessel
obstructive coronary artery disease in 13 (65%). All participants
underwent stenting using drug-eluting stents of the culprit lesion.
One participant (5%) had unsuccessful reperfusion with a post-
PCI thrombolysis in MI flow grade 1.
The 20 participants underwent rest and stress 82Rb-PET/CT and

68Ga-NODAGA-RGD PET/CT imaging 9 d (IQR, 7–10 d) after
STEMI. A total of 18 participants underwent a second 82Rb-PET/
CT and 68Ga-NODAGA-RGD PET/CT study 32 d (IQR, 30–37 d)
after STEMI, and 17 participants underwent a third 82Rb-PET/CT
and 68Ga-NODAGA-RGD PET/CT study 89 d (IQR, 83–96 d)
after STEMI and completed the full imaging series. In segment-
based analysis, rest and stress MBF, MFR, wall motion analysis,
and RGD SUV were assessed for the full imaging series in 289
segments (173 17 participants).

Imaging Findings 1 Week After STEMI
Complete reperfusion, as indicated by absence of a significant perfu-

sion defect (summed stress score , 4), was observed in 6 participants
(33%). The rest MBF was 0.50mL/min/g (IQR, 0.42–0.58mL/min/g)
across the entire myocardium, 0.58mL/min/g (IQR, 0.48–
0.60mL/min/g) in the remote myocardium, and 0.38mL/min/g
(IQR, 0.34–0.52mL/min/g) in the infarcted myocardium. Rest left
ventricular ejection fraction was less than 50% in 12 participantsFIGURE 1. Experimental timeline.
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(60%). A total of 14 participants (70%) demonstrated segmental wall
motion abnormalities (summed rest score for wall motion . 0).
A total of 19 participants (95%) presented RGD-positive seg-

ments (n 5 66); those segments were always included in myocar-
dial tissue perfused by the culprit coronary artery. Among those
66 positive segments, 55 were obtained from the 17 participants
who completed the full imaging series and were selected to repre-
sent the infarcted myocardium. Among the 6 participants who
experienced a complete reperfusion and had no significant 82Rb
PET perfusion defect (summed stress score , 4), RGD-positive
segments were detected in 5 (83%).

Temporal Changes
The values of the RGD SUV in the infarcted myocardium were

stable 1mo after STEMI (P 5 0.9 for post hoc comparison of 1
wk vs. 1mo; Table 1), followed by a significant decrease at 3mo
(P 5 0.011 for post hoc comparison with 1 wk, P 5 0.018 for
post hoc comparison with 1mo; Table 1; Figs. 2 and 3). There was
no significant change in RGD SUV in the remote myocardium
throughout the follow-up (Friedman test P 5 0.59). At all time
points, the RGD SUVs of the infarcted myocardium and the remote
myocardium were significantly different (all P , 0.001).
In participants with significant 82Rb-PET/CT perfusion defects,

areas of positive RGD uptake matched the extent of perfusion
defects, with some slight extensions in border zones. In the 2 par-
ticipants with the most severe infarcts (rest MBF in the infarcted
myocardium at 1 wk of 0.30mL/min/g and 0.26mL/min/g),
the RGD SUVs of the infarcted myocardium increased by at
least 20% at 1mo, without a change in clinical status or occur-
rence of events (Fig. 4; Supplemental Fig. 2). In these 2 partici-
pants, the RGD uptake started in the border zone and extended
into the necrotic infarct core (Fig. 4). The RGD uptake was rela-
tively homogeneous in all the other participants with smaller
infarcts.
In participant-based analysis, global 82Rb-PET/CT parameters

and hemodynamics during 82Rb-PET/CT imaging did not signifi-
cantly change between initial and follow-up imaging (Supplemen-
tal Tables 2 and 3). Left ventricular ejection fraction improved
by at least 5% in 8 (12%) of the 17 participants who completed

the full imaging series. In segment-based analysis, rest MBF
improved by at least 20% in 163 segments (56%), stress MBF
improved by at least 20% in 164 segments (57%), MFR improved
by at least 20% in 151 segments (52%), and wall motion abnor-
malities improved (difference score for wall motion $ 1) in 61
segments (21%).

Correlations Between RGD SUV and Subsequent Changes in
82Rb-PET Parameters
In segment-based analysis, positive correlations were found

between initial RGD SUV at 1 wk and the subsequent changes at
3mo in stress MBF (Spearman r: r 5 0.13, P 5 0.026) and MFR
(Spearman r: r 5 0.18, P 5 0.003). There was no correlation
between RGD SUV at 1 wk and the subsequent changes in rest
MBF at 3mo (Spearman r: r 5 –0.08, P 5 0.19). A negative cor-
relation was found between RGD SUV at 1 wk and the subsequent
changes in wall motion abnormalities at 3mo (Spearman r: r 5

–0.12, P 5 0.035).

TABLE 1
Temporal Changes in Infarcted and Remote Myocardium

Parameter 1 wk 1mo 3mo

Infarcted myocardium

RGD SUV (g/mL) 1.47 (1.37–1.64) 1.47 (1.30–1.66) 1.32 (1.12–1.71)*

Rest MBF (mL/min/g) 0.38 (0.34–0.52) 0.44 (0.31–0.58) 0.44 (0.37–0.52)

Stress MBF (mL/min/g) 1.16 (0.71–1.61) 1.49 (0.77–1.96) 1.51 (0.92–2.18)†

MFR (1) 3.04 (1.96–3.90) 2.94 (2.42–3.62) 3.50 (2.32–4.65)

Remote myocardium

RGD SUV (g/mL) 1.05 (0.92–1.11) 1.01 (0.99–1.11) 1.05 (0.94–1.15)

Rest MBF (mL/min/g) 0.58 (0.48–0.60) 0.57 (0.46–0.75) 0.50 (0.49–0.69)

Stress MBF (mL/min/g) 1.88 (1.30–2.19) 1.99 (1.24–2.16) 1.92 (1.22–2.39)

MFR (1) 3.35 (2.67–4.16) 3.19 (2.28–3.51) 2.98 (2.27–4.75)

*P 5 0.011 vs. 1 wk and P 5 0.018 vs. 1mo.
†P 5 0.035 vs. 1 wk.
Variables are expressed as median and IQR. Number 1 after MFR indicates unitless dimension.

FIGURE 2. avb3 integrin expression in infarcted myocardium remained
stable 1mo after STEMI, followed by significant partial decrease at 3mo.
**P# 0.01.
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In further analysis, positive significant correlations were found
between RGD SUV and the subsequent changes in stress MBF
and MFR in the 1-wk to 1-mo period (Spearman r: r 5 0.17, P 5

0.0033, and Spearman r: r 5 0.31, P , 0.0001, respectively; Fig.
5). No correlation was found between RGD SUV at 1mo and the
subsequent changes at 3mo in stress MBF (Spearman r: r 5 0.05,
P 5 0.44) or in MFR (Spearman r: r 5 –0.02, P 5 0.72). No cor-
relation was found during these shorter periods between RGD

SUV and the subsequent changes in wall
motion abnormalities (1-wk to 1-mo
period, Spearman r: r 5 0.02, P 5 0.7;
1-mo to 3-mo period, Spearman r: r 5

0.06, P 5 0.33).

DISCUSSION

The present study reported in vivo, in
humans, an increased avb3 integrin
expression in the infarcted myocardium 1
wk after STEMI. The levels of avb3 integ-
rin expression remained stable at 1mo
after STEMI and partially decreased at
3mo, suggesting that angiogenesis
remains active 3mo after the infarct.
Moreover, there were significant weak
correlations between the segmental levels
of avb3 integrin expression at 1 wk and
the subsequent improvements in stress
MBF, MFR, and wall motion analysis.
The kinetics of angiogenesis after MI in

humans remain poorly understood (2). The
results reported here on myocardial avb3

integrin expression in vivo in the human
infarcted myocardium found persistent activ-

ity at 1mo, followed by a partial decline at 3mo. The present results
are consistent with the serial changes in vascular endothelial growth
factor levels observed in several studies within the peripheral blood of
patients with acute MI. These levels were reported to peak at 6 wk
and subsequently decline to baseline levels at 5mo (18). Another
study found a progressive increase in vascular endothelial growth fac-
tor levels that started on the first day after acute MI, peaked at 2 wk,
and then subsequently declined (19). Hence, it can be thought that

this prolonged increase is necessary to pre-
serve the remaining myocardium and limit
hypoxic cellular destruction.
The prolonged avb3 integrin upregula-

tion found here agrees with previous stud-
ies using radiolabeled RGD peptides after
MI (4,11,20,21). In a rat model, the uptake
of the 18F-galacto-RGD tracer was
detected only 3 d after MI and reached its
highest levels between 1 and 3 wk; the
levels were still detectable after 6mo.
Moreover, the evolution of 18F-galacto-
RGD tracer uptake correlated well with
neovascularization as assessed by immuno-
histochemical CD31 staining (4). Similarly,
the uptake pattern of 18F-AlF-NOTA-
PRGD2, in the infarcted area at various
time points after MI, also started after only
3 d and peaked between 1 and 3 wk; a sub-
sequent partial decrease was reported 4mo
after MI (20). In humans, Jenkins et al.
(11) found that 18F-labeled RGD uptake
was increased within 2 wk in the infarcted
myocardium. It persisted but was reduced
after approximately 10 wk. There was no
uptake found at sites of established old
infarctions. It is of note that in the present

FIGURE 3. Participant example with decrease in avb3 integrin expression levels (arrows) in
infarcted myocardium (asterisks) after 1 wk to follow-up at 3mo. Shown are rest 82Rb, 68Ga-
NODAGA-RGD PET, and 68Ga-NODAGA-RGD PET/CT images at 1 wk (first row), 1mo (second
row), and 3mo (third row) after STEMI.

FIGURE 4. Participant example with increase in avb3 integrin expression levels (arrows) throughout
follow-up within infarcted myocardium (asterisks). Shown are rest 82Rb, 68Ga-NODAGA-RGD PET,
and 68Ga-NODAGA-RGD PET/CT images at 1 wk (first row), 1mo (second row), and 3mo (third row)
after STEMI. 68Ga-NODAGA-RGD uptake started in border zone at 1mo and subsequently extended
into necrotic infarct core at both 1 and 3mo.
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study, an examination of established old infarction sites was not
conducted since none of the participants had an MI history before
acute STEMI. Nevertheless, in our trial evaluating tumoral angio-
genesis (NCT02666547), which includes some patients with a prior
history of MI, we do not observe any visually positive uptake of
68Ga-NODAGA-RGD in the myocardium.
The present study reported significant correlations between the

segmental levels of avb3 integrin at 1 wk and the subsequent
improvements in clinically relevant physiologic parameters, such
as stress MBF, MFR, and wall motion analysis. Although the cor-
relations were weak, they were determined using the Spearman
rank correlation coefficient, which is insensitive to outliers. Addi-
tionally, the alignment of PET findings could have been more
accurate, since distinct radiotracers (with high-energy positrons)
and acquisitions were used. A stronger effect of these correlations
can be assumed, which means that the correlations are likely
relevant. Notably, a slightly stronger correlation was observed
between avb3 integrin expression levels and improvements in
MFR, which is considered a more robust independent prognostic
factor than is stress MBF (22). Furthermore, no correlation was
found between avb3 integrin expression levels and subsequent
changes in rest MBF, a parameter unrelated to clinical outcomes
and unaffected by post-MI recovery (23,24). The significant but
weak correlation between avb3 integrin expression levels at 1 wk
and functional outcomes aligns with previous challenges to
translate microscopic levels of angiogenesis into functional
improvements. For example, Wu et al. reported only trends toward
lower perfusion defects and metabolism deficits in vascular endo-
thelial growth factor–treated animal models, without statistically
significant changes (25). Nevertheless, as here, several studies sug-
gested that elevated avb3 integrin expression after ischemic myo-
cardial injury is associated with subsequent improvement in
regional left ventricular function (6,11,12,26,27). Recently, using
the same PET tracer with 68Ga-NODAGA-RGD, Nammas et al.
reported in humans that avb3 integrin expression levels 1 wk after
MI were linked to regional and global systolic dysfunction, as
well as elevated left ventricular filling pressure, and predicted
improved global left ventricular function 6mo after MI (12).
Despite these insights, further studies are warranted to better under-
stand whether the angiogenic response is associated with functional
recovery.

Variability was observed in the tempo-
ral pattern of 68Ga-NODAGA-RGD
uptake, with a notable increase found at
1mo in 2 participants. Interestingly, the 2
participants affected were those experienc-
ing the most severe infarcts. On the basis
of these findings, it remains uncertain
whether this increase in 68Ga-NODAGA-
RGD uptake is related to intensified reen-
dothelialization and angiogenesis or indi-
cates a shift toward myofibroblast cell
types, suggesting an intensified fibrotic
response. This delayed phase of repair is
characterized by a reduction in inflamma-
tion and angiogenesis and a reorganization
of the extracellular matrix through
myofibroblast-driven type I and III colla-
gen production (1). This more intense
uptake during follow-up in infarcted areas

where perfusion is most profoundly reduced, with a trend toward a
delayed 1-mo peak, may reflect the need for a more intense heal-
ing process in those tissues.
The present trial had several limitations. Inflammatory cells and

fibroblasts can express integrins such as avb3 (7–10), which can
lead to reduced specificity. This may explain the weak correlations
found between the 1-wk 68Ga-NODAGA-RGD uptake and the
subsequent improvements in flow, as well as the absence of corre-
lation found from 1mo onward. The positron range is higher for
68Ga than for 18F, which may affect image quality, especially in
relatively small moving structures. Nevertheless, 68Ga-NODAGA-
RGD has the advantage of straightforward synthesis at room
temperature with high radiochemical yield and purity. It can be
radiolabeled rapidly (,30min) and in a fully automated good-
manufacturing-practice–compliant manner. Furthermore, the
on-site availability of 68Ge/68Ga generators for centers without
access to a cyclotron makes it a good alternative for 18F-labeled
compounds. Moreover, a higher uptake of multimeric RGD tracers
than of monomeric tracers was reported (28). A multimodal imag-
ing strategy, such as PET/MRI, could precisely delineate the area
at risk and its border zone. The study would have been strength-
ened by an independent measure of regional function using echo-
cardiography or MRI. Furthermore, the contribution of nonspecific
uptake to 68Ga-NODAGA-RGD accumulation cannot be excluded.
However, positive uptake was found in segments with preserved
perfusion and in segments with low perfusion, and as radiolabeled
RGD-based peptides have shown rapid clearance from the circula-
tion (4,14), it seems unlikely that nonspecific uptake related to
changes in vascular permeability played a major role. Finally, the
potential impact of standard medication regimens for coronary
artery disease (e.g., statins, antihypertensives) on the uptake of
82Rb or 68Ga-NODAGA-RGD remains uncertain.

CONCLUSION

The present study found that avb3 integrin expression is signifi-
cantly increased in the infarcted myocardium 1 wk after STEMI.
This expression remained stable after 1mo and partially decreased
after 3mo. Initial avb3 integrin expression at 1 wk was sig-
nificantly weakly correlated with subsequent improvements in
stress MBF, MFR, and wall motion analysis. An enhanced

FIGURE 5. Correlations of 68Ga-NODAGA-RGD uptake at 1 wk after STEMI with subsequent
changes in stress MBF (A) and MFR (B) at 1mo. Data points represent mean segmental values.
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comprehension of the mechanistic aspects of infarct avb3 integrin
expression could provide multiple therapeutic options.
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KEY POINTS

QUESTION: What are the spatiotemporal dynamics of avb3

integrin expression after MI, and its correlation with changes in
MBF, using 68Ga-NODAGA-RGD PET/CT and rest and stress
82Rb-PET/CT at 1 wk, 1 mo, and 3 mo after STEMI?

PERTINENT FINDINGS: This prospective clinical study showed
that avb3 integrin expression was significantly increased in the
infarcted myocardium 1 wk after STEMI. This expression remained
stable after 1 mo and partially decreased after 3 mo. Initial avb3

integrin expression at 1 wk was significantly weakly correlated
with subsequent improvements in stress MBF, MFR, and wall
motion analysis.

IMPLICATIONS FOR PATIENT CARE: An enhanced comprehension
of the mechanistic aspects of infarct avb3 integrin expression could
provide multiple therapeutic options.
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Currently, cutoffs of quantitative [15O]H2O PET to detect fractional
flow reserve (FFR)–defined coronary artery disease (CAD) were
derived from a single cohort that included patients without prior CAD.
However, prior CAD, sex, and age can influence myocardial blood
flow (MBF). Therefore, the present study determined the influence of
prior CAD, sex, and age on optimal cutoffs of hyperemic MBF (hMBF)
and coronary flow reserve (CFR) and evaluated whether cutoff optimi-
zation enhanced diagnostic performance of quantitative [15O]H2O
PET against an FFR reference standard. Methods: Patients with
chronic coronary symptoms underwent [15O]H2O PET and invasive
coronary angiography with FFR. Optimal cutoffs for patients with and
without prior CAD and subpopulations based on sex and age were
determined. Results: This multicenter study included 560 patients. Opti-
mal cutoffs were similar for patients with (n5 186) and without prior CAD
(hMBF, 2.3 vs. 2.3mL$min21$g21; CFR, 2.7 vs. 2.6). Females (n 5 190)
had higher hMBF cutoffs thanmales (2.8 vs. 2.3mL$min21$g21), whereas
CFRs were comparable (2.6 vs. 2.7). However, female sex–specific
hMBF cutoff implementation decreased diagnostic accuracy as com-
pared with the cutoff of 2.3mL$min21$g21 (72% vs. 82%, P , 0.001).
Patients aged more than 70y (n 5 79) had lower hMBF
(1.7mL$min21$g21) and CFR (2.3) cutoffs than did patients aged 50y
or less, 51–60y, and 61–70y (hMBF, 2.3–2.4mL$min21$g21; CFR,
2.7). Age-specific cutoffs in patients aged more than 70y yielded
comparable accuracy to the previously established cutoffs (hMBF,
72% vs. 76%, P5 0.664; CFR, 80% vs. 75%,P5 0.289).Conclusion:
Patients with and without prior CAD had similar [15O]H2O PET cutoffs
for detecting FFR-defined significant CAD. Stratifying patients accord-
ing to sex and age led to different optimal cutoffs; however, these
values did not translate into an increased overall accuracy as compared
with previously established thresholds for MBF.

Key Words: PET; fractional flow reserve; cutoff values; hyperemic
myocardial blood flow; coronary flow reserve; coronary artery disease
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A wide array of diagnostic modalities is available to evaluate
the presence and functional repercussion of coronary artery disease
(CAD). Among these diagnostic tools, [15O]H2O PET is consid-
ered the gold standard for noninvasive quantification of myocar-
dial blood flow (MBF) and has well-established diagnostic and
prognostic value (1–3). PET serves as a gatekeeper for invasive
coronary angiography (ICA), where fractional flow reserve (FFR) is
used to guide revascularization, considering its prognostic importance
(4,5). One of the challenges of quantitative MBF interpretation to
guide revascularization decision-making is the definition of normal
and abnormal MBF, paralleling significant and nonsignificant FFR
measurements. Currently used [15O]H2O PET cutoffs were derived
from a collaborative study that found a cutoff of 2.3mL$min21$g21

for optimal hyperemic MBF (hMBF) and 2.5 for coronary flow
reserve (CFR) to detect FFR-defined CAD (6). These cutoffs were
established in a population without prior CAD, whereas contempo-
rary guidelines endorse myocardial perfusion imaging for patients
with a substantial clinical likelihood of obstructive CAD, including
those with a prior CAD history (7,8). Patients with prior CAD and
recurrence of symptoms have more advanced atherosclerotic disease
and a higher prevalence of microvascular dysfunction, which can
cause diminished MBF even in the absence of obstructive epicardial
lesions (9,10). Moreover, prior studies revealed that both sex and age
can affect myocardial perfusion values, irrespective of the presence
of obstructive CAD (6,11–16). Conceivably, recalibrating [15O]H2O
PET thresholds for the presence of prior CAD, sex, and age could
enhance diagnostic performance in these distinct subpopulations.
Therefore, the aim of this study was to assess how prior CAD, sex,
and age impact the optimal cutoffs of quantitative [15O]H2O PET in
detecting FFR-defined hemodynamically significant CAD. We fur-
ther sought to compare the diagnostic performance of [15O]H2O PET
using both general and patient-specific cutoffs.

MATERIALS AND METHODS

Patient Population
This was a multicenter study that included patients suspected of

having obstructive CAD who underwent [15O]H2O PET perfusion

Received Jan. 2, 2024; revision accepted Apr. 8, 2024.
For correspondence or reprints, contact Ibrahim Danad (i.danad@umcutrecht.nl)

or Roel Hoek (roel.hoek@amsterdamumc.nl).
Published online May 9, 2024.
COPYRIGHT! 2024 by the Society of Nuclear Medicine andMolecular Imaging.

PATIENT-SPECIFIC CUTOFFS IN [15O]H2O PET ! Hoek et al. 1113



imaging and ICA in conjunction with FFR measurements. The patient
population was derived from 3 participating centers: Amsterdam Uni-
versity Medical Center (n 5 439), Turku University Hospital (n 5 116),
and Uppsala University Hospital (n 5 5). Patients from the Amsterdam
University Medical Center were derived from a clinical registry (n5 49),
from the PACIFIC-1 trial (n 5 204), or from the PACIFIC-2 trial
(n 5 186) (9,10). Patients from Turku University Hospital and Uppsala
University Hospital were derived from clinical registries. General
exclusion criteria were atrial fibrillation, contraindications for adeno-
sine, pregnancy, and a history of coronary artery bypass graft surgery.
Additional specific exclusion criteria of the PACIFIC trials are
described elsewhere (9,10). Patients from the PACIFIC-2 trial had a
documented cardiac history of myocardial infarction (MI) and/or per-
cutaneous coronary intervention (PCI), whereas these patients were
excluded from the PACIFIC-1 trial and clinical registries. Further-
more, patients from the PACIFIC-1 trial and clinical registries had a
left ventricular ejection fraction of more than 50% on echocardiogra-
phy. The maximum allowed interval between PET and ICA was
3mo, and no cardiac events were documented within this period.
Each center had the approval of a local institutional ethical review
board, and all patients provided written informed consent.

[15O]H2O PET Perfusion Imaging, Quantification of MBF, and
Interpretation of Perfusion Defect

All patients underwent [15O]H2O PET perfusion imaging using a
hybrid PET/CT scanner with site-specific protocols. These protocols
and quantification of MBF are described in the supplemental materials
(available at http://jnm.snmjournals.org) (6,17–21). PET perfusion
imaging polar maps were visually assessed for presence of a perfusion
defect, defined as a defect of 2 or more adjacent segments within the
right coronary artery territory and circumflex artery territory, and 4 or
more adjacent segments within the left anterior descending artery terri-
tory. In the absence of a visual perfusion defect, the mean vascular
hMBF/CFR was used for further analysis. If a visual perfusion defect
was present, the mean hMBF/CFR of the involved segments was used
for further analysis. Overlapping segments of a perfusion defect were
not included in the mean perfusion value of the adjacent vascular terri-
tory. An example of the interpretation of a visual perfusion defect is
shown in Supplemental Figure 1. Parametric segmental MBF values
were allocated to their corresponding vascular territory according to
the American Heart Association 17-segment model after correction for
coronary dominance based on information obtained from ICA (21).

Scar Detection
In the context of the PACIFIC-2 trial, all patients with prior CAD

included in our study received cardiac MRI besides PET perfusion
imaging. For these individuals, the cardiac MRI data served to detect
vascular areas with significant scarring. The extent of late gadolinium
enhancement was visually analyzed according to the American Heart
Association 17-segment model (excluding the apex) using a 5-point
scale (0%, 1%–25%, 26%–50%, 51%–75%, .75%) (21). Significant
scarring was defined as a vascular late gadolinium enhancement score
of 2 or more. An additional description of the cardiac MRI acquisition
protocol has been previously published (10).

ICA and FFR
ICA was performed using standard protocols. FFR was calculated

by dividing the mean distal intracoronary pressure by the mean arterial
pressure after inducing maximal hyperemia by infusion of intracoron-
ary (150mg) or intravenous (140mg$kg21$min21) adenosine. In the
context of the PACIFIC-1 and -2 trials, FFR measurements were per-
formed in all major coronary arteries and side branches larger than
2.0mm. For all other patients, FFR was measured in intermediate
lesions (diameter stenosis, 30%–90%). Hemodynamically significant

CAD was defined as an FFR of 0.80 or less or as coronary lesions
with a diameter stenosis of more than 90% if FFR measurements were
not performed. Conversely, vessels without an FFR of 0.80 or less or
coronary lesions with a diameter stenosis of less than 30% were con-
sidered non-obstructive. Vessels with intermediate stenosis and no
FFR measurement were excluded from further analysis, as were right
coronary arteries functioning as a right ventricular branch or coronary
anomalies.

Statistical Analysis
Univariable and multivariable regression analysis was performed to

identify patient characteristics and traditional CAD risk factors that
influence hMBF. The regression analysis was conducted using a linear
mixed-effects model to account for multiple vessels deriving from the
same patient. Interactions between prior MI, prior PCI, sex, and age
were explored. Optimal cutoffs for hMBF and CFR were calculated
for specific subpopulations stratified by the presence of prior CAD
(defined as a prior MI and/or PCI), sex, and age (#50, 51–60, 61–70,
and .70 y), using the Youden index. Areas under the receiver-
operating characteristic curve (AUC) were constructed using hMBF
and CFR on both a per-patient (lowest vascular value of a patient) and
per-vessel level and were compared using the DeLong method. The
diagnostic performance of [15O]H2O PET–derived hMBF and CFR
was assessed using both the previously established general cutoffs
(hMBF, 2.3mL$min21$g21; CFR, 2.5 (6)) and patient-specific optimal
cutoffs for subpopulations in which hMBF cutoffs differed by more
than 0.1mL$min21$g21 from the general cutoff. The diagnostic perfor-
mance of hMBF and CFR using the general cutoffs was calculated as
well for all patients from the Amsterdam University Medical Centers
and for all other patients. Per-patient diagnostic performance measures
(sensitivity, specificity, positive and negative predictive values, and
accuracy) were compared using the McNemar or x2 test (sensitivity,
specificity, and accuracy) or using generalized estimation equations
with an independent correlation structure (positive and negative pre-
dictive values). Per-vessel diagnostic performance measures were
compared using generalized estimation equations with an exchange-
able (sensitivity, specificity, and accuracy) or independent (positive
and negative predictive values) correlation structure, to correct for
multiple vessels deriving from the same patient. A 2-sided P value of
less than 0.05 was considered statistically significant. Statistical analy-
ses were performed using the SPSS software package (version 28.0;
IBM) and MedCalc Statistical Software (version 20.006; MedCalc
Software Ltd.).

RESULTS

Study Population
In total, 560 patients were eligible for inclusion in this study.

Among their 1,680 vessels, 73 (4%) were excluded from further
analysis: 56 (3%) because of the absence of FFR in an intermedi-
ate stenosis, 16 (1%) because the right coronary artery was a right
ventricular branch, and 1 (,1%) because it was a coronary anom-
aly. As a result, 560 patients and 1,607 vessels were included
(Fig. 1). Baseline characteristics are presented in Table 1. Mean
age was 616 9.1 y, and 370 (66%) patients were male. A total of
186 (33%) patients had prior CAD (98 [18%] prior MI and 168
[30%] prior PCI). Supplemental Table 1 presents the baseline
characteristics stratified by patients with prior CAD, sex, and age.
Of patients with prior CAD, cardiac MRI-defined left ventricular
ejection fraction was less than 35% in 5 patients and 35%–54% in
44 patients. All other patients had a normal left ventricular ejection
fraction.
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MBF in Relationship to Prior CAD, Sex, and Age
The relationship between myocardial perfusion and prior CAD,

sex, and age in vessels with and without obstructive CAD is
depicted in Figure 2. In patients with a prior CAD, hMBF and
CFR were lower in non-obstructive vessels but higher in obstruc-
tive vessels, when compared to patients without prior CAD.
hMBF was higher in females than males for both non-obstructive
and obstructive vessels, whereas CFR was comparable between
the sexes. Among the age groups 50 y or less, 51–60 y, and 61–
70 y, hMBF and CFR exhibited no significant differences. How-
ever, patients aged more than 70 y had lower hMBF in non-
obstructive vessels than did patients aged 50 y or less or patients
aged 51–60 y. Furthermore, CFR in patients aged more than 70 y
was lower in both non-obstructive vessels (as compared with all
other groups) and obstructive vessels (as compared with patients
aged 51–60y and patients aged 61–70y). Resting MBF measures
are presented in Supplemental Table 2. Table 2 shows the result of
a regression analysis describing the influence of patient-specific
characteristics and traditional CAD risk factors on hMBF. In a
multivariable regression analysis, female sex, age, smoking, dia-
betes, and hypertension were significantly and independently
associated with hMBF. There was a significant interaction
between prior MI and the female sex (P 5 0.030) and between
prior PCI and the male sex (P 5 0.006) (Supplemental Table 3).

Optimal Cutoffs and Diagnostic Performance of [15O]H2O PET
The vessel-specific optimal cutoffs and corresponding AUC

analysis of [15O]H2O PET for predicting obstructive CAD in the
patient-specific subpopulations are shown in Table 3 and Supple-
mental Figure 2. Patients without prior CAD had an optimal cutoff
of 2.3mL$min21$g21 for hMBF and 2.6 for CFR. The overall pres-
ence of prior CAD, prior MI, and prior PCI did not influence cutoffs.

However, in vascular territories with late gadolinium enhancement–
defined scarring, CFR showed a cutoff of 2.0. Males showed simi-
lar thresholds of hMBF (2.3mL$min21$g21) and CFR (2.7), whereas
females exhibited a higher threshold for hMBF, at 2.8mL$min21$g21,
with a corresponding cutoff of 2.6 for CFR. Regarding age, only
patients aged more than 70 y displayed disparate thresholds:
1.7mL$min21$g21 for hMBF and 2.3 for CFR. Cutoffs based on
different FFR and angiographic thresholds are shown in Supple-
mental Tables 4 and 5.
Figure 3 shows the AUC analyses with corresponding 95% CIs

of the patient-specific subpopulations on a per-patient level. The
diagnostic performance of hMBF in patients without prior
CAD was significantly higher than in patients with prior CAD
(AUC, 0.87 [95% CI, 0.85–0.92] vs. 0.80 [95% CI, 0.74–0.86];
P 5 0.021), whereas the diagnostic performance of CFR was com-
parable between these groups (P 5 0.069). For the subpopulations
based on sex and age, AUC analysis revealed no significant differ-
ences between groups for either hMBF or CFR.
The per-patient diagnostic performance of hMBF and CFR for

patients from the Amsterdam University Medical Center (n 5 439)

FIGURE 1. Study flowchart of included patients and vessels, with corre-
sponding presence of FFR interrogation. DS 5 diameter stenosis; RCA 5

right coronary artery; RV5 right ventricular.

TABLE 1
Baseline Characteristics of Total Study Population

(n 5 560)

Characteristic Data

Age (y) 6169.1

Male sex 370 (66)

Body mass index (kg$m22) 2764.0

Cardiac history 186 (33)

Prior MI 98 (18)

Prior PCI 168 (30)

Cardiovascular risk factors

Family history of CAD 235 (42)

Smoking (current or history) 250 (45)

Diabetes mellitus 97 (17)

Hypertension 292 (52)

Hypercholesterolemia 300 (54)

Symptoms

Typical angina 212 (38)

Atypical angina 217 (39)

Nonspecific chest discomfort 131 (24)

Medication

Single antiplatelet therapy 428 (76)

Dual antiplatelet therapy 66 (12)

b-blocker 354 (63)

ACE inhibitor or AR blocker 240 (43)

Calcium channel blocker 150 (27)

Statin 424 (76)

Obstructive CAD 273 (49)

Data are presented as mean 6 SD or as absolute number
followed by percentage in parentheses.

ACE 5 angiotensin-converting enzyme; AR 5 angiotensin
receptor.
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compared with those from Turku University Hospital and Uppsala
University Hospital (n 5 121) is shown in Supplemental Table 6.

Influence of Cutoff Optimization on Diagnostic Performance
of [15O]H2O PET in Females and Patients Aged More Than
70 Years
The implementation of optimized cutoffs in females resulted in

a decreased per-patient specificity, positive predictive value, and
accuracy for hMBF (all P , 0.001), whereas for CFR only specifi-
city decreased (P 5 0.031) (Fig. 4A). Per-patient accuracy was
highest for hMBF using the general cutoff (82%)—superior to the
accuracy of CFR using both the general (76%, P 5 0.015) and the
specific (73%, P 5 0.001) cutoffs. Per-vessel diagnostic

performance is shown in Supplemental
Table 7. The per-vessel accuracy of
hMBF using the general cutoff (87%)
was superior to that of hMBF using the
specific cutoff (80%, P , 0.001) and to
that of CFR using either the general
(81%, P , 0.001) or the specific (79%,
P , 0.001) cutoff.
In patients aged more than 70 y, cutoff

optimization led to a reduced per-patient
sensitivity for hMBF (P , 0.001),
whereas specificity and positive predic-
tive value increased for both hMBF and
CFR (all P # 0.031) (Fig. 4B). The high-
est per-patient accuracy was observed for
CFR using the specific cutoff (80%), but
there was no statistically significant
improvement over the accuracy of hMBF
using either the general (76%, P 5
0.581) or the specific (72%, P 5 0.263)
cutoff. Per-vessel diagnostic performance
is shown in Supplemental Table 7. Per-
vessel accuracy was highest for hMBF
using the specific cutoff (83%), outper-
forming the accuracy of hMBF and CFR
using the general cutoffs (both 73%, P 5
0.003) and comparable to the accuracy of
CFR using the specific cutoff (79%, P 5
0.081).

DISCUSSION

This study examined how prior CAD,
sex, and age affect the optimal cutoffs of
quantitative [15O]H2O PET in identifying
FFR-defined hemodynamically signifi-
cant CAD. Previous efforts have not
optimized hMBF and CFR thresholds
using [15O]H2O PET for these sub-
groups. The key findings of this study
are that prior MI and/or PCI did not
require specific hMBF and CFR thresh-
olds for predicting hemodynamically sig-
nificant CAD; that females presented a
higher hMBF cutoff than did males; that
elderly patients (.70 y) exhibited lower
thresholds for hMBF and CFR than did
younger patients; and that the optimized
cutoffs did not improve overall accuracy

for these specific subpopulations.

Influence of Prior CAD
Diffuse atherosclerosis and coronary microvascular dysfunction

impair myocardial perfusion in patients with prior CAD, resulting
in a potential disparity between FFR and MBF when PET is used
as a guide for coronary revascularizations (22,23). Moreover, the
presence of myocardial scarring influences the amount of viable
tissue in a vascular territory, with a subsequent impact on FFR,
whereas MBF alterations might occur due to diminished tracer
extraction in viable portions of scarred regions (24,25). As a result,
the optimal hMBF to distinguish between normal and ischemic
MBF as defined by FFR may differ from that of patients without

FIGURE 2. Relationship between myocardial perfusion and patient characteristics in vessels with
and without obstructive CAD. Patients are divided into subpopulations, stratified by prior CAD
(defined as prior MI and/or PCI) (A), sex (B), and age (C).
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prior CAD. In our study, although perfusion was lower in patients
with prior CAD than in their counterparts without prior CAD in
non-obstructive vessels, the independent presence of prior MI or
PCI did not influence hMBF. Consequently, the optimal cutoffs
for hMBF and CFR were consistent with those of patients without
prior CAD. Notably, even when vascular territories with the pres-
ence of late gadolinium enhancement–defined scarring were con-
sidered, optimal hMBF thresholds remained unchanged, although
CFR displayed a remarkable decrease in these regions. Prior stud-
ies assessing the diagnostic performance of [15O]H2O PET using
thresholds similar to those established in our study indicated
reduced diagnostic performance in patients with prior CAD com-
pared with those without, which is confirmed by the lower AUC

of hMBF in patients with prior CAD than in those without in our
study (9,10). Our findings emphasize that these disparities in diag-
nostic performance are likely related to diffuse and microvascular
atherosclerotic disease rather than being the result of suboptimal
PET thresholds in either group.

Impact of Sex
Risk factors impact myocardial perfusion irrespective of epicar-

dial atherosclerotic burden by increasing microvascular resistance
(26). Sex, however, has been demonstrated to exert the largest
influence on stress perfusion values. This apparent phenomenon
has been attributed to sex differences in the hormonal milieu and
the subsequent protective effects of estrogens in preserving the

TABLE 3
Vessel-Specific Optimal Cutoffs and AUC Analysis of [15O]H2O PET

hMBF CFR

Parameter Cutoff (mL$min21$g21) AUC Cutoff AUC Vessels (n) Disease (%)

No prior CAD 2.3 0.88 (0.86–0.90) 2.6 0.84 (0.82–0.86) 1058 23

Prior CAD 2.3 0.76 (0.73–0.80) 2.7 0.75 (0.71–0.78) 549 33

Prior MI* 2.3 0.76 (0.71–0.81) 2.7 0.72 (0.66–0.77) 289 36

Prior PCI* 2.3 0.74 (0.70–0.78) 2.7 0.73 (0.68–0.76) 497 31

LGE-defined scar 2.3 0.76 (0.68–0.83) 2.0 0.75 (0.67–0.82) 149 41

Males 2.3 0.82 (0.79–0.84) 2.7 0.80 (0.77–0.82) 1053 35

Females 2.8 0.80 (0.77–0.84) 2.6 0.82 (0.78–0.85) 554 10

Age # 50 y 2.4 0.87 (0.82–0.91) 2.7 0.79 (0.73–0.84) 227 26

Age 51–60 y 2.4 0.85 (0.81–0.88) 2.7 0.82 (0.79–0.86) 507 25

Age 61–70 y 2.3 0.83 (0.80–0.86) 2.7 0.79 (0.76–0.82) 648 25

Age . 70 y 1.7 0.86 (0.81–0.91) 2.3 0.84 (0.78–0.88) 225 35

*Not vessel-specific, as documented by per-patient cardiac history.
LGE 5 late gadolinium enhancement.
Data in parentheses are 95% CI.

TABLE 2
Uni- and Multivariable Regression Analysis of Influence of Patient-Specific Characteristics and Risk Factors on hMBF

Univariable Multivariable

Characteristic b P b P

Obstructive CAD 20.642 ,0.001 20.608 ,0.001

Prior MI 20.328 0.003 20.077 0.430

Prior PCI 20.235 0.010 0.143 0.090

Sex (female) 1.065 ,0.001 0.884 ,0.001

Age 20.019 ,0.001 20.016 ,0.001

Body mass index (kg$m22) 20.030 0.004 20.008 0.381

Family history of CAD 0.005 0.952 20.044 0.497

Smoking 20.300 ,0.001 20.133 0.043

Diabetes mellitus 20.435 ,0.001 20.188 0.035

Hypertension 20.335 ,0.001 20.163 0.016

Hypercholesterolemia 20.253 0.002 20.041 0.531
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function of the coronary microvasculature. Indeed, estrogen
replacement therapy has been shown to reduce minimal coronary
microvascular resistance and thus preserve the functional integrity
of the microvasculature (27). An experimental study on animal
models, however, has linked blunted resting MBF to testosterone
levels, whereas stress perfusion levels remained unchanged (11).
Indeed, in a study by Duvernoy et al., hMBF remained signifi-
cantly higher in females than in their male counterparts despite the
fact that the females were postmenopausal (28). Irrespective of the
underlying mechanism, one may postulate that a different thresh-
old for myocardial perfusion values should be established to
account for the differences in vasomotor function, to optimize the
diagnostic value of quantitative PET, and to facilitate its role as a
guide for coronary revascularizations. Therefore, females might
benefit from a different cutoff for the detection of hemodynamic
significant CAD as refereed by FFR, giving an impetus to person-
alize PET-guided management. In our study, AUCs between
sexes were comparable, and specific cutoffs for males did not dif-
fer from the prior established thresholds (6). Females, on the other
hand, demonstrated higher hMBF cutoffs than did males (2.8 vs.
2.3mL$min21$g21), whereas thresholds for CFR remained

comparable between the sexes (2.7 vs. 2.6). Prior studies have
shown similar results, although lower CFRs in females have been
described as well (6,14,28–30). The threshold for CFR is similar
for both males and females, and thus, CFR is preferably used
instead of hMBF for large datasets attenuating the bias in flow
values introduced by sex on, for example, prediction of adverse
events. However, reliance on a higher ischemic threshold in
females would result in an overestimation of abnormal stress
perfusion scans were it to serve as a gatekeeper test for the
catheterization laboratory. Because of the relatively low disease
prevalence in females, the increased sensitivity of a higher hMBF
cutoff came at the expense of a loss of specificity resulting in an
overall reduced accuracy on both a per-vessel and a per-patient
level. From a clinical per-patient perspective, the increase in sensi-
tivity was not deemed sufficient to recommend the use of this spe-
cific cutoff for minimizing false deferrals to the catheterization
laboratory. For CFR, the diagnostic performance of optimized
thresholds followed the same trend, albeit not as pronounced given
the minimal sex difference for this flow parameter. Accordingly,
the accuracy of hMBF surpassed that of CFR despite the imple-
mentation of specific CFR thresholds, in line with previous studies

FIGURE 3. AUC analysis and corresponding 95% CI of [15O]H2O PET–derived hMBF and CFR to detect FFR-defined hemodynamically significant
CAD for specific subpopulations on per-patient level.
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(6,31,32). All in all, our results do not support the use of
sex-specific cutoffs and indicate that hMBF is the most reliable
marker for hemodynamic significant epicardial disease in this spe-
cific population.

Effect of Age
As age advances, several factors have been reported to influence

myocardial perfusion. Diffuse atherosclerosis causes endothelial
dysfunction by prohibiting endothelium-dependent vasodilatation
of the coronary arteries. In a study by Egashira et al., an increase
in peak coronary blood flow using an endothelium-dependent
vasodilator correlated negatively with age, whereas the response
to an endothelium-independent vasodilator was only slightly
affected by age (33). Moreover, age-related morphologic changes
in smooth muscle cells can increase arterial impedance (34). These
factors can equally be attributed to the microvasculature, increas-
ing microvascular resistance and subsequently decreasing stress
perfusion and flow reserve (15,35). With multiple factors other
than epicardial disease reducing myocardial perfusion in elderly
patients, correcting perfusion for age might, arguably, optimize
diagnosis establishment. In our study, like a study by Uren et al.
(15), hMBF and CFR were similar for age groups up to 70 y but
declined afterward, whereas AUCs between the groups were com-
parable. These findings are mirrored by the optimal cutoffs identi-
fied for different age groups in our study, where, as age exceeded
70 y, cutoffs decreased to 1.7mL$min21$g21 for hMBF and 2.3 for
CFR. With a relative high disease prevalence in older patients, the
increase in specificity with age-specific cutoffs outweighed the

concomitant fall in sensitivity on a per-
vessel level, suggesting a potential benefit
from the use of age-specific thresholds.
Nevertheless, this difference between the
use of cutoffs did not extend to the clinical
applicability of perfusion imaging, as
reflected by the per-patient analysis. The
reduced rate of false positives by lowering
the cutoff in the elderly was counterba-
lanced by the increase in false negatives,
resulting in equal diagnostic accuracy. In
fact, the conventional cutoff is superior in
preventing these patients from a false
deferral from the catheterization labora-
tory. All in all, our findings suggest that
the general cutoffs remain applicable even
for patients aged more than 70 y.

Role of Cutoffs in Clinical Practice
The use of binary cutoffs seems insur-

mountable in daily clinical practice, espe-
cially when cardiac PET perfusion
imaging is being used as a guide for coro-
nary revascularization compared with hav-
ing a mere gatekeeper function. The
difficulty of cutoffs is underscored by a
study of Vester et al., in which cutoffs for
predicting revascularization and for pre-
dicting relief of angina after PCI in
patients after coronary artery bypass graft
surgery substantially differed from 1.36 to
1.99mL$min21$g21 for hMBF and from
1.20 to 2.35 for CFR (36). Moreover, cut-

offs in our study slightly changed when different FFR or angio-
graphic references were applied, further implying that cutoffs
depend on the intended clinical purpose. Indeed, any measure of
myocardial perfusion is continuous by its biologic nature and can-
not merely be confined to a binary threshold. This oversimplifica-
tion, although sometimes helpful for clinical decision-making and
interpretation of test results, implies that there is a myocardial per-
fusion threshold at which the benefit of a treatment suddenly
appears or disappears. Instead, a more comprehensive evaluation
using both PET-derived MBF and FFR will likely allow tailoring
of medical therapy and interventions based on their individual dis-
ease phenotype, giving an impetus to personalized medicine. This
will presumably improve patient satisfaction, temper expectations
of invasive procedures, and improve adherence to medical therapy.
However, there have not yet been any prospective studies evaluat-
ing PET-guided clinical decision-making based on stratification of
myocardial perfusion, such as using the concept of coronary flow
capacity, ischemic burden, or relative flow ratio.

Limitations
Several limitations need to be acknowledged. First, the Youden

index was used to calculate optimal cutoffs. Although the Youden
index seeks the optimal balance between sensitivity and specifi-
city, diagnostic accuracy calculations derived from these cutoffs
may not consistently translate to the highest attainable diagnostic
accuracy given that accuracy is affected by disease prevalence,
which differs between specific subpopulations. Second, the present
study included a relatively small number of patients aged more

FIGURE 4. Per-patient diagnostic performance of hMBF and CFR with general and patient-specific
optimal cutoffs in females (A) and patients . 70 y old (B). NPV 5 negative predictive value; PPV 5

positive predictive value.
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than 70 y, which limits the statistical power for accuracy assess-
ment in this subpopulation. Third, we used [15O]H2O as the PET
tracer. Consequently, the generalizability of our findings to other
PET tracers, such as [13N]NH3,

82Rb, or 18F-flurpiridaz, should be
considered with caution. This is the case especially in patients
with scarring, as [15O]H2O measures perfusion predominantly in
the viable tissue fraction, whereas other PET tracers measure aver-
age perfusion in the myocardium. Fourth, the patient groups with
reduced global left ventricular ejection fraction or heart failure
were mostly excluded. In these patients, the flow capacity is typi-
cally reduced because of global myocardial damage, and the same
cutoffs may not be valid. Finally, attention was paid to matching
visual perfusion defects with their corresponding subtended coro-
nary artery by accounting for coronary dominance. Nevertheless,
when a visual defect exceeded more than one coronary territory,
following the American Heart Association 17-segment model,
mismatches between coronary arteries and their respective vascu-
lar regions might have occurred.

CONCLUSION

Optimal cutoffs of quantitative [15O]H2O PET–derived hMBF
and CFR to detect FFR-defined significant CAD were similar
between patients with prior CAD (prior MI and/or PCI) and
patients without prior CAD. Moreover, optimal cutoffs for hMBF
were higher in females than males, whereas optimal cutoffs for
both hMBF and CFR were lower in patients 70 y or older than in
their younger counterparts. Nevertheless, the application of opti-
mized cutoffs within these specific subpopulations did not enhance
diagnostic performance. Our findings advocate the use of previ-
ously established general cutoffs for detection of FFR-defined sig-
nificant CAD in the interpretation of myocardial perfusion
parameters.
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KEY POINTS

QUESTION: What is the influence of prior CAD, sex, and age
on optimal cutoffs of myocardial perfusion parameters, and
does cutoff optimization enhance the diagnostic performance
of quantitative [15O]H2O PET for detecting hemodynamically
significant CAD?

PERTINENT FINDINGS: The presence of prior CAD did not
influence optimal cutoffs of quantitative [15O]H2O PET for
detecting FFR-defined hemodynamically significant CAD. For
females, however, optimal myocardial perfusion cutoffs were
higher than in males. Patients aged more than 70y had a lower
threshold of perfusion parameters than did their younger
counterparts. These differences in cutoffs in respective
subpopulations pave the way for personalized medicine.
Nonetheless, optimizing cutoffs did not exert a positive influence
on the diagnostic performance of quantitative [15O]H2O PET for
detecting FFR-defined hemodynamically significant disease.

IMPLICATIONS FOR PATIENT CARE: Clinicians can confidently
interpret the results of myocardial perfusion imaging based on
general nonspecific cutoffs.
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The widespread deposition of amyloid-b (Ab) plaques in late-stage
Alzheimer disease is well defined and confirmed by in vivo PET. How-
ever, there are discrepancies between which regions contribute to the
earliest topographic Ab deposition within the neocortex. Methods:
This study investigated Ab signals in the perithreshold SUV ratio range
using Pittsburgh compound B (PiB) PET in a population-based study
cross-sectionally and longitudinally. PiB PET scans from 1,088 partici-
pants determined the early patterns of PiB loading in the neocortex.
Results: Early-stage Ab loading is seen first in the temporal, cingulate,
and occipital regions. Regional early deposition patterns are similar in
both apolipoprotein «4 carriers and noncarriers. Clustering analysis
shows groups with different patterns of early amyloid deposition.
Conclusion: These findings of initial Ab deposition patterns may be of
significance for diagnostics and understanding the development of
Alzheimer disease phenotypes.
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The neuropathology of Alzheimer disease (AD) is character-
ized by the deposition of amyloid-b (Ab) plaques (1). PET using
Ab tracers has added to our understanding of Ab deposition and
AD progression. The first Ab radiotracer, 11C-labeled Pittsburgh
compound B ([11C]C-PiB), has been used in AD studies for more
than a decade (2) and aligns with histologic findings of Ab locali-
zation (3). Other Ab PET biomarkers show similar diagnostic
accuracy to [11C]C-PiB, further establishing its efficacy (4,5). Cur-
rently, the widespread aggregation of Ab plaques in late-stage AD
is well established (6); however, there are discrepancies in how
and where Ab deposition begins (5,7).
Neuropathologic studies describe the progression of Ab deposi-

tion in 5 ordered stages termed Thal phases (8). The first Thal phase
of isocortical Ab deposition is defined as occurring exclusively in

the neocortex, with the exception of the paracentral lobule, and as
being diffusely distributed and without a specific neocortical regional
pattern (8). Although these postmortem histologic studies provide
conclusive results on the location of Ab proteins (9), it remains diffi-
cult to observe Ab early progression because of small sample sizes
and because most of the samples are from patients whose Ab onset
was likely years before (8).
PET imaging provides an in vivo picture of neocortical deposi-

tion and longitudinal development. Past PET studies suggest areas
of Ab origination; however, these studies show inconsistencies
in the regions where early Ab aggregation begins—describing
early Ab aggregation as occurring in many areas, including the
frontotemporal association cortices (10), frontomedial areas (11),
large-scale brain networks such as the default mode network (12),
parietal regions such as the precuneus (11,13), cingulate (13), and
medial orbitofrontal areas (11,13). There are also discrepancies in
the role of the temporal lobe in initial accumulation, with some
claiming it to be a later aggregation point (11) and others deeming
it an early accumulation site (10). These studies are limited by
using preselected cohorts, which limit the ability to generalize
their results, and by lacking assessment of risk factors on Ab
aggregation patterns, such as apolipoprotein-«4 (APOE) status or
familial history (14). These inconsistencies in study design and
conclusions on early aggregation of Ab demonstrate a need to
revisit the earliest patterns of Ab in a population-based study.
Here, [11C]C-PiB PET was used in an epidemiologic community-

based population study to assess the prevalence of focal early Ab
signal changes across brain regions in the neocortex both cross-
sectionally and longitudinally. To see subtle differences in Ab depo-
sition, we selected participants who had an amyloid signal near the
global [11C]C-PiB cutoff (15), we determined elevated Ab status for
each region of interest (ROI) independently compared with younger
cognitively unimpaired (CU) individuals (16), and we analyzed the
elevated [11C]C-PiB data by ROI-wise analysis. Patterns of early
regional Ab deposition were assessed, and cluster analysis was used
to determine subgroups with different Ab deposition patterns within
the population.

MATERIALS AND METHODS

Participants
All participants were enrolled in the Mayo Clinic Study of Aging

(MCSA), a population-based randomized aging study from Olmsted
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County, Minnesota (17). Participants provided written informed con-
sent to participate in the study, with the approval of the Mayo Clinic
and Olmsted Medical Center Institutional Review Boards. At enroll-
ment and at all subsequent visits, the participants were clinically diag-
nosed as being CU, as having mild cognitive impairment, or as having
dementia, via a consensus conference process (Supplemental Table 1;
supplemental materials are available at http://jnm.snmjournals.org).

Neuroimaging and Image Analysis
Participants received a [11C]C-PiB dose (range, 293.8–746.3 MBq),

followed by a 33.5- to 64.5-min postinjection period before imaging
began. The PET acquisition took 20 min, as previously described (18).
Cortical ROIs were defined by the Mayo Clinic Adult Lifespan Tem-
plate and ADIR122 atlas (19). An SUV ratio (SUVr) image was calcu-
lated by dividing the median uptake in the cerebellar crus gray matter.
Regional SUVr was defined as the median uptake across all gray mat-
ter voxels in an ROI. Two-component partial-volume correction was
used (20). Global SUVr was computed from a meta-ROI.

Early PiB Group and Subgroups
A population was created by selecting those who had amyloid signal

near the global [11C]C-PiB cutoff (SUVr of 1.42) (15). Specifically, par-
ticipants of this study, deemed the early PiB group, were 50 y of age or
older with a global SUVr of 1.29–1.64 (Fig. 1; Supplemental Fig. 1).
The lower cutoff (1.29) represents the lower tertile boundary of those
CU 50 y or older in the MCSA. The upper limit (1.64) is the lower ter-
tile boundary for those 50 y or older in the MCSA with elevated amyloid
levels. The early PiB group (n 5 1,088) comprised 89.6% CU indivi-
duals, 9.9% patients with mild cognitive impairment, and 0.6% patients
with dementia (Supplemental Table 1). The ethnic distribution of the
early PiB group is summarized in Supplemental Table 2.

The early PiB group was then further distributed into subgroups
based on each individual’s number of ROIs with elevated [11C]C-PiB
levels (i.e., the greater the number of elevated ROIs, the higher the par-
ticipant group assignment). The regional elevated [11C]C-PiB level was
determined by using region-specific cutoffs as being above the 95th
percentile of younger CU MCSA individuals (30–49 y, n 5 146; Sup-
plemental Table 3) (18). Six equitably participant-sized subgroupings

were made: very low (n 5 170), low (n 5 180), low-moderate (n 5

185), moderate (n 5 186), moderate-high (n 5 190), and high (n 5

177) (Table 1; Fig. 1).

Clustering and Statistical Analysis
Agglomerative hierarchic clustering analysis (21) with the Ward

linkage method was performed using regional SUVr values (averaged
over the hemisphere). The number of clusters was fixed to 3 (k 5 3) a
priori. The algorithm does not guarantee finding the optimal solution,
and thus we also performed a k-means clustering analysis to compare
the results (22). Squared Euclidean distance was used as the similarity
measure. Analyses were performed using R Statistical Software (ver-
sion 3.6.2). More details are provided in the supplemental materials.

RESULTS

Cross-Sectional Staging of Regional Amyloid Deposition
Elevated [11C]C-PiB PET determined by region-specific cutoffs

was observed in over 80% of participants within the fusiform
gyrus, angular gyrus, inferior and middle temporal region, middle
occipital region, and calcarine region (Fig. 2A). The amygdala and
superior temporal pole had minimal [11C]C-PiB PET SUVr eleva-
tion, being present in under 25% of the population. The overall fre-
quency pattern of amyloid positivity was not visually different when
applying the hemisphere-specific cutoff (left or right) or the global
hemispheric cutoff (voxel-weighted median of left and right).
Estimation of regional Ab progression by subgrouping using

regional frequencies of amyloid positivity revealed unique early
patterns of amyloid burden (Fig. 2B; Supplemental Fig. 2). The
temporal cortex, posterior cingulate cortex, occipital cortex, and
angular gyrus showed an early elevated [11C]C-PiB SUVr in the
very low subgroup. Unique regional patterns appeared throughout
the subgroups and eventually saturated all regions in the high
subgroup. Additionally, the fusiform, inferior, and middle tem-
poral regions; middle temporal pole; posterior cingulate cortex;
angular gyrus; calcarine region; and inferior and middle occipi-
tal lobes showed consistently elevated [11C]C-PiB PET signals
higher than the mean or regional percentage of other regions in
the subgroups until all regions became saturated. Relationships
between APOE genotype and early [11C]C-PiB SUVr were con-
sidered; however, both APOE genotypes showed similar patterns
visually (APOE-«4 carriers in red and noncarriers in blue; Sup-
plemental Fig. 3), implying little effect of genotypes on regional
Ab burden. The median regional SUVr values for subgroups are
shown on surface renderings (Supplemental Fig. 3).

Hierarchic Clustering
Hierarchic cluster analysis of the moderate, moderate-high, and

high subgroups was performed to investigate heterogeneity of regional
trends in early Ab deposition. Each cluster revealed distinct spatial
patterns of Ab deposition in the brain: the frontal cluster showed a
higher [11C]C-PiB PET signal in the frontal lobe and a lower signal in
the occipital lobe, the occipitoparietal cluster showed a higher [11C]C-
PiB PET signal in both the parietal and the occipital lobes and a lower
signal in the frontal lobe, and the global cluster showed a generally
lower [11C]C-PiB PET signal and diffuse patterns (Fig. 3). Pairwise
statistical comparisons of the mean regional SUVr between clusters
are shown in Supplemental Figure 4 (2-sample t test). The t-distrib-
uted stochastic neighbor embedding projection also showed distinct
grouping between the clusters (Fig. 3C). Particularly, the global
[11C]C-PiB SUVr did not significantly differ between the frontal and
occipitoparietal clusters; however, the clusters showed convincingly

FIGURE 1. Participant selection criteria for early PiB group from MCSA
and distribution into subgroups based on regions with elevated amyloid
signals. Subgroups range from very low to high based on number of
affected regions. A1 5 amyloid-positive.
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different [11C]C-PiB uptake levels between the frontal and occipito-
parietal regions (Fig. 3C; Supplemental Fig. 4).
The clusters had unequal sizes but were similar in diagnosis and

age (Table 2). APOE-«4 carriers were associated with the frontal and
occipitoparietal cluster groups, whereas noncarriers were associated
with the global cluster. In comparisons of
k-means and hierarchic cluster analysis,
both methods provided similar results
(Supplemental Fig. 5). Additional cluster-
ing was estimated by using the same hyper-
parameters but leaving regions separated
by hemispheres. However, we did not dis-
cern any clear asymmetric patterns between
hemispheres (Supplemental Fig. 6). The
hierarchic clustering was performed using
regional [11C]C-PiB SUVr within sub-
groups. Starting from the low-moderate and
moderate subgroups, a similar pattern of
group separations (i.e., frontal, occipitopar-
ietal, and global) showing differences in
the parietal, frontal, and occipital lobes
was observed (Supplemental Fig. 7).

Longitudinal Changes in [11C]C-PiB PET Signals by Clusters

To investigate the difference in Ab progression between clus-
ters, annual [11C]C-PiB SUVr changes with serial data in each
cluster subgroup were analyzed (n 5 33, 64, and 186 for the fron-
tal, occipitoparietal, and global groups, respectively; Fig. 4). The

TABLE 1
Subgroup Demographics of Early PiB Subgroups and Younger CU Group

Demographic
Younger CU
(n 5 164)

Very low
(n 5 170)

Low
(n 5 180)

Low-moderate
(n 5 185)

Moderate
(n 5 186)

Moderate-high
(n 5 190)

High
(n 5 177) P

Age (y) ,0.001*

Mean 6 SD 41 6 6 67 6 10 71 6 10 72 6 9 74 6 9 75 6 9 75 6 8

Range 31–50 51–92 50–94 52–93 52–91 54–93 53–93

Sex (n) 0.597†

Female 73 (44.5%) 85 (50.0%) 80 (44.4%) 87 (47.0%) 99 (53.2%) 95 (50.0%) 82 (46.3%)

Male 91 (55.5%) 85 (50.0%) 100 (55.6%) 98 (53.0%) 87 (46.8%) 95 (50.0%) 95 (53.7%)

Education (y) ,0.001*

N-Miss 0 0 1 0 0 0 0

Mean 6 SD 15.76 6 2.24 15.25 6 2.62 14.84 6 2.73 14.55 6 2.55 14.30 6 2.56 14.33 6 2.74 14.37 6 2.68

Range 11.00–20.00 9.00–20.00 7.00–20.00 8.00–20.00 7.00–20.00 0.00–20.00 6.00–20.00

Diagnosis (n)

N-Miss 0 1 1 1 0 1 2

CU 164 (100.0%) 159 (94.1%) 162 (90.5%) 168 (91.3%) 165 (88.7%) 165 (87.3%) 150 (85.7%)

MCI 0 (0.0%) 10 (5.9%) 17 (9.5%) 15 (8.2%) 20 (10.8%) 22 (11.6%) 23 (13.1%)

Dementia 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (0.5%) 1 (0.5%) 2 (1.1%) 2 (1.1%)

Other 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

APOE-«4 (n) 0.040†

N-Miss 19 15 10 10 12 10 12

Noncarrier 112 (77.2%) 121 (78.1%) 137 (80.6%) 127 (72.6%) 141 (81.0%) 133 (73.9%) 111 (67.3%)

Carrier 33 (22.8%) 34 (21.9%) 33 (19.4%) 48 (27.4%) 33 (19.0%) 47 (26.1%) 54 (32.7%)

PVC GM SUVr ,0.001*

Mean 6 SD 1.23 6 0.05 1.31 6 0.01 1.33 6 0.02 1.35 6 0.02 1.38 6 0.04 1.42 6 0.05 1.49 6 0.07

Range 1.10–1.40 1.30–1.35 1.30–1.44 1.31–1.46 1.33–1.58 1.36–1.62 1.39–1.62

*ANOVA.
†Pearson x2 test.
N-Miss5 number of participants missing this particular variable; MCI5 mild cognitive impairment; PVC GM SUVr5 partial-volume–corrected

gray matter [11C]C-PiB SUVr.

FIGURE 2. Regional elevated PiB PET signals across subgroups. (A) Percentage of participants
with elevated [11C]C-PiB signals in specific brain regions, indicating prevalent early amyloid positivity.
(B) Surface renderings showing percentage of elevated [11C]C-PiB signals by brain region and sub-
group, highlighting unique early amyloid patterns. LH5 left hemisphere; RH5 right hemisphere.
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frontal group showed the highest Ab accumulation rates across
cortices, followed by the occipitoparietal group. Comparing the
frontal and occipitoparietal groups, we found that the frontal clus-
ter showed a significantly higher accumulation rate in the frontal

lobe and cingulate cortex (P , 0.05,
2-sample t test; Supplemental Fig. 8). The
occipitoparietal group also showed a
higher progression than the global group
(P , 0.05, 2-sample t test; Supplemental
Fig. 8). The changes in cognitive test score
were also considered, and a few compari-
sons showed statistical significance (P 5

0.02 and P 5 0.03 for attention and Clin-
ical Dementia Rating–global, respectively;
linear model ANOVA; Supplemental
Table 4). In pairwise post hoc compari-
sons, the occipitoparietal group showed a
higher decline than the global group (P 5

0.02 and P 5 0.049 for attention and Clini-
cal Dementia Rating–global, respectively;
t test). No significant differences were
found in the changes in clinical diagnosis
(Supplemental Table 5).

DISCUSSION

This study revealed regional patterns of initial Ab deposition
within the neocortex to be in the temporal, cingulate, and occipital

FIGURE 3. Hierarchic clustering of PiB PET signals in advanced subgroups. (A) Mean regional
[11C]C-PiB PET SUVr for identified clusters with varying patterns of amyloid deposition. (B) Three-
dimensional visualizations of average SUVr maps for each cluster. (C) t-distributed stochastic neigh-
bor embedding (TSNE) projection illustrating distinctiveness of clusters based on SUVr values.

TABLE 2
Demographics of Cluster Populations from Figure 3

Demographic Frontal (n 5 60) Occipitoparietal (n 5 131) Global (n 5 362) P

Age (y) ,0.001*

Mean 6 SD 75 6 7 78 6 8 73 6 8

Range 61–90 53–93 52–93

Sex (n) 0.035†

Female 29 (48.3%) 53 (40.5%) 194 (53.6%)

Male 31 (51.7%) 78 (59.5%) 168 (46.4%)

Education (y) 0.476*

Mean 6 SD 14.27 6 2.98 14.58 6 2.60 14.25 6 2.62

Range 6.00–20.00 7.00–20.00 0.00–20.00

Diagnosis (n) 0.761†

N-Miss 0 1 2

CU 53 (88.3%) 111 (85.4%) 316 (87.8%)

MCI 6 (10.0%) 17 (13.1%) 42 (11.7%)

Dementia 1 (1.7%) 2 (1.5%) 2 (0.6%)

APOE-«4 (n) ,0.001†

N-Miss 3 12 19

Noncarrier 30 (52.6%) 83 (69.7%) 272 (79.3%)

Carrier 27 (47.4%) 36 (30.3%) 71 (20.7%)

PVC GM SUVr ,0.001*

Mean 6 SD 1.52 6 0.06 1.50 6 0.06 1.39 6 0.03

Range 1.42–1.62 1.37–1.62 1.33–1.49

*ANOVA.
†Pearson x2 test.
N-Miss 5 number of participants missing this particular variable; MCI 5 mild cognitive impairment; PVC GM SUVr 5 partial-volume–

corrected gray matter [11C]C-PiB SUVr.
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regions. The percentage of patients in each subgroup with elevated
Ab in these specific regions increased sequentially with increasing
global SUVr even when below typical global cutoffs. We found
that early regional Ab patterns can be seen in both APOE carriers
and noncarriers. The use of region-specific cutoffs as determined
in the young CU group allowed us to survey distinct areas that
showed early Ab distributions that may otherwise go unseen using
traditional global meta-ROI analysis.
The initial areas of Ab deposition included the temporal, cingu-

late, and occipital lobes—namely, the fusiform gyrus, inferior tem-
poral lobe, middle temporal region, middle temporal pole, superior
temporal lobe, posterior cingulum, angular gyrus, calcarine region,
cuneus, lingual gyrus, inferior occipital lobe, middle occipital
lobe, and superior occipital lobe. Areas with the greatest elevated
[11C]C-PiB SUVr levels in early patterns of deposition include the
fusiform gyrus, angular gyrus, inferior temporal region, and mid-
dle temporal region. Studies analyzing early Ab deposition have
found differing results, with some stating that initial aggregation
sites are found across the frontal lobe (11–13) and the parietal
(12,13) and temporal areas (10) and other claiming that temporal
areas are the later points of aggregation (11). Our data suggest that
in the earliest subgroups of Ab accumulation, the initial rise is
seen in the temporal lobe, posterior cingulate region, and occipital
lobe.

These findings are supported by theories of the functional con-
nectivity and activity within the brain (12). Both high neuronal
connectivity and activity have been linked to the release and depo-
sition of Ab (23,24). The high neuronal connectivity of the poste-
rior cingulate (25) and occipital lobe (26) appears to make these
regions more vulnerable to Ab deposition, as seen in our results
and others (23,27). Our results showing an early Ab load in the
middle prefrontal cortex, posterior cingulate, precuneus, and angu-
lar gyrus supports the idea that the default mode network may
relate to Ab deposition (12). The default mode network includes
brain regions with high connectivity, particularly in a spontaneous
resting state (28), and has been shown to be vulnerable to Ab
deposition (26,29).
Ab load in the sensorimotor cortex has shown conflicting

results, with some claiming there is deposition in the sensorimotor
cortex (30). We found that deposition rates across subgroups are
slower in this region than in other regions (Fig. 3) but that SUVr
values increase steadily across the subgroups (Supplemental Fig.
3). Because the sensorimotor cortex is hyperexcitable (24), it may
have higher susceptibility to Ab deposition late in the disease but
possibly not at early stages (27). However, there is a lack of expla-
nation as to why this area has the lowest Ab deposition (30).
Clustering analysis defined several subgroups with distinct pat-

terns of early regional [11C]C-PiB PET signal: high in the frontal
lobe and low in the parietal and occipital lobes (frontal cluster),
high in the parietal and occipital lobes and low in the frontal lobe
(occipitoparietal cluster), and low in the temporal, parietal, frontal,
and occipital lobes (global cluster). This observation aligns with a
recent study that reported 3 subtypes of spatial–temporal amyloid
accumulation (i.e., frontal, parietal, and occipital) (31). The cingu-
late and sensorimotor cortices had similar levels of deposition
between clusters. The parahippocampal gyrus, fusiform gyrus, infe-
rior and middle temporal region, and sensorimotor cortices showed
a higher Ab load in the occipitoparietal cluster, and the anterior
cingulate cortex had a higher Ab deposition in the frontal cluster.
Interestingly, the global cluster group showed similar regional fre-
quencies of amyloid positivity to other participants included in the
analysis, but the global SUVr was significantly lower than for other
clusters (Fig. 3C; Table 2). There is limited information about the
heterogeneities in initial Ab regional deposition, but it has been
seen that the regional prevalence of cerebral amyloid deposition
differs across individuals—even for those with cognitive impair-
ment (32). The clinical implications of these heterogeneities are not
understood; however, their appearance suggests early development
of different subgroup-related phenotypes. The findings of this study
could serve as a basis for designing a power analysis to assess theo-
retic drug effects and determine the sample sizes necessary to
ensure confidence in the findings. Future analysis and correlation
with tau deposition patterns and clinical outcome are needed.
APOE-«4 carriers made up 30.3%, 47.4%, and 20.7% of partici-

pants in the frontal, occipitoparietal, and global clusters, respectively.
In the frontal and occipitoparietal clusters, which had a higher per-
centage of APOE-«4 carriers, the parietal and frontal lobes had a rel-
atively higher [11C]C-PiB SUVr. Others have shown that APOE-«4
carriers have heightened levels of Ab deposition in the frontal parie-
tal regions, validating these patterns (14). There were fewer APOE-
«4 carriers in the global cluster, where deposition was low across
multiple areas of the brain, again suggesting that APOE carriers may
have specific patterns of Ab deposition that differ from noncarriers.
In the longitudinal analysis, the brain regions with a higher rela-

tive Ab progression include the frontal, cingulate, temporal, parietal,

FIGURE 4. Annual change in [11C]C-PiB PET SUVr across clusters with
available serial data (n5 283), comparing amyloid accumulation rates and
highlighting differences between clusters.
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and occipital lobes, consistent with past studies (11,13). Subgroup
comparison showed that the frontal cluster had a higher Ab longitu-
dinal deposition. The occipitoparietal group also showed higher rates
of accumulation than the global cluster; however, a lower annual
percentage change was seen in the frontal and cingulate cortices than
in the frontal cluster. This result aligns with the fact that being an
APOE-«4 carrier heightens the risk of Ab deposition (33) and causes
deposition earlier in life, given the high proportion of APOE-«4 car-
riers in the frontal and occipitoparietal clusters.
This study was limited by the difficulty of confirming PET find-

ings. Studies suggest that cerebrospinal fluid can detect abnormal
Ab before PET can, but autopsy confirmation is needed (34).
Because lowered b-amyloid 42 in cerebrospinal fluid correlates
strongly with the presentation of an early amyloid load in preclini-
cal AD stages (34) and correlates with APOE carriers (35), a com-
parison of early PET findings and cerebrospinal fluid could be
helpful. Because our study had few AD dementia participants
(n 5 0.6%), we cannot confirm that the patterns we observed are
associated with eventual AD, even though this is a possible out-
come. Despite this limitation, it is important to study Ab deposi-
tion early, within CU individuals, given that Ab deposition may
begin about 20 y before dementia occurs (8).

CONCLUSION

Initial Ab deposition occurs in specific brain regions, and some
subgroups have distinct patterns of deposition that may represent
different clinical phenotypes linked to APOE status. Inconsisten-
cies in past studies describing early aggregation areas may be only
a demonstration of the presence of different subgroups. We sug-
gest that when larger cohorts are considered, the earliest patterns
of Ab are seen as a heterogeneous mix of pattern subtypes repre-
senting different paths of Ab deposition that may eventually pre-
dispose to distinct AD phenotypes. Identifying these regions of
early aggregation and examining their properties in a population
study may best elucidate how Ab aggregation starts in sporadic
AD. This knowledge is crucial in advancing both diagnostic tech-
niques, understanding the development of AD phenotypes, and
developing disease-modifying drugs.
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KEY POINTS

QUESTION: Which neocortical region shows the earliest topo-
graphic Ab deposition?

PERTINENT FINDINGS: Early-stage Ab loading is seen in the
temporal, cingulate, and occipital regions. Clustering analysis
shows groups with different patterns of early amyloid deposition.

IMPLICATIONS FOR PATIENT CARE: This population-based
study provides generalizable data about amyloid load.
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Cerebral 18F-FDG PET/CT Metabolism as Diagnostic
Signature for Central Nervous System Toxicity After Immune
Checkpoint Blockade Cancer Treatment
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Our aim was to investigate probable biomarkers specific to immune-
related central nervous system toxicity (CNST) in cancer patients trea-
ted with immune checkpoint inhibitors (ICI) by analysis of 18F-FDG
PET/CT images. Methods: Cancer patients receiving ICI treatment
were enrolled in a multicenter observational study that analyzed
regional metabolic changes before and during CNST onset from Janu-
ary 2020 to February 2022. In 1:1 propensity score–matched pairs,
the regional SUVmean of each bilateral brain lobe of CNST patients
(CNST1) was compared with that of patients who had central nervous
system infections (CNSIs) and patients without CNST or CNSI
(CNST2). In a validation cohort, patients were recruited from February
2022 to July 2023 and followed up for 24 wk after the start of ICI. Early
changes in regional SUVmean at 5–6 wk after therapy initiation were
evaluated for ability to predict later CNST onset. Results: Of 6,395
ICI-treated patients, 2,387 underwent prognostic 18F-FDG PET/CT
and 125 of the scanned patients had CNST (median time from ICI
treatment to onset, 9 wk; quartile range, 2–23 wk). Regional 18F-FDG
PET/CT SUVmean changes were higher in CNST1 than in CNST2
patients (117 patient pairs) but were lower than in CNSI patients (50
pairs). Differentiating analysis reached an area under the curve (AUC)
of 0.83 (95% CI, 0.78–0.88) for CNST1 versus CNST2 and of 0.80
(95% CI, 0.72–0.89) for CNST1 versus CNSI. Changes in SUVmean

were also higher before CNST onset than for CNST2 (60 pairs; AUC,
0.74; 95% CI, 0.66–0.83). In a validation cohort of 2,878 patients,

preonset changes in SUVmean reached an AUC of 0.86 (95% CI, 0.79–
0.94) in predicting later CNST incidence. Conclusion: Brain regional
hypermetabolism could be detected during and before CNST clinical
onset. CNST may be a distinct pathologic entity versus brain infec-
tions defined by 18F-FDG PET/CT brain scans. Regional SUV differ-
ences may be translated into early diagnostic tools based on
moderate differentiating accuracy in our study.

KeyWords: 18F-FDG PET/CT brain imaging; immunotherapy; immune-
relatedCNS toxicity; regionalmetabolism; differential diagnosis
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Immune checkpoint inhibitors (ICIs) have revolutionized the
therapeutic landscape and significantly prolonged survival during
the past decade, making ICI one of the primary therapies in
nearly all types of cancer (1). ICIs inflict immune-related adverse
events due to systemic T-cell activation, which can happen in any
organ and have been reported to have an incidence of 10%–90%
for any grade (2–4). However, immune-related adverse events in
the central nervous system, or central nervous system toxicity
(CNST), are less prevalent than in other organs, with an incidence
of 1%–8% reported previously and fewer than 1% of cases being
fatal (5,6). CNST has varieties of pathology types, including but
not limited to immune-related meningitis, encephalitis, demyelin-
ating encephalopathy, and central nervous system vasculitis (7).
Although the exact pathoetiology is not thoroughly known, CNST
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is currently suggested to be induced by local inflammation from
deranged immune attack (8).
CNST presents mostly with unspecific symptoms, including

headaches (.50%), confusion, partial seizures, limb pain, and the
meningeal irritation sign (9). Given the higher incidence of central
nervous system infection (CNSI) in cancer patients and significant
overlapping symptoms, CNST is usually diagnosed when other
causes are excluded, including infection, brain hemorrhage, stroke,
metabolic encephalopathy, and brain metastasis (10). Methods
applied in clinical diagnosis involve traditional imaging protocols,
cerebral spinal fluid analysis, and neurologic work-ups (10).
According to the Consensus Statement of Neurologic Adverse
Events, most suspected cases are given a possible diagnosis for
further trial therapies because of the difficulty of making a definite
diagnosis (8). Because of the unpredictable incidence of this
severe complication during ICI treatment, which many patients
may receive for years, the development of biomarkers for early
diagnosis is crucial (11). However, efficient methods and predict-
able biomarkers for differential diagnosis are presently lacking,
hindering subsequent management options.

18F-FDG PET/CT is a noninvasive imaging tool applied in diagnos-
tic and prognostic protocols for cancer patients. Besides its utility in
cancer management, the high sensitivity of 18F-FDG PET/CT imaging
has long been well established for identifying inflammatory processes
involving higher local metabolism (12). Anecdotal case reports of 18F-
FDG PET/CT imaging analysis in evaluations of immune-related
adverse events are being reported, but the characteristics of CNST
have not been extensively reviewed (13). A pilot retrospective study
of 58 melanoma patients identified metabolic biomarkers to delineate
patients with or without immune-related adverse events in the lung,
colon, and thyroid gland (14). Furthermore, 18F-FDG PET/CT imaging
is capable of sensitively detecting local autoimmune attacks in cere-
bral regions and has been established as an alternative tool to diag-
nose autoimmune or paraneoplastic encephalitis (15,16). More
direct evidence was found in a recent 18F-FDG PET/CT study of
anti-LG1 protein autoimmune encephalitis, which is pathologically
similar to CNST; biomarkers were identified that can signify
disease course (17). Thus, we hypothesize
that brain metabolism may be characteristic
in patients with CNST (18,19).
Because of the low incidence of CNST,

pivotal research on diagnostic biomarker
identification for CNST has been statisti-
cally difficult to perform in underpowered
sample sizes (20). Nevertheless, as ICIs
are becoming more available in real-world
settings, pilot multicenter analysis is
encouraged to identify markers in the
growing number of CNST cases. In the
current study, we retrospectively reviewed
cerebral metabolism in ICI-treated cancer
patients, with the aim of obtaining prelimi-
nary evidence of diagnostic biomarkers for
subclinical or syndromal CNST.

MATERIALS AND METHODS

Participants and Eligibility Criteria
We performed a multicenter, retrospective,

case-control study to analyze early CNST-
related metabolic changes in cerebral 18F-FDG

PET/CT images of ICI-treated cancer patients, who were divided into a
discovery cohort and a validation cohort. In the discovery cohort, cancer
patients receiving ICI treatment were enrolled from January 2020 to
February 2022, and in the validation cohort, patients were enrolled from
February 2022 to July 2023. Demographic and clinical variables were
recorded from chart review. The research setting was the nuclear
medicine departments of 4 academic hospitals in China (supplemental
materials, available at http://jnm.snmjournals.org) (21–28). The ret-
rospective protocol of the study was approved by the institutional
review board of the Affiliated Cancer Hospital of Shantou University
Medical College. All procedure was performed according to the
Helsinki Declaration. The participants had given written informed con-
sent to use of clinical information for medical research. Reporting
adhered to the Strengthening the Reporting of Observational Studies in
Epidemiology checklist for cohort studies.

Chart review divided ICI-treated cancer patients into 3 groups: patients
with CNST (CNST1 group), with CNSI (CNSI group), and without
CNST or CNSI (CNST2 group, defined as no CNST or CNSI for
$5mo after ICI treatment, as most patients developed CNST before
20 wk as previously described) (29). The diagnostic protocols for CNST
were according to the Consensus Statement of Neurologic Adverse Events
(the supplemental materials provide detailed criteria) (8). All symptoms
related to diagnosis and excluding CNST followed Common Terminology
Criteria for Adverse Events (version 5.0). The date of CNST diagnosis
was identified by review of outpatient and inpatient charts.

Research Goals and Statistics
The research goals are illustrated in Figure 1A. We did 2 indepen-

dent comparison analyses (between the CNST1 and CNST2 groups
and between the CNST1 and CNSI groups) to investigate the specifi-
city of cerebral regional SUVmean in CNST1 patients. First, regional
SUVmean changes was calculated and compared between the CNST1
group (calculated as the SUVmean difference between baseline and
CNST onset) and the CNST2 group (serving as a negative control
comparison). Second, the SUVmean of subtype CNST was compared
with the SUVmean of subtype CNSI (serving as a positive control com-
parison). For each step, a principal-component analysis and a neural
network computation model were adopted to evaluate the differentiat-
ing ability of regional SUVmean in

18F-FDG PET/CT scans.

1:1 PSM

Matched samples (n = 60 pairs)

Pre-onset CNST+
(n = 60)

Meningoencephalitis
(n = 27)

Encephalitis
(n = 21)

Matched samples
(n = 14 pairs)

Matched samples
(n = 17 pairs)

Matched samples
(n = 19 pairs)

Meningitis
(n = 30)

Matched samples
(n = 117 pairs)

CNST- group
(n = 2,147)

CNST+ group
(n = 125)

CNSI group
(n = 115)

Patients with CNSI
(n = 201, 3.1%)

ICI-treated patients with evaluable PET/CT both at
baseline and during ICI treatment (n = 2,387)

ICI-treated patients retrospectively reviewed (n = 6,395)

Patients with CNST
(n = 149, 2.3%)

1:1 PSM

1:1 PSM

FIGURE 1. Research flowchart.
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TABLE 1
Baseline Variables Before and After Propensity Score Matching for CNST1 and CNST2 Subtypes

Before matching (n 5 2,272) After matching (n 5 117 pairs)

Variable
CNST1
(n 5 125)

CNST2
(n 5 2,147) P* CNST1 CNST2 SMD P†

Age 59.71 (10.21) 57.82 (12.28) 0.05 59.25 (10.07) 59.84 (11.28) 0.06 0.76

Body mass index 22.90 (3.20) 23.23 (3.00) 0.24 22.80 (3.20) 23.18 (3.04) 0.12 0.23

Male sex 82 (65.6) 1169 (54.4) 0.02 75 (64.1) 77 (65.8) 0.04 0.88

Positive smoking history 38 (30.4) 510 (23.8) 0.09 38 (32.5) 33 (28.2) 0.09 0.54

Abnormal CRP 10 (8.0) 214 (10.0) 0.47 10 (8.5) 13 (11.1) 0.09 0.66

Concurrent target therapy 29 (23.2) 531 (24.7) 0.70 28 (23.9) 21 (17.9) 0.14 0.35

Concurrent chemotherapy 63 (50.4) 875 (40.8) 0.03 56 (47.9) 56 (47.9) ,0.01 1.00

Radiotherapy history 5 (4.0) 153 (7.1) 0.18 5 (4.3) 5 (4.3) ,0.01 1.00

Primary surgery 108 (86.4) 1609 (74.9) ,0.01 100 (85.5) 95 (81.2) 0.12 0.44

Stage of I and II 53 (42.4) 894 (41.6) 0.82 49 (41.9) 50 (42.8) 0.03 0.59

Comorbid neurologic disease 8 (6.4) 127 (5.9) 0.82 8 (6.8) 5 (4.3) 0.10 0.58

Comorbid CHF 7 (5.6) 123 (5.7) 0.95 4 (3.4) 4 (3.4) ,0.01 1.00

ECOG score 2 (1.06) 2.19 (1.09) 0.06 2.01 (1.03) 2.04 (1.20) 0.03 0.98

Positive mental problem 31 (24.8) 609 (28.4) 0.39 30 (25.6) 33 (28.2) 0.06 0.67

Treatment

Atezolizumab 13 (7.0) 264 (12.3) ,0.01 12 (10.3) 15 (12.8) 0.02 0.83

Camrelizumab 7 (5.6) 274 (12.8) 7 (6.0) 7 (6.0) ,0.01

Durvalumab 8 (6.4) 113 (5.3) 7 (6.0) 5 (4.3) 0.07

Nivolumab 24 (19.2) 540 (25.2) 24 (20.5) 31 (26.5) 0.15

Pembrolizumab 22 (17.6) 235 (10.9) 20 (17.1) 22 (18.8) 0.04

Sintilimab 35 (28.0) 610 (28.4) 33 (28.2) 26 (22.2) 0.13

Toripalimab 16 (12.8) 111 (5.2) 14 (12.0) 11 (9.4) 0.08

Cancer type

Nasopharyngeal carcinoma 8 (6.4) 175 (8.2) 0.06 8 (6.8) 6 (5.1) 0.07 0.96

Non–small cell lung cancer 41 (31.8) 555 (25.9) 39 (33.3) 42 (35.9) 0.05

Colorectal carcinoma 19 (15.2) 187 (8.7) 15 (12.8) 16 (13.7) 0.02

Gastric cancers 3 (2.4) 78 (3.6) 0 (0.0) 3 (2.6) 0.17

Hepatocellular carcinoma 5 (4.0) 92 (4.3) 5 (4.3) 7 (6.0) 0.09

Oral carcinoma 2 (1.6) 96 (4.5) 2 (1.7) 2 (1.7) ,0.01

Biliary and pancreatic cancers 3 (2.4) 101 (4.7) 3 (2.6) 2 (1.7) 0.06

Sarcoma 2 (1.6) 86 (4.0) 5 (4.3) 2 (1.7) 0.07

Renal cell carcinoma 6 (4.8) 128 (6.0) 6 (5.1) 7 (6.0) 0.03

Urogenital cancers 3 (2.4) 103 (4.8) 3 (2.6) 3 (2.6) ,0.01

Mesothelioma 4 (3.2) 136 (6.3) 4 (3.4) 4 (3.4) 0.04

Lymphoma 11 (8.8) 173 (8.1) 10 (8.5) 9 (7.7) ,0.01

Other cancer types 8 (6.4) 147 (6.8) 8 (6.8) 6 (5.1) 0.2

Unknown cancer types 10 (8.0) 90 (4.2) 9 (7.7) 8 (6.8) 0.03

Whole-brain SUVmean 4.40 (1.35) 5.75 (1.39) ,0.01 4.57 (1.21) 4.48 (1.26) 0.07 0.27

*Independent t test (continuous) or x2 test (categoric).
†Wilcoxon signed-rank test (continuous), McNemar nonparametric test (binary), and x2 test (multiple categories).
SMD 5 standardized mean difference to show imbalance levels of variables after matching (variable with SMD . 0.25 is considered

poorly matched); CRP 5 C-reactive protein; CHF 5 congestive heart failure; ECOG 5 Eastern Cooperative Oncology Group.
Data are number followed by percentage in parentheses, except for whole-brain SUVmean, for which SD is given in parentheses.
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Third, for the CNST1 subgroup analysis, we queried whether there
were early changes in brain metabolism before CNST symptoms
started. To minimize the false-positive rate, subgroup analysis in the
CNST1 group included only patients who underwent 18F-FDG
PET/CT at least 4 wk before CNST onset (i.e., preonset). Changes in
SUVmean from the baseline 18F-FDG PET/CT images to the preonset
images in CNST1 patients were calculated and compared with
changes in SUVmean in the CNST2 group. If multiple images were
present, only the earliest image was analyzed. A neural network com-
putation model was adopted to evaluate the differentiating ability of
regional SUVmean in

18F-FDG PET/CT scans. Last, in an independent
validation cohort, preonset regional SUVmean changes at 5–6 wk after
ICI initiation were evaluated in a real-world setting to determine
whether they may predict the later incidence of CNST, and a nomo-
gram was built to quantify the disease-free (CNST-free) survival
probability. Statistical comparison, propensity score matching, and
modeling details of the neural network computation are shown in the
supplemental materials (22,23,27).

RESULTS

Demographics
The study on the discovery cohort included 6,395 patients who

had ever received ICI therapy and 2,387 patients who had evalu-
able 18F-FDG PET/CT scans both at baseline and during ICI treat-
ment. One hundred forty-nine patients had CNST (incidence,
2.3%), and 125 patients had evaluable 18F-FDG PET/CT scans
(Fig. 1A). Briefly, there were 125 CNST1 patients in the imaging
study (69.3% male), with a mean age of 59.71 y (SD, 10.21 y),
spanning nearly all known cancer types and ICI types. Baseline
information was substantially different from that in the CNST2
group, and 1:1 propensity score matching (PSM) was performed
for balancing. Of the 125 CNST1 patients, 117 were matched
with 117 CNST2 patients. Baseline information before and after
propensity score matching is shown in Table 1. Additional details
on CNST characteristics are shown in Supplemental Table 1. Blood
glucose levels in comparable groups are shown in Supplemental
Figure l, and representative images are
shown in Supplemental Figure 2.

Regional Uptake Values of CNST1
Compared with CNST2 Patients
We first investigated metabolic changes

in patients experiencing CNST in each brain
region. By the Wilcoxon signed-rank test,
there was a significant increase (P , 0.01)
in SUVmean from baseline to CNST onset
in all regions except the brain stem, occipi-
tal lobe, and cerebellum (Supplemental
Fig. 3A, power of statistical tests reached
.0.90 assuming a 2-sided a of 0.05). The
median value of whole-brain SUVmean in
the CNST2 group did not significantly dif-
fer from baseline, but this statistical test
was underpowered (P 5 0.06; power,
0.31). We then compared changes in both
groups in PSM pairs. Compared with
CNST2 patients, there were significantly
more increases in SUVmean in each region
of CNST1 patients except in the brain stem,
occipital lobe, and cerebellum (Fig. 2A).
Principal-component analysis indicated a

relatively poor differentiating ability between the CNST1 and
CNST2 groups (R5 0.14, Supplemental Fig. 4A). However, the cal-
culated differentiating ability from the neural network computation-
based model showed an area under the curve (AUC) of 0.83 (95%
CI, 0.78–0.88; Supplemental Fig. 4B). Principal-component analysis
of CNST subtypes indicated an R of 0.64 (Fig. 2B).

Regional Uptake Values of CNST1 Subtypes Compared with
CNSI Subtypes
Clinical symptoms and imaging studies of CNST may mimic

CNSI, and thus we tested the specificity of CNST regional uptake
values by comparing CNST1 with PSM samples of CNSI sub-
types: immune-related versus infectious meningitis, meningoen-
cephalitis, and encephalitis. In total, 201 patients who had a
diagnosis of CNSI were reviewed, 115 of whom had available
18F-FDG PET/CT images during CNSI onset. We adopted optimal
matching for 3 subtypes between CNST1 and CNSI. Nearest-
neighbor matching was adopted for other baseline variables.
Finally, 50 pairs were matched from 3 subtypes of CNST1 and
CNSI patients, including 19 pairs of meningitis, 17 pairs of menin-
goencephalitis, and 14 pairs of encephalitis, with baseline demo-
graphic details before and after PSM shown in Table 2. The
regional SUVmean of the immune-related meningitis subtype was
significantly lower than that of infectious meningitis in all regions
of interest (Fig. 3A). In the meningoencephalitis subtype, regional
values were also lower in CNST1 patients in nearly all regions,
except for the brain stem and cerebellum (Fig. 3B). In the enceph-
alitis subtype, a significantly lower SUVmean was seen in the
whole brain and in the limbic area in CNST1 patients, although a
higher SUVmean was seen in the parietal region of CNST1
patients (Fig. 3C). Principal-component analysis indicated a mod-
erate to high ability to differentiate the 3 subtypes between
CNST1 and CNSI (Figs. 3D–3F). Differential diagnostic tests of
the neural network computation-based radiomic model indicated
relatively good accuracy (AUC, 0.80; 95% CI, 0.72–0.89; Supple-
mental Fig. 5A).

FIGURE 2. Comparison analysis of regional uptake value changes with negative control. (A) Nega-
tive control comparison: changes in SUVmean from baseline to disease onset in CNST1 patients (left
side of plot for each region) and changes in SUVmean from baseline to.5mo after treatment in nega-
tive control (right side of plot for each region), matched by propensity scores. Black lines indicate
median and range (first to third quartiles). Nonparametric Wilcoxon signed-rank test was performed
to compare distribution. Significant difference in changes in SUVmean was seen between 2 groups in
whole-brain area and in parietal, frontal, temporal, and limbic regions. (B) Principal-component analy-
sis of 18F-FDG PET/CT radiomic uptake values to differentiate CNST subtypes in CNST1 patients
(R5 0.64). Cer5 cerebellum; fro5 frontal lobe; lim5 limbic area; ns5 nonsignificant; OC5 occipital
lobe; par 5 parietal lobe; PCA 5 principal-component analysis; stem 5 brain stem; tem 5 temporal
lobe; WB5 whole brain. *P, 0.05. **P, 0.01. ***P, 0.001.
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TABLE 2
Baseline Variables Before and After Propensity Score Matching for CNST1 and CNSI Subtypes

Before matching (n 5 193) After matching (n 5 50 pairs)

Variable CNST1 (n 5 78) CNSI (n 5 115) P* CNST1 CNSI SMD P†

Age 59.15 (10.85) 53.63 (14.25) ,0.01 56.66 (11.37) 59.12 (9.43) 0.23 0.50

Body mass index 23.23 (3.33) 22.97 (1.12) 0.43 22.76 (3.27) 22.92 (1.14) 0.05 0.81

Male sex 50 (64.1) 68 (59.1) 0.49 31 (62.0) 31 (62.0) ,0.01 1.00

Positive smoking history 22 (28.2) 28 (24.3) 0.55 14 (28.0) 13 (26.0) 0.04 1.00

Meningitis 30 (38.5) 38 (33.0) 0.70 19 (38.0) 19 (38.0) ,0.01 1.00

Encephalitis 21 (26.9) 36 (31.3) 17 (34.0) 17 (34.0) ,0.01

Meningoencephalitis 27 (34.6) 41 (35.7) 14 (28.0) 14 (28.0) ,0.01

Concurrent target therapy 22 (28.2) 32 (27.8) 0.95 11 (22.0) 10 (20.0) 0.04 1.00

Concurrent chemotherapy 39 (50.0) 57 (49.6) 0.95 27 (54.0) 30 (60.0) 0.12 0.68

Radiotherapy history 3 (3.8) 6 (5.2) 0.66 2 (4.0) 3 (6.0) 0.10 1.00

Primary surgery 66 (84.6) 91 (79.1) 0.34 44 (88.0) 43 (86.0) 0.06 1.00

Stage of I and II 28 (35.9) 47 (50.9) 0.91 18 (36.0) 20 (40.0) 0.11 0.80

Comorbid neurologic disease 4 (5.1) 9 (7.8) 0.46 3 (6.0) 3 (6.0) ,0.01 1.00

Comorbid CHF 3 (3.8) 7 (6.1) 0.49 1 (2.0) 1 (2.0) ,0.01 1.00

ECOG score 1.94 (1.15) 2.28 (1.20) 0.05 2.08 (1.10) 2.06 (1.19) 0.02 0.95

Positive mental problem 23 (29.5) 33 (28.7) 0.91 15 (30.0) 13 (26.0) 0.09 0.83

Treatment

Atezolizumab 9 (11.5) 8 (7.0) 0.37 6 (12.0) 4 (8.0) 0.12 0.92

Camrelizumab 5 (6.4) 7 (6.1) 3 (6.0) 2 (4.0) 0.08

Durvalumab 7 (9.0) 10 (8.7) 6 (12.0) 5 (10.0) 0.07

Nivolumab 15 (19.2) 17 (14.8) 12 (24.0) 9 (18.0) 0.15

Pembrolizumab 12 (15.4) 15 (13.0) 6 (12.0) 8 (16.0) 20.11

Sintilimab 21 (26.9) 34 (29.6) 11 (22.0) 14 (28.0) 20.13

Tislelizumab 0 (0.0) 8 (7.0) 0 (0.0) 0 (0.0) NA

Toripalimab 9 (11.5) 16 (13.9) 6 (12.0) 8 (16.0) 20.12

Cancer type

Nasopharyngeal carcinoma 2 (2.6) 15 (13.0) 0.07 2 (4.0) 4 (8.0) 0.18 0.90

Non–small cell lung cancer 25 (32.1) 23 (20.0) 15 (30.0) 13 (26.0) 0.09

Colorectal carcinoma 14 (17.9) 19 (16.5) 10 (20.0) 10 (20.0) 0.00

Gastric cancers 1 (1.3) 2 (1.7) 0 (0.0) 1 (2.0) 0.18

Esophageal cancers 0 (0.0) 11 (9.6) 0 (0.0) 0 (0.0) NA

Hepatocellular carcinoma 3 (3.8) 2 (1.7) 1 (2.0) 2 (4.0) 0.10

Oral carcinoma 2 (2.6) 3 (2.6) 0 (0.0) 1 (2.0) 0.13

Biliary and pancreatic cancers 0 (0.0) 1 (0.9) 0 (0.0) 0 (0.0) NA

Other cancer types 6 (7.7) 6 (5.2) 3 (6.0) 4 (8.0) 0.07

Lymphoma 8 (10.3) 6 (5.2) 5 (10.0) 5 (10.0) 0.00

Mesothelioma 1 (1.3) 2 (1.7) 1 (2.0) 1 (2.0) 0.00

Renal cell carcinoma 3 (3.8) 1 (0.9) 2 (4.0) 1 (2.0) 0.10

Urogenital cancers 1 (1.3) 3 (2.6) 1 (2.0) 2 (4.0) 0.18

Sarcoma 2 (2.6) 4 (3.5) 2 (4.0) 0 (0.0) 0.25

Unknown types 10 (12.8) 17 (14.8) 8 (16.0) 6 (12.0) 0.12

Whole-brain SUVmean 4.61 (1.25) 4.63 (1.49) 0.92 4.72 (1.16) 4.54 (1.50) 0.15 0.45

*Independent t test (continuous) or x2 test (categoric).
†Wilcoxon signed-rank test (continuous), McNemar nonparametric test (binary), and x2 test (multiple categories).
SMD 5 standardized mean difference to show imbalance levels of variables after matching (variable with SMD . 0.25 is considered

poorly matched); CHF 5 congestive heart failure; ECOG 5 Eastern Cooperative Oncology Group.
Data are number followed by percentage in parentheses, except for whole-brain SUVmean, for which SD is given in parentheses.
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Evaluating and Validating Preonset SUVmean Changes as
Marker to Predict Later CNST Incidence
We next investigated whether changes in brain regional metabo-

lism were present before CNST onset. Sixty patients with available
preonset 18F-FDG PET/CT images were identified. The median
time from ICI treatment to the earliest scanning was 12 wk (quar-
tile range, 5.75–15.25 wk). The median time from the earliest scan-
ning to CNST onset was 10 wk (quartile range, 8.75–14 wk).
Each regional SUVmean was compared with the baseline value

in CNST1 patients. There was a significant increase (P , 0.01) in
SUVmean as compared with baseline in all regions except the
occipital lobe, brain stem, and cerebellum (Fig. 4A). The median
SUVmean increased from 4.83 to 4.88 in the whole brain, from
3.81 to 4.48 in the parietal lobe, from 4.30 to 4.44 in the frontal
lobe, from 4.31 to 4.81 in the temporal lobe, from 3.84 to 4.52 in
the limbic area, and from 4.92 to 5.04 in the cerebellum. These
changes were validated in PSM samples (60 pairs) between
CNST1 and CNST2 patients. Changes in SUVmean were signifi-
cantly higher in CNST1 patients than in CNST2 patients in the
whole brain, frontal lobe, temporal lobe, and limbic area (Fig. 4B).
The differentiating ability between CNST1 and CNST2 patients

was evaluated using ROC curve analysis, with an AUC of 0.74
(Supplemental Fig. 6B), and a nomogram was drawn to quantify
the risk of future CNST (Supplemental Fig. 6A).
In the independent validation cohort, we aimed to evaluate whether

early regional changes in SUVmean may predict the later incidence of
CNST. We recruited 2,881 patients to undergo prognostic scanning
and followed them up for 24 wk. Three patients were excluded
because CNST occurred before prognostic scanning, and thus early
changes of SUVmean in 18F-FDG PET/CT were evaluable in 2,878
patients (1,540 male and 1,338 female; mean age, 64.265.79y) for
predictive ability. In total, 38 patients (24-wk incidence rate, 1.3%)
were diagnosed with CNST, at a mean of 14.7966.66 wk after ICI
initiation. A nomogram to quantify disease-free survival was thus
drawn, with an AUC of 0.86 (95% CI, 0.79–0.94; Figs. 4C and 4D).

DISCUSSION

This pilot case-control study of multicenter samples investigated
regional metabolism specific to CNST and evaluated the accuracy of
preonset regional metabolic changes in predicting the future onset
of CNST. CNST was also identified in 18F-FDG PET/CT images as a

FIGURE 3. Comparison of regional uptake between CNSI and CNST subtypes. For each region, left side of plot is patients with infectious disease and
right side is patients with immune-related disease. (A) SUVmean distribution plot in infectious meningitis patients and immune-related meningitis patients
in each brain lobe. Black lines indicate median and range (first to third quartiles). Wilcoxon signed rank was performed to compare distribution of
SUVmean between 2 subtypes. Significant difference in SUVmean was seen in all regions of interest. (B) SUVmean distribution plot in infectious meningoen-
cephalitis patients and immune-related meningoencephalitis patients in each brain lobe. Black lines indicate median and range (first to third quartiles).
Wilcoxon signed rank test was performed to compare distribution of SUVmean between 2 subtypes. Significant difference in SUVmean was seen in whole-
brain area and in occipital, parietal, frontal, temporal, and limbic regions. (C) SUVmean distribution plot in infectious encephalitis patients and immune-
related encephalitis patients in each brain lobe. Black lines indicate median and range (first to third quartiles). Wilcoxon signed rank test was performed
to compare distribution of SUVmean between 2 subtypes. Significant difference in SUVmean was seen in whole-brain area and in parietal, brain stein, and
limbic regions. Intergroup difference was seen in meningitis diagnosis (R5 0.84) and in encephalitis (R 5 0.65). (D–F) PCA of 18F-FDG PET/CT radiomic
uptake values to differentiate subtypes of meningitis (D), meningoencephalitis (E), and encephalitis (F). Intergroup difference in meningitis diagnosis (R 5

0.84) and in encephalitis (R 5 0.65). Cer 5 cerebellum; fro 5 frontal lobe; lim 5 limbic area; ns 5 nonsignificant; OC 5 occipital lobe; par 5 parietal
lobe; PCA5 principal-component analysis; stem5 brain stem; tem5 temporal lobe; WB5 whole brain. *P, 0.05. **P, 0.01. ***P, 0.001.
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pathologic entity with specific regional hypermetabolism as compared
with brain infection or CNST2 patients. Prior case reports showed
that the limbic area may be a prominent area of immune attack, and
our results showed that hypermetabolism was seen in the whole brain
and in the occipital, frontal, and temporal lobes. SUVmean differed
between CNST1 and CNSI in several regions—a positive control in
terms of inflammation hypermetabolism (29). To our knowledge, our
study was the first to analyze metabolism changes in brain immune-
related adverse events after ICI treatment and the first to demonstrate
that brain hypermetabolism, as a biomarker, may be present well
before CNST symptoms exist. These regional metabolism differences
were subsequently analyzed by radiomic methods, which showed
moderate differentiating abilities. Early metabolism changes can be
translated into a suggestive diagnostic tool. Considering the wide
application of 18F-FDG PET/CT in prognostic indexing of ICI-based
treatment regimens, our pilot study may give initial evidence about
quantitative biomarkers to assist CNST diagnosis. Given the extremely
low incidence of CNST in ICI-treated cancer patients, with clinical
characteristics similar to those of brain infection, use as a noninvasive,

quantitative tool to suggest levels of neuroin-
flammation during active ICI treatment may
be a possibility.
Interestingly, early changes in cerebral

metabolism were detected 10 wk (quartile
range 8.75–14 wk) before CNST onset in a
subgroup of patients (n 5 60). Although the
study recruited a relatively large sample size
in terms of CNST incidence, subgroup sta-
tistical tests of differences in early changes
as compared with CNST2 patients may be
underpowered to yield conclusive evidence
and must be interpreted cautiously. How-
ever, the results may support an accumula-
tive immune attack that may happen early
before onset, as pointed out by radiologic
evidence in other organs (14). Preclinical
models also support autoimmunity before
symptom onset (30). In our study, the earli-
est onset time for CNST1 patients with pre-
onset 18F-FDG PET/CT scans happened in
the 12 wk after ICI treatment, suggesting a
rather late onset. It should be noted that
most cases of previously reported CNST
had an early-onset symptom, usually begin-
ning at the first month of ICI treatment.
Thus, our preonset 18F-FDG PET/CT scans
may not be useful as a monitoring tool but
rather suggest that immune attacks may
occur even before clinical signs.
The ICIs used in our cohorts are all

directed toward the programmed cell death
protein 1 and programmed death ligand
1 pathways. However, currently, most
immune-related reactions occur when ipili-
mumab, alone or in combination, is directed
toward cytotoxic T-lymphocyte–associated
protein 4. As such, what we report here may
represent only one aspect, or a partial popu-
lation, of CNST, and future research is
encouraged to investigate immune-related
adverse events inflicted by other types of

immunotherapy (7–9). Also, ICIs may unmask, rather than induce, a
preexisting inflammatory condition. As some patients may have an
unreported history of mild autoimmune or rheumatic conditions, they
may have an increased risk of CNST; this topic may require further
investigation (31).
This study had some limitations. First, it had a retrospective

design with uncontrolled recall bias in chart review. Second, the
18F-FDG PET/CT scanning time, which was based on oncologist
preference and tumor prognostic functions, could not be precisely
matched between comparable groups. We chose 18F-FDG PET/CT
scanning after 5mo of ICI therapy in CNST2 patients to match the
time period in CNST1 patients. Third, there are many confounders
that can trigger regional metabolism changes. The SUV in our
study was based on activity, weight, and injected dose, without fur-
ther use of single-subject statistical parametric mapping analysis to
normalize intensity. Lack of standardization in intensity normaliza-
tion, with the correspondingly unknown effect on quantification
output, may make the use of SUV in brain 18F-FDG PET/CT quan-
tification less accurate. The population was quite heterogeneous, as it

FIGURE 4. Comparison of regional uptake value changes before CNST onset. (A) Self-control compari-
son: SUVmean distribution plot in CNST1 patients at baseline (before treatment, left side of plot for each
region) and before CNST onset (right side of plot for each region) in each lobe. Black lines indicate median
and range (first to third quartiles). SUVmean in each region did not conform to normal distribution, and non-
parametric Wilcoxon signed-rank test was performed to compare distribution at baseline and after CNST.
Significant increases were seen in whole-brain area and in parietal, frontal, temporal, and limbic regions,
and significant decreases were seen in cerebellum (z 5 23.50, 20.49, 23.51, 23.59, 26.73, 25.54,
20.45, and 23.72, respectively, for rank differences in each comparison). (B) Negative control compari-
son: changes in SUVmean from baseline to preonset scan in CNST1 patients (left side of plot for each
region) and changes in SUVmean from baseline to ,5mo after treatment in negative control (right side of
plot for each region), matched by propensity scores. Black lines indicate median and range (first to third
quartiles). Values did not conform to normal distribution, and nonparametric Wilcoxon signed-rank test
was performed to compare distribution of changes in SUVmean between 2 groups. Significant difference in
changes in SUVmeanwas seen in whole-brain area and in temporal, frontal, and limbic regions (z5 23.69,
20.75, 21.39, 22.41, 26.61, 24.42, 20.25, and 20.36, respectively, for rank differences in each com-
parison). (C) 18F-FDG PET/CT radiomic monogram in validation cohort using early changes (5–6 wk after
treatment initiation) of regional uptake values. Specifically, changes in SUVmean, as compared with base-
line SUVmean, can be projected to point ruler. Total scores were added to obtain 24-wk disease-free sur-
vival probability. (D) Predicted future CNST risk vs. actual CNST risk in validation cohort, plotted as
receiver-operating-characteristic curves. Cer 5 cerebellum; DFS 5 disease-free survival; fro and front 5
frontal lobe; lim 5 limbic area; ns 5 nonsignificant; OC and OCC 5 occipital lobe; par 5 parietal lobe;
stem5 brain stem; tem5 temporal lobe; WB5 whole brain. *P, 0.05. **P, 0.01. ***P, 0.001.
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comprised patients with very different neoplasms in which ICI is
often used in various combinations with chemotherapy—a potential
cause of uncontrolled confounders during comparison (10). Also, age
and sex were dictating factors in cerebral metabolism (32). Baseline
factors were compared statistically, and several factors were signifi-
cantly different as shown in Table 1. However, the PSM method,
which included multiple baseline confounders in this study, partially
salvaged the selection bias. Last, although the sample size was rela-
tively large in the context of the extreme low incidence of CNST,
statistical power remained low in matched comparisons, especially in
the comparison statistics of matched subtypes of CNST versus
CNSI. Future metaanalyses or large-sample research is encouraged
to augment the statistical power.

CONCLUSION

Cerebral metabolism seemed increased in CNST1 patients on
active ICI therapy as compared with CNST2 patients but seemed
lower than in CNSI patients in certain brain regions. Early
regional changes that were present before CNST seemed to sug-
gest a preonset immune attack, and such early regional changes
may be translated into a diagnostic tool based on moderate accu-
racy in the observational study.
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KEY POINTS

QUESTION: What are the probable biomarkers specific to
immune-related CNST in cancer patients treated with ICI by
imaging analysis of 18F-FDG PET/CT?

PERTINENT FINDINGS: In a validation cohort of 2,878 patients,
preonset changes in SUVmean reached an AUC of 0.86 (95% CI,
0.79–0.94) in predicting the later incidence of CNST.

IMPLICATIONS FOR PATIENT CARE: Regional SUV differences
may be translated into early diagnostic tools based on moderate
differentiating accuracy in our study.
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F E A T U R E D B A S I C S C I E N C E A R T I C L E

Granzyme B PET Imaging for Assessment of Disease Activity
in Inflammatory Bowel Disease

Pedram Heidari, Arvin Haj-Mirzaian, Suma Prabhu, Bahar Ataeinia, Shadi A. Esfahani, and Umar Mahmood

Center for Precision Imaging and Division of Nuclear Medicine and Molecular Imaging, Department of Radiology, Massachusetts
General Hospital, Harvard Medical School, Boston, Massachusetts

Developing a noninvasive imaging method to detect immune system
activation with a high temporal resolution is key to improving inflam-
matory bowel disease (IBD) management. In this study, granzyme B
(GZMB), typically released from cytotoxic T and natural killer cells,
was targeted using PET with 68Ga-NOTA-GZP (where GZP is b-Ala–
Gly–Gly–Ile–Glu–Phe–Asp–CHO) to detect early intestinal inflamma-
tion in murine models of colitis. Methods: Bioinformatic analysis was
used to assess the potential of GZMB as a biomarker for detecting
IBD and predicting response to treatment. Human active and quies-
cent Crohn disease and ulcerative colitis tissues were stained for
GZMB. We used IL-102/2 mice treated with dextran sulfate sodium
(DSS) as an IBD model, wild-type C57BL/6J mice as a control, and
anti–tumor necrosis factor as therapy. We used a murine GZMB-
binding peptide conjugated to a NOTA chelator (NOTA-GZP) labeled
with 68Ga as the PET tracer. PET imaging was conducted at 1, 3, and
4 wk after colitis induction to evaluate temporal changes. Results:
Bioinformatic analysis showed that GZMB gene expression is signifi-
cantly upregulated in human ulcerative colitis and Crohn disease com-
pared with the noninflamed bowel by 2.98-fold and 1.92-fold,
respectively; its expression is lower by 2.16-fold in treatment respon-
ders than in nonresponders. Immunofluorescence staining of human
tissues demonstrated a significantly higher GZMB in patients with
active than with quiescent IBD (P 5 0.032).68Ga-NOTA-GZP PET
imaging showed significantly increased bowel uptake in IL-102/2

mice with DSS-induced colitis compared with vehicle-treated IL-102/2

mice (SUVmean, 0.75 vs. 0.24; P , 0.001) and both vehicle- and
DSS-treated wild-type mice (SUVmean, 0.26 and 0.37; P, 0.001). In the
IL-102/2 DSS-induced colitis model, the bowel PET probe uptake
decreased in response to treatment with tumor necrosis factor–a
(SUVmean, 0.32; P , 0.001). There was a 4-fold increase in colonic
uptake of 68Ga-NOTA-GZP in the colitis model compared with the con-
trol 1 wk after colitis induction. The uptake gradually decreased to
approximately 2-fold by 4 wk after IBD induction; however, the inflamed
bowel uptake remained significantly higher than control at all time
points (week 4 SUVmean, 0.23 vs. 0.08; P5 0.001). Conclusion:GZMB
is a promising biomarker to detect active IBD and predict response to
treatment. This study provides compelling evidence to translate GZMB
PET for imaging IBD activity in clinical settings.

Key Words: inflammatory bowel disease; PET imaging; granzyme B;
68Ga-NOTA-GZP; colitis
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Inflammatory bowel disease (IBD) is a chronic gastrointestinal
inflammatory disorder and includes 2 major groups: Crohn disease
(CD) and ulcerative colitis (UC) (1). Although there have been
notable advancements in the clinical management of IBD, substan-
tial challenges remain in enhancing diagnostic precision, overcom-
ing issues with treatment intolerance, and addressing the recurrent
cycle of remission and relapse (2,3). In addition, long-standing
IBD is associated with an increased risk of cancer, which necessi-
tates constant monitoring of disease activity (4–6). Although
endoscopy is widely used for the diagnosis and management of
IBD, it has limitations, such as invasiveness and lack of ability to
capture the abnormalities in deep bowel wall layers (7,8). Leverag-
ing multimodal imaging such as PET/CT and PET/MRI enhances
IBD diagnosis accuracy beyond the reach of standard colonos-
copy, allowing for detailed visualization in regions inaccessible to
endoscopic evaluation and offering a comprehensive view of
inflammatory activity and structural changes (9). Hence, noninva-
sive imaging techniques are urgently needed to provide real-time
information on specific pathologic processes across the entire
bowel and to offer a high temporal resolution for accurate detec-
tion, staging, and quantitative evaluation of response to treatment
(10). Recent research has shown that molecular imaging with
SPECT and PET may be more accurate for identifying gastrointes-
tinal inflammation in both clinical and preclinical settings, with
the added advantage of real-time information (11–15). Since IBD
is an immune-mediated disease, imaging biomarkers that provide
information on specific immune mediators could be valuable in
early diagnosis and evaluation of treatment response (16).
The pathophysiology of IBD is believed to involve dysregula-

tion of innate and adaptive immune systems. Therefore, tracking
the activity of immune cells, particularly natural killer cells and
CD81 cytotoxic T cells, which initiate the inflammatory cascade
in the bowel, could indicate inflammation status in IBD (17,18).
Granzyme B (GZMB) is a serine protease released by immune
cells, mainly activated natural killer cells and CD81 cytotoxic
T cells, that triggers apoptosis in infected, neoplastic, or malfunc-
tioning cells (19). It has been suggested that GZMB is an early ini-
tiator of inflammation in IBD (19). Hence, PET imaging of
GZMB could capture the inflammatory status of the mucosal
immune layer of the gastrointestinal tract in the early stages of
IBD. Our group has developed and used a GZMB-targeted
peptide-based PET imaging probe, 68Ga-NOTA-GZP, where GZP
is b-Ala–Gly–Gly–Ile–Glu–Phe–Asp–CHO. We have shown that
GZMB PET can noninvasively evaluate the effectiveness of
immune checkpoint inhibitors and predict the immunotherapy
response in preclinical cancer models and immune-related adverse
events (20–23). These results built the foundation of our next-step
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efforts to explore the application of GZMB PET in the setting
of IBD.
This study aimed to establish GZMB PET as a noninvasive and

accurate imaging technique for detecting bowel inflammation and
monitoring response to treatment in IBD. We first evaluated
GZMB gene expression in human CD, UC, and noninflamed
bowel using bioinformatics data and assessed the GZMB gene
expression and excretion level in human bowel tissues with active
and quiescent inflammation. Next, we studied the ability of
GZMB PET to quantify bowel inflammation compared with con-
trol conditions, the disease activity over time, and in response
to antiinflammatory treatment in an established mouse model
of colitis.

MATERIALS AND METHODS

Dataset Acquisition for Bioinformatics and Differential Gene
Expression Analysis

The gene expression datasets were obtained from the Gene Expression
Omnibus public platform under accession numbers GSE10191,
GSE25220, GSE36807, GSE117993, GSE95437, GSE93624, GSE11831,
GSE57945, GSE75214, GSE16879, and GSE100833. The study design
and sample acquisition are detailed in Supplemental Table 1 (supplemental
materials are available at http://jnm.snmjournals.org). A systematic search
was performed on the Gene Expression Omnibus (24) using the following
keywords: “inflammatory bowel disease,” “ulcerative colitis,” and
“Crohn’s disease,” with “Homo sapiens” as the tissue donor species filter.

The datasets were classified into 3 subgroups based on study design
and IBD conditions, including UC compared with non-IBD colon con-
ditions (8 datasets), CD compared with non-IBD colon conditions
(7 datasets), and treatment responder compared with nonresponder
IBD patients (2 datasets) (Supplemental Table 1). The differential
gene expression analysis was performed for each dataset, followed by
gene intersection analysis to find the common genes in different data-
sets in each colon condition group. The common genes were then
ranked on the basis of fold change among different groups.

We compared 2 sample groups using the “affy” and “limma” R
packages after preprocessing and normalizing the microarray datasets
to identify significant differential gene expression levels that varied
depending on the experimental settings.

GZMB Quantification on Immunofluorescence Staining of
Human Colon Tissues

Formalin-fixed paraffin-embedded tissue blocks from active and
quiescent IBD patients and normal bowel tissue were obtained from
OriGene. Immunofluorescence staining against GZMB was performed
on cut samples using methods previously described (23); briefly, we
incubated slides with rabbit antihuman GZMB (ab243879; Abcam)
primary antibody at 1:100 dilution at 4"C overnight, followed by
Alexa Fluor 647 (Life Technologies Corp.) conjugated goat antirabbit
IgG (A32733; ThermoFisher) secondary antibody at 1:100 dilution
and nuclear staining with 49,6-diamidino-2-phenylindole at a 1 mg/mL
concentration. Fluorescence images were acquired with a cell imaging
multimode reader (Cytation 5; Agilent). Semiquantitative analysis was
performed by measuring the cumulative total fluorescence signal in
a gray-scale image related to GZMB expression divided by the cumu-
lative total fluorescence signal in a gray-scale image related to 49,6-
diamidino-2-phenylindole (as a measure of the total number of cells)
using Fiji software (version 2.9.0; National Institutes of Health).

Animals and Groups
Animal studies were conducted with the approval of the Institu-

tional Animal Care and Use Committee, and all animal experiments
were conducted following the “Animal Research: Reporting of In Vivo

Experiments” guidelines. Six-week-old male wild-type C57BL/6J
(n 5 18) and IL-102/2 mice (with C57BL/6J background, n 5 83)
were used (Jackson Laboratories). After acclimatization, both IL-102/2

and C57BL/6J mice were divided into 2 major groups. The first group
received only autoclaved water as a vehicle control (IL-102/2 vehicle,
n 5 13, and C57BL/6J vehicle, n 5 7). In the second group,
colitis was induced by supplementing 3% dextran sulfate sodium
(DSS; Sigma) in the autoclaved drinking water for 7 d (IL-102/2 DSS,
n 5 22, and C57BL/6J DSS, n 5 11), followed by restoring regular
water on day 8 (25). IL-102/2 DSS-treated mice were divided into sub-
groups not treated (n 5 9) or treated with anti–tumor necrosis factor
(TNF) (n 5 13, a single 100-mg dose of murine anti-TNF injection
intraperitoneally [XT3.11, BE0058; Bio X Cell]) (26). Furthermore, we
used an additional 48 IL-102/2 mice to assess temporal changes in
68Ga-NOTA-GZP over 4 wk, dividing them into 2 groups: 24 mice
treated with DSS and 24 treated with a vehicle. Supplemental Figure 1
provides a schematic representation of the study’s timeline and the
grouping methodology used. All animals were monitored 3 times a
week for changes in behavior, weight loss, stool consistency, blood in
the stool, and anal prolapse. At the end of the experiments, the animals
were euthanized in a humane manner using CO2 gas, according to the
guidelines recommended by the American Veterinary Medical Associa-
tion for the euthanasia of laboratory animals. The procedure was per-
formed ensuring a gradual-fill method to minimize animal distress. In
addition, since the UC mouse model is well established and responds
effectively to anti-TNF treatment, we minimized the use of animals and
addressed potential ethical concerns by not using IgG1 monoclonal
antibody treatment as a control group to the anti-TNF group.

68Ga-NOTA-GZP Probe Synthesis
68Ga-NOTA-GZP was synthesized using 68Ga eluted from a

68Ge/68Ga generator (Eckert & Ziegler) as previously described (23).
Briefly, NOTA-GZP (50 mg) was mixed with 68Ga (370 MBq) in 2 M
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid buffer, and the pH
was adjusted to 3.5–4.0. The reaction mixture was incubated for
10 min at room temperature. The product was then purified using a
reverse-phase C18 Sep-Pak (Waters) solid-phase extraction cartridge
and diluted with saline before administration to mice. The radiolabel-
ing yield was measured by instant thin-layer chromatography as previ-
ously described (27,28). We exclusively used the 68Ga-NOTA-GZP
probe as our primary probe because of its well-established efficacy in
our prior research, eliminating the need for a control peptide.

Animal 68Ga-NOTA-GZP PET/CT Imaging and Biodistribution
Analysis

Mice from all groups were imaged with a rodent PET/CT scanner
(TriFoil Imaging) 7 d after treatment with DSS or vehicle. Approxi-
mately 7.4 MBq of 68Ga-NOTA-GZP were intravenously injected,
and PET/CT was performed 1 h after injection. Before imaging, the
mice were anesthetized with 2% isoflurane, and 100 mL of diatrizoate
meglumine and diatrizoate sodium solution (Gastrografin; Bracco)
were administered intrarectally as a large-intestine contrast agent. PET
images were acquired for 20 min at a single bed position, followed by
CT acquisition for approximately 10 min. We used a heating system
to keep the mice warm during the scans. Throughout the imaging pro-
cess, we monitored vital signs, including core temperature, heart rate,
and respiratory rate, using equipment from SA Instruments, Inc. The
acquired images were reconstructed using a 3-dimensional maximum-
likelihood expectation maximization algorithm with 4 iterations and
20 subsets. Under CT guidance, a 3-dimensional region of interest
was drawn over the colon. The bowel’s SUVmean was calculated
within the 3-dimensional region of interest using VivoQuant software
(Invicro).
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Immediately after the PET/CT acquisition, biodistribution analysis
of the 68Ga-NOTA-GZP images was conducted for a subset of animals
(7–13 animals/group). The animals were euthanized, blood and organs
were harvested and weighed, and the retained radioactivity was mea-
sured using a g-counter (Wizard; Perkin Elmer). Raw mean counts of
the tissue were corrected for background activity, decay, and tissue
weight and reported as percentage injected dose per gram. Addition-
ally, the colon and cecum of each animal were fixed or processed for
further cytokine analyses.

Cytokine Analysis of Colon Samples
The extracted colon tissues from the colitis-induced mice, on day 7

after induction, were rinsed using ice-cold phosphate-buffered saline
followed by cold complete RPMI 1640 medium. Tissues were then cut
longitudinally, and a 5 mm2 sample of each tissue was placed in a
small petri dish and incubated at 37"C for 24 h with 1.5 mL of com-
plete RPMI medium supplemented with 5% CO2. The supernatant
was aspirated, centrifuged at 4,100g for 10 min, and stored at 270"C
until used for biomarker analyses. The cytokine analysis was per-
formed using a ProcartaPlex mouse immune monitoring panel 48-plex
kit (catalog no. EPX480-20834-901; Thermo Fisher Scientific). A
panel of 48 inflammatory markers was analyzed using the Luminex
200 system (Thermo Fisher Scientific).

Statistical Analysis
Statistical analyses were performed using

Prism software (GraphPad). Differences in
variables were assessed by 2-tailed Student
t tests, 2-way ANOVA, or 3-way ANOVA,
depending on the comparison. After
ANOVA, a post hoc Holm–Sidak multiple-
comparisons test was applied. A P value of
less than 0.05 was considered statistically
significant. Values are reported as mean 6

SD. We used the false-discovery rate or
Benjamini–Hochberg method as a statistical
correction method for differential gene
expression analysis, to accurately identify
significant differences between sample
groups. The criteria for identifying differen-
tial gene expression were set as an adjusted
P value of less than 0.05 and an absolute
log2 fold change of more than 0.6, which
provided a statistically significant and bio-
logically meaningful threshold for identify-
ing differentially expressed genes.

RESULTS

GZMB Is Biomarker of IBD
When comparing whole transcriptome

profiling between UC and non-IBD bowel
conditions, we observed significant altera-
tions in 4328, 2985, 3993, 245, 1460,
2131, 2526, and 1896 genes in the bowel
in GSE10191, GSE11831, GSE16879,
GSE25220, GSE36807, GSE75214,
GSE95437, and GSE117993 datasets,
respectively (Supplemental Fig. 2; Supple-
mental Tables 2 and 3). Among these genes,
we found 48 genes consistently altered in
UC compared with non-IBD conditions,
including 44 upregulated and 4 downregu-
lated genes (Fig. 1A; Supplemental Table 4).

The GZMB gene showed a significant upregulation of 2.98-fold in
UC compared with non-IBD conditions (Fig. 1B).
In the analyses of GSE11831, GSE16879, GSE57945, GSE75214,

GSE93624, GSE95437, and GSE117993 datasets, we observed sig-
nificant alterations in 817, 1975, 1406, 1137, 1181, 2316, and 673
genes, respectively, in the colon for patients with CD compared with
non-IBD conditions (Supplemental Fig. 2; Supplemental Tables 2
and 5). We identified 97 consistently altered genes across all data-
bases, including 81 upregulated and 16 downregulated genes
(Fig. 1C). The GZMB gene showed a significant upregulation of
1.92-fold in CD compared with non-IBD conditions (Fig. 1D). Heat-
map analysis of all significantly altered genes in UC and CD samples
compared with non-IBD conditions is shown in Figure 1E. These
findings suggest that GZMB could be a potential diagnostic marker
for IBD.
We investigated the expression of GZMB in the bowels of

patients with IBD in response to treatment using the GSE16879
and GSE100833 databases and in active versus inactive IBD using
the GSE75214 database. A reanalysis of GSE16879 demonstrated
that GZMB was significantly upregulated in IBD at baseline in
both treatment responders and nonresponders compared with

FIGURE 1. GZMB as biomarker in IBD for detecting active disease and evaluating treatment
response using bioinformatic analysis. (A) Number of significantly altered genes in active UC vs. nor-
mal tissues. (B) Upregulated genes that were in common in UC 8 datasets ranked by log2 fold
change. (C) Heat map of up- and downregulated genes in UC and CD tissues compared with normal
tissue. (D) Number of altered genes in active CD vs. normal tissues. (E) Upregulated genes that
were in common in CD 7 datasets ranked by log2 fold change. (F) Gene expression of GZMB in
patients before and after treatment analyzed by 1-way ANOVA followed by adjusting P value using
Benjamini–Hochberg method (data are mean 6 SD). (G) Top 15 genes significantly decreased after
treatment at different time points (green spots represent top 5 genes, which decreased after treat-
ment, and red represents GZMB). (H) Evaluation of GZMB gene expression in active and inactive UC
using t test analysis. FDR5 false-discovery rate; log2FC5 log2 fold change.
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corresponding normal noninflamed bowel samples. The GZMB
gene decreased by 2.16-fold in patients who responded to the first
infliximab treatment but showed no significant change in patients
who did not respond to the treatment (Fig. 1F). Additionally, in
the reanalysis of the GSE100833 database, GZMB was among the
top 15 downregulated genes, showing a decrease of 2.16-fold as
early as 6 wk after ustekinumab treatment in IBD patients who
responded to treatment, and remained low in remission (Fig. 1G).
The downregulation of GZMB at 6 wk after treatment was
observed in bowel samples regardless of their anatomic site, that
is, taken from the rectum; sigmoid descending, transverse, or
ascending colon; or terminal ileum (Supplemental Fig. 3). Further-
more, we investigated the differential gene expression of GZMB
in IBD patients with active and inactive inflammation. Consistent
with our previous findings, GSE75214 database analysis revealed
that the expression of GZMB was significantly higher in patients
with active IBD than in those with inactive disease (false-discovery
rate , 0.001%, Fig. 1H). Collectively, these findings from pub-
lished online databases support the potential of GZMB as a diag-
nostic biomarker of IBD and its utility for monitoring treatment
response early after initiation of treatment in patients with IBD.

GZMB Is Highly Excreted in Clinically Active IBD
Immunofluorescence staining of human intestinal specimens for

GZMB was strong at the lamina propria in active CD samples
(Fig. 2A), with significantly weaker staining in the quiescent or
normal colon samples (0.326 0.19 vs. 0.066 0.03, P 5 0.032)
(Figs. 2B–2E). These findings confirm the potential of GZMB as a
histologic and imaging biomarker for assessing disease activity in
human subjects with IBD.

68Ga-NOTA-GZP Has Favorable Characteristics for Imaging
Bowel Inflammation
We made 68Ga-NOTA-GZP with a yield of 67% 6 11%, more

than 95% radiochemical purity, and specific activity of 5,19061,100
MBq/mg. The biodistribution of 68Ga-NOTA-GZP in normal mice
(3/group) showed rapid renal elimination of the probe and low back-
ground uptake in the liver, blood pool, and other nontarget organs
(Supplemental Fig. 4A). In vehicle-treated wild-type animals, probe
uptake in the intestines and stomach remained below the level in the
blood pool (0.2960.04, 0.2560.03, and 0.4060.05 percentage
injected dose per gram, respectively), indicating a favorable biodistri-
bution for imaging active inflammation in the gastrointestinal tract
(Supplemental Fig. 4B).

GZMB PET Imaging Can Detect Active Bowel Inflammation
Representative axial and coronal 68Ga-NOTA-GZP PET/CT

images of the animal models at 7 d after treatment are shown in
Figures 3A and 3B. Quantitative analyses of the PET images
showed a low level of uptake in the bowel of wild-type mice
treated with either vehicle or DSS (SUVmean, 0.266 0.05 vs.
0.376 0.11, respectively; P 5 0.255; Figs. 3A–3C). The IL-102/2

mice with DSS-induced colitis demonstrated significantly higher
68Ga-NOTA-GZP uptake than that in IL-102/2 mice treated with
vehicle (SUVmean, 0.766 0.10 vs. 0.246 0.10, respectively;
P , 0.001; Figs. 3A–3C). Anti-TNF treatment significantly
decreased PET uptake in the IL-102/2 mice with colitis, compared
with untreated mice with active colitis (SUVmean, 0.326 0.14 vs.
0.766 0.10; P , 0.001; Figs. 3A–3C). The ex vivo measurement
of the retained activity in the extracted intestinal specimens of
the mice in all groups confirmed the results of PET studies,
demonstrating that 68Ga-NOTA-GZP uptake was significantly
higher in intestinal specimens of IL-102/2 mice with DSS-
induced colitis than in other groups (percentage injected dose per
gram: 3.386 0.39, 0.946 0.57, 0.596 0.29, 0.866 0.25, and
0.596 0.53 in IL-102/2 vehicle-treated, IL-102/2 DSS-induced
colitis treated with anti-TNF, wild-type vehicle-treated, and wild-
type DSS-treated, respectively; P , 0.001; Fig. 3D).

GZMB PET Has Favorable Temporal Resolution for Imaging
IBD Activity
Serial 68Ga-NOTA-GZP PET imaging over 4 wk after colitis

induction showed a significant 4-fold increase in colonic uptake
1 wk after DSS colitis induction in the IL102/2 mice compared
with vehicle-treated IL102/2 mice. Uptake in the former group
gradually decreased by 4 wk to approximately 2-fold higher than
in the vehicle-treated IL102/2 control (Fig. 3E). 68Ga-NOTA-
GZP uptake was significantly higher in the DSS-induced colitis
group than in vehicle-treated IL102/2 mice at all time points
(repeated-measure ANOVA, 8/group; Fig. 3E).

Cytokine Profile of Extracted Colon Samples Confirmed
Dysregulated Cell-Mediated Immune Response in
DSS-Induced IL102/2 Colitis Model
Quantification of the level of cytokines in extracted colon tissue

from the DSS-induced IL102/2 colitis model (Fig. 4) demon-
strated an increase in Th1 and Th22 cytokines (including inter-
feron; interleukins 1b, 6, and 22; and TNF) and absence of Th2
and Th17 cytokines (including interleukins 4, 5, 10, 13, and 17)
(Fig. 4). Moreover, there was a marked increase in multiple mono-
cyte chemotactic factors such as macrophage inflammatory pro-
teins 1 and 2, interleukin 18, and monocyte chemotactic proteins 1

FIGURE 2. (A) Immunofluorescence evaluation of GZMB expression in
active IBD. (B) Immunofluorescence evaluation of GZMB expression in
quiescent IBD. (C) Quantitative analysis of GZMB to 49,6-diamidino-2-
phenylindole ratio in active IBD vs. quiescent IBD (data are mean 6 SEM,
4/group). (D) Hematoxylin and eosin staining of corresponding active IBD
samples at indicated magnification. (E) Hematoxylin and eosin staining of
corresponding quiescent IBD samples at indicated magnification. Scale
bars represent 100mm. DAPI5 49,6-diamidino-2-phenylindole.
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and 3, which could be observed in a dysregulated immune condi-
tion, such as IBD (Fig. 4) (29).

DISCUSSION

Effective management of IBD requires close monitoring of
disease activity. However, the lack of reliable, noninvasive techni-
ques for assessing IBD activity remains a challenge (30). Com-
monly used endoscopic assessment and tissue sampling are
invasive and do not offer adequate reach to assess the state of dis-
ease reliably. Anatomic imaging techniques such as CT or MR
enterography show the sequelae of the prolonged inflammation

and often do not have the temporal resolution necessary for close
disease monitoring. Molecular imaging techniques can potentially
fill this gap because of their high sensitivity and time resolution.
Different molecular imaging tracers have been tested in experi-
mental IBD studies with variable results (14,30–32). Many of
these techniques are indirect measures of active colonic inflamma-
tion and therefore may not be mechanistically linked to the patho-
physiology of IBD (34). We believe GZMB PET imaging can
potentially answer this unmet need as it mechanistically targets the
early phase of disease activation in IBD and, because of the rapid
turnover of the target, provides high temporal resolution for imag-
ing IBD disease activity.
We hypothesized that GZMB PET imaging could be noninva-

sively used to evaluate IBD activity in vivo. GZMB directly
induces intestinal epithelial cell damage, disrupts the integrity of
the gut barrier, and contributes to the breakdown of the intestinal
mucosa in IBD (34). In addition, GZMB can promote the produc-
tion of proinflammatory cytokines, such as interleukin 1b, TNF,
and interleukin 18, which are involved in the inflammatory cas-
cade in IBD (35). It modulates the function of regulatory T cells
(36,37), dysregulation of which leads to further propagation of
inflammation in IBD. Moreover, GZMB excretion promotes tissue
damage and fibrosis (38) by activating the fibroblasts, producing
excessive collagen and fibrosis in the bowel (39). We have previ-
ously shown that GZMB PET imaging could be a predictive bio-
marker of immunotherapy response in cancer patients (22,23).
Subsequently, we showed that GZMB PET imaging can detect
immune-related adverse events mechanistically due to the imbal-
ance between immune activation and self-tolerance, similar to
IBD (40). To further investigate the potential of GZMB as a bio-
marker for IBD disease activity and treatment response assess-
ment, we performed bioinformatic and ex vivo analyses of IBD
human samples. Bioinformatic analyses of datasets showed high
GZMB gene upregulation in both active CD and UC in compari-
son to inactive- or non-IBD conditions. In line with our study, a
similar report revealed GZMB as a top potential biomarker associ-
ated with diagnosis of rheumatoid arthritis, as another condition
with a similar dysregulated immune response (41). Immunofluo-
rescence staining of human intestinal specimens confirmed our
bioinformatic analysis results by showing strong GZMB staining
in active CD samples compared with quiescent IBD or normal
samples. Collectively, these findings supported our hypothesis that
68Ga-NOTA-GZP PET imaging could be potentially used to assess
disease activity in IBD.
Our experiments showed that intestinal uptake of 68Ga-NOTA-

GZP was significantly higher in our colitis mouse model than in
the controls. We showed that 68Ga-NOTA-GZP PET imaging can
effectively detect GZMB in the intestinal tissue of mice with coli-
tis, with low uptake in the normal gastrointestinal tract, which is

FIGURE 3. (A) Coronal representation of 68Ga-NOTA-GZP PET imaging
patterns alongside CT scans, encompassing both combined PET/CT and
standalone PET views in IL102/2 mice treated with vehicle, DSS, or DSS
plus anti-TNF, as well as wild-type animals treated with DSS or vehicle. (B)
Representative axial view of 68Ga-NOTA-GZP PET/CT uptake pattern in
IL102/2 mice treated with DSS and wild-type mice treated with vehicle.
(C) Quantitative analysis of 68Ga-NOTA-GZP PET/CT SUVmean in DSS-
treated IL102/2 mice compared with other groups (7–13/group). (D) 68Ga-
NOTA-GZP uptake in ex vivo PET/CT imaging experiment of extracted
colonic specimens (3/group). (E) Temporal change in 68Ga-NOTA-GZP
PET/CT uptake during 4 wk after DSS induction (data are mean 6 SEM,
8/group). %ID5 percentage injected dose; WT5 wild-type.

FIGURE 4. Evaluation of colonic cytokine levels in different groups
(M1–M4 represent each mouse’s data; red box represents cytokine levels
, 250ng/mL).
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desirable for IBD imaging. Moreover, the significant dynamic
change in 68Ga-NOTA-GZP uptake over 4 wk suggests that this
imaging technique could be a useful biomarker of disease activity
in IBD patients, allowing for real-time assessment of active
inflammation and more tailored treatment interventions. Addition-
ally, we showed that 68Ga-NOTA-GZP uptake was significantly
reduced in the group that received therapy, showing the ability of
this imaging to assess the treatment response rapidly. Unlike other
PET imaging modalities for detecting IBD—such as immune-PET
imaging methods that focus on membranous markers such as
CD69 and OX40, 18F-FDG PET/CT for inflammation (42), and
68Ga-FAPI PET/CT for fibrosis (43)—GZMB PET imaging does
not merely localize immune cells, inflammation, or fibrosis
lesions. Rather, GZMB PET uniquely captures immune activity,
which is particularly crucial in autoimmune diseases such as IBD,
for which the dynamic nature of immune responses plays a pivotal
role in disease progression and management. This new technique’s
ability to reflect the functional state of immune cells—specifically,
their cytolytic activity—provides critical insights into the mecha-
nisms driving inflammation and tissue damage. Unlike other imag-
ing modalities that target membranous markers and highlight
immune cell presence, GZMB imaging delves more deeply, offer-
ing a window into the effector functions of these cells. This dis-
tinction is vital for IBD, for which the spatial and temporal
patterns of immune activity, rather than the mere accumulation of
immune cells, dictate the course of the disease. By focusing on
immune activity, GZMB PET imaging facilitates a more accurate
assessment of the inflammatory status, enabling targeted interven-
tions that can more effectively modulate the disease process.
This study had some limitations. The GZMB PET imaging was

studied in only one mouse model of IBD and needs to be validated
in other mouse models of IBD. However, the model was mecha-
nistically chosen to imitate the early stages of IBD, in which a
combination of mucosal barrier disruption and dysregulated
response to gut antigens triggers intestinal inflammation. There-
fore, we believe our findings are repeatable in other mouse models
of IBD. We hope to validate these findings in human subjects with
active IBD. Another limitation is that this study primarily focused
on the early detection of IBD activity, and we did not explore the
potential of GZMB PET imaging in monitoring acute flares of dis-
ease in the background of chronic bowel inflammation, long-term
disease progression, or response to multiple treatment regimens.
Future research should aim to replicate these results in clinical
trials to establish the efficacy and practicality of GZMB PET
imaging in routine IBD management.

CONCLUSION

GZMB PET imaging is a potentially promising approach for
detecting IBD disease activity, monitoring intestinal inflammation,
and assessing the treatment response to antiinflammatory medica-
tions. It might improve diagnosis certainty in difficult-to-biopsy
regions of the intestine, monitor disease activity, and guide treat-
ment regimens. These findings warrant further investigation in
clinical trials to evaluate this imaging technique’s feasibility and
clinical utility in IBD patients.
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KEY POINTS

QUESTION: Does targeting GZMB with 68Ga-NOTA-GZP PET
imaging provide a reliable, noninvasive method for detecting early
intestinal inflammation in murine models of IBD, and can it predict
treatment response?

PERTINENT FINDINGS: Bioinformatic analysis and immunofluo-
rescence staining confirmed GZMB as a significant biomarker
in IBD, showing upregulation in active human UC and CD.
68Ga-NOTA-GZP PET imaging demonstrated significantly higher
uptake in IL-102/2 mice with DSS-induced colitis than in controls,
with a 4-fold increase in uptake 1 wk after induction. The uptake
correlated with treatment response, decreasing significantly in
anti-TNF–treated models.

IMPLICATIONS FOR PATIENT CARE: The successful application
of 68Ga-NOTA-GZP PET imaging to detect GZMB suggests
a promising noninvasive method for early detection of IBD
activity and monitoring of treatment efficacy, potentially guiding
more personalized patient management strategies in clinical
settings.
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Transthyretin cardiac amyloidosis (ATTR CA) is increasingly recognized
as a cause of heart failure in older patients, with 99mTc-pyrophosphate
imaging frequently used to establish the diagnosis. Visual interpretation
of SPECT images is the gold standard for interpretation but is inherently
subjective. Manual quantitation of SPECT myocardial 99mTc-pyrophos-
phate activity is time-consuming and not performed clinically. We evalu-
ated a deep learning approach for fully automated volumetric
quantitation of 99mTc-pyrophosphate using segmentation of coregis-
tered anatomic structures from CT attenuation maps. Methods:
Patients who underwent SPECT/CT 99mTc-pyrophosphate imaging for
suspected ATTR CA were included. Diagnosis of ATTR CA was deter-
mined using standard criteria. Cardiac chambers and myocardium were
segmented from CT attenuation maps using a foundational deep learn-
ing model and then applied to attenuation-corrected SPECT images to
quantify radiotracer activity. We evaluated the diagnostic accuracy of
target-to-background ratio (TBR), cardiac pyrophosphate activity (CPA),
and volume of involvement (VOI) using the area under the receiver oper-
ating characteristic curve (AUC). We then evaluated associations
with the composite outcome of cardiovascular death or heart failure
hospitalization. Results: In total, 299 patients were included (median
age, 76 y), with ATTR CA diagnosed in 83 (27.8%) patients. CPA (AUC,
0.989; 95% CI, 0.974–1.00) and VOI (AUC, 0.988; 95% CI, 0.973–1.00)
had the highest prediction performance for ATTR CA. The next highest
AUC was for TBR (AUC, 0.979; 95% CI, 0.964–0.995). The AUC for
CPA was significantly higher than that for heart-to-contralateral ratio
(AUC, 0.975; 95% CI, 0.952–0.998; P 5 0.046). Twenty-three patients
with ATTR CA experienced cardiovascular death or heart failure hospi-
talization. All methods for establishing TBR, CPA, and VOI were associ-
ated with an increased risk of events after adjustment for age, with
hazard ratios ranging from 1.41 to 1.84 per SD increase. Conclusion:
Deep learning segmentation of coregistered CT attenuation maps is
not affected by the pattern of radiotracer uptake and allows for fully
automatic quantification of hot-spot SPECT imaging such as 99mTc-
pyrophosphate. This approach can be used to accurately identify
patients with ATTRCA andmay play a role in risk prediction.

Key Words: cardiac amyloidosis; technetium pyrophosphate; quanti-
fication; diagnostic accuracy; biomarker
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Transthyretin cardiac amyloidosis (ATTR CA) is an increas-
ingly recognized cause of heart failure (1). Bone scintigraphy imag-
ing with tracers such as 99mTc-pyrophosphate has been established as
a highly accurate tool for diagnosing ATTR CA, with initial studies
describing evaluation of planar images alone (2). However, subse-
quent studies have shown potential pitfalls from using this approach
(3). Visual evaluation of SPECT images, in combination with screen-
ing for light chain amyloidosis, has now become the gold standard
for noninvasive diagnosis (4). SPECT imaging improves diagnostic
accuracy but is inherently subjective and requires expertise.
Hybrid SPECT/CT imaging facilitates more robust methods to

quantify myocardial radiotracer activity. Scully et al. demonstrated
high diagnostic accuracy for quantitation using SUVs from regions
placed manually on SPECT/CT images (5). In our previous work,
we demonstrated that quantitative measures have high diagnostic
accuracy (6) and correlate with native myocardial T1 (7). How-
ever, these techniques have not translated into clinical practice, at
least in part because they require time-consuming manual segmen-
tation. Recent developments in foundational deep learning models
have made it feasible to segment cardiac chambers and ventricular
myocardium from noncontrast, ungated CT images (8). These
algorithms can be leveraged to automate and objectify the manual
processes involved in quantifying radiotracer uptake in the myo-
cardium in a robust manner that is not affected by the tracer
uptake pattern. We developed this automated workflow for 99mTc-
pyrophosphate uptake quantification and then evaluated the poten-
tial clinical utility of different approaches to quantitation.

MATERIALS AND METHODS

Study Population
In this retrospective study, we identified patients who underwent

99mTc-pyrophosphate SPECT/CT imaging at the University of Calgary
between March 2020 and October 2022. For each patient with more
than one 99mTc-pyrophosphate study, only the first study was included.
Additionally, we excluded 7 cases with significant registration errors
identified during quality control processes. Significant offset in any
direction between rib or spine uptake and anatomic landmarks was
considered misregistration. This study was reviewed and approved by
the Institutional Review Board at the University of Calgary (REB19-
1448), and the requirement to obtain informed consent was waived.

Clinical Data
Demographics, past medical history, and red flags for ATTR CA at

the time of imaging were determined through manual review of
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electronic medical records. Diagnosis of ATTR CA was based on the
presence of, first, an endomyocardial biopsy positive for ATTR; second,
diffuse myocardial uptake on SPECT/CT imaging after exclusion of
monoclonal protein; or third, evidence of infiltrative cardiomyopathy on
echocardiography or cardiac MRI with either a documented pathologic
gene variant or a noncardiac biopsy demonstrating ATTR amyloidosis
(4,9). One patient was diagnosed on the basis of the third criterion; this
patient had undergone carpal tunnel biopsy (10) and showed mildly
reduced biventricular function on cardiac MRI (genetic testing pending).
At our center, coverage criteria for tafamidis initially required pathologic
confirmation of disease, but this requirement was eventually removed to
allow for noninvasive confirmation of diagnosis. An outline of patient
diagnosis adjudication is shown in Supplemental Figure 1 (supplemental
materials are available at http://jnm.snmjournals.org). All ATTR CA adju-
dication was performed with masking of the quantitative image results.

Imaging Protocols
Imaging with 99mTc-pyrophosphate was performed according to 1

of 2 protocols. All subjects underwent imaging on either an NM Dis-
covery 870 (GE Healthcare, n 5 233) or an NM Discovery 670 (GE
Healthcare, n 5 63) scanner. Patients received 740 MBq (20 mCi) of
99mTc-pyrophosphate, with planar images obtained at 3 h after injec-
tion over a 5- to 8-min duration, with a heart-centered field of view.
SPECT images were acquired at 3 h with a 10% energy window and a
128 3 128 matrix. Patients imaged with the NM Discovery 870 had a
total acquisition time of 12 min using a wide-energy, high-resolution
collimator. Patients imaged with the NM Discovery 670 had a total
acquisition time of 15 min using a low-energy high-resolution collimator.
For both scanner systems, CT attenuation correction imaging was per-
formed during an end-expiratory breath hold with no gating, in helical
mode, with a slice thickness of 5 mm, tube voltage of 120 kVp and
20 mA, and a 5123 512 matrix.

Expert Image Interpretation
Planar myocardial radiotracer retention was quantified from the 3-h

images using heart-to-contralateral ratio at the time of clinical interpreta-
tion (4). Planar images at 3 h were also graded visually using Perugini
grading (2). SPECT images at 3 h were visu-
ally assessed to determine whether diffuse
radiotracer activity was present or absent in the
myocardium (4).

CT Attenuation Correction
Segmentation

A previously validated foundational deep
learning model (Total Segmentator) was used
to segment all heart chambers and myocardium
(11). The model uses a no-new-Net (nnU-Net)
architecture to automatically segment a variety
of anatomic structures from CT images (11). A
key advantage of this approach is the automatic
optimization of the various hyperparameters,
including an ensemble of 2- and 3-dimensional
U-Net networks at multiple resolutions. For
cardiac structures, the model was trained using
expert annotations from contrast images, which
were transferred to registered noncontrast
images. We recently demonstrated excellent
correlations between estimates from noncon-
trast CT and volumes manually segmented
from gated, contrast-enhanced CT (left ventric-
ular [LV] myocardium Spearman r 5 0.947,
LA volume Spearman r 5 0.926) (12). The
left atrium (LA) and LV myocardium, right

atrium, and aorta regions derived automatically from the CT attenuation
correction scans were then used to quantify the tracer on coregistered
attenuation-corrected 99mTc-pyrophosphate SPECT images.

CT-Guided Quantification
All 99mTc-pyrophosphate quantification was performed using

attenuation-corrected images. We used CT-derived LV myocardial
boundaries to determine maximum myocardial counts. Maximum
myocardial counts, corrected for radiotracer delay and camera sensitiv-
ity (13), were used to calculate the SUVmax from injected dose and
weight (14). We also evaluated target-to-background ratio (TBR), as
well as cardiac pyrophosphate activity (CPA) and volume of involve-
ment (VOI), on the basis of our previous work (6). TBR is calculated
as the maximum activity in the target (myocardium) divided by the
mean activity of the background. VOI is quantified as the total volume
of activity above threshold (maximum activity of the background) (6).
CPA is quantified as the total activity (integrating volume and inten-
sity) above threshold, divided by mean background activity (6).

For TBR, VOI, and CPA, LV myocardium was used as the target
region, but we evaluated 5 methods for determining background activ-
ity. The first 3 methods were based on LA activity. First, we used the
full cardiac segments to quantify LA 99mTc-pyrophosphate activity
and LV myocardial 99mTc-pyrophosphate activity. These segmenta-
tions were used to quantify TBRfull, VOIfull, and CPAfull. Next, we
evaluated a reduced-size left atrial region (reduced by 50%) to mea-
sure LA background activity. The reduced LA region was used to
quantify TBRsmall, VOIsmall, and CPAsmall. Lastly, we considered 5
regions of interests (200 mm3 each) randomly sampled within the LA
volume. This method was used to define TBRroi, VOIroi, and CPAroi

measures. Similarly, we used maximal uptake in the right atrium to
derive TBRra, VOIra, and CPAra and maximal uptake in the aorta
derive TBRaorta, VOIaorta, and CPAaorta. Examples of the segmentation
methods and overall deep learning workflow are shown in Figure 1.

Outcomes
The primary outcome was diagnostic accuracy for ATTR CA. In

the secondary analysis, we evaluated associations with the combined

FIGURE 1. Overview of segmentation and image quantification. Deep learning was used to seg-
ment noncontrast CT scans. LV myocardium segmentation was used without modification. We eval-
uated 5 methods for determining background activity. LA was sampled with full region, reduced
region (shrunk 50% but centered in LA), and random regions of interest. Right atrium and aorta were
sampled with full-size volumes. These segmentations were used to calculate TBR, VOI, and CPA.
PYP5 99mTc-pyrophosphate; ROI5 region of interest.
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clinical outcome of cardiovascular death or heart failure hospitaliza-
tion. Admissions for heart failure were ascertained from electronic
medical records based on a primary admitting diagnosis of heart fail-
ure using the standardized codes from the International Classification
of Diseases, 10th revision (15). Cardiovascular mortality was ascer-
tained from electronic medical records and included death related to
heart failure, myocardial infarction, or sudden death (16). Follow-up
was censored at the last time that follow-up status could be verified.
Outcomes were adjudicated with masking of the 99mTc-pyrophosphate
results.

Statistical Analysis
Categorical variables were summarized as numbers and percentages

and compared with a x2 or Fisher exact test as appropriate. Continuous
variables were summarized as mean and SD and compared using Stu-
dent t test if normally distributed and summarized as median and inter-
quartile range and compared using Wilcoxon rank sum test if not.

Prediction performance was evaluated using areas under the
receiver operating characteristic curve (AUCs) and compared using
the method of DeLong et al. (17). SPECT visual interpretation was
not included in this analysis since it was used in part to adjudicate
diagnosis. Unadjusted and age-adjusted associations with the com-
bined outcome of cardiovascular death or heart failure hospitalization
were assessed using Cox proportional hazards models. Multivariable
models were limited to age-adjusted associations, given the low num-
ber of events (18). The proportional hazards assumption was assessed
using Schoenfeld residuals, with no significant violations identified.

All statistical tests were 2-sided, with a P value of less than 0.05
considered statistically significant. All analyses were performed with
STATA version 13 (StataCorp).

RESULTS

Patient Population
In total, 299 patients were included in the study, with a diagno-

sis of ATTR CA in 83 patients. The population characteristics are
outlined in Table 1. Patients with ATTR CA were older (median
age, 82 vs. 74 y; P , 0.001) and more likely to be male (81.9%
vs. 56.5%; P , 0.001).

Cardiac chamber measurements took an average of 15.86 0.2 s
(including time for chamber segmentation and image quantifica-
tion). Cases demonstrating chamber segmentation and image
quantification are shown in Figure 2 for a patient with ATTR CA
and in Figure 3 for a patient without ATTR CA. Imaging para-
meters are outlined in Table 2. The median SUVmax, TBR, VOI,
and CPA, regardless of the quantification method, were signifi-
cantly higher in patients with ATTR CA (all P , 0.001). Distribu-
tions of quantitative imaging variables are shown in Supplemental
Figure 2.

Diagnostic Accuracy
Prediction performance for ATTR CA using clinical and quanti-

tative measures, and using new automated measures with reduced
LA volume as the background, is shown in Figure 4. CPAsmall

(AUC, 0.989; 95% CI, 0.974–1.00) and VOIsmall (AUC, 0.988;
95% CI, 0.973–1.00) had the highest prediction performance for
ATTR CA. The AUC for CPAsmall was significantly higher than
that for the heart-to-contralateral ratio (AUC, 0.975; 95% CI,
0.952–0.998; P 5 0.046) and SUVmax (AUC, 0.944; 95% CI,
0.919–0.970; P 5 0.013).
Prediction performance for ATTR CA using all automated

methods for quantifying CPA is shown in Supplemental Figure 3.
Of the quantification methods, CPAsmall (AUC, 0.989; 95% CI,
0.974–1.00) and CPAra (AUC, 0.987; 95% CI, 0.970–1.00) had
the highest prediction performance. Prediction performance for
methods of quantifying TBR is shown in Supplemental Figure 4.
Prediction performance using VOI, shown in Supplemental Figure 5,
was similar to the results for CPA.

Clinical Outcomes
Among the 83 patients with ATTR CA, during a median

follow-up of 1.6 y (interquartile range, 1.0–1.9 y), 15 patients
experienced heart failure–related hospitalization and 8 patients
experienced cardiovascular death as the first event. Unadjusted
and age-adjusted associations with the combined outcome of car-
diovascular death or heart failure hospitalization are shown in
Figure 5. Most quantitative variables were associated with an

TABLE 1
Population Characteristics Stratified by Presence of ATTR CA

Characteristic No ATTR CA (n 5 216) ATTR CA (n 5 83) P

Median age (y) 74 (IQR, 65–80) 82 (IQR, 72–86) ,0.001

Male (n) 122 (56.5%) 68 (81.9%) ,0.001

Medical history (n)

Hypertension 152 (70.4%) 59 (71.1%) 0.900

Diabetes 56 (25.9%) 10 (12.0%) 0.010

Coronary artery disease 49 (22.7%) 20 (24.1%) 0.801

Atrial fibrillation 64 (29.6%) 37 (44.6%) 0.014

Amyloid red flags (n)

Bilateral carpal tunnel syndrome 6 (2.8%) 41 (49.4%) ,0.001

Spinal stenosis 9 (4.2%) 15 (18.1%) ,0.001

Peripheral neuropathy 57 (26.4%) 46 (55.4%) ,0.001

Previous TAVI 6 (2.8%) 2 (2.4%) 0.852

IQR 5 interquartile range; TAVI 5 transcatheter aortic valve implantation.
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increased risk of cardiovascular death or heart failure hospitaliza-
tion in unadjusted analyses. After adjustment for age, all quantita-
tive variables were associated with an increased risk of events,
with hazard ratios ranging from 1.41 to 1.84 per SD increase.

DISCUSSION

We demonstrated the feasibility of fully automated quantification
of 99mTc-pyrophosphate uptake using deep learning segmentation of
coregistered CT attenuation maps. We leveraged CT anatomic infor-
mation to identify structures that cannot be consistently identified
using 99mTc-pyrophosphate imaging alone. The diagnostic accuracy

for 99mTc-pyrophosphate quantification was
consistently excellent, without the need for
manual intervention. Quantification was
independent of variability in 99mTc-pyro-
phosphate uptake, allowing quantification
in cases with low uptake, where methods
based on SPECT imaging alone may be
subjective and unreliable. Lastly, we dem-
onstrated the potential clinical importance of
automated measures by evaluating associa-
tions with the combined outcome of cardio-
vascular mortality or hospitalization due
to heart failure. Overall, our results sug-
gest that fully automated quantitation of
99mTc-pyrophosphate is possible and could
potentially be used to support physician
interpretation or risk stratification.
There has been a significant increase in

the use of 99mTc-pyrophosphate imaging in
response to the high diagnostic accuracy of
the test and increasing awareness regarding
ATTR CA (19). As a result, 99mTc-pyro-
phosphate imaging is increasingly performed
in community centers, where physicians
may have less expertise in the technique.

Although SPECT imaging is highly accurate when analyzed by expe-
rienced observers, experience is required to differentiate blood pool
from myocardial radiotracer activity, particularly in cases with lower
uptake. Dual-isotope imaging was proposed for quantifying myocar-
dial uptake (20). However, this is currently impractical because of
limited access to thallium, increased radiation exposure, and lack of a
consistent definition of background activity. Hybrid SPECT/CT
allows physicians to identify anatomic landmarks (21), so it is intui-
tive to use a similar approach for artificial intelligence approaches to
image evaluation. We demonstrate the feasibility of this approach,
using a deep learning model to segment CT attenuation imaging to
facilitate automated quantification of SPECT tracer. A similar

approach has been applied to whole-heart
segmentation from CT attenuation correction
imaging (22). Our method has the potential
advantage of separating out regions of
blood-pool activity from myocardial uptake
and also providing the measures of overall
disease burden such as CPA or VOI. Fur-
thermore, the segmentation method for CT
images was previously externally validated
(12). Importantly, since the method is based
on CT imaging, it does not rely on (or
assume) any specific distribution of radio-
tracer. The model segments CT images rap-
idly (,16 s) and could be deployed as a
preprocessing step, since the pipeline is fully
automated. Therefore, it could be deployed
in a clinical workflow without interruption
to support physician interpretation, which
may be particularly beneficial in centers
without extensive 99mTc-pyrophosphate
imaging expertise.
Several different methods for quantifying

radiotracer 99mTc-pyrophosphate activity
have been proposed to date. Scully et al.

FIGURE 2. Example patient with ATTR CA. (A and B) Attenuation correction imaging (A) segmented
using deep learning (B). (C) Three-dimensional segmentations for all chambers. (D) Hybrid
SPECT/CT imaging, with scale in SUV. (E) Chamber segmentations applied to coregistered SPECT
to quantify radiotracer activity.

FIGURE 3. Example patient without ATTR CA. (A and B) Attenuation correction imaging (A) seg-
mented using deep learning (B). (C) Three-dimensional segmentations for all chambers. (D) Hybrid
SPECT/CT imaging, with scale in SUV. (E) Chamber segmentations applied to coregistered SPECT
to quantify radiotracer activity.
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evaluated SUVpeak in myocardium as well as a retention index
(5). Kessler et al. evaluated a method for whole-heart quantitation
of radiotracer activity (23), which demonstrated high diagnostic
accuracy. For quantifying cardiac amyloid activity, Dorbala et al.
proposed a method that relied on manually defining myocardium
on CT attenuation imaging and then transferring those contours to
associated 99mTc-pyrophosphate imaging (24). Importantly, these
measurements correlated strongly with cardiovascular MR mar-
kers of disease burden (24). In our previous work, we demon-
strated that CPA and VOI (manually derived) have high
diagnostic accuracy (6) and correlate with native myocardial T1
(7). However, all of those studies relied on tedious manual seg-
mentation, which is a barrier to clinical translation.
We evaluated a large number of quantitation schemes facilitated

by automated segmentation of CT structures. The diagnostic accu-
racy of most quantitative variables was excellent, with only a few
significant differences identified. SUVmax had slightly lower diag-
nostic accuracy, which may be a reflection of inherent limitations
in quantifying SUV from SPECT imaging (25) or of the fact that
SUVmax is defined by a single pixel value. There was a trend
toward higher prediction performance for methods using small LA
volumes or RA volumes as background. All of the methods had
diagnostic accuracy similar or superior to that of planar interpreta-
tion, which was informed by SPECT visual interpretation (since
we relied on clinically reported planar interpretation). All of the
methods for quantifying 99mTc-pyrophosphate activity from

TABLE 2
Imaging Characteristics Stratified by Presence of ATTR CA

Characteristic No ATTR CA (n 5 216) ATTR CA (n 5 83) P

Clinical analysis

Perugini grade 2/3 (n) 10 (4.6%) 80 (96.4%) ,0.001

HCL ratio 1.1 (1.0–1.2) 1.7 (1.5–1.9) ,0.001

SPECT visual positive (n) 0 (0.0%) 82 (98.8%) ,0.001

Quantitative analysis

SUVmax 1.4 (0.5–1.7) 3.9 (2.8–5.7) ,0.001

TBRfull 1.18 (1.1–1.3) 2.1 (1.8–2.4) ,0.001

VOIfull 0 (0–0) 46.5 (13.7–71.0) ,0.001

CPAfull 0 (0–0) 74.7 (22.6–112) ,0.001

TBRsmall 1.1 (1.0–1.3) 2.1 (1.8–2.4) ,0.001

VOIsmall 0 (0–0) 67.2 (31.8–105) ,0.001

CPAsmall 0 (0–0) 105 (46.2–177) ,0.001

TBRroi 1.2 (1.1–1.3) 2.17 (1.8–2.4) ,0.001

VOIroi 10.4 (2.9–28.1) 129 (91.3–166) ,0.001

CPAroi 10.1 (3.0–27.5) 181 (120–235) ,0.001

TBRra 1.3 (1.2–1.5) 2.4 (2.1–2.9) ,0.001

VOIra 0 (0–0.2) 93.5 (47.0–130) ,0.001

CPAra 0 (0–0.2) 162 (84.3–233) ,0.001

TBRao 1.3 (1.2–1.5) 2.6 (2.3–3.3) ,0.001

VOIao 0 (0–0) 31.2 (5.9–63.9) ,0.001

CPAao 0 (0–0) 73.5 (12.3–154) ,0.001

HCL 5 heart to contralateral.
Continuous data are median and interquartile range.

FIGURE 4. Prediction performance for diagnosis of ATTR CA using clini-
cal and quantitative methods (n 5 83/299). SUVmax was quantified from
LV myocardium region. Background for TBR, CPA, and VOI was reduced-
size region of interest in LA. HCL5 heart to contralateral.

1148 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 7 ! July 2024



SPECT/CT were associated with the combined clinical outcome
after adjustment for age. Further large-scale comparisons may be
needed to differentiate more precisely between different methods
of determining the background counts.
Identification of diffuse myocardial uptake on SPECT images is

part of the diagnostic criteria for ATTR CA (4) but requires expertise
to accurately differentiate blood pool from myocardium. Therefore,
quantitative analysis of SPECT/CT may be particularly valuable in
smaller centers, with less expertise, as a diagnostic tool. Furthermore,
risk prediction remains an important clinical need, particularly with
the emergence of additional therapies for ATTR CA (26). Objective
and automated SPECT/CT quantification may identify patients at
highest risk and also provide precise assessment of changes in radio-
tracer uptake in response to therapy (27). Artificial intelligence–based
volumetric quantification of 99mTc-pyrophosphate activity, and poten-
tially other bone-seeking radiotracers, may be a particularly precise
way to follow changes in response to disease-modifying therapies
(28). This could potentially be used to identify patients who are not
responding to therapy and could be transitioned to other therapies.
Our study had a few important limitations. We quantified all

SPECT/CT images at 3 h using 99mTc-pyrophosphate, and the
results may not extrapolate to centers performing imaging only at
1 h (3) or using other radiotracers (29). Endomyocardial biopsy
was not performed on most patients. Although a pathologic diag-
nosis would provide greater certainty regarding adjudication of
ATTR CA, this is not reflective of clinical practice, which has
shifted to increasingly noninvasive diagnosis (3). Additionally, we
had a limited number of patients with serial studies and therefore
were not able to assess changes over time or in response to therapy
(28). However, this would be an important next step in evaluating
this approach. Lastly, we relied on spatial registration between CT
and 99mTc-pyrophosphate images. Expert oversight is needed to
verify if the registration is correct, which may be difficult in cases
with limited uptake. Nevertheless, correct SPECT/CT alignment is
required for attenuation correction of the 99mTc-pyrophosphate
counts, even if CT is not used for the region definition. Thus, any
quantitative approach for attenuation-corrected 99mTc-pyrophos-
phate SPECT scans must ensure correct SPECT/CT registration.

CONCLUSION

The anatomic information available from CT attenuation correc-
tion imaging can be leveraged by deep learning to automatically
segment and quantify 99mTc-pyrophosphate imaging regardless of
the intensity or distribution of radiotracer uptake. This approach

can be used to support physician inter-
pretation of 99mTc-pyrophosphate images,
which may be particularly beneficial in
community centers, or to quantify radio-
tracer activity, which may potentially play
a role in assessment of therapies or risk
stratification.
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KEY POINTS

QUESTION: Can deep learning use anatomic information from CT
attenuation maps to automatically quantify 99mTc-pyrophosphate
imaging?

PERTINENT FINDINGS: Using 299 patients, we demonstrated
the feasibility of a deep learning–based approach for quantifying
99mTc-pyrophosphate imaging, with a mean processing time of
less than 16 s. Measures of 99mTc-pyrophosphate radiotracer
uptake have high diagnostic accuracy for ATTR CA and were
associated with the composite outcome of cardiovascular death
or heart failure–related hospitalization.

IMPLICATIONS FOR PATIENT CARE: CT-guided quantification
of 99mTc-pyrophosphate imaging can be used to automate
analysis, support physician interpretation, and provide quantitative
risk stratification.
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Radiomics features can reveal hidden patterns in a tumor but usually
lack an underlying biologic rationale. In this work, we aimed to investi-
gate whether there is a correlation between radiomics features
extracted from [18F]FDG PET images and histologic expression pat-
terns of a glycolytic marker, monocarboxylate transporter-4 (MCT4),
in pancreatic cancer. Methods: A cohort of pancreatic ductal adeno-
carcinoma patients (n 5 29) for whom both tumor cross sections and
[18F]FDG PET/CT scans were available was used to develop an
[18F]FDG PET radiomics signature. By using immunohistochemistry for
MCT4, we computed density maps of MCT4 expression and extracted
pathomics features. Cluster analysis identified 2 subgroups with distinct
MCT4 expression patterns. From corresponding [18F]FDG PET scans,
radiomics features that associate with the predefined MCT4 subgroups
were identified. Results: Complex heat map visualization showed that
the MCT4-high/heterogeneous subgroup was correlating with a higher
MCT4 expression level and local variation. This pattern linked to a speci-
fic [18F]FDG PET signature, characterized by a higher SUVmean and
SUVmax and second-order radiomics features, correlating with local vari-
ation. This MCT4-based [18F]FDG PET signature of 7 radiomics features
demonstrated prognostic value in an independent cohort of pancreatic
cancer patients (n 5 71) and identified patients with worse survival.
Conclusion: Our cross-modal pipeline allows the development of PET
scan signatures based on immunohistochemical analysis of markers of
a particular biologic feature, here demonstrated on pancreatic cancer
using intratumoral MCT4 expression levels to select [18F]FDGPET radio-
mics features. This study demonstrated the potential of radiomics
scores to noninvasively capture intratumoral marker heterogeneity and
identify a subset of pancreatic ductal adenocarcinoma patients with a
poor prognosis.

Key Words:machine learning; [18F]FDG PET; immunohistochemistry;
tumor metabolism; pancreatic cancer
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Pronounced tumor heterogeneity is one of the hallmarks of
pancreatic ductal adenocarcinoma (PDAC) (1–4). Different molec-
ular subtypes of PDAC coexist in the same patient (5,6), exploit-
ing distinct metabolic pathways (7) and thus providing a survival
advantage under metabolic challenges such as low oxygen and
nutrient supply. Moreover, the high adaptive fitness and metabolic
plasticity of PDAC allow and support treatment resistance (8–14).
Pronounced activation of glycolysis, the Warburg effect, is one

of the oldest cancer features described (15). In PDAC, high expres-
sion of glycolytic genes indeed predicts worse survival, both in a
resectable setting and in a metastatic setting (7). Monocarboxylate
transporter 4 (MCT4) is a lactate exporter and the last player in the
glycolytic set of reactions. Histopathologic analysis of MCT4 in
PDAC showed that high MCT4 expression, both in cancer and in
stromal cells, predicts substantially worse survival (16).
Clinically, glucose uptake into tumors is detected via PET imag-

ing with the radiotracer [18F]FDG (17). Metabolic activity readouts
measured by [18F]FDG PET, such as SUVmax, were reported to cor-
relate with PDAC tumor grading (18) and to have prognostic value
(19,20), generally showing that a higher [18F]FDG uptake is associ-
ated with a poor outcome (21). However, these single readouts
extracted from the [18F]FDG PET images are assumed to represent
the whole lesion, although it is well observed that PDAC tumors
often present heterogeneous [18F]FDG uptake patterns (22,23). The
general failure of PDAC clinical trials is attributed mostly to tissue
heterogeneity and the resulting difficulty in selecting patients who
would benefit from a particular therapy. Thus, there is an urgent
need for noninvasive methods that could be used for patient selec-
tion. Radiomics technology, by allowing extraction and quantifica-
tion of medical image characteristics and investigation of their
correlation with underlying biologic features, shows a predictive
value that can guide optimal therapy planning.
In this work, we aimed to use a radiomics approach to identify and

extract features from [18F]FDG PET images that allow capture of gly-
colytic heterogeneity and, subsequently, patient stratification based on
that heterogeneity. Current approaches to PDAC subtyping demand
invasive (biopsy/resection) and labor-intensive (RNA/histopathologic
analysis) procedures and suffer from sampling error since only a part
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of the tumor is analyzed. Differently, whole-tumor PET images
acknowledge the intratumoral heterogeneity, and radiomics allows
extraction and quantification of multiple features from [18F]FDG
PET images, describing patterns of tracer distribution in the whole
PDAC lesion (24). Although some studies show a radiomics score to
have prognostic value (25), most studies lack a plausible link between
tracer uptake and its biologic underpinnings. So far, some general his-
topathologic features such as tissue cellularity have been correlated
with radiomics texture features derived from [18F]FDG PET images
in different tumors (26,27). However, to the best of our knowledge,
correlating radiomics features with the expression of a defined histo-
pathologic marker that underlies a specific biologic process, such as
MCT4 here as a glycolysis marker, has not been explored yet. This
caveat in the biologic rationale for a given radiomics score hampers
further fine-tuning in the development of [18F]FDG PET as a nonin-
vasive biomarker for PDAC characterization (28).
To this end, we introduce 3 methodologies to the field of PDAC

research. First, we extract so-called pathomics features via texture
analysis of density maps based on the immunohistochemical expres-
sion patterns of different markers, also revealing expression heteroge-
neity for each marker independently. Second, we link 3-dimensional
data from PET analyses one-to-one with 2-dimensional data from
digital pathology by investigating the distribution of immunohisto-
chemistry staining at a comparable resolution of PET images in an
automated way.
Last, we apply the MCT4-based pathomics features to develop

[18F]FDG PET–based radiomics scores. Here, we offer a radiomics-
based, automated approach to correlate histopathologic MCT4
expression analysis with [18F]FDG PET image features, allowing
development of radiomics scores that capture intratumoral glycolytic
marker heterogeneity as a noninvasive means to identify a subset of
PDAC patients with a poor prognosis.

MATERIALS AND METHODS

This study was performed in line with the principles of the Declara-
tion of Helsinki. Approval was granted by the Medical Ethical
Review Committee of region Arnhem-Nijmegen on June 18, 2018,
under study number CMO2018-4420.

Patient Characteristics
A development cohort of 29 patients who underwent resection of

PDAC, and from whom paired whole-tumor cross sections and PET
scans were available, was used to develop an [18F]FDG PET/CT sig-
nature that captures intratumoral marker (MCT4, MCT1, pan-
cytokeratin, and collagen) expression patterns. The availability of
whole-tumor tissue minimized sampling error and enabled acknowl-
edgment of tumor heterogeneity. Details on the proposed pipeline
can be found in the supplemental methods (supplemental materials are
available at http://jnm.snmjournals.org) and in Figure 1, Supplemental
Figures 1–6, and Supplemental Tables 1–3 (29–39). The prognostic
value of this [18F]FDG PET/CT signature was investigated in an inde-
pendent validation cohort of 71 pancreatic cancer patients who under-
went palliative treatment.

Algorithm Optimization for Immunohistochemistry Analyses
Resected PDAC tumors from the development cohort were pro-

cessed in one block, and consecutive tissue sections were stained for
monocarboxylate transporter 4 (MCT4), monocarboxylate transporter
1 (MCT1), pan-cytokeratin, and collagen marker (sirius red) (the sup-
plemental materials provide details on the immunohistochemistry pro-
tocols). Pathomics features and texture features were extracted via
texture analysis of density maps of the expression of each individual

marker. Pathomics features (n 5 74) were computed using an immu-
nohistochemistry algorithm based on the output of an optimized color-
unmixing method (Fig. 1; Supplemental Fig. 3). Color thresholds from
the staining of interest and background staining were used to create
density maps from which all pathomics features were then extracted.
Of a total 74 pathomics features, 37 were robust to variations in density
map parameters (kernel size, image discretization, and in silico cutting)
and were selected for further comparison (Supplemental Table 2). The
k-means clustering of the 37 pathomics features revealed 2 distinct
clusters of patients.

Algorithm Optimization for PET Analyses
From the [18F]FDG PET scans, 3-dimensional segmentation of

the tumor was performed by SUVmax 40% isocontour and manual
correction (supplemental materials), and 73 radiomics features were
extracted. Features were tested for stability with respect to several
imaging parameters (image discretization and optimal respiratory gat-
ing), and 16 robust features were selected (Supplemental Table 3).
Next, the radiomics features (n 5 7) from the PET scans that were
most discriminative in identifying the patient clusters as defined by
MCT4 pathomics features were selected. The predictability and clinical
significance of the identified 7 radiomics features were assessed in an
independent validation cohort.
Subgroup Identification. On the Uniform Manifold Approxima-

tion and Projection (UMAP) using all the robust MCT4 pathomics fea-
tures, we observed different subgroups of patients. To identify these
subgroups with different MCT4 expression patterns, the k-means
unsupervised clustering algorithm (k 5 2) was applied to all the robust
MCT4 pathomics features. On the basis of these k-means labels, we
selected the MCT4 pathomics features that were most discriminative
for these subgroups (as described in the “Feature Selection” section).
Hierarchic heat map clustering, also called Complex Heatmap Visuali-
zation (CHV) (40), of these selected features was used to investigate
differences in the pathomics feature values of the different subgroups.
This information was used to investigate and interpret biologic differ-
ences between subgroups. This process was repeated for MCT1, pan-
cytokeratin, and stroma marker.

Next, we investigated the radiomics features extracted from the
[18F]FDG PET scan. On the basis of UMAPs, we identified different
subgroups of patients using the k-means (k 5 2). We observed a high
overlap between one of the MCT4 subgroups and a subgroup based on
the PET features. On the basis of the MCT4 k-means labels and the
radiomics features, we selected radiomics features that were most dis-
criminative for the MCT4 subgroups (as described in the “Feature
Selection” section). On the basis of CHV with these MCT4-based
selected radiomics features, we investigated differences in the radio-
mics feature values of the different subgroups and used this informa-
tion for biologic interpretation.
Feature Selection. At different points in this study, we selected

features (pathomics or radiomics features) that were most discrimina-
tive for a label that is generated by k-means (MCT4, MCT1, pan-
cytokeratin, stroma). Every time, we used the same approach with a
different set of features and a different set of labels. We used mini-
mum redundancy maximum relevance (mRMR) (41) with a bootstrap
approach to select features. For each bootstrap, 15 features were
selected using the mRMR. Using majority voting, features were
selected that occur in at least 75% of the bootstraps. Next, it was
checked whether the selected features also occur in alternative feature
selection methods using Kbest (x2, k 5 15), linear support vector clas-
sification (k 5 15, scoring f1, cv 2), and random forest (15 features,
10 times). Only features that were identified via the mRMR approach
and by at least one of the other feature selection methods were finally
taken into the final list of selected features.

1152 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 65 ! No. 7 ! July 2024



RESULTS

Pathomics Features Identify Distinct MCT4 Expression Patterns
Visual immunohistochemistry analysis revealed that MCT4 is

expressed both on tumor cells and on stromal cells, with promi-
nent expression on tumor cells. Visualization of the robust patho-
mics features (n 5 37, Supplemental Table 2) in the feature space
via UMAP revealed 2 clearly distinct clusters of MCT4 expression

patterns (Fig. 2A). Therefore, we performed clustering analysis
using the k-means algorithm (with k 5 2 on a 37-dimensional
pathomics feature space) to label the patients as MCT4-high/
heterogeneous (n 5 19) or MCT4-low/homogeneous (n 5 10)
(Fig. 2B).
We further selected the pathomics features most discriminative for

the 2 identified k-means patient clusters, MCT4-high/heterogeneous
and MCT4-low/homogeneous. For this pur-
pose, we used feature selection techni-
ques using MCT4-high/heterogeneous and
MCT4-low/homogeneous as targets. A com-
bination of 4 different feature selection
methods (mRMR, Kbest, linear support
vector classification, and random forest;
supplemental methods) was used. Five
pathomics features were identified as
most discriminative for MCT4-high/het-
erogeneous versus MCT4-low/homoge-
neous: ratio (percentage of pixels stained
for MCT4 compared with the total tumor
region); 90 percentile, a first-order fea-
ture; inverse difference normalized from
the gray level cooccurrence matrix; zone
percentage from the gray level size zone

FIGURE 2. MCT4 expression patterns identify distinct MCT4 expression subtypes in PDAC
patients using UMAP visualization. (A) Visualization of patient clusters with UMAP using all robust
MCT4 pathomics features (n 5 37) shows 2 clusters. (B) Use of k-means (k 5 2) identifies 2 patient
clusters: MCT4-high/heterogeneous and MCT4-low/homogeneous.

FIGURE 1. Overview of imaging analysis pipeline. In development cohort (29 patients), whole-tumor cross sections capturing intratumoral heterogene-
ity were stained for markers for glycolysis (MCT4, MCT1) and markers for cancer and stromal cells (pan-cytokeratin, sirius red) and processed into den-
sity maps. From these density maps, pathomics features were computed, which allowed identification of clusters of patients with similar spatial
distributions of investigated markers. In parallel, [18F]FDG PET images from same patients were analyzed to extract radiomics features, which were then
selected to reflect pathomics scores. MCT4-based radiomics score of 7 selected features for [18F]FDG PET was subsequently applied in validation
cohort (71 patients) and identified subgroup of PDAC patients with poor prognosis. IHC5 immunohistochemistry.
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matrix; and gray level nonuniformity normalized from the gray
level run length matrix (Supplemental Table 4).
After visual inspection of the CHV graph, where the 5 selected

pathomics features were plotted, we observed a clear difference
between MCT4-high/heterogeneous and MCT4-low/homogeneous
clusters (Fig. 3A). The MCT4-high/heterogeneous patient cluster
contained tumors with a high amount and density of MCT4
expression and a more heterogeneous and fine-grained texture, as

opposed to the MCT4-low/homogeneous
patient cluster, which contained a lower
intensity and lower density of MCT4
expression with a more homogeneous and
compact texture (Figs. 3A and 3B).

MCT4 Expression Patterns Link to
[18F]FDG Uptake Patterns
We further explored whether the clusters

observed in MCT4 histologic images can be
correlated with the glycolytic activity of the
tumor captured via [18F]FDG PET images.
For this purpose, we used the data of the
development cohort for whom both histology
and PET scans were available (Fig. 1). On
the basis of the segmented 3-dimensional
volumes, a set of 73 radiomics texture fea-
tures were computed (the supplemental mate-
rials provide details) (31), and 16 radiomics
features, defined as robust, were selected
(Supplemental Table 3). Using UMAP based
on the 16 robust radiomics features, we
observed 2 patient clusters (Fig. 4A).
As done for MCT4 pathomics features,

we also analyzed the importance of PET
radiomics features by clustering PET
data into 2 subgroups defined by MCT4
k-means labels (i.e., MCT4-high/hetero-
geneous and MCT4-low/homogeneous)
on a 16-dimensional radiomics feature space.
We used the same feature selection techni-
ques as were used for immunohistochemistry
data (mRMR, Kbest, linear support vector
classification, and random forest), which
determined that 7 radiomics features were
most discriminative: the 5 first-order features
SUVmean, SUVmax, uniformity, total lesion

glycolysis (TLG), and interquartile range, as well as inverse difference
and informational measure of correlation 1 from the gray level cooc-
currence matrix (Supplemental Table 5 (31)). Using these 7 selected
features, we obtained patient clustering similar to that when all radio-
mics features were used (Figs. 4B and 4C).
Visual inspection of the CHV confirmed that the cluster con-

taining mostly MCT4-high/heterogeneous cases was associated
with higher and heterogeneous [18F]FDG uptake (Fig. 5A). This

subgroup was also associated with more
local variation in intratumoral [18F]FDG
uptake and with lower local homogeneity
than was the other PET cluster, containing
a mixture of MCT4-high/heterogeneous
and MCT4-low/homogeneous (Figs. 5A
and 5B). These results suggest that tumors
with high [18F]FDG uptake present higher
and more heterogeneous expression pat-
terns of the MCT4 lactate exporter and that
biologically interpretable patterns may
underlie the features of PET images.
Next, we challenged the ability of single

features of the radiomics score, such as
the commonly used SUVmean, SUVmax,
and TLG, to stratify patients according to

FIGURE 3. MCT4 expression patterns identify distinct MCT4 expression subtypes in PDAC. (A) CHV
visualization of 2 patient clusters using MCT4 robust pathomics features. (B) Examples of representative
density maps for MCT4-high/heterogeneous and MCT4-low/homogeneous patients. GLCM 5 gray
level cooccurrence matrix; GLRLM5 gray level run length matrix; GLSZM5 gray level size zone matrix.

FIGURE 4. [18F]FDG expression patterns identify distinct subtypes in PDAC patients that link to
MCT4 expression. Two distinct patient clusters using [18F]FDG PET radiomics features are visualized.
(A) UMAP with 16 robust radiomics features showing 2 clusters. (B) UMAP with 16 robust radiomics
features and based on MCT4-high/heterogeneous and MCT4-low/homogeneous. (C) UMAP with 7
selected radiomics features and based on MCT4-high/heterogeneous (n 5 19) and MCT4-low/
homogeneous (n5 10).
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MCT4 expression patterns. Single features in combinations of two
also demonstrated good ability in discovering MCT4 expression
patterns in the tissue, which could be further fine-tuned using the 7
selected features (Supplemental Figs. 7–9). To maximize the poten-
tial of this MCT4-based radiomics score for other PDAC cohorts
with different frequencies of distinct MCT4 expression patterns
and to minimize dependency on arbitrary choices, we opted to pro-
ceed with a signature of 7 PET features, allowing an unsupervised
clustering approach.

[18F]FDG Uptake Patterns Are Not Associated with MCT1
Expression Patterns
In addition to MCT4, we also stained consecutive tumor slides

for lactate transporter MCT1. MCT1 was also found to be
expressed on tumor and stromal cells, with prominent expression
in stroma as well. Using the same setup as for the MCT4 analy-
sis, MCT1 pathomics features were extracted. Since the results
of the stability test on MCT4 features are based solely on techni-
cal aspects of whole-slide image processing, we also considered
the same set of features as robust for density map parameters
in MCT1.

These stable pathomics features identified
2 distinct patient clusters in our immunohis-
tochemistry development cohort (Supple-
mental Fig. 10A). The k-means clustering
(k 5 2) on MCT1 robust pathomics fea-
tures identified 2 patterns (MCT1-high/het-
erogeneous and MCT1-low/homogeneous)
of MCT1 expression (Supplemental Fig.
10B). After feature selection based on the
MCT1 k-means label, we observed that
MCT1-high/heterogeneous was associated
with features that showed higher MCT1
expression in smaller zones (Supplemental
Figs. 10C and 10D; Supplemental Table 6)
than was MCT1-low/homogeneous. How-
ever, MCT1 expression patterns had a
mixed presence in the 2 clusters of PET-
derived features, and we were not able to
correlate MCT1 expression pattern to a
particular [18F]FDG uptake pattern on PET
(Fig. 5A; Supplemental Fig. 11).

[18F]FDG Uptake Patterns Are
Associated with Pan-Cytokeratin
Expression Patterns
To investigate whether [18F]FDG PET

signals can be attributed to PDAC tumor
cells and not to other cells in the tumor
microenvironment, pathomics scores of
pan-cytokeratin (a cancer cell marker)
staining performed on consecutive whole-
tumor sections were calculated. Stable
pathomics features identified 2 distinct clus-
ters of patients based on pan-cytokeratin
immunohistochemistry (Supplemental Fig.
12A). The k-means clustering (k 5 2) on
pan-cytokeratin robust pathomics features
defined 2 patterns (pan-cytokeratin-high/het-
erogeneous and pan-cytokeratin-low/homo-
geneous) of pan-cytokeratin expression

(Supplemental Fig. 12B). After feature selection based on the
pan-cytokeratin k-means label, we observed that pan-cytokeratin–
high/heterogeneous was associated with features that showed more
variation in pan-cytokeratin expression (Supplemental Figs. 12C and
12D; Supplemental Table 7) than was pan-cytokeratin–low/homoge-
neous. Similar to what was observed for MCT4, pan-cytokera-
tin–high/heterogeneous expression showed a high overlap with
the PET-high/heterogeneous expression pattern (Fig. 5A; Sup-
plemental Figs. 13A and 13B). This suggests that [18F]FDG
PET radiomics could be correlated with MCT4-high/heteroge-
neous and pan-cytokeratin–high/heterogeneous expression pat-
terns (Fig. 5A; Supplemental Figs. 13C and 13D), supporting the
presence of MCT4-expressing PDAC cancer cells in PET-high/het-
erogeneous tumor regions.

[18F]FDG Uptake Patterns Are Associated with Collagen
Expression Patterns
The presence of stroma and collagen fibers in the stroma in PDAC

is a known determinant of low oxygen and nutrient supply and thus
one of the tissue characteristics underpinning metabolic hetero-
geneity. Therefore, we also investigated collagen expression pat-
terns. Stable collagen pathomics features identified 2 distinct

FIGURE 5. MCT4 expression profiles link to [18F]FDG PET uptake patterns. (A) Visualization of PET
feature values of selected radiomics features using CHV. (B) Visualization of [18F]FDG uptake pat-
terns (arrowheads) on representative examples of PET scans of MCT4-high/heterogeneous and
MCT4-low/homogeneous. GLCM 5 gray level cooccurrence matrix; het 5 heterogeneous; hom 5

homogeneous.
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clusters of patients based on sirius red histologic staining (Supple-
mental Fig. 14A). The k-means clustering (k 5 2) defined 2 patterns:
collagen-high/heterogeneous and collagen-low/homogeneous expres-
sion (Supplemental Fig. 14B). After feature selection based on the
collagen k-means label, it was observed that the collagen-high/

heterogeneous cluster comprised features
describing an increased variation in collagen
expression (Supplemental Figs. 14C and
14D; Supplemental Table 8). Collagen-low/
homogeneous expression showed a partial
overlap with [18F]FDG PET-high/heteroge-
neous expression (Fig. 5A; Supplemental
Figs. 15A and 15B). This suggests that
[18F]FDG PET uptake patterns are, at least
in part, correlated with collagen expression
patterns (Fig. 5A; Supplemental Figs. 15C
and 15D).

[18F]FDG PET Patterns Associate with
Overall Survival
High MCT4 expression was previously

shown to predict worse survival in PDAC
(16). Thus, the clinical impact of the
MCT4-based [18F]FDG PET radiomics
score of the 7 selected radiomics features
was investigated in an independent multi-
center cohort of 71 PDAC patients (valida-
tion cohort) who received not surgical
resection but systemic treatment in a palli-
ative setting or best supportive care (Sup-
plemental Table 1). [18F]FDG PET was
performed for all patients before the start

of systemic treatment. Using this validation cohort, we generated a
CHV of the 7 selected radiomics features (radiomics score). The
analysis revealed 2 subgroups of patients (PET-high/heteroge-
neous and PET-low/homogeneous; Fig. 6), which were then used
for survival analysis. The PET-high/heterogeneous subgroup pre-
sented a worse prognosis than the PET-low/homogeneous sub-
group (median overall survival of 34.1 and 45.5 wk, respectively;
P 5 0.01; Fig. 7). In addition, we trained a logistic regression
model to predict MCT4-based patterns with the radiomics score of
the 7 selected features. For training, we used the 29 cases from the
development cohort using the MCT4-label and the 7 radiomics
features. We applied the trained model to the validation cohort,
and for each patient we obtained the likelihood of belonging to the
MCT4-high/heterogeneous or the MCT4-low/homogeneous subgroup
based on radiomics features. Using these predictions, we observed a
high concordance in the PET-high/heterogeneous subgroup; 49 of 53
(92.45%) patients were also labeled as MCT4-high/heterogeneous
(Fig. 6; Supplemental Table 9). For the PET-low/homogeneous
subgroup, the concordance with MCT4-low/homogeneous patterns
was somewhat lower, at 11 of 18 (61.11%) (Fig. 6). Therefore,
MCT4-based [18F]FDG PET radiomics features allow noninvasive
detection of a subset of patients with a poor prognosis.
Furthermore, we analyzed whether patient survival can be predicted

by single radiomics features such as the traditionally used SUVmax,
SUVmean, and TLG, using the optimal cutoff algorithm for optimal
separation of patients in survival groups with minimal P value (high-
est statistical power). The 7-feature radiomics score provides survival
prediction with similar statistical power to SUVmean and SUVmax as
single features only or combined. However, as a sole feature, higher
TLG better predicts worse survival in PDAC patients (Fig. 7) (42).

DISCUSSION

It is increasingly understood that PDAC intra- and intertumoral het-
erogeneity plays a pivotal role in treatment resistance. To effectively

FIGURE 6. MCT4-based [18F]FDG PET radiomics features identify subgroups with different
[18F]FDG expression patterns. Shown is visualization of PET feature values with CHV using selected
radiomics features in validation cohort (n5 71). GLCM5 gray level cooccurrence matrix.

FIGURE 7. MCT4-based [18F]FDG PET patterns can be associated with
overall survival. (A–C) Survival curves based on optimal cutoff for SUVmax,
SUVmean, and TLG for validation cohort. High TLG predicts worse survival.
(D) Survival curve based on optimal cutoff for combined SUVmax and
SUVmean (calculated by [SUVmax 2 SUVmean] 3 SUVmean) for validation
cohort. (E) Correlation of MCT4-based [18F]FDG PET–derived features
with overall survival. Kaplan–Meier survival curves demonstrate impact of
these PET-derived features on overall survival. PET-high/heterogeneous
label predicts worse survival with statistical significance.
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treat PDAC, patient-tailored approaches based on subtype detection
and patient stratification are mandatory. This generally requires
invasive tissue extraction procedures for genomic or transcriptomic
analyses (43). Therefore, noninvasive biomarkers that address and
represent the tumor biology are highly needed.
Although the data on the existence of a glycolytic subtype of

PDAC are convincing (7,44,45), and [18F]FDG PET as a clinical
glycolysis surrogate marker has stood for decades, a good interpre-
tation of [18F]FDG PET signals with a correlation to the underly-
ing biology is missing in PDAC, as well as in many other tumor
types. The utility of [18F]FDG PET for PDAC detection and
patient stratification has been challenging with different groups
using different SUVmax cutoffs for optimal stratification (46). Fur-
thermore, SUVmax is extrapolated as representative of the whole
tumor, neglecting intratumoral heterogeneity.
To fill this gap, we aimed to compare the histologic expression of

the metabolic markers MCT4 and MCT1 with the findings of
[18F]FDG PET scans in a cohort of patients (n 5 29) for whom both
[18F]FDG PET data and histologic tumor samples were available.
We performed an immunohistochemistry analysis for the lactate

transporters MCT4, MCT1, pan-cytokeratin, and sirius red and a
consequent radiomics study in which we extracted the most dis-
criminative pathomics features from the histologic staining and
correlated these with [18F]FDG PET images. On the basis of the
histologic expression patterns of MCT4 and comparative analysis
with the [18F]FDG PET signals of the corresponding patients,
we determined a set of 7 radiomics features that identify patients
with MCT4-high/heterogeneous expression patterns. A good cor-
relation between MCT4-high/heterogeneous histologic patterns
and [18F]FDG PET high/heterogeneous radiomics expression pat-
terns was revealed, suggesting a connection between MCT4 posi-
tivity and a high [18F]FDG PET signal in tumors.
Furthermore, our observation of a good positive correlation of the

PET-high/heterogeneous radiomics feature expression pattern with
the pan-cytokeratin–high/heterogeneous pathomics feature expression
pattern and the collagen-low/homogeneous feature expression pattern
supports the view that tumor regions that are rich in MCT4/pan-cyto-
keratin–positive cancer cells but poor in collagen-positive stroma are
underlying those prominent [18F]FDG PET signals. Stroma-rich
PDAC submicroenvironments are generally less populated with
cancer cells (13), and in addition, stromal fibers per se organize a
barrier for delivery of nutrients (47), including glucose, thus sup-
porting the lower glycolysis in those tumor areas and observed
PET-low/homogeneous [18F]FDG signals (Supplemental Fig. 16).
It should be noted that the selected 5 MCT4 pathomics features

correlate well with each other and that the stratification power of
single features may be high as well. This can in part be explained
by the relatively small size of our developmental cohort (n 5 29),
with rather uniform sizes of smaller PDAC tumors. We anticipate
that the 7-feature radiomics score is more robust to variation and
less dependent on arbitrary choices than using single features. This
will especially be relevant when applying this signature to larger
tumors with more pronounced tissue heterogeneity or cohorts with
different distributions of MCT4 expression patterns. Thus, to gen-
erate a model that can potentially be generalized, we opt for using
scores of several features, as we did for all 5 selected pathomics
features used here, rather than single features (48).
High expression of MCT4 is a well-described predictor of

worse survival in PDAC patients (16). We thus challenged the
prognostic power of the developed MCT4-based PET radiomics
score on a larger set of PDAC patients (n 5 71) in an independent

multicenter validation cohort. The radiomics score successfully strati-
fied patients into subgroups with prognostic relevance, where patients
with PET-high/heterogeneous label had worse survival. Also, it
should be noted that single features of the score, such as SUVmean,
SUVmax, or TLG, also performed well in the patient stratification and
that the predictive power of the radiomics score is certainly a result
of the synergism achieved by combining them. However, the good
predictive power of high TLG in the validation cohort is notable and
can potentially be attributed to 2 issues: the first is that TLG is a com-
bination of 2 traits (tumor size and SUVmean) that, additively, surpass
the power of the single traits, and the second is that tumors with high
TLG are larger tumors known to predict worse survival (42). It
should also be noted that for generation of survival curves based on
SUVmean, SUVmax, and TLG, we used an algorithm for optimal sepa-
ration of patients to obtain the minimal P value, which potentially
introduces a forced positive bias into the result. The PET label, how-
ever, is a selected group of radiomics features based on histologic
MCT4 expression patterns, with no presumption on potential prog-
nostic value. To provide the ultimate evidence that high MCT4
expression indeed underlies the high [18F]FDG signals, future studies
with a larger, independent cohort of patients with available histologic
material and [18F]FDG PET scans are warranted.
In addition to direct correlations, we observed cases that did not

match MCT4-based patterns in [18F]FDG PET signatures, which
urges us to consider some biologic and technical limitations of our
approach. First, for the purpose of a histology-based imaging bio-
marker centered around glycolytic activity, we choose MCT4
expression, as MCT4 was previously shown to correlate with
molecular subtypes and survival in PDAC (16). However, the roles
and cellular allotment of MCT4 in the tumor microenvironment are
complex, and other lactate transporters may also play a role in can-
cer (49,50) and contribute to glycolytic turnover. In PDAC, MCT1
expression has also been shown to have prognostic value (45), and
it functions mainly as a lactate importer, expressed on oxidative
cancer cells that potentially use lactate as fuel. Consequently, these
oxidative cancer cells consume less glucose and hence present
lower [18F]FDG uptake (49). In our cohort, MCT1 expression did
not correlate with [18F]FDG uptake patterns. This also implies that
glycolytic pancreatic cancer cells may outcompete oxidative pan-
creatic cancer cells. However, the initial selection of patients also
included only patients with [18F]FDG uptake above the background
level to delineate the tumor on PET images. Inclusion of such
patients may have resulted in a preselection of those who had
molecular subtypes of PDAC with higher glycolytic activity.
Second, the observed local variation in [18F]FDG uptake described

in the PET-high/heterogeneous subgroup may illustrate the coexis-
tence of PDAC cells that rely on both glycolysis and oxidative phos-
phorylation as a main energy source. Additionally, MCT4 not only
may export lactate but also may be involved in transport of other
metabolites, such as pyruvate and ketones (49,50–52). Therefore,
MCT4 expression may reflect not only glycolysis but also, in part,
activity of additional metabolic pathways present at the cellular level.
Last, when histology is linked to [18F]FDG uptake on PET, it

should be noted that neither of these is tumor-cell–specific per se.
MCT4 expression was also observed in stroma and in other non-
cancer cells, indicating active glycolysis in other cells as well.
Also, [18F]FDG uptake along the pancreatic–biliary stent, which
was present in 22 patients, or in obstructive pancreatitis distal from
the tumor localization, demonstrates that [18F]FDG uptake and glu-
cose metabolism are a part of non–cancer-related inflammatory pro-
cesses as well (Supplemental Fig. 17). Together, these additional
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mechanisms may be present in patients whose [18F]FDG uptake pat-
tern did not match the identified MCT4 patterns. Cross-modal image
analysis pipelines are intrinsically impacted by differences in the spe-
cifications of imaging hardware. In this study, when linking the
molecular markers on a cellular level to tissue-based measurements
by PET, we encountered the problem of the low PET spatial resolu-
tion that results in loss of information on [18F]FDG PET and its
extracted features. Variations in glucose metabolism in intratumoral
subvoxel regions are averaged on PET but can be quantified on
MCT4-based density maps. To match the PET images, we choose to
compute features on MCT4 density maps at the lowest spatial resolu-
tion, which was 128mm/pixel. Another consequence of the lower
spatial resolution of PET is the challenging delineation of tumors,
which may be located around organs with high background
[18F]FDG uptake (aorta, liver, intestines, kidneys) or may be hard to
discriminate from [18F]FDG uptake in adjacent abscesses, cysts, or
lymph nodes. Although tumor delineation was based on 40%
SUVmax isocontouring to maximize uniformity, it still required man-
ual checking and correction before the final tumor volume was deter-
mined. Last, the developmental patient cohort consisted of tumors
that were completely resected, thus being, in general, primary tumors
of earlier T stage. For tumors with even smaller diameters, the spatial
resolution of PET will be limiting and the presented MCT4-based
[18F]FDG PET radiomics score is difficult to apply. However, smaller
tumors do undergo surgery more often, and tissue is then available
for direct analyses on MCT4 expression. Despite the technical diffi-
culties, developing a noninvasive imaging biomarker of intratumoral
metabolic heterogeneity is increasingly relevant to predict treatment
efficacy in cancers in general (8–12) and for PDAC in particular
(13,14). For example, stereotactic body radiation therapy for locally
advanced or irresectable PDAC is emerging (53,54), indicating that
our findings could be of particular interest to optimize radiation treat-
ment plans (55,56). Moreover, the strong dependency of most cancers
on glycolysis, also in the presence of sufficient oxygen, is increas-
ingly used as a target for therapeutic interference (57), including
selective blockade of monocarboxylate lactate transporters (58,59).
The general failure of PDAC clinical trials so far is mostly due

to tissue heterogeneity and the resulting difficulty in choosing
patients who would benefit from a selected therapy. By combining
multiple pathomics and radiomics features and a whole-tumor view
on both a pathologic and a radiologic level, we avoid reducing the
tumor metabolic activity to a single value output, typically using
SUVmax, leading to a descriptive statement of a tumor as being gly-
colytic or nonglycolytic. We support a view that combines multiple
pathomics and radiomics features and can thus provide a better
overview of the tumor’s heterogeneous appearance and biology.
We envisage that in the future the [18F]FDG PET radiomics fea-

tures will be used not only to better predict patient survival but also
to stratify patients for, for example, antimetabolic or glycolytic thera-
pies. Furthermore, observations that we make here are potentially
applicable to other cancer entities, especially those with a known
high dependency on glycolysis (e.g., renal cancer and glioblastoma).

CONCLUSION

We envision that our approach to developing pathomics-based
PET radiomics scores facilitates the adoption and implementation
of PET imaging as a noninvasive biomarker to interrogate relevant
aspects of tumor biology (28). The cross-modal image analysis
pipeline developed in this study is among the first to use

quantitative immunohistochemistry to link protein expression pat-
terns to PET radiomics obtained in routine clinical practice.
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KEY POINTS

QUESTION: Can quantitative immunohistochemistry provide
ground to develop PET radiomics scores with a biologic rationale?

PERTINENT FINDINGS: We developed and validated a
radiomics-based, automated approach to correlate histopathologic
MCT4 expression analysis with [18F]FDG PET image features,
allowing development of tissue-based radiomics scores that
capture intratumoral glycolytic heterogeneity as a noninvasive
means to identify a subset of PDAC patients with a poor prognosis.

IMPLICATIONS FOR PATIENT CARE: This cross-modal image
analysis pipeline facilitates the adoption and implementation of PET
imaging as a noninvasive biomarker to interrogate relevant aspects
of tumor biology based on quantitative immunohistochemistry.
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A 43-y-old man with equivocal findings on anatomic MRI
underwent additional O-(2-[18F]fluoroethyl)-L-tyrosine (18F-FET)
PET for further diagnosis of a suspected glioma. MRI showed
no contrast enhancement, but fluid-attenuated inversion recovery
(FLAIR) hyperintensities were apparent in the left thalamus and
frontoparietal region (Fig. 1A). In spatial correspondence with the
FLAIR signal alterations, only the left thalamic region segmented by
an experienced nuclear medicine physician showed a slightly
increased 18F-FET uptake (mean tumor-to-brain ratio, 1.5) (Fig. 1B).
The baseline 18F-FET PET was subsequently analyzed using the

artificial intelligence (AI)–based segmentation tool JuST_Brain-
PET (1). Surprisingly, a second lesion in the frontoparietal region,
not segmented by the expert, was identified by the AI algorithm
(Fig. 1B).
Although the left thalamic lesion showed no progression in the

follow-up imaging 4mo later, the additional frontoparietal lesion,
initially considered a false-positive, progressed to become a small
contrast-enhancing and metabolically active lesion (mean tumor-
to-brain ratio, 2.1) (Fig. 1C). Neuropathologic analysis of tissue
obtained from stereotactic biopsy revealed a molecular glioblas-
toma (central nervous system World Health Organization grade 4,
isocitric dehydrogenase wild type, telomerase reverse transcriptase
promoter mutant) without typical histologic findings such as
microvascular proliferation and necrosis (2).
Although neither the thalamic nor the frontoparietal lesion

showed pathologically increased 18F-FET uptake on the baseline
scan, the AI tool correctly predicted a pathologic process at an
early disease stage and could have potentially influenced diagnos-
tic and treatment decisions, such as biopsy guidance and target
volume definition for radiotherapy.
This incidental finding highlights the potential of AI-based deci-

sion support for patient management in terms of diagnostic and
treatment planning based on amino acid PET.
The study was approved by the local ethics committees (EK

055/19), and the subject gave written informed consent.
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FIGURE 1. Baseline scan (A), segmentation results (B), and follow-up
scan (C) from patient with molecular glioblastoma. Baseline MRI showed
FLAIR hyperintensities in left thalamus and frontoparietal region (white
arrowheads). In contrast to expert segmentation, in which only left tha-
lamic region showed slightly increased uptake (red contour), AI algorithm
identified additional frontoparietal lesion on baseline PET that subse-
quently progressed to contrast-enhancing and metabolically active lesion
(red arrowheads). CE T15 contrast-enhanced T1-weighted.
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Case Report: Pulmonary Actinomyces Infection Mimics Lung
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Actinomycosis is a rare gram-positive infection, generally granulo-
matous. The diagnosis can be complex and sometimes can be achieved
only at the chronic stage. Actinomyces normally colonize the mouth, uro-
genital tract, and gastrointestinal tract, whereas pulmonary infections occur
primarily as a complication of secretion aspiration (1).

A 70-y-old patient who had undergone previous surgery for prostate
cancer, was a former smoker, and had a family history of lung cancer pre-
sented with hemoptysis. A thoracic high-resolution CT scan detected
a 45-mm heterogeneous pulmonary nodule (with surrounding ground-glass
opacification) in the inferior right lobe, suggestive of malignancy and no
significant adenopathies. Subsequent [18F]F-FDG PET/CT showed signifi-
cant uptake in the nodule, with SUVmax of 12.7 (Fig. 1A). For the sus-
pected lung cancer, the patient was then enrolled in a prospective
monocentric interventional study (EudraCT number 2021-006570-23 [CE
AVEC: 51/2022/Farm/AOUBo]; the study protocol was approved by a
Committee on Ethics, and all subjects signed a written informed-consent
form). The patient underwent [68Ga]Ga-fibroblast activation protein inhibi-
tor (FAPI)-46 PET/CT 23 d later. The images showed only mild uptake
(SUVmax, 5.9 at 60min after injection; Fig. 1B) in the pulmonary nodule,
slightly increasing on delayed scanning (SUVmax, 8.9 at 160min). No
lymph node uptake was detected.

Bronchoscopy was performed, and the frozen-section procedure showed
reactive bronchial cells with granulocyte infiltration and lymphocytes; how-
ever, the results of microbiology and biochemical blood testing were nega-
tive. Subsequent CT confirmed the lung finding, with necrotic center
features, not responding to antibiotic therapy. One month after [68Ga]Ga-
FAPI-46 PET/CT, the patient was hospitalized for recurrent hemoptysis,
low hemoglobin level, and weight loss. After multidisciplinary evaluation,
the patient was referred for right inferior lobectomy. The definitive histo-
pathologic diagnosis excluded the presence of neoplastic cells; on the
contrary, it showed acute bronchopneumonia and chronic abscess with
gram-positive colonies, consistent with actinomycosis. Immunohistochem-
istry was also performed (Figs. 1C and 1D) with FAPI (53066; Abcam)
and IRF-4 (EP190 [Ventana; Roche]) double staining: FAPI antibody
reacts with fibroblasts and plasma cells, whereas IRF-4 is a specific immu-
nostain for plasma cells.

Although actinomycosis is well known to mimic lung cancer
on [18F]F-FDG PET/CT (2,3), this is a clear example of how the
new tracer [68Ga]Ga-FAPI-46 can also be misleading in infection.

However, [18F]F-FDG and [68Ga]Ga-FAPI-46 uptake proved to be differ-
ent, with [68Ga]Ga-FAPI-46 uptake being slightly milder.

Although a few other cases of granulomatous diseases mimicking
malignancies on [68Ga]Ga-FAPI PET/CT have been described (4), full
knowledge of this promising tracer’s features and pitfalls (5) has yet
to be acquired.
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FIGURE 1. (A) Lung nodule on transaxial [18F]F-FDG PET fused with
attenuation-corrected CT. (B) Lung nodule on transaxial [68Ga]Ga-FAPI-46 PET
fused with attenuation-corrected CT (60-min uptake time). PET intensity scales
are based on SUV body weight (g/mL). (C) Hematoxylin- and eosin-stained sec-
tions at34 magnification. Acute and chronic pneumonia with abscess formation
is seen. Lesion is seen with rich acute and chronic inflammation, plasma cells,
and fibroblasts. (D) Brown color represents fibroblast activation protein positivity
in plasma cells and fibroblasts (black arrowhead), and red color represents IRTA1
nuclear immunoreactivity in plasma cells (blue arrowhead). Magnification is310.
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