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2021 SNMMI Highlights Lecture: Oncology
and Therapy, Part 2

Heiko Sch€oder, MD, MBA, Memorial Sloan Kettering Cancer Center, New York, NY

From the Newsline Editor: The Highlights Lecture, pre-
sented at the closing session of each SNMMI Annual Meeting,
was originated and presented for more than 30 years by
Henry N. Wagner, Jr., MD. Beginning in 2010, the duties of
summarizing selected significant presentations at the meeting
were divided annually among 4 distinguished nuclear and
molecular medicine subject matter experts. Each year News-
line publishes these lectures and selected images. The 2021
Highlights Lectures were delivered on June 15 as part of the
SNMMI Virtual Annual Meeting. In this issue we feature the
second part of the lecture by Heiko Sch€oder, MD, MBA, chief
of the Molecular Imaging and Therapy Service at Memorial
Sloan Kettering Cancer Center (New York, NY) and a profes-
sor of radiology at the Weill Medical College of Cornell Uni-
versity (New York, NY), who spoke on oncology and therapy
highlights from the meeting. The first part of the lecture
appeared in the October issue of Newsline. Note that in the
following presentation summary, numerals in brackets repre-
sent abstract numbers as published in The Journal of Nuclear
Medicine (2021;62[suppl 1]).

I
n the first part of this lecture, presentations on clinical
diagnostics (including fibroblast-activated protein inhibi-
tors [FAPI], innovations in prostate cancer diagnosis and

staging, and other applications) and several new therapies
were reviewed.

New Targets for Radionuclide Therapy: Other
Therapy Approaches

We will highlight just a few of the many abstracts that
were submitted on novel targets for radionuclide therapies.
The first target is the insulin-like growth factor (IGF) recep-
tor, which is relevant for proliferation, inhibition of apopto-
sis, protein synthesis, and also regulating metabolism.
Juneau et al. from the Centre Hospitalier de l’Universit�e de
Montr�eal (Canada), Princess Margaret Hospital (Toronto,
Canada), Roswell Park Comprehensive Cancer Center (Buf-
falo, NY), CDE Dosimetry Services (Knoxville, TN), Fusion
Pharmaceuticals, Inc. (Hamilton, Canada; Boston, MA), and
CHU de Qu�ebec/Universit�e Laval (Qu�ebec City, Canada)
reported on “Preliminary dosimetry results from a first-in-
human phase 1 study evaluating the efficacy and safety of
225Ac-FPI-1434 in patients with IGF-1R [IGF type-1 recep-
tor]–expressing solid tumors” [74]. IGF-1R is a tyrosine
kinase receptor implicated in breast, prostate, lung, and other
cancers. As is common in these studies, the researchers used
an 111In-labeled analog with identical antibody and bifunc-
tional chelate for biodistribution studies and patient selection

based on quantification of IGF-
1R–expressing targets and organ-
based dosimetry prior to therapy.
The aim of the study was to evalu-
ate the safety and tolerability of
both 111In-FPI-1547 and 225Ac-FPI-
1434 in patients with advanced
refractory solid tumors and to deter-
mine the recommended phase 2
dose of the 225Ac-labeled compound
in patients with IGF-1R–expressing
tumors. Results were available for
13 patients from the single-dose portion of the study, and
avidity in at least 1 lesion was demonstrated in each patient.
Dosimetry determined all 13 to be eligible for therapeutic
administration of 225Ac-FPI-1434, and 12 received at least 1
such administration (range, 0.80–4.2 MBq) with no drug-
related serious adverse events and/or dose limiting toxicity.
Figure 1 shows high uptake in a 69-year-old man with
castrate-resistant prostate cancer and liver metastasis and
emphasizes the promise of theranostic pairs that facilitate
patient-specific treatment planning. We look forward to future
data that will tell us more about how this agent can be inte-
grated into the armamentarium of treatment options for pros-
tate cancer.

The next interesting target addressed by presenters at
the SNMMI meeting was transforming growth factor-b
(TGF-b) and its role in the tumor immune environment as a
source for therapeutic applications. TGF-b has many func-
tions involved in promotion of angiogenesis, activation of
cancer-associated fibroblasts, increased fibrosis, and escape
from immune surveillance—all of which contribute to a
more favorable environment for tumor growth and metasta-
sis. Burvenich et al. from La Trobe University (Melbourne,
Australia), Olivia Newton-John Cancer Research Institute
(Melbourne, Australia), Austin Health Melbourne (Austra-
lia), University of Melbourne (Australia), and EMD Serono
Research & Development Institute (Billerica, MA) reported
on “Preclinical evaluation of 89Zr-Df-radiolabeled bispecific
anti-PD-L1/TGF-bRII fusion protein bintrafusp alfa” [66].
They used a next-generation programmed death ligand-1
(PD-L1) targeting molecule that allows simultaneous target-
ing of PD-L1 and “trapping” of TGF-b. The aim of the
study was to establish the 89Zr-radiolabeling of the investi-
gational agent and characterize in vitro and in vivo both the
89Zr-Df-M7824 and 89Zr-Df-control radioconjugates. The
process involved converting a so-called immune-excluded
tumor into an inflamed tumor, thereby reenergizing the
tumor immune microenvironment, allowing targeted binding
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to PD-L1 on tumor cells and “trapping” TGF-b, thereby
inhibiting 2 mechanisms that would otherwise interfere with
antitumor immune response. Figure 2 shows quantitative
PET analysis of tumor, liver, lungs, and bone in mice at
days 2 and 7 after injection, which allowed direct compari-
son with the biodistribution data available for these imaged
mice. Tissue uptake assessed via PET analysis corresponded
with the biodistribution results, and the authors concluded
that PET imaging using 89Zr-Df-bintrafusp-a was suitable
for use in clinical trial studies. A bioimaging study was sub-
sequently opened at Austin Health focusing on 89Zr-M7824
PET in patients with advanced or metastatic non–small cell
lung cancer and high PD-L1 expression receiving M7824
alone or in combination with chemotherapy. Sometimes, in
scientific discovery and development, not all is always well
that ends well. Since this abstract was submitted for presen-
tation at this meeting, Merck, the company sponsoring the
first trial, has stopped clinical trials with this drug because
accumulating data did not prove promising in terms of meet-
ing endpoints in progression-free survival in lung cancer (1)
and, more recently, biliary duct cancer (2). This is perhaps a
cautionary tale. If, for example, molecular imaging such as
this had been employed earlier for patient selection, docu-
mentation of target engagement, and documentation of
response (or lack thereof), substantial funds could have been
saved as compared to conducting a clinical trial and then
concluding that the treatment was not working as expected.

CD46 is a transmembrane complement regulatory pro-
tein overexpressed in various cancers and highly expressed
in aggressive, advanced-state, de-differentiated prostate can-
cer and with very high overexpression in multiple myeloma.

It inhibits complement activation, promotes immune evasion
and growth, and regulates cellular metabolism. Wang et al.
from the University of California San Francisco and others
reported in April of this year on molecular imaging of
prostate cancer, targeting CD46 using immunoPET with
89Zr-DFO-YS5 in a murine model (3). At this meeting,
the same group reported on “Molecular imaging of
multiple myeloma targeting CD46 using immunoPET” [62].
18F-FDG PET/CT can result in false-negative findings in
multiple myeloma, and CD46 targeting holds promise for
greater accuracy. They studied the 89Zr-DFO-YS5 tracer in
both NSG mice bearing subcutaneous xenograft tumors
and in an orthometastatic model of myeloma. Figure 3
shows immunoPET images acquired at 6 and 4 days after
injection in subcutaneous and orthometastatic models,
respectively. They found that 89Zr-DFO-YS5 binds specifi-
cally to CD461 human MM1s subcutaneous xenografts,
with significantly higher uptake than in comparative cold
antibody–blocking groups. In the orthometastatic model,
89Zr-DFO-YS5 also demonstrated specific uptake in the
bone marrow. Analysis of ex vivo bioluminescence data
indicated that heterogeneous osseous tumor involvement
correlated with tracer uptake. The authors concluded that
this CD46-targeted imaging “shows great potential for clini-
cal translation as an imaging agent, theranostic platform,
and companion biomarker in multiple myeloma.”

The last target we will look at in this section is a CUB
domain–containing protein 1, CDCP1. CDCP1 is a cell-
surface, single-pass transmembrane glycoprotein upregulated
in multiple malignancies (including but not limited to triple-
negative breast cancer, pancreatic ductal adenocarcinoma,

FIGURE 1. First-in-human phase 1 study
evaluating efficacy and safety of 225Ac-FPI-
1434 in patients with insulin-growth factor type-
1 receptor–expressing solid tumors. Images
acquired in a 69-year-old man with castrate-
resistant prostate cancer and liver metastasis.
Top: Paired anterior/posterior images acquired
at (left to right) 1, 24, 65, and 168 h after injec-
tion. Bottom: Corresponding SPECT/CT views
of the liver at 65 h. The study emphasized the
promise of theranostic pairs that facilitate
patient-specific treatment planning.
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renal cell carcinoma, hepatocellular carcinoma, acute mye-
loid leukemia, and ovarian cancer) and with relevance to
prostate cancer progression. It has a role in cancer growth,
survival, and therapy resistance. CDCP1 is being targeted
in research with antibody drug conjugates and with radio-
labeled antibodies for theranostics. Evans et al. from the
University of California San Francisco and PGIMER (Chan-
digarh, India) reported that “CDCP1 is a novel target for
radioligand therapy in metastatic castration-resistant prostate
cancer refractory to treatment with PSMA [prostate-specific
membrane antigen]–directed radioligands” [92]. Figure 4
shows microCT and PET/CT of their monoclonal antibody
4A06 agent across a number of tumor models. The highest
uptake, both in terms of %ID/g and also tumor-to-back-
ground ratio, was seen in the PSMA-negative, androgen
receptor–negative tumor model. The antibody was also
labeled with 177Lu, leading to growth inhibition as shown in
the right-hand side of the figure. The authors concluded that
these data provide evidence that “CDCP1 can be targeted
for radioligand therapy in metastatic cancer-resistant pros-
tate cancer” and “position CDCP1-directed radioligand ther-
apy as a potential complement or alternative to the current
repertoire of radioligand therapies.”

We will look briefly at increasing interest in photody-
namic therapy. Those of you who regularly attend the World
Molecular Imaging Congress may be familiar with recent
advances. The 3 principal components are the light source,
the photosensitizer, and the generation of reactive oxygen
species, which lead eventually to targeted and irreversible
tissue damage. Of note, it does not matter how the light is
created (X-rays, Cerenkov luminescence, or radiolumines-
cence). Most recently, researchers have looked at ways to
combine photodynamic therapy with chemoimmunotherapy
or targeted radionuclide therapy. Jeon et al. from Seoul
National University (Republic of Korea) reported on
“Photodynamic therapy induced by a combination of scintil-
lating liposome and radiolabeled antibody” [97]. Europium
is a rare earth metal that can be excited and then eliminates
the radioluminescence. In this very intriguing presentation,
they described using a europium-loaded scintillating lipo-
some and a 177Lu-labeled human epidermal growth factor
receptor 2–targeting antibody (Fig. 5). In in vivo and ex
vivo murine studies they showed that the europium lipo-
some/177Lu-antibody combination achieved 8-fold higher

FIGURE 2. Preclinical evaluation of 89Zr-Df-radiolabeled bispecific anti-
PD-L1/transforming growth factor-bRII fusion protein bintrafusp alfa.
Quantitative PET analysis of tumor, liver, lungs, and bone on days 2 (left 3
columns) and 7 (right 3 columns) after injection allowed direct comparison
and correlation with biodistribution data in these mice. (a, b) Baseline
imaging; (c, d) trap controls; (e, f) with bintrafusp alfa; and (g, h) with
avelumab.

FIGURE 3. Molecular imaging of multiple myeloma targeting CD46 using
immunoPET. 89Zr-DFO-YS5, an anti-CD46 antibody, showed high uptake
in an orthometastatic myeloma mouse model (top) and in subcutaneous
xenografts (bottom). In xenografts, 89Zr-DFO-YS5 bound specifically to
CD461 human MM1s, with significantly higher uptake than in compara-
tive cold antibody–blocking groups. In the orthometastatic model,
89Zr-DFO-YS5 also demonstrated specific uptake in the bone marrow. Ex
vivo bioluminescence data indicated that heterogeneous osseous tumor
involvement correlated with tracer uptake.
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radioluminescence than Cerenkov imaging. When combined
with the photosynthesizer Victoria blue for photodynamic
therapy, reactive oxygen species production was similar to a
much greater amount of 100 mCi of 177Lu-antibody alone
but with only 10% of the radioactivity, with no apparent
cytotoxicity. In in vitro studies, the combination showed a
2.5-fold higher cell-killing effect compared to 177Lu-anti-
body alone. The authors concluded that a novel treatment
strategy using this photodynamic therapy approach could,

with further validation, “lower the systemic adverse effect
while enhancing the treatment efficacy of 177Lu conjugated
theranostic radiopharmaceuticals.”

New Techniques: Methods for Data Analysis
A number of new techniques and types of instrumenta-

tion were presented at this meeting, many dealing with
motion correction, including data-driven motion correction,

FIGURE 4. CDCP1 as a novel target for radioligand therapy in metastatic castration-resistant prostate cancer refractory to treatment with
PSMA–directed radioligands. (A) CT (top row) and 89Zr-4A06 PET/CT (bottom row) images in tumor cell lines (left to right): DU145, LTL-331, LTL-545,
22Rv1, and PC3. (B) Labeling the 4A06 agent with 177Lu led to growth inhibition, showing promise for CFCP1-directed therapy.

FIGURE 5. Photodynamic therapy induced by a combination of a europium-loaded scintillating liposome and a 177Lu-labeled human epidermal growth
factor receptor 2–targeting antibody. Left block: Schematic of labeling and imaging. Right block: In vivo targeting shown in (top block) SK-OV-3 tumor-
bearing model (HER21) at (left to right) 0, 2, 24, and 48 h after treatment with (top row) trastuzumab or (bottom row) the liposome/antibody photody-
namic therapy; and (bottom block) CT-26 tumor-bearing model (EGFR1) at (left to right) 0, 2, 24, and 48 h after treatment with (top row) cetuximab or
(bottom row) the liposome/antibody photodynamic therapy. Ex vivo radioluminescence images at far right. The technique has the potential to enhance the
treatment efficacy of 177Lu conjugated theranostic radiopharmaceuticals and lower adverse systemic effects.
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and, of course, ever-expanding whole-body imaging capabil-
ities. I will highlight only a few.

Artificial intelligence (AI) is becoming increasingly rele-
vant and available for clinical practice and to support multi-
center clinical trials. Niman et al. from MIM Software, Inc.
(Cleveland, OH) and St. Vincent’s Hospital (Sydney, Aus-
tralia) reported on the “Improved clinical feasibility of total
tumor burden quantification on Ga-PSMA-11 PET/CT
through deep learning autosegmentation of organs for auto-
matic physiological uptake removal” [1327]. Their question
was whether an AI algorithm can intelligently segment
tumor and subtract normal background. They used data from
the 177Lu-PSMA-617 and idronoxil trial in men with end-
stage metastatic castrate-resistant prostate cancer (LuPIN) to
create CT-based organ volumes of interest and automatically
remove the majority of PET physiologic uptake. Figure 6
shows the ground truth, as segmented by 3 investigators,
compared with results from the algorithm, very nicely iden-
tifying tumor lesions and subtracting normal background
across a number of patients. The authors concluded that
application of fully automatic organ-based physiologic
uptake removal results in very similar volumes to those pro-
duced by manual editing of total tumor burden volumes,
suggesting also that “minimal additional time would be nec-
essary if used in the clinical workflow.”

Borelli et al. from Sahlgrenska University Hospital
(Gothenburg), Eigenvision AB (Malm€o), Chalmers Univer-
sity of Technology (Gothenburg), University of Gothenburg,
Skåne University Hospital (Malm€o), and Lund University
(Malm€o; all in Sweden) reported that an “AI tool decreases
interobserver variability in the analysis of PSMA PET/CT”
[1006]. The aim of this study was to address current chal-
lenges in interobserver variability by developing an AI tool
for detection and quantification of primary prostate tumors,
bone metastases, and lymph node lesions in PSMA PET/CT
studies. The tool was based on a previously developed
CT-based segmentation approach (4) and was applied to
direct segmentation of lymph node lesions in 68Ga-PSMA
imaging in 10 patients referred for initial staging of prostate
cancer (5). Total lesion uptake was analyzed with and with-
out AI assistance. The AI tool was found to have signifi-
cantly lower interobserver variability in prostate tumors,
bone metastases, and lymph node metastases. Figure 7
shows differences in human reader and AI identification.
The authors concluded that “this AI tool may help in facili-
tating comparison of studies from different centers, pooling
data within multicenter trials, and performing metaanalysis.”
(They also added that the AI tool developed in this project is
available upon reasonable request for research purposes at
www.recomia.org).

We will close out these highlights with images from the
Penn PET Explorer developed by Joel Karp, PhD, and col-
leagues. Pantel et al. from this group at the University of
Pennsylvania (Philadelphia) reported on “Human research
studies on the PennPET Explorer” [55]. The prototype for
this whole-body PET device had a 64-cm axial field of view.
The expanded scalable PennPET Explorer has a 1.12-m field
of view, and the group showed human studies illustrating
the resulting benefits. In addition to clinical studies with
18F-FDG, the group has conducted research using 89Zr-Df-
IAB22M2C (an anti-CD8 minibody for immune imaging),
18F-(2)FA (for nicotine receptor imaging), 18F-FNOS (for
inflammation imaging), 18F-fluoroglutamine (for glutamine
metabolism), and 11C- and 18F-trimethoprim (for infection
imaging). The increased sensitivity afforded by the extended

FIGURE 6. Total tumor burden quantification
on 68Ga-PSMA-11 PET/CT through deep learn-
ing autosegmentation of organs for automatic
physiologic uptake removal. Paired images
shown using data from patients in clinical trial
treatment for end-stage metastatic castrate-
resistant prostate cancer. Left image in each
pair shows proposed artificial intelligence total
tumor burden segmentation after physiologic
uptake removal (red) and volume of uptake cor-
rectly removed by the algorithm (blue). Right
images show ground truth tumor segmentation
(red), as segmented by 3 investigators.

FIGURE 7. Artificial
intelligence (AI) tool for
detection andquantifi-
cation of primary pro-
state tumors, bone
metastases, and lymph
node lesions in PSMA
PET/CT. Images show
68Ga-PSMA PET foci
(top row) on the pros-
tate in (left to right)
axial, coronal, and
sagittal views. Middle

row depicts manual annotation without AI assistance. Bottom row
depicts manual annotation with AI assistance. Orange pixels were
annotated by only 1 reviewer; red by 2; and blue by all 3.
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axial coverage of whole-body PET imagers can be leveraged
for numerous clinical and research applications (Fig. 8).
They showed examples of imaging performed in 3 settings:
(1) as part of a clinical standard-of-care (SOC) PET/CT scan
using a U.S. Food and Drug Administration (FDA)–ap-
proved tracer without administration of additional radio-
tracer; (2) with PET/CT imaging as part of research studies,
with specific radiotracers and protocols dictated by the
relevant studies; and (3) imaging with an FDA-approved
radiotracer without concomitant SOC imaging, with an
injected activity that could be lower than that used for SOC
imaging. The results across the spectrum of applications
showed good whole-body kinetics, very nice uptake, and
high sensitivity. The authors are now focusing on optimizing
the many potential associated protocols.

Summary
Several oncologic themes and questions emerged from

presentations and related discussions at this meeting. We need
to define how many PSMA-based probes are really
needed in the future, and which should be applied when
and in what settings. FAPI is the focus of a growing num-
ber of promising applications and excitement, but it is
important to think now about methods of quantification
to better define its role in the clinic and clinical trials.
In the rapidly expanding field of radionuclide-based ther-
apy, the VISION and TheraP trials have helped to estab-
lish the role of 177Lu-PSMA. My appeal to you is to
make sure that the nuclear medicine community main-
tains ownership of these new treatments.

I would like to conclude with a few tasks that we
should collaboratively undertake for the future. We need
to better define the role of diagnostic or therapeutic PSMA
in various states of disease. We should continue to define
the role and place of a emitters in various therapies
(a topic which I did not cover in this lecture because of
time limitations). We must encourage appropriate and
timely clinical translation of the many molecules that are
coming forward, as well as ensure that these are suitable
for specific applications. We need to establish artificial
intelligence solutions for nuclear medicine agents for clin-
ical trials. Finally, I believe we need to establish and pro-
actively pursue models of “co-opetition” with radiation
oncology, medical oncology, and surgical oncology for
theranostic applications.
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FIGURE 8. Human research studies on the
PennPET Explorer with extended axial cover-
age. Whole-body imaging with: (A) 18F-FDG in
lung cancer, with insets of (top) standard-of-
care imaging at 1 h after injection and (bottom)
PennPET Explorer imaging at 2 h 20 min after
injection; (B) 11C-trimethoprim in infection imag-
ing (left to right) at 50–69 s and 7–8, 90–95, and
120–130 min; (C) 18F-FNOS for assessment of
lung inflammation (normal subject); and (D) 18F-
fluoroglutamide in breast cancer. The increased
sensitivity afforded by the extended axial cover-
age provides possibilities for a wide range of
clinical and research applications.
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C O M M E N T A R Y

NRC Rejects Petitions to End Reliance on LNT Model
Jeffry A. Siegel, PhD, Nuclear Physics Enterprises, Orlando, FL; Bill Sacks, PhD, MD, US FDA (retired, diagnostic radiol-
ogist), Gaithersburg, MD; Bennett S. Greenspan, MD, MS, North Augusta, SC

Editor’s note: Newsline encourages perspectives on issues
affecting the nuclear medicine community. This month we
feature commentary on a longstanding effort to secure
regulatory reassessment and invalidation of the linear-no-
threshold (LNT) radiation model, which posits a linear
relationship between dose and health risk and denies the
existence of a threshold below which there is no harm, sug-
gesting that radiation has the potential to cause harm at any
dose level and that the sum of small exposures poses the
same risk as a single larger exposure. Responses to this
commentary are welcome.

T he Nuclear Regulatory Commission (NRC) on
August 17 issued their rejection of three 6-year-old
petitions requesting repudiation of the linear-no-

threshold (LNT) model. The petitions maintained that the
model is scientifically false and does more harm than good
(1). The NRC contends that by overestimating radiation risk,
adherence to the LNT model protects the public and radia-
tion workers. The NRC relies on recommendations of
authoritative scientific organizations that include the Interna-
tional Commission on Radiological Protection (ICRP), the
National Council on Radiation Protection and Measurements
(NCRP), and the National Academy of Sciences Committee
on the Biological Effects of Ionizing Radiation. It is our con-
tention that unless NRC’s policies comply with scientific
evidence, they are as likely to endanger as to protect, and
they directly contribute to avoidable early deaths.

Following ICRP and NCRP recommendations, the NRC
concedes that no evidence supports the LNT model. Never-
theless, the NRC defends it, ignoring the fact that it was dis-
proven at its 1940s birth in favor of a threshold model (2),
as well as by data from the Life Span Study (LSS) of atomic
bomb survivors (considered to be the gold standard for esti-
mating radiation effects in humans) and the International
Nuclear Workers Study (3–5). Even the most recent exami-
nation of the LSS data in 2017 by Grant et al. (6) concluded:
“At this time, uncertainties in the shape of the dose response
preclude definitive conclusions to confidently guide radia-
tion protection policies.” This stands in stark contrast to
NCRP’s 2018 Commentary 27, which wrongly asserted that
Grant’s study provided strong support for the LNT model.

Ever-expanding experimental and observational (epide-
miologic) evidence demonstrates a threshold of radiation
dose and/or dose rate below which harm disappears and the
net effects on health, after the organism responds to protect
itself, are beneficial (3). Such a threshold is common for
many chemical and physical agents (e.g., oxygen, sunlight,

water, vitamins, aspirin) and is called hormesis. The nonli-
nearity of net effect at low doses is a consequence of the bio-
logic response of the exposed organism to the damage, a
homeostatic defense mechanism, which is either repair of
damaged DNA or removal of unrepaired cells through cell
suicide and/or cleanup by the immune system.

The burden of proof should fall on the claim that radia-
tion is an exception and causes harm even at low doses,
which would imply that neither repair nor removal occurs.
Although the evidence of benefit (which is forced to bear the
burden in this argument) keeps multiplying as its mecha-
nisms become further elucidated, the NRC and its advisers
pretend otherwise. As the NRC notes, NCRP past-president
John D. Boice, Jr., ScD, admitted that “the LNT model is
not an appropriate mechanism to assess radiological risk,”
while at the same time advising that “[LNT is] a prudent
basis for the practical purposes of radiological protection.”

NRC indicates that NCRP Commentary 27 updated its
assessment of currently available epidemiologic evidence and
concluded that “the LNT model (with the steepness of the
dose–response slope perhaps reduced by a DDREF [dose and
dose rate effectiveness factor] should continue to be utilized
for radiation protection purposes.”DDREF has no physiologic
basis, but its invocation indicates the realization that LNT is
false. They refuse to admit that a dose (or dose-rate) threshold
exists, but, in direct contradiction, state: “NCRP defines high
dose rate as a dose rate above which recovery and repair pro-
cesses are unable to ameliorate the radiation damage.” The
DDREF is an arbitrary mathematic construct that simply
reduces the slope by a factor of 2 at doses,200 mSv, thereby
artificially retaining linearity in this low-dose region while pre-
cluding hormesis by ruling out an initial negative slope.

Commentary 27 admitted that the LNT model’s denial
of a threshold “… likely cannot be scientifically validated
by radiobiologic or epidemiologic evidence in the low-dose
range” but claimed that “the preponderance of epidemio-
logic data is consistent with the LNT assumption, although
there are a few notable exceptions.” But a threshold has
been found, repeatedly and for decades, from sources around
the world (4). In short, the LNT model has been proven false
in numerous studies (3,7–9), and hormesis has been proven
to exist at low doses and dose rates (3).

The NRC, again following NCRP and ICRP, favors
studies that claim to provide evidence for the LNT model.
However, such studies employ circular reasoning, inaccurate
dose estimates, violation of proper frequentist statistical pro-
cedures (including misassignment of the null hypothesis to
represent the favored hypothesis [i.e., the LNT model],
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making it more difficult to reject the model and wrongly
interpreting failure to reject as equivalent to proof thereof),
failure to seek confounders, and so on, all of which mask
hormetic effects (3,10).

Grant et al. (6) unwittingly provided an illustrative
example of misassignment of the null hypothesis in their
recent reanalysis of the LSS data. They reported: “The evi-
dence of a threshold dose below which there was no dose
response was examined using linear-quadratic threshold
models for males and linear threshold models for females.
There was no [sic] evidence of a threshold for females (esti-
mated threshold dose of 0.08 Gy). This was not significantly
different from 0 (P 5 0.18), and the upper 95% confidence
bound was 0.2 Gy. For males, the best estimate for a thresh-
old dose was 0.75 Gy. Similarly, this was not significantly
different from 0 (P 5 0.49)” [italics our emphasis]. Note
that their implied null hypothesis, acceptance of a threshold
at zero dose (equivalent to “no threshold”), is both illegiti-
mate and completely arbitrary, since, from this approach,
one could also validly choose a nonzero threshold anywhere
between zero and the upper bound (i.e., anywhere between 0
and 750 mGy for males).

Tacitly admitting that the LNT model is unsupported by
evidence, NCRP says “current judgment by national and
international scientific committees is that no alternative dose
response relationship appears more pragmatic or prudent
for radiation protection purposes than the LNT model on
the basis of available data, recognizing that the risk [for
doses] ,100 mGy [,10 rad] is uncertain but small” [our
emphasis]. Despite the fact that the LSS data clearly exhibit
an initial negative slope indicative of hormesis when the
low-dose data are carefully examined (8,11), pragmatism
and prudence are allowed to trump scientific validity.

Scientifically, NRC acts as though the evidence against
the LNT model and in favor of hormesis is inconclusive.
Pragmatically, despite the preponderance of evidence for
hormesis, its policy appeals to the precautionary principle,
which holds that when there is uncertainty (real or pre-
tended), prudence demands erring on the side of caution.
This might be justified if: (1) the promotion of the LNT
model carried little to no harm; (2) its implied directive to
use x-ray and CT doses as low as reasonably achievable
(ALARA) were without negative consequences; and/or (3) it
were acknowledged that a threshold actually exists and
that hormesis should be universally recognized. None of
these is the case. The ICRP LNT-derived principle of
“optimization,” generally practiced by radiologists, pro-
motes the widespread misconception among physicians and
the public that the LNT model accurately describes the
effects of low-dose ionizing radiation (5). This misconcep-
tion can inflict devastating harm on public health and safety.

One such harm has been radiophobia-driven forced
evacuations, such as that in 2011 after the tsunami-caused
Fukushima Daiichi nuclear event (7). This resulted in mas-
sive loss of homes, communities, jobs, property, and lives.
The Japanese government admits to some 2,000 evacuation-

caused deaths of elderly individuals who would have been
far safer if allowed to shelter in place. The concomitant
stresses have produced a sharp rise in heart attacks, strokes,
alcoholism, divorces, joblessness, despair, and suicide.

LNT-derived radiophobia also induces many people to
avoid medically indicated CT scans and other imaging, with
consequent missed or delayed diagnoses and ineffective
treatments (5). CT imaging with insufficient radiation produ-
ces similar outcomes. Alternative methods to CT and x-rays
are widely encouraged, such as longer-duration MR studies
requiring sedation for children or exploratory surgeries risk-
ing blood loss, infection, and, in some cases, death.

Misguided attempts to evade imaginary risks deprive
adults and children of the far greater benefits of low-dose
radiologic examinations, including accurate and timely diag-
noses, effective therapies, lives saved, improved quality of
life, avoidance of unnecessary surgeries, reduced hospital
stays, and reduced costs, or, in the case of negative examina-
tions, greater peace of mind.

Effective risk management and public communication
regarding radiation incident-related evacuation policies and
medical imaging are not possible until the LNT model and
its corollary, ALARA, are universally acknowledged as sci-
entifically and pragmatically indefensible. To properly man-
age and communicate risk at low radiation doses, the
complete spectrum of possible health outcomes must be
acknowledged (7).

The unintended side effects of a policy are as important
as the intended direct effects. The need for a 2-sided assess-
ment to replace simplistic 1-sided epidemiologic studies that
misassign the role of the null to a then unrejectable hypothe-
sis (10) remains unacknowledged by the NRC and its advi-
sory organizations (and their overlapping memberships who
generally reinforce the others’ conclusions). In effect they
comprise not several independent voices, but a single voice,
diminishing the overall authority of their consensus (12).

Although the NRC’s rejection of the petitions purports
to address our criticisms, these criticisms are merely listed,
followed by evidence-free “disagreements”—the very trans-
gression of which the NRC wrongly accuses the petitioners.
NRC simply declares that they bear no responsibility for
resulting forced evacuations, imaging avoidance, or non-
diagnostic CT scans. We let the reader judge such protesta-
tions of innocence.

It is long past time for the NRC and authoritative scien-
tific organizations to forgo falsely presumed pragmatic pru-
dence in favor of scientific accuracy. Erring in either
direction from a scientifically valid policy inevitably endan-
gers public health and safety, and recognition of this fact
requires acknowledgment of the negative side effects of
such deviation. Only then will the dangers be preventable.
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S N M M I L E A D E R S H I P U P D A T E

Advocating for Expanded Access

Richard Wahl, MD, SNMMI President

A
dvances in medicine are being made every day
across the globe, revolutionizing the diagnosis and
treatment of a wide variety of diseases. However, if

not accessible to the patients who need them, these medical
innovations are essentially ineffective.

The field of nuclear medicine and molecular imaging
has produced many new advances in the past few years—the
development of imaging agents for prostate cancer,
Alzheimer disease, and breast cancer among the most recent.
To ensure that patients have access to these advances, the
SNMMI is working diligently to educate lawmakers, payers,
physicians, and other government agencies about diagnostic
radiopharmaceuticals.

In partnership with the Council on Radionuclides and
Radiopharmaceuticals and the Medical Imaging and Tech-
nology Alliance, SNMMI has helped develop major legisla-
tion, the Facilitating Innovative Nuclear Diagnostics (FIND)
Act of 2021 (H.R. 4479/S. 2609), to address the imbalance
in Medicare’s reimbursement structure for radiopharmaceut-
icals. Medicare currently packages payment for diagnostic
radiopharmaceuticals into the payment for molecular imag-
ing tests conducted by nuclear medicine providers in hospi-
tal outpatient facilities. These packaged rates are often the
same, whether they involve a high-volume, lower-cost diag-
nostic radiopharmaceutical or a low-volume, higher-value
precision diagnostic tool that can facilitate more targeted
treatment. As a result, Medicare reduces reimbursement for
the higher-cost products to the point that providers simply
cannot afford to provide these services, limiting or prevent-
ing their availability to patients.

If passed, the FIND Act would ensure that Medicare
patients have access to precision diagnostic nuclear imaging
studies prescribed by their physicians, when clinically
appropriate, and that hospitals are appropriately reimbursed
for the cost of such tests. This bill would significantly
expand patient access to life-saving imaging agents. I
encourage all U.S. members of the nuclear medicine and
molecular imaging field to contact their members of Con-
gress and share their support for this important bill. Repre-
sentatives and senators can be contacted through SNMMI’s
dedicated FIND website at: https://snmmi.quorum.us/
campaign/34856/. Every voice matters in helping to pass the
FIND Act.

SNMMI is working to educate payers and physicians
about issues with the payment structure for diagnostic radio-
pharmaceuticals. SNMMI is also reaching out to patients
regarding the FIND Act. It is critical that patients help us

gain traction for this bill by inform-
ing their providers when appropriate
access is not available.

In addition to the access issues
addressed by the FIND Act, patients
face other challenges in receiving
innovative nuclear medicine proce-
dures to guide their treatment. With
any new medical advance, physi-
cians question how to make it avail-
able and how to ensure it is paid for.
This is happening right now as pro-
viders try to navigate use of the newly U.S. Food and Drug
Administration–approved prostate-specific membrane anti-
gen (PSMA) imaging agents. To make the process as easy
as possible for physicians, a new set of appropriate use crite-
ria has been developed to guide the use of PSMA PET imag-
ing agents. SNMMI developed the criteria in collaboration
with the American College of Nuclear Medicine, American
Urological Association, Australia and New Zealand Society
of Nuclear Medicine, American Society of Clinical Oncol-
ogy, European Association of Nuclear Medicine, and Ameri-
can College of Physicians. The National Comprehensive
Cancer Network (NCCN) has also issued new guidelines for
PSMA PET imaging. Many physicians consider NCCN
guidelines to be the standard for cancer care, and these
guidelines will assist physicians in use of the new agents to
improve care and outcomes for patients with prostate cancer.

In another area of advocacy, SNMMI has been success-
ful in working with the Centers for Medicare and Medicaid
Services (CMS) to retire the National Coverage Determina-
tion (NCD) for 18F-FDG PET for infection and inflamma-
tion imaging. In the absence of an NCD, coverage
determinations for PET for infection and inflammation are
now made at the discretion of local Medicare Administrative
Contractors. Removal of this NCD was accomplished after
many discussions and sharing of guidelines and evidence by
the SNMMI, American College of Radiology, and American
Society of Nuclear Cardiology. This effort and the CMS
decision have opened up a path to reimbursement that ulti-
mately will improve access for patients to valuable nononco-
logic use of FDG PET.

SNMMI is constantly working to make sure that advan-
ces in nuclear medicine and molecular imaging are easily
available to patients and reimbursed appropriately. We will
continue to advocate for expanded access in our efforts to
improve the health of patients everywhere.

Richard Wahl, MD
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N E W S B R I E F S

ACMUI Meets on Extravasation
Reporting

On September 2 the Advisory
Committee on the Medical Uses of
Isotopes (ACMUI) Subcommittee on
Extravasations met in a public meeting
to review and provide additional re-
commendations on the Nuclear Re-
gulatory Commission (NRC) Staff
Preliminary Evaluation of Radiophar-
maceutical Extravasation and Medical
Event Reporting. In anticipation of the
meeting, SNMMI filed public com-
ments. In a statement issued on the fol-
lowing day, SNMMI noted that this
issue “has the potential to negatively
impact the future of nuclear medicine.”
In September 2020, the NRC requested
public comment on whether additional
rulemaking was needed to require
reporting of certain nuclear medicine
injection extravasations as medical
events. SNMMI and other interested
organizations submitted comments in
November 2020.

In the most recent comments,
SNMMI supported the non–dose-based
reporting options found in both NRC
staff and ACMUI draft reports. Noting
that although a lower regulatory report-
ing requirement (Option 6) was pre-
ferred (because extravasations present
low patient safety risk), the comments
included recommendations on the sub-
committee’s preferred option. Option 4
would require reporting when “a
patient requires medical attention due
to skin damage near the administration
site, and the damage is determined to
be caused by radiation.” Among the
SNMMI comments were:
� The phrase “medical attention” is ambi-

guous. Taken to the extreme, “medical
attention” could conceivably include
basic IV access care (e.g., compresses,
etc.) for temporary injection site bruising,

erythema, or swelling. If Option 4 is to
be seen as a viable option, the manner
and intensity of “medical attention”
that would trigger medical event re-
porting requirements must be clearly
defined.

� The injury assessor should be a physi-
cian with radiation medicine expertise
(i.e., an Authorized User [AU] or
AU-eligible physician) who can diffe-
rentiate normal injection site changes
from radiation-caused damage. Option 6
would provide for this physician determi-
nation of harm standard, whereas Option
4 does not specify the qualifications
for the “radiation damage assessors.”
After the September 2 ACMUI

meeting, SNMMI stated “We are ple-
ased that the subcommittee supported
our recommendations to tailor Option 4
more narrowly to the needs of the
nuclear medicine community, and we
look forward to the final report.”

SNMMI

Sam Gambhir Trailblazer Award
SNMMI and the Education and

Research Foundation for Nuclear Me-
dicine and Molecular Imaging, Inc.
announced on October 2 that applica-
tions are now being accepted for the
new Sam Gambhir Trailblazer Award,
which will honor midcareer professio-
nals for outstanding achievement and
excellence in transformative research
(basic science, translational science, or
clinical science) and exceptional men-
torship. The award is named for Sanjiv
Sam Gambhir, MD, PhD, an interna-
tionally recognized pioneer in molecu-
lar imaging who dedicated his career
to developing methods of early disease
detection, ushering in a new era of mo-
lecular imaging to identify signals of
disease in the earliest stages. Gambhir
was known for development of PET
reporter genes and for his commitment

to introducing precision medicine
across disciplines. Within the imaging
community, he was a leader and scien-
tist with extraordinary expertise,
widely known as a kind and generous
friend, a nurturing mentor, and a cata-
lyst for collaboration.

Nominees must have been SNMMI
members (both U.S. and international
applicants are welcome) for at least
5 consecutive years and be no more
than 15 years past the last training
position. Applications must be submit-
ted by December 22. The awardee will
receive $2,000 and will be acknowl-
edged during the Wagner Highlights
Lectures at the SNMMI Annual Meet-
ing. For more information on nominat-
ing candidates, see: http://www.snmmi.
org/applications/Forms/FormDisplay.as
px?FormID=166670.

SNMMI

SNMMI 10th Annual Patient
Education Days

Each year the SNMMI Outreach
Domain works with the SNMMI Pa-
tient Advocacy Advisory Board to hold
a Patient Education Day, usually in
conjunction with the Annual Meeting.
This year’s event was held virtually as
3 interactive webinars on August 14,
21, and 28, focusing on neuroendocrine
tumors, prostate cancer, and breast
cancer, respectively. Nuclear medicine
physicians, radiologists, technologists,
oncologists, and more than 220 pa-
tients, caregivers, and advocates from
throughout the United States and the
world presented sessions on nuclear
medicine and radiation safety as well as
disease-specific information. For more
information on Patient Education Day
and to watch recordings of the sessions,
see www.snmmi.org/ped.

SNMMI
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F R O M T H E L I T E R A T U R E

Each month the editor of Newsline
selects articles on diagnostic, therapeu-
tic, research, and practice issues from a
range of international publications.
Most selections come from outside the
standard canon of nuclear medicine
and radiology journals. These briefs
are offered as a monthly window on the
broad arena of medical and scientific
endeavor in which nuclear medicine
now plays an essential role. The lines
between diagnosis and therapy are
sometimes blurred, as radiolabels are
increasingly used as adjuncts to therapy
and/or as active agents in therapeutic
regimens, and these shifting lines are
reflected in the briefs presented here.

PET/CT vs CT in FUO
Buchrits et al. from the Beilinson

Hospital (Petah-Tikva) and Tel Aviv
University (both in Israel) reported on
August 20 in the European Journal of
Internal Medicine (2021;20;S0953-
6205[21]00264-8) on a study compar-
ing the efficacy of 18F-FDG PET/CT
with that of contrast-enhanced CT in
diagnosis of classic fever of unknown
origin (FUO). The retrospective study
included 303 patients referred for PET/
CT for FUO. Final diagnoses, based on
clinical, radiologic, and pathology data
at latest follow-up (≥6 mo after hospi-
tal discharge), served as the gold stan-
dard and included infectious diseases
in 111 (36.5%) patients, malignancies
in 56 (18.4%), and noninfectious
inflammatory conditions in 52 (17.1%).
In 84 (28%) patients, FUO resolved
without definitive diagnoses. Overall
sensitivity and specificity for PET/CT
were 88.7% and 80.9%, respectively,
with corresponding percentages of
75.2% and 90.2% for CT. Analysis
indicated that PET/CT was necessary in
79 (26%) patients and that endovascular
infection, hematologic malignancy, and
large vessel vasculitis were the only fac-
tors associated with this necessity. The
authors concluded by recommending
“PET-CT as the imaging modality of

choice for patients with classical FUO,
when endovascular infection, hemato-
logical malignancy or large vessel vas-
culitis are suspected.”

European Journal of Internal
Medicine

PET/CT and RT in Meningiomas
In an article published on August

16 in Radiation Oncology (2021;16[1]:
151) Kowalski et al. from the Univer-
sity of Maryland School of Medicine
and School of Pharmacy (Baltimore,
MD) reported on the utility of PET/CT
with the somatostatin receptor ligand
68Ga-DOTATATE in conjunction with
MR imaging in delineating radiation
treatment target volumes and evaluat-
ing treatment response. The study
included 19 patients who underwent
both 68Ga-DOTATATE PET/CT and
MR imaging for radiation planning
and/or posttreatment follow-up. Ten of
the patients underwent both imaging
modalities at both timepoints. Meningi-
omas were grade I in 9 patients and
were not biopsied in 8. The majority
(10) involved the base of the skull. Ten
(53%) patients received postoperative
radiation, and 9 (47%) received frac-
tionated radiation treatment. In the sub-
group who had undergone planning
and posttreatment imaging with both
modalities, adaptive thresholding soft-
ware measured total lesion activity.
PET/CT identified intraosseous (4,
22%), falcine (5, 26%), and satellite (3,
19%) lesions and resulted in a change
in management for 3 patients. Mean
total lesion activity decreased from
pre- to posttreatment PET by 14.7%,
and maximum total lesion activity
decreased by a median of 36%. MR-
based meningioma volumes did not
significantly change between the
2 acquisitions. The authors concluded
that “future studies are warranted to:
(1) assess the sensitivity and specificity
of 68Ga-DOTATATE PET/CT; (2)
evaluate the impact of 68Ga-DOTA-
TATE PET/CT–based planning on

treatment outcomes; and (3) assess the
prognostic significance of these post-
treatment imaging changes.”

Radiation Oncology

PET and Benign Anthracotic
Lymphadenitis

Ivanick et al. from the University
of California San Francisco and the
Roswell Park Comprehensive Cancer
Center (Buffalo, NY) reported in the
July issue of the Journal of Thoracic
Disease (2021;13[7]:4228–4235) on a
study exploring the clinical, radio-
graphic, and histologic characteristics
of benign anthracotic lymphadenitis in
patients referred for endobronchial
ultrasound (EBUS)–guided biopsies.
Benign anthracotic lymphadenitis is
uncommon but has been associated
with false-positive PET/CT findings.
The retrospective study included 20
patients referred for EBUS-guided
biopsies of 18F-FDG PET–positive
mediastinal and hilar lymph nodes
(with demonstrated anthracotic pigment
as the only histologic abnormality) dur-
ing initial diagnosis or treatment of sus-
pected malignancy. Of note, .90% of
patients in this U.S.-based study were
born outside of the country and their
histories indicated likely exposure to
biomass fuel or urban pollution. More
than 90% had bilateral 18F-FDG–avid
lymph nodes, with an average SUV of
7.96 2.2. The authors concluded that
benign anthracotic lymphadenitis may
be “an underrecognized cause for PET-
positive lymph nodes in patients under-
going work-up for malignancy” and
that these results “support the impor-
tance of sampling mediastinal and hilar
lymph nodes even when SUVs are
highly suggestive of malignancy.”

Journal of Thoracic Disease

PET/CT Imaging and Utility in
COVID-19

In an article published online on
August 8 ahead of print in Clinical
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Imaging (2021;80:262–267), Yeh et al.
from Memorial Sloan Kettering Cancer
Center (New York, NY) reported on
initial imaging findings and potential
clinical utility of 18F-FDG PET/CT in
patients with confirmed COVID-19.
The retrospective review included data
on 31 patients (21 men, 10 women;
mean ages, 576 16 y) who were diag-
nosed using real-time reverse transcrip-
tion-polymerase chain reaction and
who had undergone contemporaneous
PET/CT imaging for routine cancer
care in March and April 2020. Thirteen
of the patients had positive PET/CT
findings, suggesting a detection rate of
41.9%. Clinical data indicated that
patients with positive scans had signifi-
cantly higher rates of symptomatic
COVID-19 infection than those with
negative imaging (77% and 28%,
respectively), with corresponding per-
centages of 46% and 0% for hospitali-
zation. 18F-FDG lung avidity was seen
in 11 (84.6%) patients (mean lung
SUVmax5 5.36), and 6 (46.2%) of the
13 positive patients had extrapulmonary
PET/CT findings in thoracic lymph
nodes. Lung SUVmax was not associ-
ated with COVID-19 symptoms, sever-
ity, or disease course. The detection rate
was significantly lower when the scan
was performed before the swab test
than after (18.8% and 66.7%, respec-
tively). The authors concluded that
although 18F-FDG PET/CT has limited
sensitivity for detecting COVID-19
infection, “a positive PET scan is asso-
ciated with higher risk of symptomatic
infection and hospitalizations, which
may be helpful in predicting disease
severity.”

Clinical Imaging

PSMA PET/CT Utility in High
PSA and Negative Biopsy

Bodar et al. from Amsterdam Uni-
versity Medical Center/VU University,
the Netherlands Prostate Cancer Net-
work, Cancer Center Amsterdam, and
the Netherlands Cancer Institute (all in
Amsterdam, The Netherlands) reported
on August 14 online ahead of print in
Urologic Oncology on the diagnostic
performance of prostate-specific mem-
branous antigen (PSMA) imaging to
localize primary prostate cancer in men
with persistent elevated prostate-
specific antigen (PSA) levels and pre-
viously negative prostate biopsies. The
study included 34 such men (median
PSA5 22.8 ng/mL) who underwent
imaging with either 18F-DCFPyL at 1
study institution or 68Ga-PSMA–11 at
another. Participants were divided into
3 groups for retrospective analysis: (1)
those with previous negative multi-
parametric MR findings (n5 12); (2)
those with a positive MR imaging but
negative MR-targeted biopsies; and (3)
those in whom multiparametric MR
imaging was contraindicated. Patients
with PSMA-avid lesions then underwent
2–4 PSMA-targeted biopsies in combi-
nation with systematic biopsies. PSMA
tracer uptake in the prostate suspicious
for prostate cancer was observed in 22
(64.7%) patients, in 18 of whom PSMA-
targeted biopsies were performed. In 3
(16.6%) of these patients targeted biop-
sies showed International Society of
Urological Pathology scores of 1–2 for
prostate cancer. The other men had
inflammation or benign findings con-
firmed at biopsy core histopathology.
The authors concluded that “the clinical
value of PSMA PET/CT for patients

with an elevated PSA level and negative
for prostate cancer biopsies was low.”

Urologic Oncology

11C-MET PET and Localization in
Primary Hyperparathyroidism

In an article published on August
16 ahead of print in the Scandinavian
Journal of Surgery, Iversen et al. from
Aarhus University Hospital (Denmark)
evaluated the use of 11C-methionine
PET/CT imaging in patients with pri-
mary hyperparathyroidism and either
persistent primary disease after para-
thyroidectomy or inconclusive preoper-
ative localization on ultrasound and
99mTc-sestaMIBI imaging. The study
included 36 patients analyzed in 2
groups: (1) with 11C-methionine PET/
CT performed before parathyroidectomy
(n5 17); and (2) with 11C-methionine
PET/CT performed after unsuccessful
parathyroidectomy and before reopera-
tion (n5 19). Across the 2 groups, PET/
CT identified a true-positive pathologic
parathyroid gland confirmed by a
pathologist (positive-predictive value
of 91%) in 30 (83%) patients. In group
1, 16 (94%) patients had such true-
positive imaging findings, resulting in
clinical benefit in 13 (76%) patients. In
group 2, 14 (74%) patients had
true-positive imaging, resulting in a
clinical benefit in 9 (47%) patients. The
authors summarized their findings that
in this setting of patients planned for
initial surgery or reoperation of primary
hyperparathyroidism and inconclusive
conventional imaging, 11C-methionine
PET/CT gave parathyroid surgeons
clinical benefits in the majority of
cases.

Scandinavian Journal of Surgery

(Continued from page 18N)
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To Scan or Not to Scan: An Unnecessary Dilemma for PSMA
Radioligand Therapy
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The recently presented and published results of the VISION
phase III study of 177Lu-PSMA617 for metastatic castration-
resistant prostate cancer (1) are indeed one of the greatest success
stories in the history of nuclear medicine (2). They add to the ear-
lier experiences from first-in-humans studies (3–5) to phase II
studies (6). However, danger lurks in this wave of unprecedented
progress. The fact that more than 85% of screened participants
met the 68Ga-PSMA11 eligibility criteria (1) made some question
the need for prostate-specific membrane antigen (PSMA) PET
imaging before 177Lu-PSMA treatment. This questioning of the
need for PSMA PET is done without re-evaluating the eligibility
criteria themselves (not all lesions had to be PSMA-positive) and
their impact on study outcomes. Some will be ready to make the
argument that excluding PSMA PET will eliminate costs and
increase access to therapy. Let us next clearly make the case
against this approach.
One of the undisputed principles of treating patients with cancer

is knowing the extent of disease to the best of one’s ability. Physi-
cians practicing medical or radiation oncology who do not accu-
rately define where cancer is and where it is not before using
chemotherapy or external radiation would be viewed as derelict in
their duties. So why would radioligand therapy for prostate cancer
be treated any differently?

177Lu-PSMA617 is not expected have a low cost, nor is it without
adverse events. Therefore, proper patient selection based on targeted
PSMA PET imaging is necessary. By excluding patients unlikely to
respond, PSMA PET will likely save health-care costs in the long
run. It will also contribute prognostic factors for prediction of
response to treatment (7), as well as reduce the possibility of adverse
events by excluding ineligible patients. In fact, more PSMA PET
imaging is likely needed during radioligand therapy, such as for eval-
uation of response to therapy mid-treatment and after the last cycle,
replacing standard assessments with CT and bone scintigraphy.
The biology of prostate cancer is complex, and a single imaging

test, no matter how good, may not be sufficient to properly select
patients. The TheraP phase II study required baseline 68Ga-PSMA11
PET, as well as 18F-FDG PET to exclude patients with active disease

sites lacking PSMA expression (6). The
outcomes, not surprisingly, appear supe-
rior to those reported in VISION and
serve as a further argument for accurate
eligibility screening.
Access to PSMA PET in the United

States was a considerable issue before
the Food and Drug Administration
approval of 2 radiopharmaceuticals
(68Ga-PSMA11 and 18F-DCFPyL).
With industry backing and logistics
being addressed, the big limiting factor
will be inaccurate claims that imaging is not needed before
treatment.
We have been through similar debates for the treatment of differ-

entiated thyroid cancer (8). Some physicians still chose not to con-
duct a whole-body scan with a diagnostic activity of either 131I or
123I. Others, including our group, always obtain this information.
There are several reasons for this divergence of opinion. First, most
patients with differentiated thyroid cancer have a very good prog-
nosis. This is not the case with prostate cancer. Physicians often
equate the excellent outcome with how they manage the cancer
rather than with the natural history of the disease. They argue that
if the patients have a good outcome without a whole-body scan
then the scan is not necessary. Second, obtaining a posttherapy
scan provides information regarding staging. But since when is it
appropriate to stage disease after treating the patient? Third, stun-
ning was debated and put to rest (9). There is no need to go through
the same for radioligand therapy in prostate cancer.
European Association of Nuclear Medicine procedure guide-

lines for radionuclide therapy with 177Lu-labeled PSMA ligands
properly include PSMA PET imaging for patient selection (10).
These guidelines should be reviewed regularly and revised as
needed to include emerging data demonstrating the benefits of
PSMA PET imaging. Additional professional organizations should
endorse them and make them a part of appropriate-use criteria.
The additional resources and cost to obtain the useful informa-

tion from PSMA PET are a small fraction of what a prostate can-
cer patient and the health-care system will spend from the
discovery of an elevated prostate-specific antigen level through
referral to specialists, biopsy, surgery, radiation therapy, chemo-
therapy, hormonal therapy, radioligand therapy, and the long-term
follow-up of the cancer.
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We are in the era of precision medicine and precision health
(11), aiming to individualize therapies to achieve maximum benefit,
including in prostate cancer. As an example, patients are getting
genomic testing for BRCA mutations and would get a poly(adeno-
sine diphosphate-ribose polymerase) inhibitor only if tested posi-
tive (12). Giving a patient such an inhibitor without testing is not
accepted. We hope the prostate cancer medical community will
stand up for precision medicine, including by ordering PSMA (and
18F-FDG) PET before treating a patient with 177Lu-PSMA617.
PSMA radioligand therapy for prostate cancer without PSMA PET
should not be accepted.
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PSMA Expression Assessed by PET Imaging Is
a Required Biomarker for Selecting Patients for
Any PSMA-Targeted Therapy
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Approximately 20% of breast cancers express human epider-
mal growth factor receptor 2 (Erb-B2 receptor tyrosine kinase 2
[ERBB2], formerly HER2), and 70% express estrogen or proges-
terone receptors. All excised breast cancer tissue is examined for
the presence of these molecular markers, as their expression pat-
tern determines the most precise or personalized treatment. For
obvious reasons, and despite their limitations, biopsy and surgical
tissue sampling to determine target expression have become the
undisputed standard of care in breast and many other cancers.
PET imaging has theoretic advantages over biopsies as it can

noninvasively survey the entire body for target expression. Imag-
ing probes to measure estrogen, progesterone, androgen, and
ERBB2 expression are slowly finding recognition in oncologic
practice, as they have the potential to overcome the limitations of
invasive tissue sampling.
In prostate cancer, whole-body PET determinations of prostate-

specific membrane antigen (PSMA) expression are now estab-
lished, approved, and available for disease staging and restaging.
In addition, limited data suggest that PSMA PET can serve as a
predictive biomarker for response to PSMA-targeted therapies.
The VISION trial showed that PSMA-targeted molecular

radiotherapy (MRT) can prolong survival and improve quality of
life of patients with advanced metastatic castration-resistant pros-
tate cancer (1). This trial selected patients by using PSMA PET
as a biomarker. The PSMA PET screen failure rate was 12.6%
(126/1,003) (1). Given the high prevalence of PSMA expression
in advanced prostate cancer and the PSMA PET screening
positivity rate of 87% in the VISION trial, some have argued
that the trial could have been positive even in an unselected
population (2).
Other arguments against pretreatment assessments of target expres-

sion with PET include the burden of an additional procedure, long
waiting times due to limited availability, and high costs of PSMA
PET imaging. Here we briefly address each of these arguments:

PSMA Is Near Uniformly Expressed in Prostate Cancer
Lesions
The prevalence of PSMA expression is more than 90% in prostate

cancer (3–6). However, the degree and homogeneity of expression,
both determinants of treatment response, vary among and within
patients (7,8). Absent or low target expression limits the response to

PSMA-targeted therapies (9,10). Studies
reported that the whole-body PSMA
PET SUVmean correlated with outcomes
of patients treated with 177Lu-PSMA
(7,11,12). In a study conducted at Weill
Cornell, fewer than 10% of patients with
no or low PSMA expression at baseline
had a significant PSA response to
PSMA-targetedMRT (13).
Lesions with low PSMA expression

and high glycolytic activity (PSMA-
negative/18F-FDG–positive) can occur
in up to 30% of metastatic castration-
resistant prostate cancer patients referred
for PSMA-targeted MRT (14,15).
Patients with such aggressive nonres-
ponding lesions have a shorter overall
survival in response to PSMA-targeted
MRT than those with PSMA-positi-
ve/18F-FDG–positive or PSMA-positi-
ve/18F-FDG–negative lesions (15,16).
At the Peter MacCallum Cancer Centre,
Australia, patients are routinely selected
for PSMA-targeted MRT by PSMA and
18F-FDG PET. The TheraP trial (7)
excluded 10% and 20% of patients
based on low lesion PSMA expression or high 18F-FDG to PSMA
uptake ratios, respectively (14). This careful patient selection likely
accounts for the superior progression-free survival of their cohorts in
response to MRT when compared with reports from other groups.
In simple terms: no responsible physician would target PSMA if

its expression were absent or low in all or some lesions. The
non–PSMA-expressing lesions will not respond to PSMA-targeted
MRT and will drive patient prognosis. On the basis of these data
and our own experience, not characterizing target expression before
PSMA-targeted treatment appears as nonsensical as omitting breast
cancer receptor phenotyping from the standard work-up of breast
cancer patients. Figure 1 depicts a patient with low–PSMA-
expressing disease and a poor subsequent treatment response.

Accessibility of PSMA PET Imaging Is Limited
Limited access to PSMA PET imaging in the United States will

be history within the next few months. The U.S. Food and Drug
administration has granted a new drug application for 2 compounds
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(68Ga-PSMA-11 and 18F-PYL) in 2020–2021. Because radiophar-
macies will deliver 18F compounds and PSMA-11 cold kits have
become available for local generator–based 68Ga production,
PSMA PET will become as universally available as 18F-FDG PET.

The Costs of PET/CT Imaging Are High
Let us assume that 40,000 patients with prostate cancer will

undergo 177Lu-PSMA treatments per year (17). Let us also assume
a high average imaging study cost of $5,000 per patient. Imaging
costs would then amount to $200 million per year. Let us also
assume that 1 treatment cycle of 177Lu-PSMA will cost $50,000 in
the United States and that an average of 3 cycles (accounting for
treatment discontinuation in nonresponding patients) will be given
to each of the 40,000 patients, for a total of 120,000 cycles. Treat-
ment cost would then amount to $6 billion per year. Let us finally
assume conservatively that 1 of 5 patients (20%) would be
screened out by PSMA PET/CT imaging because of no, low, or
heterogeneous target expression. This screening would reduce the
overall treatment costs by $1.2 billion per year. Thus, rather than
adding expenses, appropriate imaging reduces health-care expen-
ditures for PSMA-targeted theranostics significantly and dramati-
cally, an effect that may not be in the interest of some industry
sections but of great benefit for patients and society.
Patients and physicians demand and deserve personalized preci-

sion medicine. Radiotheranostics offer the unprecedented opportu-
nity of whole-body image–guided individualized disease
management. Imagine how chemotherapy outcomes would
improve if whole-body drug biodistribution and target expression
could be determined in advance of administration. And imagine
how patient selection would improve if treatment failure could be
predicted by applying a whole-body imaging biomarker.
We agreewith Srinivas and Iagaru (18) thatwefinally have a predic-

tive whole-body imaging biomarker for response to PSMA-targeted
therapies in prostate cancer. Inclusion versus exclusion criteria based

on PSMA imaging await further definition
and refinement. However, if we are serious
about precision medicine, PSMA imaging
must be included in the selection of patients
for PSMA-targeted therapies.
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D I S C U S S I O N S W I T H L E A D E R S

Perspectives on Theranostics and Nuclear Medicine
A Conversation Between Andrew Scott and Johannes Czernin
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Johannes Czernin, editor in chief of The Journal of Nuclear
Medicine, talked with Andrew M. Scott, director of the Depart-
ment of Molecular Imaging and Therapy at Austin Health, head of
the Tumor Targeting Laboratory at Olivia Newton-John Cancer
Research Institute, a professor at the School of Cancer Medicine at
La Trobe University, and a professor at the University of Mel-
bourne (all in Australia), about his role and perspective on the
extraordinary growth and promise of theranostic applications in
nuclear medicine.
Dr. Scott is an internationally recognized physician/scientist

whose research has focused on defining and characterizing antigen
and receptor targets for cancer therapy, signaling and metabolic
pathways in cancer cells, antibody-based therapy and immune reg-
ulation of tumors, and molecular imaging of cancer. His research
has led to translation of multiple novel antibodies and proteins
from basic development to phase 1 and 2 cancer trials. In addition
to his clinical and research activities, he is engaged in strategic
planning for training, health-care policy, and molecular imaging/
nuclear medicine therapy advocacy in countries around the world,
as well as with the International Atomic Energy Agency and the
World Health Organization. He is a former president of the World
Federation of Nuclear Medicine and Biology and has published
more than 390 peer-reviewed articles and 27 book chapters.
Dr. Czernin: Andrew, I want to first talk to you about theranos-

tics, which is now becoming mainstream in oncology and is con-
sidered one of the major accomplishments in the history of
nuclear medicine. How do you see the presence and future of
theranostics?
Dr. Scott: The future is extremely bright. It is quite gratifying to

see improved progression-free and overall survival in prostate-
specific membrane antigen (PSMA)–targeted radionuclide multi-
center trials, which build on a history of innovation in our field. I
started my theranostics research with radiolabeled antibodies back
with Steven Larson, at Memorial Sloan Kettering Cancer Center
(MSKCC; New York, NY). Today our understanding of suitable
targets in tumors and therapeutic strategies, including delivery sys-
tems, is more sophisticated. We are also much more expert in con-
ducting multicenter trials, either investigator-led cooperative group
or industry-led studies. If we had relied only on industry-led stud-
ies, I don’t think we would have achieved the progress that has
been made. And I do think that we need to maintain our roots in
biology and in physiology to ensure that innovation and progress
continue. Nuclear medicine isn’t just about looking at images; if
that’s all we did, we would not be where we are with theranostics.

We have to maintain that rich pipe-
line—that deep understanding of the
fundamentals of biology, the connection
to imaging, and how that leads to radio-
pharmaceutical approaches—to achieve
therapeutic outcomes for patients.
Dr. Czernin: Much of the impetus

for designing the prospective PSMA tri-
als came from compassionate-use stud-
ies done in Germany. Of course, these
wouldn’t have been sufficient to move
the field forward, because prospective
data are needed. At the same time, in
Australia even before the VISION trial you provided important
data from prospective studies of PSMA therapeutics (e.g., the
TheraP trial) and for somatostatin-targeted therapies. Could you
treat patients outside of trials?
Dr. Scott: There is a regulatory mechanism in Australia to treat

people with compassionate therapeutics under certain circumstan-
ces, and this has been done. But we have also introduced a disci-
pline and rigor in Australia to perform prospective clinical trials
for novel imaging and therapeutic radiopharmaceuticals. That
dates back to our early studies in PET, where, in order to achieve
Medicare rebates for PET, our federal government provided sup-
port for a nationwide program in which we performed prospective
studies over 2 years in more than 30,000 patients to generate evi-
dence of PET’s impact. We also explored detailed management
outcome data in prospective studies in more than 900 additional
cancer patients. These data allowed us to get approval for PET in
Australia for a range of cancers and to develop a clinical trial net-
work that we have then been able to reapply to theranostic
programs.
Dr. Czernin: Given the enormous interest in PSMA-targeted

theranostics, do you have any volume predictions in Australia?
How many patients will you treat per year?
Dr. Scott: We don’t have precise numbers, and we are actually

working on that at the moment. But it’s many, many thousands
of patients.
Dr. Czernin: We came up with an estimated 40,000 patients in

the United States initially, including all patients with advanced
disease—that’s 160,000–240,000 cycles, which is an enormous
number when you know that we may have a hundred sites where
these treatments can be done. The volume will be staggering.
Dr. Scott: It will be! We have been thinking a lot about the pro-

vision of PSMA therapies in Australia and how this can be done
in an effective and equitable manner. From a supply chain per-
spective, I think the supply of lutetium is going to be a major issue
globally.
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Dr. Czernin: Yes, we hope that the market will take care of it,
because someone will make a lot of money if the supply problem is
solved.
Dr. Scott: Another key issue we have been doing a lot of work

on is workforce training and standards. This involves creating
standards both for professional training for our clinical and scien-
tific professionals and for site credentialing.
Dr. Czernin: Theranostics has created a whole new image for

nuclear medicine. It has led to the recognition that nuclear medi-
cine has something unique to offer in the therapeutic realm.
Dr. Scott: There is no doubt that theranostics is going to take

nuclear medicine into a bold new direction, so that it is not just
seen as an imaging specialty. This will be a worldwide trend and
one that we need to pursue collectively. Over the last 5 years in
particular, the profile and reputation of nuclear medicine in Aus-
tralia among our oncology, cardiology, and neurology colleagues
have been progressively increasing due to the success of our clini-
cal and basic research. Many clinical trial groups are now asking
us to participate in the design of large studies. We now have a
group of highly talented young nuclear medicine physicians such
as Michael Hofman, Louise Emmett, Roslyn Francis, Sze Ting
Lee, and others who are really taking charge and leading impactful
clinical trials. It’s wonderful to see. But there are even more
opportunities moving forward.

Dr. Czernin: Let’s talk about the next targets. I found your
earlier Journal of Clinical Oncology (1994;12:1193–1203) article
where you worked with Steve Larson to target fibroblast activa-
tion protein (FAP). It’s actually a wonderful paper because it
focuses on this very interesting target but also applies SPECT/
CT, a technology that was new at that time. JNM has recently
published two articles, one from Baum et al. and one from Ferdi-
nandus et al. with two different compounds targeting FAP for
therapy. And Clovis has recently recruited the first site for their
therapeutic FAP inhibitor trial. What do you think about targets
such as this?
Dr. Scott: I have long thought that FAP is an excellent target.

Lloyd Old, who was among the founders of modern tumor immu-
nology, developed the first anti-FAP molecule (antibody F19). I
was involved in the first-in-humans imaging trial that validated
FAP as a target in tumors. This was followed by a trial that I led
with the humanized anti-FAP antibody sibrotuzumab, which
combined imaging with therapy using this antibody. We also
undertook a small radioimmunotherapy trial in cancer patients
with 131I-sibrotuzumab. We confirmed that FAP is expressed
across a range of different tumor types and have continued to
explore the biologic role of FAP in the tumor microenvironment.
It is exciting to see that FAP is now emerging as an important tar-
get for PET imaging and potentially therapy with radionuclides.

‘‘Innovation and success will always bring challenges, but we are very well positioned to bring these new imaging and
theranostic approaches to our nuclear medicine profession and to patients.”

Dr. Czernin: Talk a little bit about your career. How did you
get to MSKCC, and how did the work there shape your work as a
translational scientist?
Dr. Scott: I did my medical training in Sydney (Australia) and

after residency undertook internal medicine training and com-
pleted my Fellow of the Royal Australasian College of Physicians
exams. In Australia one typically undergoes additional specialty
training after internal medicine. I was impressed by the nuclear
medicine department at the large hospital at which I was working
and decided to pursue this as a career. Nuclear medicine training
took an additional 3 years. I felt that PET in oncology had great
potential, although at the time it was mainly focused clinically
only on cardiology, neurology, and brain cancer. No PET sites had
been established in Australia. I was also interested in monoclonal
antibodies from my reading of the scientific literature. Steve Lar-
son happened to travel to Australia toward the end of my nuclear
medicine training, and I asked if he had any fellowship positions
available. He did, and soon afterward I found myself in New
York, working at MSKCC. While there, I spent a lot of time in the
lab and clinic working on monoclonal antibody research and trials.
This led me to work closely with Lloyd Old, who had an extraor-
dinary program at MSKCC of discovery and clinical translation of
monoclonal antibodies. I was very fortunate to spend time in his
lab developing cutting-edge technologies and also to work closely
with Steve Larson in his world-class PET and SPECT program,
including targeted antibody therapeutics. Toward the end of almost
3 years at MSKCC I was offered a position back in Melbourne in
the Ludwig Institute for Cancer Research (LICR) to develop a lab-
oratory and clinical program in targeted antibodies and in onco-
logic PET. I was quite fortunate to be in the right place at the right
time, because Lloyd Old was the scientific director of the LICR

and my new position coincided with an expansion of the LICR
global clinical program. Since returning to Australia, I have led a
laboratory program focused on antibody and small-molecule thera-
peutics and cancer biology, on PET in oncology, and on radionu-
clide therapy at the Austin Hospital.
Dr. Czernin: What would you consider your most important

contribution to improve patient outcomes through your work in
imaging and theranostics?
Dr. Scott: From a patient impact perspective, probably design-

ing and conducting large multicenter trials in PET that led to
Medicare approvals. In Australia almost 90,000 cancer patients
now undergo Medicare-funded PET studies each year. Also, con-
tributing to the development of theranostics, which I have been
doing for almost 25 years. Seeing theranostics achieving such suc-
cesses is very gratifying.
Dr. Czernin: You know the American, the Australian, and the

European health-care systems. What should the ideal health-care
system look like?
Dr. Scott: I think the Australian system works very well,

because we have a universal health-care coverage safety net that
provides basic essential health care and access to major teaching
hospitals for complex treatment. But we also have a private insur-
ance system, which is very important if you want to be able to
select your own specialist for obstetric care, for orthopedics, or for
elective surgery.
Dr. Czernin: What percentage of Australians have private

insurance?
Dr. Scott: I believe it is just over 40%.
Dr. Czernin So it’s a pretty high percentage.
Dr. Scott: That is correct. There is a tax advantage for having

private health insurance. One of the reasons that our health system
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works well is that if you have an acute illness, the major teaching
hospitals that are university-affiliated are as good as any in the
United States and Europe. Anyone who is an Australian citizen
can go to these hospitals and have treatment for free during acute
admissions. In the context of the global health-care environment,
the government through Medicare actually sets the reimbursement
for consultations and procedures. You can see any primary care
provider you want for free, although some do charge a small
copayment. We have an advantage of being able to have access to
virtually all of the modern technologies and pharmaceuticals. Of
course, there can be delays in some new and expensive therapies
being provided, and for nuclear medicine we are still putting in
health technology applications for some PET indications. If you
want to see a specialist of your choice or have elective surgery
without being on a long waiting list, private insurance can be ben-
eficial and therefore is common. The approval and reimbursement
for new radiopharmaceutical therapies (e.g., 177Lu-PSMA) will be
an interesting journey!
Dr. Czernin: Back to the clinical trials network: how do you

motivate sites to participate?
Dr. Scott: Our major teaching hospitals have well-established

systems for approval and conduct of clinical trials. The regulatory
environment is also supportive, because within public hospitals
there is no requirement for current-good-manufacturing-practice
certification for early-phase investigator-initiated radiopharmaceuti-
cal trials. Of note, we have a large network of enthusiastic nuclear
medicine clinicians, scientists, and technologists who work well
together. Through our Australasian Radiopharmaceutical Trials
Network (J Nucl Med. 2021;62:755–756) we have also developed
site credentialing and central data review processes that make par-
ticipation much easier for smaller sites. An important advantage in
the last 5 years has been the availability of major grant funding ini-
tiatives for clinical trials that we have been able to tap into. This
has been a federal government initiative and has been quite trans-
formative. There has also been support from major philanthropic
and charity organizations, such as the Prostate Cancer Foundation
and Movember, as well as the Australian Nuclear Science and
Technology Organization, for many of the trials performed.
Dr. Czernin So that brings me to what I think is the most impor-

tant topic that needs to be addressed worldwide, and that is
inequalities in health care. How can we address disparities in
health care?
Dr. Scott: This is a key issue in improving access to nuclear

medicine globally and was the topic of the recent Lancet Oncology
Commission on Medical Imaging and Nuclear Medicine (Lancet
Oncol. 2021;22:e136–e172), for which I was a lead commissioner.
The key initial part of this project was that we had no clear under-
standing of the imaging infrastructure and workforce around the
world. We had some information for nuclear medicine, mainly
through the International Atomic Energy Agency database, but
there was minimal information for radiology. One of the principal
achievements of this project was to bring together accurate infor-
mation on imaging equipment and workforces in 200 countries.
From the nuclear medicine standpoint, there was impressive coop-
eration and support from many societies and individuals around

the world. We then performed a very detailed Delphi analysis of
the role of imaging in diagnosis and treatment of 11 common can-
cers. We subsequently performed sophisticated modeling to deter-
mine the impact of improvement in access to imaging on survival
across all 200 countries. There were several important outcomes
from this analysis. The first was that improvement in basic imag-
ing access to technologies such as ultrasound and x-rays would
have the greatest impact in low-income countries. In middle-
income countries, improved access to MRI, PET, and CT would
have the greatest impact on survival. Interestingly, in high-income
countries, improved access to PET, CT and SPECT would have
the greatest impact on survival. The other very important outcome
of this Lancet Oncology Commission was that increasing imaging
access for cancer patients was projected to cost just over $6 billion
for a 10-year period but would result in lifetime productivity gains
of $1.23 trillion—a net return of $179.19 per $1 invested. We are
now working to have these pivotal findings translated into health-
care policy and also to identify mechanisms to support initial fund-
ing, particularly in low- and middle-income countries.
Dr. Czernin: You also write in this article about changes in edu-

cation and training that would include health-care economists and
public health experts, as well as imaging experts and oncologists,
to educate medical students and then postdocs and young experts.
You also address the need for establishing centers of excellence.
Dr. Scott: If you create centers of excellence where nuclear

medicine professionals can train and learn, you can achieve the
workforce you need for cancer imaging and theranostics. This can
be at a country level or at a regional level. Also, we need to work
with governments to influence health-care policy for nuclear medi-
cine and medical imaging that is justified by economic evidence.
We need to ensure that our nuclear medicine community is much
more aware of this sort of information and is able to engage with
regulatory and reimbursement bodies in their countries to improve
funding and access. Many other medical specialties, such as cardi-
ology, neurology, oncology, and mental health, are very proficient
at obtaining such approvals. Our nuclear medicine profession now
has evidence in cancer to justify country-based investment, and
we should work together to achieve improved access to PET- and
SPECT-based imaging in cancer patients.
Dr. Czernin: What is your advice for young colleagues entering

the field, and what is your final message to our readers?
Dr. Scott: I would say to young colleagues that nuclear medi-

cine has never been a better specialty to work in than it is now. I
was enthusiastic when I started more than 25 years ago, but the
future is even brighter now! Be flexible, open-minded, and read
the literature—not only in nuclear medicine but in the areas where
medicine and science are heading. It is a time of significant
change, so keep up to date with the latest advances and opportuni-
ties. Be strategic and forward thinking. If we provide leadership,
our other medical colleagues will come along with us. Innovation
and success will always bring challenges, but we are very well
positioned to bring these new imaging and theranostic approaches
to our nuclear medicine profession and to patients.
Dr. Czernin: Thank you for taking the time to talk to our read-

ers and me.
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Encouraging results from targeted a-therapy have received significant
attention from academia and industry. However, the limited availability
of suitable radionuclides has hampered widespread translation and
application. In the present review, we discuss themost promising can-
didates for clinical application and the state of the art of their produc-
tion and supply. In this review, along with 2 forthcoming reviews on
chelation and clinical application of a-emitting radionuclides, The
Journal of Nuclear Medicinewill provide a comprehensive assessment
of the field.
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Targeted radionuclide therapy has seen important clinical
breakthroughs, notably originating from the successful clinical
translation of prostate-specific membrane antigen–targeted and
somatostatin receptor–targeted therapy with b2 emitters (notably
177Lu) (1,2). a-emitting radionuclides have also been applied suc-
cessfully in research and the clinic. Although not a bioconjugate,
Xofigo (223RaCl2; Bayer) received clinical approval, representing
an important milestone in the translation and application of
a-emitter–based radiopharmaceuticals (3).

Improved access to a portfolio of selective a-emitting bioconju-
gates and radiopharmaceuticals is an important requirement for

preclinical evaluations, clinical trials, and translation (4,5). Tar-
geted a-therapy (TAT) combines a-emitting radionuclides with
selective delivery systems (e.g., peptides or antibodies). Because
of their high linear-energy transfer and high energy (several mega-
electronvolts), TAT radiopharmaceuticals deliver therapeutic
power within a range of a few cell diameters. This power gener-
ates maximal damage to targeted cells while minimizing off-target
effects on healthy tissues (6).
Significant efforts are required to optimize the formulation of sta-

ble radiopharmaceuticals, determine microdosimetry, and advance
clinical studies. However, the major bottleneck for conducting
translational research with a-emitters is their limited availability.
The high atomic number (Z) of TAT radionuclides, resulting in
complex production and lengthy irradiation using powerful reactors
or cyclotrons, creates this problem. Alternatively, irradiation of
highly radioactive targets at specialized facilities or generation
from uncommon isotopes may be required. Therefore, the demand
for a-emitters often significantly exceeds availability and supply.
Several comprehensive reviews about various aspects of TAT,

including radiochemical considerations (7), and preclinical and
clinical applications have been published (8,9). In the current
review, we asked a group of experts to highlight research chal-
lenges and opportunities for the rapidly evolving field of TAT. We
describe the state of the art in production and supply of the most
potent clinically relevant a-emitters. We also highlight discrepan-
cies between demand and availability.
Member states have asked the International Atomic Energy

Agency to assist with capacity building and technology transfer
for the development, production, and quality control of new genera-
tions of therapeutic radiopharmaceuticals, including a-emitters. Dur-
ing technical meetings at the International Atomic Energy Agency in
2013 (10), 2018 (11), and 2019, the demand, production routes,
radiopharmaceutical aspects, and supply of 225Ac were extensively
discussed. The International Atomic Energy Agency will provide
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guidelines to the member states for production, quality control, pre-
clinical tests, and waste management of a-radiopharmaceuticals.
In the following section, we discuss production and supply

aspects of candidates that are currently in clinical practice
(227Th/223Ra, 225Ac, 211At, and 212Pb/212Bi) and several promising
candidates that are in preclinical evaluation (230U/226Th and
149Tb). All nuclear decay data are taken from the NuDat library,
version 2.8 (https://www.nndc.bnl.gov/nudat2/).

CLINICALLY RELEVANT a-EMITTERS

227Th/223Ra
Starting from 227Ac (half-life [t1=2], 21.77 y), 2 nuclides for TAT

applications can be extracted: 227Th (t1=2, 18.7 d) and
223Ra (t1=2, 11.43

d) (Fig. 1). Despite their chemical differences, they are grouped
because of their common starting material, similarly to 225Ac and
213Bi or 224Ra and 212Pb. Thus, before exploring the current use of
227Th and 223Ra, the production of 227Ac needs to be described.

227Ac is produced primarily via neutron irradiation of a 226Ra tar-
get in a nuclear reactor (12). Several limitations relevant to 226Ra
(t1=2, 1600 y) as a target material need to be considered: the target is
highly radioactive, with the 222Rn (t1=2, 3.82 d) daughter as a radio-
active gas; further, limited quantities of 226Ra are currently avail-
able. For an efficient process, a high flux of thermal neutrons with
minimum contribution of fast neutrons is preferable, as 226Ra does
have a non-negligible fission cross-section for neutrons with energy
above 1 MeV (13). Because of the increased focus of medical
authorities on production quality, a specification of the target mate-
rial may be required to ensure the quality of the 227Ac product.
After 226Ra target irradiation, purification of 227Ac from the tar-

get is the next step. This is accomplished by separation using liq-
uid chromatography techniques, similar to the procedure for
separation of 229Th from 225Ac and 225Ra (14). The separation
process needs to remove all radium and all thorium, as both 228Th
and 229Th will be present as by-products after irradiation, along
with the remaining 226Ra. After 227Ac purification, characteriza-
tion of the actinium is recommended, to have as much data on the
starting material as possible. The 227Ac is typically kept in a dilute
nitric solution but may be dried down to actinium nitrate if the
material is to be shipped, because shipment of dry material is eas-
ier than shipment of a solution, based on the current International
Air Transport Association regulations (15).
Alternative approaches include the recovery of 227Ac from leg-

acy actinium-beryllium neutron sources (16) and the accelerator-
based production of 225Ac using 232Th as a target generating small
quantities of 227Ac as a by-product (17). There was virtually no
production of 227Ac between the 1970s and the past decade. Thus,
the availability of 227Th and 223Ra was very limited.

NOTEWORTHY

� TAT shows significant potential in the clinic for cancer
treatment.

� One of the main challenges limiting the wide application of
TAT is the production and supply of suitable TAT
radionuclides.

� For most TAT radionuclides, current demand significantly
exceeds the available supply, but international efforts for
increased production are under way.

227Th is harvested from a generator containing 227Ac. Using
separation columns, it is possible to separate thorium from actin-
ium and radium, thus removing both the mother and the daughter
nuclides. The purified thorium may be used on-site for immediate
labeling or shipping, as thorium chloride, to the labeling site. If
shipment or labeling is delayed, the purification step for removal
of radium may be repeated to minimize the dose contribution from
daughters.

223Ra is also harvested from a generator containing 227Ac.
Using separation columns, radium can be separated from actinium
and thorium, thus removing both mother nuclides. The purified
radium is typically used on-site for drug formulation immediately
or shipped as dry radium chloride.
Both 223Ra and 227Th are currently commercially available from

Oak Ridge National Laboratory (ORNL) through the U.S. Isotope
Distribution Office, and Pacific Northwest National Laboratory,
Rosatom, and Bayer have access to 223Ra and 227Th.
Radium was considered a good candidate for TAT, but over the

last few decades, no suitable chelator has been found. However,
223Ra in its ionic form is clinically used as Xofigo in the treatment
of bone metastatic prostate cancer (18). This does not involve a
chelator or a target-seeking moiety. Xofigo thus represents a spe-
cial form of TAT pharmaceutical. The use and handling of Xofigo,
which is currently approved in 53 countries, form the basis for any
subsequent TAT pharmaceuticals, including those produced in the
European Union, the United States, and Japan.
Because of their short half-lives, all daughters are in radioactive

equilibrium with 223Ra at the time of injection. The shelf-life of a
radiopharmaceutical will be governed by several parameters,
including the activity of the mother nuclide, ingrowth of radio-
active daughters, and degradation of the pharmaceutical due to

FIGURE 1. Decay scheme of 227Ac.
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radiolysis of one or several components. In the case of Xofigo,
the ingrowth of daughters is not a limiting factor, as the
daughters are fully ingrown after some hours. Radiolysis of
the pharmaceutical is a concern, particularly radiolysis of the
citrate buffer. In addition, the lower specific radioactivity after
several half-lives is also a concern. To determine a proper
shelf-life, these aspects must be considered and studies must
be conducted. In the case of Xofigo, a shelf-life of 28 d was
therefore adopted. This shelf-life is unusually long for a radio-
pharmaceutical, partly because of the t1=2 of

223Ra and partly
because of the low impact of radiolysis, and allows for global
distribution independent of production site location. For
research applications, the availability of 227Ac, 227Th, and
223Ra is currently sufficient, but the overall supply for clinical
or commercial use is less certain. No published data on the
production capacity for the different suppliers are available.

225Ac/213Bi
225Ac is one of the most promising TAT radionuclides, with a

t1=2 of 9.92 d and a net emission of 4 a-particles in the decay chain.
It can be used for TAT radiopharmaceuticals or as a source of
213Bi (t1=2, 45.61 min), which also can be applied in TAT (19).
There are several production routes for 225Ac (20). The two

most important are separation from the natural decay of 229Th
obtained from waste stockpiles containing 233U, and irradiation of
232Th with high-energy protons (.70 MeV) via reaction
232Th(p,x)225Ac.
In addition, irradiation of 226Ra with lower-energy protons

(,25 MeV) via the reaction 226Ra(p,2n)225Ac holds great promise
for large quantities because of the high (710 mbarn) cross-section
peak at 16.8 MeV (21). This reaction could be performed on many
of the low-energy cyclotrons already in use for medical isotope
production. However, irradiation of a highly radioactive target on
these medical cyclotrons, and limited radium quantities, have ren-
dered use of this approach infrequent. Another promising route is
photonuclear production via 226Ra(g,n)225Ra!225Ac, which can
provide the clinically relevant supply of 225Ac (22).

Production of 225Ac from 229Th Decay
225Ac is most frequently produced from 229Th generators. 229Th

is the grandparent isotope of 225Ac in the decay series of 233U
(Fig. 2) and has a t1=2 of 7,932 y (NuDat), later corrected to 7,917
y (23). As such, 229Th serves as an ideal radioisotope generator for
a virtually perpetual supply of 225Ac. The primordial neptunium
decay chain to which 229Th belongs is now extinct; therefore,
229Th that is suitable for use via separation technology is of lim-
ited availability. The most common source of 229Th is the decay
of anthropogenic 233U. Because of safeguarding and nonprolifera-
tion efforts surrounding 233U, access to large quantities is limited
and approximately only 12.9 GBq (350 mCi) of 229Th have been
converted into functioning 225Ac generators to date; this restriction
has limited the global annual production of 225Ac to approximately
63 GBq (1.7 Ci) (20).
By allowing the 225Ra (t1=2, 14.9 d) and 225Ac (t1=2, 9.92 d) prog-

eny of 229Th to approach secular equilibrium (Supplemental
Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org) over typically 30–90 d, the generator can be
eluted to separate the shorter-lived daughters. After initial milking
of the 229Th generator, 225Ra can be stored for further use as a
parent–daughter generator of a reduced but still relevant quantity
of 225Ac. The frequency of 229Th and 225Ra generator elution is

often determined with considerations for batch size requirements,
operational cost, and generator size. Generators with larger
amounts of 229Th can produce suitable 225Ac batch sizes with
higher frequency. After elution, selective isolation and careful
quality control are performed to prepare 225Ac suitable for incor-
poration into radiopharmaceuticals.
There are multiple 229Th generators in operation, capable of

producing 225Ac in quantities relevant for preclinical and limited
clinical use. The Directorate for Nuclear Safety and Security of
the Joint Research Centre in Karlsruhe, Germany (Supplemental
Fig. 2), possesses about 215 mg of 229Th (24), and the Leypunsky
Institute for Physics and Power Engineer in the Russian Federation
(Supplemental Fig. 3) (25) and ORNL in the United States (26)
each possesses 700 mg of 229Th. An additional source recently
became available at Canadian Nuclear Laboratories (Supplemental
Fig. 4) (27), with 50 mg of 229Th.
All generators rely on an anion exchange mechanism for separa-

tion of 229Th from 225Ra and 225Ac. Cation exchange or extraction
chromatography is used for 225Ac separation from 225Ra, whereas
additional anion exchange processing provides purification from
residual thorium (28). These methods produce 225Ac with suitable
attributes for preclinical and clinical applications (7). Molar-
specific activity and stable metal content can differ for various
225Ac sources. 233U stockpiles are currently being processed at
ORNL through a public–private partnership that is expected to
yield about 45,000 mg of 229Th (Supplemental Table 1) (29). This
material also contains 228Th in sufficient quantities (30) to require

FIGURE 2. Decay scheme of 233U.
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exposure shielding due to the presence of 208Tl, complicating gen-
erator development and deployment. Work on the generator for
this material is ongoing and will leverage the techniques and meth-
ods used in the existing generators (31).

Production of 225Ac via Proton Irradiation of 232Th
225Ac has been produced by the spallation reaction

232Th(p,x)225Ac on thorium targets with proton energies ranging
from 100 to 1,400 MeV at beam currents of as high as 250mA.
This method of production is presently under development as part
of the U.S. Department of Energy’s (DOE’s) Tri-Lab Effort,
involving Brookhaven National Laboratory and Los Alamos
National Laboratory for target irradiations and ORNL for subse-
quent radiochemical processing and dispensing of irradiated tar-
gets. The current focus of the U.S. DOE Tri-Lab Effort is to bring
colocated processing facilities online at Brookhaven National Lab-
oratory and Los Alamos National Laboratory in the time frame of
6 mo to 5 y, with the goal of greater than monthly production of
curie-scale batches. The U.S. DOE Tri-Lab Effort has established
processing under current good-manufacturing-practice conditions,
with operations captured under a drug master file (32,33).
In addition, efforts are under way to develop spallation produc-

tion capabilities in Canada using a diverse set of irradiation capa-
bilities at the Tri-University Meson Facility (TRIUMF) (up to
500-MeV proton beams). Producing 225Ac at higher proton energy
results in a higher fraction of 225Ac versus 227Ac (Supplemental
Fig. 5). This is currently being pursued with TRIUMF’s 500-MeV
cyclotron. About 200-MBq (5.4 mCi) quantities of 225Ac are pro-
duced with a proton beam of about 480 MeV on target. In addi-
tion, significant amounts of 225Ra are also produced, which can be
separated and used as a generator isotope for isotopically pure
225Ac (Supplemental Fig. 5). In recent 25 mA�h irradiations of
approximately 8-g targets of 232Th, isolation of the radium fraction
provided sufficient 225Ra to yield about 18 MBq (�0.5 mCi) of
225Ac, with no detectable 227Ac (Supplemental Fig. 6 shows the
separation, and Supplemental Fig. 7 shows an example of a
g-spectrum (34,35)).
Furthermore, work is under way at the Institute of Nuclear

Research, Russia, and at NorthStar Medical Technologies, where
teams are developing spallation production targets and new pro-
cess technologies (36–38).
In thorium spallation, 227Ac (t1=2, 21.77 y) is coproduced with

yields similar to those for 225Ac, leading to concerns about facility
licensing and about the path forward for associated waste streams.
Overall, 227Ac activity represents approximately 1%–2% of the
overall sample activity and has not been demonstrated to impact
labeling efficiency with DOTA, the gold standard for radiolabel-
ing, or to result in toxicity concerns (39). The concern related to
227Ac content can be avoided when producing 213Bi from a gener-
ator, which retains all actinium isotopes. This issue can also be
addressed by isolating radium isotopes and further extracting iso-
topically pure 225Ac (40). Additionally, researchers at TRIUMF
have demonstrated online generation of isotopically pure beams of
225Ac using a resonant laser ionization method (41), and Conseil
Europ�een pour la Recherche Nucl�eaire (CERN) has demonstrated
separation of pure beams from different thick targets of either
225RaF1 or 225Ac1, including molecular ion formation or resonant
laser ionization (11). The supply of 225Ra or 225Ac from CERN-
MEDICIS (Medical Isotopes Collected from Isolde) or Institute
for Transuranium Elements, Karlsruhe, will become available for
researchers through a newly approved coordinated European hub,

PRISMAP (Production of
High Purity Isotopes by
Mass Separation for Medical
Application). The European
medical isotope program
kicked off in 2021 (42).
Currently, most 225Ac is

used in the form of 225Ac-
labeled radiopharmaceuticals
(43), both for preclinical
development and for clinical
studies mainly focusing on the treatment of prostate cancer, neuro-
endocrine tumors, and gliomas. Although the application of 213Bi,
generated from 225Ac/213Bi generators, has also demonstrated sig-
nificant clinical benefit (44), the limited availability and high cost
of high-activity generators are presently hampering further studies.

211At
211At (Fig. 3) is the a-emitting radionuclide that is perhaps easi-

est to produce. However, its availability has been limited because
there are few accelerators in the world that produce an a-beam
with the optimal energy range (28–29 MeV) and beam current
(10mA or higher) to produce adequate quantities for research and
clinical applications (5,45,46). Additionally, the relatively short t1=2
of 211At (7.21 h) causes distribution problems. Here, the supply
model is a network, as, for instance, established by the DOE iso-
tope program.
The most common method of production uses the

209Bi(a,2n)211At reaction, in which a metallic bismuth target is
bombarded with a-particles (Fig. 4). Inexpensive naturally abun-
dant monoisotopic bismuth (available at 99.999%) can be used
directly for target preparation. In general, the bismuth metal is
melted onto or is deposited from a vapor onto an aluminum or
copper backing. Bismuth metal, although inexpensive, is a poor
thermal conductor and has a low melting point (272�C). Thus,
effective cooling methods to prevent the target from melting dur-
ing irradiation are required (47). Thick targets (80 mm) are desired
for production and to keep the beam from hitting the target back-
ing, but thinner targets allow for the most efficient cooling. Alter-
nate bismuth target materials with higher melting points, such as
Bi2O3, can be used in irradiation, but thus far none have proven to
be superior to bismuth metal in the production of 211At.
The incident energy of the a-beam in bismuth irradiations is

important for optimizing 211At production rates and for

FIGURE 3. Decay scheme of 211At.

FIGURE 4. Direct and indirect production routes of 211At. 211Rn can also
be produced by spallation of actinide targets (uranium or thorium) induced
by high-energy protons (reaction not shown).
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minimizing production of an unwanted radionuclide, 210At. Pro-
duction of 210At (t1=2, 8.1 h) is problematic as it decays to a long-
t1=2 a-emitter, 210Po (t1=2, 138.38 d). Although 210Po is found in
nature, it has high human toxicity. Generally, a 28-MeV a-beam
has been used to preclude 210At production. In an optimization
study at 29 MeV, no quantities of 210At were detected (48). At 29
MeV, the production rate of 211At was increased by about 15%
over that of a 28-MeV irradiation. Production of 211At can be sig-
nificantly increased by increasing the accelerator beam current,
but unfortunately, the feasible beam current is inherent in the
design of the accelerator. However, a higher beam current can be
obtained by irradiating an internal target as the beam current is
lost during extraction to external beamlines (49).
Isolation of pure 211At from irradiated bismuth targets is also

relatively simple compared with other a-emitters, as there are no
other radionuclides produced under optimal irradiation conditions.
The most common and perhaps simplest method for isolation of
211At is high-temperature (650�C–700�C) dry distillation. How-
ever, there can be radiation safety concerns with volatilized 211At.
Therefore, alternative wet chemistry isolation methods are being
developed (50,51). To simplify the isolation of 211At, methods for
automation of dry distillation and wet chemistry approaches are
being developed (52).
Current quantities of 211At are inadequate for widespread clini-

cal use. In fact, only Duke University and the University of Wash-
ington in the United States, and Copenhagen University Hospital
in Denmark, have produced 211At for clinical trials.
The U.S. DOE Office of Isotope Research and Development

and Production provides funding to improve the availability of
211At in the United States. It is also creating a university network
for 211At production in different regions of the United States for
shipment to users through the DOE National Isotope Development
Center. Japan has 5 sites producing 211At by a-beam irradiation
for use at 13 sites. In support of research, the European Union has
recently initiated a cost action (CA19114) that involves network-
ing of 211At production centers among several European countries.
Although production of 211At is currently limited, accelerators

with medium-energy a-beams can be added at a significantly
lower cost than high-energy accelerators or nuclear reactors
required for the production of other a-emitters. Accelerator tech-
nology innovations could provide much higher a-beam currents
than do current systems. Although new target technology will be
required with higher a-beam currents to circumvent target melting,
ultimately much larger quantities of 211At could be produced.
An alternative, early-stage, research approach for 211At produc-

tion involves irradiation of bismuth metal with lithium ions to pro-
duce 211Rn (Fig. 4) for a 211Rn/211At generator. Since 211Rn has a
t1=2 of 14.6 h, its decay during transit might provide a more effec-
tive distribution of 211At. Radon is classified as a gaseous element
and may not be suitable for chemical operations. However, since it
has a high affinity for nonpolar organic solvents, it is possible to
make a generator by applying the solvent extraction method (53).
Such a generator system has been demonstrated in which gaseous
211Rn was isolated and retained in liquid alkane hydrocarbon
(dodecane), and 211At generated from the 211Rn source was
extracted in an aqueous solution (2N NaOH) (54).

212Pb/212Bi
Both 212Bi (t1=2, 60.55 min) and 212Pb (t1=2, 10.64 h) are part of

the 232Th (t1=2, 1.4 3 1010 y) and 232U (t1=2, 68.9 y) decay chain,
with 212Bi being the decay daughter of 212Pb (Fig. 5). 212Pb emits

2 b2-particles and 1 a-particle through its decay to stable 208Pb,
whereas 212Bi emits 1 b2-particle and 1 a-particle, which can be
used for targeted radionuclide therapy. Either radionuclide is com-
monly isolated from 228Th sources, which is a decay daughter of
both 232Th and 232U.
A major drawback to using 212Bi clinically is the emission of a

relatively intense and very high energy g-ray (2.6 MeV of 36%
intensity per decay of 212Bi) via its daughter 208Tl. This also creates
an obstacle to handling 228Th sources, leading to stability issues due
to radiolytic damage of generator systems, and mandates significant
shielding for operators (55). These issues have been noted for the
newly available 229Th, which contains 228Th in relatively high quan-
tities (as described in the “225Ac/213Bi” section).
Using 212Pb as an in vivo generator, instead of 212Bi directly, in

radiopharmaceutical development reduces the amount needed for
therapy 10-fold and facilitates radiopharmaceutical production,
formulation, and administration given its longer t1=2. However, the
issue of daughter recoil after b-decay and subsequent retention of
progeny needs to be taken into consideration (56), similarly to the
other a-emitters discussed.

212Pb, and thus 212Bi, are isolated from 228Th or 224Ra genera-
tors, both of which are natural decay products of 232Th. 228Th can
be obtained through isolation of 228Ra at annual intervals from
232Th or by isolation from anthropologic sources via 232U stock-
piles (a portion of which has been transferred by the Department
of Defense to AlphaMed, Inc., from stocks at ORNL, or by the
double-neutron capture and successive b2 decay of 226Ra (57)).
Isolation from natural 228Ra remains difficult given the need to

process tons of aged 232Th to obtain useable amounts. Each ton of
more than 35-y-old 232Th can yield approximately 3.7 GBq
(100mCi) of 228Ra. The company OranoMed extracts 212Pb from
natural thorium salt. Subsequent separation, purification, and con-
centration of elements decaying from 232Th provide worldwide
shipment of 212Pb generators.

FIGURE 5. Decay scheme of 232Th and 232U.
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228Th can be produced from successive neutron capture and
b2 decay of 226Ra. In the past, this production was proven to be
feasible, but further process development is needed to determine
production yields and cost.
Around 555-MBq (15 mCi) 224Ra/212Pb/212Bi generators are

available through the U.S. DOE Isotope Program (via ORNL)
(58). The current generator is sufficient only for preclinical devel-
opment (not clinical use), as radiolytic damage limits the scale-up
(59). Briefly, 224Ra (t1=2, 3.63 d) is separated from immobilized
228Th adsorbed onto an organic cation exchange resin (highly
cross-linked MP-50, �300 mL in volume). A 212Pb and 212Bi mix-
ture is eluted with a few milliliters of 2 M HCl or 0.5 M HI with
approximately 70% yield and parent breakthrough of 1026. It is
also possible to elute 212Bi (free from 212Pb) selectively with
0.5M HCl or 0.15 M HI. The 224Ra/212Pb/212Bi generator has a
shelf-life of about 2 wk.
Westrøm et al. (60) prepared a 228Th/224Ra generator based on

thorium purchased from Eckert and Ziegler. In this process, 228Th
was immobilized on a DIPEX (Eichrom) actinide resin by mixing
228Th in 0.1 M HNO3 with a portion of the actinide resin and, after
a few hours, loading onto a column containing a small portion of
inactive actinide resin to avoid breakthrough. 224Ra could be
eluted regularly from the generator column with 1 M HCl.
McNeil et al. (61) reported the preparation of a novel

228Th/212Pb generator using 228Th produced as a by-product of
232Th spallation with 500-MeV protons at TRIUMF. The bulk tho-
rium (8 g) (coprecipitated with 228Th) was purified via anion
exchange resin. 228Th did not absorb to the column and was found
in load and wash fractions, which were collected, evaporated to
dryness, and redissolved in 1 M HNO3 to produce the generator
stock solution. The 212Pb was separated from 228Th by passing the
generator stock solution through an 80-mg lead resin (Eichrom).

Research Candidates
There are several hundred a-emitters in the chart of radionu-

clides; however, most are not suitable for TAT because of their t1=2
or difficulties with the production and formulation of radiopharma-
ceuticals. However, with emerging alternative production routes
and advancement in chelation systems, several additional candi-
dates are of interest for TAT.

230U/226Th
230U (t1=2, 20.8 d) can be used for TAT directly or as a generator

source of shorter-lived 226Th (t1=2, 30.57 min). One potential
advantage over 225Ac/213Bi is that 230U/226Th has multiple
a-decays with very short lived daughters (seconds), which poten-
tially may prevent significant delocalization of daughters after the
decay from the targeting site (Fig. 6). One of the main challenges
in using 230U in the same way as 225Ac for direct labeling of bio-
molecules (e.g., antibodies or peptides) is the still relatively unde-
veloped chelation of uranium for radiopharmaceutical application.
In addition, for the 230U/226Th generator, the shorter t1=2 of

226Th
may represent challenges in term of logistic and radiopharmaceuti-
cal synthesis when used in the same way as 213Bi. 230U can be
produced either directly by proton or deuteron irradiation of 231Pa
(t1=2, 3.276 3 104 y) (62,63) or by decay of 230Pa (t1=2, 17.4 d),
which can be produced by spallation of 232Th (64–66). For the first
route, the production rate is 0.25 MBq (6.7 mCi)/mAh for 25 MeV
of energy (65), and limiting factors are the handling and availability
of the target material. For the second route, the main limitation is
that only 7.8% of produced 230Pa decays to 230U, significantly

decreasing the final yield. 230Pa can also be produced as a
by-product during proton spallation of 232Th and coextracted along
with other medical radionuclides (67), such as 225Ac. Radiochemical
processing is required for the protactinium, uranium, and thorium, as
is already well known and can be achieved by a combination of ion-
exchange and solid-phase extraction chromatography. On the basis
of the similar required clinical quantities of 225Ac, 230U can be pro-
duced (gigabecquerels [tens of millicuries]) via both routes; how-
ever, the currently low demand and absence of a suitable chelation
system for uranium limit application of this attractive radionuclide.

149Tb
149Tb (t1=2, 4.118 h) is the lightest a-emitter if one excludes

those with the extremely short (108Te) or long (146Sm) t1=2.
149Tb

was recognized long ago as an a-emitting radionuclide with poten-
tially interesting properties (Fig. 7), as it was found to be capable
of killing single cancer cells in vitro and is part of a terbium thera-
nostic quadruplet covering the different nuclear medicine modali-
ties in therapy and diagnostics (68–70). Cyclotron irradiation of
gadolinium targets with high-energy protons (70–200 MeV) and
spallation reactions of protons at high energy (.1 GeV) on thick
tantalum targets are the most favorable production routes. In all
cases, mass separation is required to suppress coproduced terbium

FIGURE 7. Decay scheme of 149Tb.

FIGURE 6. Decay scheme of 230Pa.
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radionuclides, with demonstrated efficiencies of 12% at CERN-
MEDICIS and of 50% with stable terbium tracers at the LARISSA
(Laser Resonance Ionization Spectroscopy for Selective Applica-
tions) isotope separator at the University of Mainz (Germany) and
for the 149Dy production route followed at ISOLDE (Isotope Mass
Separator On-Line). Daily cycles of 500-MBq batches are
expected from 2021 onward at CERN-MEDICIS to produce no-
carrier-added 149Tb radionuclide batches.
The relatively short t1=2 of

149Tb implies distribution networks
mimicking those of many diagnostic radiopharmaceuticals. To
support 149Tb distribution, transportation limits have been updated
accordingly in 2018 and are no longer a limiting factor for the dis-
patch of relevant activities for clinical applications (71).
Although these different a-emitters have been made available

to researchers under different access modalities, a new consor-
tium has been established, funded by the European Union’s
Horizon 2020 research and innovation program. PRISMAP com-
prises important nuclear reactors, accelerators, and isotope mass
separation centers. It aims at providing different radionuclides
for medical researchers through a single hub, a single web plat-
form (42). A call for projects, selection by a user panel, and
determination of important nuclear data for proper standar-
dization are fully included in the project’s implementation.
PRISMAP started on May 1, 2021.

DISCUSSION

The current supply of most TAT radionuclides is insufficient for
preclinical and clinical evaluation. Only very few research groups
have reliable access to TAT radionuclides, because of either high
costs or long wait times. Therefore, the supply of a-emitting radio-
nuclides for TAT is a pressing issue that needs to be addressed
urgently. The current review intends to stimulate discussion and
provide useful information on the selection and handling of TAT
radionuclides for scientists and clinicians who would like to
develop TAT programs. Table 1 summarizes the nuclear

properties, current availability on a clinical scale, and the potential
for a future increase in production.
Several strategies can potentially solve the supply shortage of

TAT radionuclides: development of alternative production strate-
gies by exploiting existing infrastructure or developing novel
approaches; improvement of targeting and radiochemical separa-
tion strategies enabling scaling up of the production of TAT radio-
nuclides; achieving a fieldwide consensus on the appropriate
radionuclidic and radiochemical purity for preclinical and clinical
applications; development of a broad portfolio of different chela-
tion and delivery systems to mitigate the physical and chemical
limitations of a-emitters; and definition of dosimetry and quality
standards for clinical applications.

CONCLUSION

The supply and production of a-emitters are of critical impor-
tance when selecting the most suitable candidates for preclinical
and, in particular, clinical TAT. The availability of a-emitters has
slowed the successful development of radiopharmaceuticals for
TAT. Nevertheless, several landmark developments, including the
success of Xofigo and 225Ac-labeled prostate-specific membrane
antigen ligands, demonstrated the great potential of TAT. The
strong academic and industry interest further stimulated by these
success stories is expected to significantly improve radiopharma-
ceutical supply soon.
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facilities with a-beam; 211Rn/211At
generator route

212Pb/212Bi 10.64 h/60.55 min Decay of 228Th (generator 228Th/224Ra/
212Pb/212Bi)

Increase production of 228Th (e.g., by-product
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H O T T O P I C S

Radionuclide Imaging of the Gut–Brain Axis in
Parkinson Disease

Jacob Horsager, Karoline Knudsen, and Per Borghammer

Department of Nuclear Medicine and PET, Aarhus University Hospital, Aarhus, Denmark

The gut–brain axis is a bidirectional communication system
between the enteric and central nervous systems, comprising neu-
ronal, hormonal, and immunologic mechanisms. For instance, the
autonomic nervous system allows bidirectional communication
through parasympathetic and sympathetic efferent and afferent
neurons. There is compelling evidence that the enteric microbiota
has considerable influence on this intricate system. Thus, potential
targets for radionuclide imaging of the gut–brain axis comprise the
autonomic nervous system and gut microbiota, including
microbiota-specific substances.
Compositional changes in the gut microbiota in patients with

Parkinson disease (PD) have been reported in several studies and
may influence pathogenesis in several ways. For instance, curli-
producing Escherichia coli bacteria have been documented to
induce a-synuclein aggregation in the gut (1). These aggregates
may then spread via autonomic neurons to the central nervous sys-
tem, including the substantia nigra (and many other structures),
eventually causing PD (2). To our knowledge, no microbiota-
related imaging studies have been published, but validated
methods to visualize the autonomic nervous system exist. We pre-
viously hypothesized that PD comprises two subtypes: one that
originates in the enteric nervous system and spreads via the auto-
nomic nervous system to the brain (body-first), and one that origi-
nates within the central nervous system and spreads via neuronal
connections to other parts of the brain and the autonomic nervous
system (brain-first). In this framework, the autonomic nervous sys-
tem is affected at very different time points of the disease, depend-
ing on the subtype. Thus, radionuclide imaging of the autonomic
nervous system may serve as an essential tool to obtain a detailed
understanding of the temporal development of PD.
Parasympathetic innervation can be measured with the PET

radiotracer 5-11C-methoxy-donepezil (11C-donepezil), an acetyl-
cholinesterase inhibitor. It is a reproducible method to quantify the
cholinergic terminals in the gastrointestinal tract. Kinetic modeling
of several internal organs shows a strong correlation between
tracer volume of distribution and SUV (3). Therefore, a simple
static acquisition 45 min after 11C-donepezil injection yields high-
quality images of gastrointestinal acetylcholinesterase density
mirroring known cholinergic innervation (Fig. 1). The first com-
parative study in early-to-moderate PD patients showed a signifi-
cantly decreased signal in the pancreas (22% loss) and the small

intestines (35% loss) (4). The colon was not investigated in that
study. Next, in early-stage PD patients a loss of 22% was detected
in the colon and 14% in the small intestine and renal cortex (5). In
a study of patients with isolated rapid-eye-movement (REM) sleep
behavior disorder, the strongest prodromal marker for PD, the
colon and small-intestine 11C-donepezil SUV was decreased to the
same extent as in patients with PD (Fig. 1) (6). This finding firmly
suggests that some PD patients (those who develop REM sleep
behavior disorder before parkinsonism) exhibit severe autonomic
denervation years before they receive a PD diagnosis. This
hypothesis was tested in a recent study in which de novo PD
patients were allocated to a brain-first group (without premotor
REM sleep behavior disorder) and a body-first group (with premo-
tor REM sleep behavior disorder) (7). Brain-first patients should,
according to the hypothesis, have almost intact parasympathetic
innervation of the colon. Conversely, body-first patients should
exhibit severe parasympathetic denervation. Indeed, the body-first
group had a significantly lower colon 11C-donepezil SUV than the
brain-first group. Also, the brain-first group showed only mini-
mally reduced SUVs compared with healthy controls (Fig. 1). This
finding supports the hypothesis that PD consists of a brain-first
subtype and a body-first subtype. Recently, the 11C-donepezil PET
method was further validated by studying patients with bilateral
vagotomy after esophageal cancer surgery. Such patients lack
vagal cholinergic innervation of the abdominal organs, except pel-
vic organs and the descending colon. Indeed, the 11C-donepezil
SUV was lower in both colon and small intestine in this patient
group (Fig. 1) (8). Interestingly, the colonic SUV reduction was
most prominent in the proximal part of the colon, mirroring the
vagal parasympathetic projections. To summarize, 11C-donepezil
PET is a reliable method to quantify acetylcholinesterase density,
believed to reflect at least in part the parasympathetic innervation
of the gastrointestinal tract.
Future studies of the parasympathetic nervous system should

include 18F-fluoroethoxybenzovesamicol, a promising PET tracer
to evaluate the cholinergic system. 18F-fluoroethoxybenzovesami-
col is a vesicular acetylcholine transporter ligand, which is a more
specific cholinergic target than acetylcholinesterase. Thus, 18F-flu-
oroethoxybenzovesamicol may replace 11C-donepezil in future
studies of gastrointestinal parasympathetic innervation.
Radionuclide imaging can also be used to assess functional

abnormalities in the gastrointestinal tract. Up to 50% of PD
patients have symptoms, most likely caused by gastric dysfunc-
tion. Nevertheless, studies using gastric emptying scintigraphy, the
gold standard method for objective evaluation of gastric emptying
time, have shown considerable heterogeneity and only a modest
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delay in PD patients (9). Also, no robust association with subjec-
tive symptoms seems to exist (9).
Radionuclide imaging is often accompanied by a CT scan, from

which additional important information can be obtained. Since
constipation is one of the most frequently reported nonmotor
symptoms in PD, several efforts have been made to objectively
quantify the degree of colonic dysfunction. Colonic transit time
(CTT) can be assessed by the radiopaque marker method, in which
the number of retained markers can be counted on CT scans and a
CTT estimate calculated (10). Also, total colon volume is easily
obtained from even a low-dose CT scan and is considered another
objective biomarker for colonic dysfunction. In support, CTT and
colon volume are tightly correlated (10). Comparative studies
have shown that patients with PD generally have a longer
CTT and larger colon volume than healthy controls (10). Even
patients with isolated REM sleep behavior disorder have a
considerably prolonged CTT and increased colon volume (Fig. 1)
(11). Interestingly, body-first PD patients exhibit significantly
increased colon volume and CTT in comparison to brain-first PD
patients. Collated, these studies illustrate that objective colonic
dysfunction is present years before the PD diagnosis in some
patients, whereas other patients develop colonic dysfunction after
the PD diagnosis.
In summary, radionuclide imaging of the parasympathetic ner-

vous system is a reproducible method to investigate autonomic
degeneration in patients with PD. CT imaging provides additional
information on gut dysfunction. Future radionuclide studies of the
gut–brain axis in PD should explore new molecular targets, such
as targets in the sympathetic nervous system, enteric nervous sys-
tem, and microbiota-specific substances. Such studies will further
elucidate the importance of the gut–brain axis in PD and other
important disorders, including diabetic neuropathy.
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FIGURE 1. (Top) Representative 11C-donepezil SUV images of healthy control subject (HC), subject with isolated REM sleep behavior disorder (iRBD),
brain-first PD patient (BrPD), body-first PD patient (BoPD), and vagotomized patient (Vago). Signal is high in HC and BrPD. Images are scaled from 0 to
3 SUV. Plot shows medians and interquartile ranges for 11C-donepezil data. (Bottom left) CT images of normal and increased number of retained radi-
opaque markers (ROMs) (i.e., normal and increased colon transit time). Plot shows medians and interquartile ranges for ROM data. (Bottom right) CT
images of normal and increased colon volume. Plot shows medians and interquartile ranges for colon volume data.
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F O C U S O N M O L E C U L A R I M A G I N G

Latest Advances in Imaging Oxidative Stress in Cancer

Hannah E. Greenwood and Timothy H. Witney

School of Biomedical Engineering and Imaging Sciences, King’s College London, London, United Kingdom

Oxidative stress is the imbalance of harmful reactive oxygen species
(ROS) and the action of neutralizing antioxidant mechanisms. If left
unchecked, the deleterious effects of oxidative stress result in damage
to DNA, proteins, and membranes, ultimately leading to cell death.
Tumors are highly proliferative and consequently generate high levels
of mitochondrial ROS. To compensate for this and maintain redox
homeostasis, cancer cells upregulate protective antioxidant path-
ways, which are further amplified in drug-resistant tumors. This review
provides an overview of the latest molecular imaging techniques
designed to image oxidative stress in cancer. New probes can now
assess heterogeneous ROS and antioxidant production within tumors
and across lesions. Together, the noninvasive imaging of these
dynamic processes holds great promise for monitoring response to
treatment and predicting drug resistance and may provide insight into
the metastatic potential of tumors.

Key Words: ROS; oxidative stress; antioxidant; molecular imaging;
MRI; PET; fluorescence
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During their transformation, cancer cells acquire metabolic
adaptations that sustain their rapid proliferation, progression, and pro-
tection from cell death (1). This metabolic reprogramming provides
the basis for the clinical imaging and staging of tumors with 18F-FDG
PET. The ability to take up glucose and secrete lactate even when oxy-
gen is present (termed aerobic glycolysis) is a key feature of malig-
nancy (2). However, whereas defective mitochondrial respiration was
historically thought to accompany aerobic glycolysis, tumors metabo-
lize glucose concurrently through both glycolysis and the tricarboxylic
acid cycle at rates far higher than those in healthy tissue (3).
Oxidative stress, the imbalance between harmful reactive oxy-

gen species (ROS) production and the cell’s ability to neutralize
these reactive intermediates (Fig. 1A), is a common consequence
of elevated mitochondrial respiration. Leakage of electrons from
complex I and III of the electron transport chain results in the par-
tial reduction of oxygen and the subsequent generation of ROS.
These reactive species include hydrogen peroxide (H2O2), singlet
oxygen (1O2), the hydroxyl radical (�OH), peroxides (O2

22), and
superoxides (O2�2). Other subcellular regions of ROS generation

include peroxisomes (b-oxidation of fatty acids) and the endoplas-
mic reticulum (protein oxidation), or as by-products of enzymatic
reactions by cyclooxygenases, nicotinamide adenine dinucleotide
phosphate oxidases, xanthine oxidases, and lipoxygenases (4). Fur-
thermore, multiple components of the tumor-immune microenvi-
ronment, such cancer-associated fibroblasts and myeloid-derived
suppressor cells, macrophages, and activated T cells, provide an
exogenous source of ROS (5).
In conjunction with DNA damage, chemotherapy and radiother-

apy produce high levels of oxidative stress in tumors (6). If left
unchecked, oxidative stress causes damage to DNA, proteins, and
lipids and, ultimately, the initiation of cell death. To maintain redox
homeostasis and prevent the harmful consequences of oxidative
stress, cancer cells upregulate a network of ROS scavenging
enzymes and antioxidant pathways (7). As well as generating mito-
chondrial ROS, cancer metabolism fuels antioxidant production
through oxidative pentose phosphate pathway (PPP) generation of
reduced nicotinamide adenine dinucleotide phosphate (NADPH)
and amino acid metabolism (Fig. 1B). NADPH maintains the anti-
oxidant capacity of thioredoxin reductase and glutathione peroxi-
dase, whereas import of cysteine via system xC

2 is required for
glutathione biosynthesis, the body’s most abundant antioxidant (8).
In this review, we describe the exciting recent advances in the field
of oxidative stress imaging and their potential applications.

FLUORESCENT PROBES

Fluorescence-based imaging systems and probes are widely
used for the measurement of a broad spectrum of ROS (9). Eleva-
tion of ROS above baseline levels (e.g., after therapeutic interven-
tion) is often assumed to be synonymous with oxidative stress,
although in reality oxidative stress can only be inferred from their
measurement. A common method to detect multiple forms of ROS
is the use of a reduced nonfluorescent dye that, once oxidized, pro-
duces a fluorescent product (switch-on sensors). Hydrocyanines
are a class of fluorescent probes that are produced by reducing the
iminium cation of commercially available cyanine dyes with
NaBH4. On their oxidation by superoxide and hydroxyl radicals,
the original cyanine dye is formed. These dyes fluoresce from 560
to 830 nm and are ionic impermeable moieties, resulting in their
intracellular trapping and the generation of contrast (10).
Thiophene-bridged hydrocyanine probes overcome some of the
limitations of the first-generation probes, which suffer from high
autoxidation, low Stokes shifts, and poor stability. Another widely
used switch-on sensor for generalized ROS detection is the Cell-
ROX (ThermoFisher Scientific) family of compounds (11).
Mitochondria and the plasma membrane are particularly vulner-

able to oxidative damage. If left unchecked, oxidative stress results
in lipid peroxidation, which can be measured by BODIPY 581/
591 C11 (ThermoFisher Scientific). Multiple ROS species can oxi-
dize the polyunsaturated butadienyl substituent, resulting in a shift
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in fluorescent emission from 590 to 510 nm. Changes in lipid
ROS can subsequently be quantified by measuring the ratio of red
to green fluorescence (11).

Probes for the Selective Imaging of Individual
Reactive Species
In addition to assaying oxidative activity in cells, fluorescent

probes have been developed for species-specific ROS detection,
including superoxide (dihydroethidium), hydrogen peroxide (29,79-
dichlorofluorescein), and singlet oxygen (trans-1-(29-methoxyvinyl)-
pyrene). Most probes are not truly specific for individual reactive
species; rather, they exhibit enhanced selectivity for different ROS.
These fluorescent probes rely on varied mechanisms of action to
generate contrast. For example, Amplex Red (Thermo Fisher Scien-
tific) is selectively oxidized by hydrogen peroxide in a reaction
mediated by horseradish peroxidase. 29,79-dichlorofluorescein

(H2DCF) is an alternative dye used for the quantitation of intracellu-
lar hydrogen peroxide. In the diacetate form of 29,79-dichlorofluores-
cein, the nonfluorescent probe passively diffuses through the cell
membrane, where it is cleaved by esterases to 29,79-dichlorofluores-
cein, resulting in intracellular trapping. 29,79-dichlorofluorescein is
then oxidized by hydrogen peroxide to produce 29,79-dichlorodihy-
drofluorescein, which is highly fluorescent. Mitochondrion-specific
superoxides can also be visualized by MitoSOX Red (ThermoFisher
Scientific), a cationic derivative of dihydroethidium that is electro-
phoretically taken up into actively respiring mitochondria and fluo-
resces after its oxidation and subsequent binding to DNA.

Imaging of Glutathione
As the most abundant thiol-containing antioxidant, glutathione

is a surrogate marker of cellular antioxidant capacity. The fluores-
cent dyes monobromobimane and monochlorobimane readily react

with low-molecular-weight thiols, includ-
ing glutathione, and in doing so form fluo-
rescent adducts. An additional thiol-
tracking dye is ThiolTracker Violet
(Thermo Fisher Scientific), which is also
retained intracellularly through adduct for-
mation and whose fluorescent signal is 10
times greater than that of bimane com-
pounds (11).
An important consideration is that opti-

cal imaging is constrained by overlying
tissue both absorbing and scattering the
exciting or emitted light. Fluorescence is
therefore better suited for cell-based imag-
ing and superficial or intraoperative small-
animal preclinical work than for transla-
tional applications.

PET IMAGING

Systemic oxidative stress has been
assessed in the clinic by measuring oxi-
dized proteins, oxidized lipids, and serum
antioxidants (12). Although relatively easy
to collect and measure, these biomarkers
provide no tissue-specific information to
better inform any subsequent intervention.
Molecular imaging using PET can reveal
subtle biologic changes that occur both
within tumors and across multiple hetero-
geneous lesions.

PET Imaging of ROS
The successful application of fluores-

cent probes to ROS and antioxidant imag-
ing has resulted in the adaptation of these
small molecules to PET, often through the
incorporation of 18F. Turn-on mechanisms
after radiotracer oxidation, however, can-
not be used for the generation of contrast
by PET, and alternative methods of intra-
cellular trapping are required. Chu et al.
demonstrated the advantages of radiolabel-
ing the fluorescent dye dihydroethidium
with 18F and showed its ability to measure
superoxide production after treatment with

FIGURE 1. Mediators and protective mechanisms that regulate oxidative stress. (A) Oxidative
stress is imbalance between harmful ROS and neutralizing antioxidants. ROS can be formed by
either intrinsic or extrinsic factors, with a network of intracellular free radical scavenger systems
designed to maintain redox homeostasis and protect against cellular damage. (B) Metabolism is key
regulator of intracellular antioxidants NADPH, glutathione, and the thioredoxin pathway. For clarity,
tricarboxylic acid cycle and glycolysis have been abbreviated. ASC 5 alanine/serine/cysteine trans-
porter subfamily; aKG 5 a-ketoglutarate; Cit 5 citrate; Cys 5 cysteine; Cys2 5 cystine; EAA 5

essential amino acids; Glu 5 glutamate; Gln 5 glutamine; Gluc 5 glucose; Gluc-6P 5 glucose
6-phosphate; GLUT1 5 glucose transporter 1; Gly 5 glycine; GSH 5 glutathione; GSSG 5 oxidized
glutathione; L 5 system L amino acid transporter; Lact 5 lactate; Mal 5 malate; MCT4 5 monocar-
boxylate transporter 4; NADPH 5 reduced nicotinamide adenine dinucleotide phosphate; NADP1 5

nicotinamide adenine dinucleotide phosphate; OAA 5 oxaloacetate; Pyr 5 pyruvate; TCA 5 tricar-
boxylic acid cycle; TrxRox 5 oxidized thioredoxin reductase; TrxRRed 5 reduced thioredoxin reduc-
tase; Trx-(S2) 5 thioredoxin-disulfide reductase; Trx-(SH2) 5 thioredoxin-dithiol reductase; xC

2 5

system xC
2.
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doxorubicin in cells grown in culture. After its oxidation, 18F-
labeled dihydroethidium becomes charged and can intercalate
DNA, intracellularly trapping the tracer (13). Other fluorescent
scaffolds, such as hydrocyanines (14), have also been labeled with
18F as a method to image oxidative stress in vivo. In addition to
ROS-sensing fluorophores, chemiluminescent probes based on
luminol have been used for ROS detection. Recently, a gallium-
labeled luminol derivative (galuminox) was shown to selectively
accumulate in the mitochondria of tumor cells after ROS induc-
tion, with 68Ga-galuminox selectively retained in a model of lung
inflammation (15). A radiolabeled ascorbate derivative, 18F-KS1,
is also in the early stages of development for ROS imaging (16).

Imaging the Tumor Antioxidant Response
Given the short-lived nature of ROS, imaging of the durable

downstream consequences of this toxic insult may provide a larger
detection window with PET. The transmembrane protein system
xC

2 is a heterodimeric transporter that is placed centrally within
the cell’s antioxidant system. The role of system xC

2 is to
exchange the intracellular amino acid glutamate for the extracellu-
lar amino acid cystine. After cystine’s uptake, it is rapidly reduced
to cysteine, the rate-limiting precursor for glutathione biosynthe-
sis, placing system xC

2 as a central regulator of antioxidant
homeostasis (17). Elevated system xC

2 activity has been exploited
by PET imaging tracers such as (4S)-4-(3-18F-fluoropropyl)-L-glu-
tamate (18F-FSPG) (18), 18F-5-fluoro-aminosuberic acid (19), and
18F-hGTS13 (20). Tumor retention of 18F-FSPG is redox-
sensitive, mediated by the concentration gradient of cystine across
the plasma membrane. In an animal modal of ovarian cancer, 18F-
FSPG tumor retention decreased in proportion to the degree of
oxidative stress induced by chemotherapy (Fig. 2A) (21).
A consequence of ROS-induced membrane peroxidation is the

intracellular production of reactive aldehydes that if left unchecked
result in catastrophic DNA damage. Many cancer cells upregulate
aldehyde dehydrogenases in response to this oxidative stress,
which mediates aldehyde detoxification (22). The enzymatic activ-
ity of aldehyde dehydrogenase 1A1 has recently been quantified
with a novel substrate-based radiotracer (23). Using a complemen-
tary strategy, Kirby et al. developed 18F-NA3BF3 for the imaging
of total aldehydic load through radiotracer–aldehyde complex for-
mation (24). Together, these tracers may provide insight into oxi-
dative stress–mediated lipid peroxidation during anticancer
therapy.

MRI

Several paramagnetic MRI contrast agents have been developed
to probe the redox balance of cells and tissues. Stable nitroxide
free radicals are cell-permeable reporters of intracellular antioxi-
dant availability, undergoing 1-electron transfer reactions to pro-
duce hydroxylamines. The single unpaired electron of nitroxides
provides T1 contrast, which disappears on their reduction, the rate
of which is dependent on ROS-scavenging systems (25). Nitroxide
relaxivity, however, is 20 times less than Gd31, and contrast is
quickly lost after administration. Alternative MRI contrast agents
based around activatable paramagnetic complexes have subse-
quently been developed to overcome these limitations. The oxida-
tion state of both Mn31/21 (26) and Fe31/21 complexes (27) alters
the intrinsic relaxation properties of MRI probes, enabling a non-
invasive measure of cellular redox status.

Hyperpolarized Spectroscopic MRI
Dynamic nuclear polarization is an emerging technique that

increases the sensitivity of MR experiments by more than 10,000
times, allowing dynamic imaging of administered 13C-labeled sub-
strates and their metabolic products in vivo (28). Flux through the
PPP has been estimated using this technique through the conver-
sion of U-2H,U-13C-glucose to the PPP intermediate
6-phosphogluconate (29). PPP metabolic activity is upregulated in
cancer, which generates NADPH to maintain the antioxidant
capacity of cells. However, the short polarization lifetime of uni-
formly labeled glucose at relatively low levels (�15%), along
with overlapping 13C resonances of 6-phosphogluconate and 3-
phosphoglycerate (a glycolytic intermediate), is a challenge that
currently restricts the widespread use of U-2H,U-13C-glucose.
Alternatively, hyperpolarized [1-13C]dehydroascorbic acid
([1-13C]DHA), the oxidized form of ascorbic acid (vitamin C), has
been used to probe tumor redox potential (30). After its uptake by
the facilitative glucose transporters, hyperpolarized [1-13C]DHA
was rapidly converted to [1-13C]vitamin C in lymphoma (30) and
prostate tumors (Figs. 2B–2D) (32), the rate of which was deter-
mined by the levels of both glutathione and NADPH (31). Despite
the promise of [1-13C]DHA to assess total tumor antioxidant
capacity, administration of a 10 mg/kg dose of DHA to tumor-
bearing mice resulted in transient respiratory arrest and cardiac
depression (31). Optimization of dosing regimens and a greater
understanding of DHA toxicity are therefore a prerequisite for
clinical imaging with [1-13C]DHA.
An important consideration for all MRI-based redox probes is the

requirement of high mass doses of contrast agent. Given that these
agents are frequently either stable radicals or potent radical scav-
engers, redox-active MRI probes may also perturb the system that
they are measuring, possibly accounting for DHA-induced toxicity.

APPLICATIONS AND FUTURE PERSPECTIVES

As we have illustrated, several well-characterized imaging
agents have shown promise for the noninvasive imaging of oxida-
tive stress in animal models of cancer. Given that ROS are typi-
cally short-lived (half-life of 1029 s for �OH to 1023 s for H2O2

(33)) and encompass a variety of different reactive molecules, fre-
quently at low concentrations, imaging ROS dynamics is a chal-
lenging proposition. The cellular antioxidant response to these
insults persists, however, on a time scale and magnitude that per-
mit its measurement by medical imaging techniques. If clinically
adopted, several applications exist for oxidative stress imaging
that could impact disease outcomes.

Response Monitoring
In conjunction with DNA damage, chemotherapies and ionizing

radiation produce high levels of oxidative stress in tumors, with
cell death induced in those sensitive to treatment (6). Conse-
quently, redox imaging agents have the potential to assess the effi-
cacy of a wide range of therapies that converge with the induction
of oxidative stress. In a recent proof-of-principle study, the tumor
antioxidant response to doxorubicin was shown to be an earlier
maker than both 18F-FDG and tumor volume (21). Furthermore,
the imaging window for the measurement of tumor antioxidant
response is not limited by a temporally unstable marker (e.g., cell
death) (34). Additionally, several therapies have been developed
whose primary mechanism of action is the induction of lipid ROS
and concurrent membrane peroxidation (35). Redox imaging
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probes may therefore play an important role in monitoring the
response to these novel agents.

Prediction of Drug Resistance
Elevated antioxidant capacity and the ability to buffer oxidative

stress are a hallmark of drug-resistant cancer (36). A noninvasive
measure of drug resistance will facilitate early intervention, allow-
ing the clinician to adapt the treatment regimen, with the potential
to improve patient outcomes. For widespread utility, the imaging
biomarker ideally should be causal to drug resistance, be tumor-
specific, result in a positive imaging signal, be generalizable to
multiple drugs with different mechanisms of action, have expres-
sion that is independent of other factors or conditions, and require

a single imaging scan. To date, 18F-FSPG imaging of system xC
2

activity has proven to be a good surrogate marker of drug resis-
tance in animal models of ovarian cancer, reporting on the ele-
vated glutathione found in these tumors (37). Further work,
however, is needed to determine whether 18F-FSPG is a robust
marker of drug resistance for multiple cancer types with discrete
driver mutations.

Metastases
Tumor cells experience substantial oxidative stress when they

detach from the extracellular matrix and enter the circulation.
Anoikis, a form of programmed cell death after loss of anchorage,
frequently follows intravasation and restricts the metastatic capa-
bilities of tumor cells (38). The oxidative environment of the
bloodstream further limits metastatic efficiency. In anoikis-
resistant cells, PPP-generated NADPH mitigates the ROS that
accompanies loss of attachment to permit cell survival (39). Sup-
pressing oxidative stress by increasing endogenous and exogenous
antioxidant availability in vivo further promotes metastasis in mul-
tiple models of cancer (1). Consequently, by imaging tumor anti-
oxidant capacity before membrane detachment, it may be possible
to determine the metastatic potential of primary tumors.

CONCLUSION

The spatiotemporal assessment of the tumor redox microenvi-
ronment in vivo has the potential to inform cancer progression,
therapeutic response, and metastatic potential. The preclinical
development of noninvasive MRI and PET imaging agents is set
to revolutionize our understanding of these dynamic processes,
complementing the existing arsenal of ROS-sensing fluorophores.
Clinical validation of the existing imaging agents, however, is still
to be performed, along with the assessment of their prognostic
utility. Additional redox-active probes are also required whose
tumor retention is sensitive to the balance between ROS and the
antioxidant response, rather than simple turn-on signal. With 18F-
FSPG already trialed in patients, there is a reasonable expectation
that the first mechanistic clinical studies with this radiotracer will
soon be performed.
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The purpose of this prospective study was to determine the correct
localization rate (CLR) of 18F-fluorocholine PET for the detection of
parathyroid adenomas in comparison to 99mTc-sestamibi imaging.
Methods: This was a single-arm prospective trial. Ninety-eight
patients with biochemical evidence of primary hyperparathyroidism
were imaged before parathyroidectomy using 18F-fluorocholine
PET/MRI. 99mTc-sestamibi imaging performed separately from the
study was evaluated for comparison. The primary endpoint of the
study was the CLR on a patient level. Each imaging study was inter-
preted by 3 masked readers on a per-region basis. Lesions were val-
idated by histopathologic analysis of surgical specimens. Results: Of
the 98 patients who underwent 18F-fluorocholine PET, 77 subse-
quently underwent parathyroidectomy and 60 of those had 99mTc-
sestamibi imaging. For 18F-fluorocholine PET in patients who under-
went parathyroidectomy, the CLR based on the masked reader con-
sensus was 75% (95% CI, 0.63–0.82). In patients who underwent
surgery and had an available 99mTc-sestamibi study, the CLR
increased from 17% (95% CI, 0.10–0.27) for 99mTc-sestamibi imaging
to 70% (95% CI, 0.59–0.79) for 18F-fluorocholine PET. Conclusion: In
this prospective study using masked readers, the CLR for 18F-fluoro-
choline PET was 75%. In patients with a paired 99mTc-sestamibi
study, the use of 18F-fluorocholine PET increased the CLR from
17% to 70%. 18F-fluorocholine PET is a superior imaging modality
for the localization of parathyroid adenomas.

KeyWords: endocrine; PET; fluorocholine; hyperparathyroidism; PET;
parathyroid adenomas
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Primary hyperparathyroidism (PHPT) is a common endocrine
disorder caused by a hyperfunctioning parathyroid adenoma in
over 85% of cases. Surgery is the only curative therapy for PHPT
and is associated with a decreased risk of fractures and nephrolithia-
sis and with a long-term improvement in quality of life (1–4). A

minimally invasive unilateral surgical approach is preferred to lessen
the morbidity associated with bilateral neck exploration while pro-
viding similar cure rates and long-term benefits (5). This less inva-
sive approach is possible only when preoperative imaging studies
can correctly localize the culprit parathyroid adenomas (6). These
studies include 99mTc-sestamibi scintigraphy and neck ultrasound,
which are traditionally the most commonly used first-line imaging
options for PHPT, as well as newer modalities such as
4-dimensional CT.
Although most commonly reported for use in prostate cancer,

18F-fluorocholine PET has been studied extensively for the detection
of parathyroid adenomas (7). It has been hypothesized that parathy-
roid adenomas have increased uptake of 18F-fluorocholine due to
upregulation of phospholipid/calcium21-dependent choline kinase
(8). European centers have shown 18F-fluorocholine PET to be
highly accurate in the detection of parathyroid adenomas (9), partic-
ularly among patients with negative, discordant, or inconclusive
results on conventional imaging, as well as among reoperative
patients (10,11). Though most reports of 18F-fluorocholine PET
pair it with low-dose CT for anatomic mapping, our institution per-
forms simultaneous MRI to avoid excess ionizing radiation. We
have previously reported a 90% sensitivity and 100% positive pre-
dictive value for correct localization of parathyroid adenomas using
18F-fluorocholine PET/MRI in a pilot study of 10 patients with
PHPT and inconclusive results on ultrasound and 99mTc-sestamibi
imaging (12).
In this study,we aimed to prospectively evaluate the ability of 18F-

fluorocholine PET to correctly localize parathyroid adenomas, and
we compared the correct localization rate (CLR) of 18F-fluorocho-
line PET with that of 99mTc-sestamibi imaging.

MATERIALS AND METHODS

This study was approved by the local institutional review board, and
written informed consent was obtained from all subjects. Between Sep-
tember 2016 and July 2019, 98 patients were consecutively enrolled in
this prospective study evaluating the use of 18F-fluorocholine PET in
patients with PHPT at the University of California, San Francisco
(NCT03764007). This study was performed under a cost-recovery
investigational-new-drug approval from the Food and Drug Administra-
tion. Inclusion criteria included biochemically proven PHPT, intention
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to treat with surgery, and a age of more than 13 y. Prior 99mTc-sestamibi
imaging was not a requirement for enrollment. The Standards for
Reporting of Diagnostic Accuracy (STARD) flow diagram is shown in
Figure 1. The study was initiated, planned, conducted, analyzed, and
published by the investigators. No financial support was received from
commercial entities. The full protocol is available as supplemental mate-
rial (available at http://jnm.snmjournals.org).

18F-Fluorocholine Synthesis
18F-fluorocholine was synthesized using the ORA Neptis Perform

synthesizer (Optimized Radiochemical Applications) as previously
described, using a nucleophilic substitution reaction (13). Dibromome-
thane (primary precursor) and N,N-dimethylethanolamine (secondary
precursor) were obtained from Abx GmbH.

Imaging Protocol
All imaging was performed on a 3.0-T time-of-flight PET/MRI scan-

ner (Signa; GE Healthcare). Patients were injected with a mean (6SD)
of 222 6 26 MBq (6.0 6 0.7 mCi) of 18F-fluorocholine, and imaging
was performed 31 6 16 min after injection (the protocol window for
uptake time was 20–60 min after injection). Two PET bed positions
were acquired, the first centered over the thyroid, and the second more
inferiorly, to catch any mediastinal adenomas. The first bed position,
over the neck, was acquired for 20 min, and the second, over the chest,
was acquired for 8min. PETdatasets were reconstructed using a time-of-
flight algorithm with ordered-subset expectation maximization using 2
iterations and 28 subsets and a matrix size of 2563 256. Axial sections
were reconstructed at a thickness of 2.78mm. In the neck, theMRI acqui-
sition included axial T1-weighted spin-echo and axial T2-weighted spin-
echo imaging with IDEAL fat saturation (iterative decomposition of
water and fat with echo asymmetry and least-squares estimation). In
the chest, the MRI acquisition included a T2-weighted spin-echo
sequence with 2-point Dixon fat saturation, as well as a T1-weighted
spoiled gradient-echo sequence with 2-point Dixon fat saturation.

Image Analysis
All 18F-fluorocholine PET studies were reviewed by 3 nuclear medi-

cine physicians not involved in the study and from different institutions.
The 3 readers had no prior experience interpreting 18F-fluorocholine
PET parathyroid studies, and each reviewed a 10-patient training dataset
before performing the masked readings for this study. The central read-
ers were masked to all aspects of the subject’s history, and interpretation
was performed using OsiriX (14). Image interpretations were recorded
in a centralized REDcap database for analysis. The location of the
most likely parathyroid adenoma was recorded. For patients in whom
multiple adenomas were visualized, all abnormal regions were recorded.

Two months separate from the 18F-fluorocholine PET readings, the
same 3 readers interpreted the 99mTc-sestamibi studies in the subset of
patients for whom 99mTc-sestamibi imaging was performed. The

99mTc-sestamibi studies were not performed as part of this protocol,
and interpretation was based on the images available in the PACS.
The 99mTc-sestamibi technique was not harmonized across all patients.
Analysis also was performed using local readings, as bias may exist
among the 3 masked readers.

Surgical Management
Patients who subsequently had surgery underwent either focused uni-

lateral parathyroidectomy or bilateral neck exploration at our institution
per the surgeon’s judgment, with the standard practice being to offer
focused parathyroidectomy with intraoperative parathyroid hormone
monitoring in cases with localizing preoperative imaging. The surgeon
designated the adenoma location as anatomic or embryologic, and histo-
pathologic analysis confirmed whether the adenoma was enlarged or
hypercellular. For this study, the definition of surgical successwas based
on normalization of serum calcium and parathyroid hormone levels 6
h after parathyroidectomy, as well as on serum calcium levels from
blood drawn at approximately 2 wk after surgery.

Statistical Analysis
The primary endpoint of this prospective study was a comparison of

the CLR of 18F-fluorocholine PET with that of 99mTc-sestamibi imaging
for the detection of parathyroid adenomas. Our analysis focused onCLR,
which was chosen on the basis of guidance to the investigators by the
Food and Drug Administration during a preliminary new-drug-applica-
tion meeting. The use of CLR helps to minimize the benefit of overcall-
ing lesions and more accurately reflects the ability of the imaging study
to guide a focused surgical approach. Correct localization was defined as
positive on a patient level if at least 1 anatomic region (categorized into 3
groups—left neck, right neck, and other) was correctly characterized as a
true-positive signal and no other regions were characterized as false-
positive; the denominator for CLR is all patients available for analysis.
True-negative patients were defined as patients in whom all regionswere
called negative and no parathyroid adenomawas found at the time of sur-
gery. False-positive and false-negative patients were defined as patients
in whom 1 region was determined to be either false-positive or false-
negative, respectively, independent of whether a separate region was
determined to be true-positive. For presentation purposes, the consensus
reading of the 3 masked readers is used when the consensus was deter-
mined by the majority reading from the initial assessment. Our predeter-
mined statistical plan estimated that we needed 67 patients with
pathologic analysis and 99mTc-sestamibi imaging to demonstrate a dif-
ference in sensitivity of 70% for 99mTc-sestamibi imaging and 85%
for 18F-fluorocholine PET, with a power of 87, allowing for a drop of
10 patients. Interreader variability was calculated for the location of
the parathyroid adenoma (left neck vs. right neck vs. other) using a Fleiss
k and for all regions together for both 18F-fluorocholine PET and 99mTc-
sestamibi interpretations, and strength of agreement was determined
according to the definition described byLandis andKoch (15). Statistical
analysis was performed in R statistical software (version 3.3.3; R
Foundation).

The safety of 18F-fluorocholine PET imaging was assessed by regular
monitoring for adverse events during and immediately after study acqui-
sition and was measured as a secondary endpoint by the rate of reported
adverse events.

RESULTS

In total, of the 99 patients who enrolled in the study, 98 were ulti-
mately imaged using 18F-fluorocholine PET/MRI, 72 of whomwere
female (Table 1). Forty-one patients (42%) had prior parathyroidec-
tomy, a disproportionate number reflecting the higher frequency of
more complex clinical cases evaluated at a tertiary-care referral
center.

99 patients eligible

98 patients underwent FCH PET

77 patients underwent
parathyroidectomy

60 patients underwent surgery
and sestamibi within 12 months

75 patients with
adenoma at surgery

2 patients without
adenoma at surgery

FIGURE 1. STARD flow diagram for efficacy cohort.
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18F-Fluorocholine PET Accuracy Compared with
Pathologic Analysis
Seventy-seven of the 98 patients (79%) subsequently underwent

parathyroidectomy an average of 85 6 66 d after 18F-fluorocholine
PET imaging. At surgery, 75 patients had an adenoma removed, and
65 patients (87%) had biochemical cure after surgery. During sur-
gery, 56 patients underwent targeted unilateral minimally invasive
surgery based on the findings from 18F-fluorocholine PET. Of the
21 patients who underwent bilateral neck exploration, 14 were due
to bilateral lesions seen on 18F-fluorocholine PET, 3 were unplanned
and due to an insufficient drop in parathyroid hormonewhen the ade-
noma visualized on the 18F-fluorocholine PETwas removed, 2 were
planned because of negative 18F-fluorocholine PET findings, and 2
were for removal of goiter.
Of the 12 patients who did not have evidence of biochemical cure,

5 had persistently elevated laboratory values after surgery, 4 had no
laboratory follow-up, and 3 were found to have parathyromatosis. In
the first patient who had no cure, 2 hypercellular adenomas were
removed at the time of surgery, but a known mediastinal adenoma
was knowingly left in place. In the second patient without cure, a
hypercellular adenoma seen on 18F-fluorocholine PETwas removed,
but the hypercalcemia persisted and a repeat surgery removed a sec-
ond adenoma also seen on the original 18F-fluorocholine PET study.
In the third patient without cure, the adenoma on 18F-fluorocholine
PET was determined histopathologically to be hypercellular but
the hypercalcemia persisted. In the fourth patient without cure, the

adenoma seen on 18F-fluorocholine PET was determined histopath-
ologically to be normal, and a hypercellular adenoma on the opposite
side was removed at surgery, but again the hypercalcemia persisted.
In the fifth patient without cure, no adenoma was removed at sur-
gery, and the adenoma seen on 18F-fluorocholine PET was believed
to have been missed and was subsequently successfully removed at
repeat surgery. Separately, 1 additional patient had no adenoma
found on pathologic analysis although a lesion was seen on 18F-flu-
orocholine PET, and laboratory values had normalized by the time of
follow-up.
Ninety-seven percent (75/77) of the imaging studies were read as

positive by consensus masked readings. On the basis of local read-
ings, the adenomas were correctly localized in 52 patients, with 20
false-positive and 5 false-negative patients, resulting in a CLR of
68% (95% CI, 57%–77%). On the basis of the consensus of the 3
masked readers, the adenomas were correctly localized in 56
patients, with 16 false-positive and 4 false-negative patients, result-
ing in aCLRof 74% (95%CI, 63%–82%). TheCLRsof the 3 readers
were 74% (95%CI, 63%–82%), 64% (95%CI, 53%–74%), and 64%
(95%CI, 53%–74%).Of 20 false-positives based on local readings, 5
were true-positive in 1 region and false-positive in a separate region.

18F-Fluorocholine PET Compared with 99mTc-
Sestamibi Imaging
Seventy-three patients also underwent 99mTc-sestamibi imaging;

of these, 60underwentboth 99mTc-sestamibi imagingand 18F-fluorocholine

TABLE 1
Characteristics of Patients at Baseline

Characteristic All patients (n 5 98)
Efficacy cohort

Surgery cohort (n 5 77) 99mTc-sestamibi cohort (n 5 60)

Median age (y) 64 (range, 17–90) 66 (range, 17–86) 65 (range, 17–85)

Sex

Male 26 (27) 18 (23) 13 (22)

Female 72 (73) 59 (77) 47 (78)

Prior parathyroidectomy 41 (42) 26 (34) 24 (40)

Prior imaging with 99mTc-sestamibi

Total 92 (94) 73 (95) n/

Within 12 mo 77 (79) 62 (81) n/

Number positive 44 (57) 43 (59) n/

Ultrasound

Total 94 (96) 76 (99) 59 (98)

Number positive 45 (48) 41 (54) 33 (56)

Baseline laboratory values (mean 6 SD)

Calcium 10.6 6 0.6 10.7 6 0.6 10.7 6 0.5

Parathyroid hormone 116 6 119 122 6 132 125 6 143
18F-fluorocholine–positive for adenoma* 94 (96) 75 (97) 58 (97)

Surgical results

Adenoma found at surgery NA 75 (97) 58 (97)

Biochemical cure after surgery NA 63 (85)† 48 (84)†

*Positive determined by consensus of masked readers.
†3 patients had no follow-up laboratory values available for review.
NA 5 not applicable.
Data are number followed by percentage in parentheses unless otherwise noted.
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PETwithin 12mo of one another and subsequently underwent para-
thyroidectomy. 18F-fluorocholine PET outperformed 99mTc-sesta-
mibi imaging for the detection of parathyroid adenomas (Table 2;
Fig. 2). On the basis of local readings, the CLR increased from
25% (95% CI, 17%–36%) with 99mTc-sestamibi imaging to 75%
(95% CI, 64%–83%) with 18F-fluorocholine PET. On the basis of
the 3 masked readings, the CLR increased from 17% (95% CI,
10%–27%) with 99mTc-sestamibi imaging to 70% (95% CI,
59%–79%) with 18F-fluorocholine PET (Table 2).

Reader Agreement
For 18F-fluorocholine PET, the interreader agreement was sub-

stantial for the left neck (k 5 0.75; 95% CI, 0.66–0.83) and right
neck (k 5 0.64; 95% CI, 0.54–0.73) and was moderate for other
locations (k 5 0.50; 95% CI, 0.40–0.60). Across all 3 regions, the

interreader agreement for 18F-fluorocholine PET was substantial,
with a k of 0.71 (95% CI, 0.66–0.76). For 99mTc-sestamibi imaging,
the interreader agreement was moderate for the left neck (k 5 0.47;
95% CI, 0.37–0.58) and right neck (k 5 0.47; 95% CI, 0.36–0.57)
and was fair for other locations (k 5 0.32; 95% CI, 0.22–0.42).
Across all 3 regions, the interreader agreement for 99mTc-sestamibi
imaging was moderate, with a k of 0.47 (95% CI, 0.41–0.53).

Safety
All patients were evaluated for potential adverse events. There

were no reported adverse events from any patient.

DISCUSSION

In this prospective study of the largest cohort of PHPT patients
in the United States to undergo 18F-fluorocholine PET for

TABLE 2
Comparison of PET Results in Patients Who Underwent Both 99mTc-Sestamibi Imaging and 18F-Fluorocholine PET as Well as

Surgery

Finding

99mTc-sestamibi 18F-fluorocholine

Local R1 R2 R3 Cons Local R1 R2 R3 Cons

Correct localization 15 8 10 15 10 52 44 37 40 42

False-positive 8 1 3 6 3 13 13 19 15 15

False-negative 36 49 46 38 46 4 3 4 5 3

True-negative 1 2 1 1 1 0 0 0 0 0

CLR 25% 14% 17% 25% 17% 75% 73% 62% 67% 70%

R1 5 reader 1; R2 5 reader 2; R3 5 reader 3; Cons 5 consensus interpretation.
In local readings, CLR increased from 25% to 75%, and in 3 masked readings, CLR increased from 17% to 70%.

A B D E

C F

18 99mTc-sestamibi

10

0

FIGURE2. Examplepatientwhounderwentboth 18F-fluorocholinePETand 99mTc-sestamibi imaging. (A–C) 18F-fluorocholinePETwascorrectly localized
byall3 readersaspositiveonbothright (solidarrows)andleft (dottedarrow). (D–F)99mTc-sestamibi imagingstudy (whichincluded immediateand2-hSPECT,
although only 2-h is shown) was called negative by all 3 readers. At parathyroidectomy, both lesions seen on 18F-fluorocholine PET were confirmed to be
parathyroid adenomas. A5 PETmaximum-intensity projection (MIP); B5 PET axial; C5 PET fused; D5 SPECTMIP; E5 SPECT axial; F5 fusedSPECT.
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preoperative localization, the CLR for the detection of parathy-
roid adenomas was higher for 18F-fluorocholine PET than for
99mTc-sestamibi imaging. This result supports the use of 18F-flu-
orocholine PET for the localization of parathyroid adenomas in
patients with PHPT.
Published studies on 18F-fluorocholine PET report sensitivities

ranging from 81% to 100% and specificities of 95%–100% (16).
Our analysis focused on the CLR, which is more stringent than
patient-level sensitivity—an index for which identification of any
true-positive region would convert a study to true-positive. Using
conventional sensitivity analysis, 18F-fluorocholine PET in this
study would have had a sensitivity of 98%, 98%, and 95% for
each of the 3 readers for the 60 patients who underwent 99mTc-ses-
tamibi imaging and 18F-fluorocholine PET. The CLR approach min-
imizes the benefit of overcalling lesions during interpretation,
providing a better representation of the ability of the study to direct
minimally invasive surgery.
Better preoperative localization is likely to increase the number of

PHPT patients definitively treated with surgery. Patients with nega-
tive imaging results are less likely to be referred to a surgeon and,
even when referred, remain less likely to undergo parathyroidec-
tomy (17). The benefits of parathyroidectomy are well established,
including decreased risk of bone fracture and kidney stones (2,3)
and better quality of life (18). Parathyroidectomy is more cost-
effective thanmedical management (19), even inmild or asymptom-
atic PHPT.
This study was performed using imaging with PET/MRI rather

than PET/CT. MRI has a role in diagnosing parathyroid adenomas,
and in particular, dynamic images of the neck after contrast admin-
istration can be helpful to characterize parathyroid adenomas
because of the early, brisk enhancement (20). The use of MRI for
this study was applied only for anatomic localization, and dynamic
contrast-enhanced images were not acquired. In our first work using
PET/MRI in this setting, we used contrast medium and did not find
that it added significantly to the 18F-fluorocholine PET results (21);
we therefore limited our MRI protocol to unenhanced T1- and
T2-weighted imaging.
One of the strengths of our study was that the imaging studies

were interpreted using both local and 3 masked readings, which
limits the bias present in many retrospective studies that use single
readers at the same institution as where the imaging studies were
performed. Although none of the 3 masked readers had experience
interpretating 18F-fluorocholine PET studies at their individual
institutions, the interreader agreement was substantial for 18F-flu-
orocholine PET interpretation. Nonetheless, there is a small learn-
ing curve required, particularly in regard to the low level of uptake
seen in cervical lymph nodes. Additionally, our study was pro-
spective and included sequential patients. This was the first study
to examine 18F-fluorocholine PET for PHPT on a large scale in
North America.
Our study had several limitations. First, the 99mTc-sestamibi stud-

ies were not all performed on site and had heterogeneous techniques.
Of the 77 99mTc-sestamibi studies evaluated, 63 were performed
with SPECT/CT, 8 with SPECT, and 6 with planar imaging.
Second, our study did not compare the performance of 18F-fluoro-

choline PET with all other parathyroid imaging modalities, such as
ultrasound and 4-dimensional CT; instead, we chose 99mTc-sesta-
mibi imaging as the most appropriate comparator because of its
widespread use and its commonality with 18F-fluorocholine PET
as a nuclear medicine–based imaging tool. We anticipate that future
studies will examine in greater detail the relative accuracy and role

of 18F-fluorocholine PET in the current armamentarium of parathy-
roid imaging options.
Third, 21 patients in our cohort did not undergo surgical parathy-

roidectomy after imaging with 18F-fluorocholine PET. There are
many reasons, including patient preference, but there is concern
that a reason for forgoing surgery was a negative 18F-fluorocholine
PET result. The rate of positive 18F-fluorocholine PET results was
lower in the nonsurgery group (81% vs. 97%), although that only
represents 4 patients with negative 18F-fluorocholine PET results
who did not undergo surgery.
Fourth, long-term biochemical cure of PHPT is traditionally

assessed bymeasuring serum calcium and parathyroid hormone lev-
els at 6 mo after surgery, an interval that was beyond the time scope
of our current study (we are accruing these long-term data for a
future report). However, we believe the postoperative biochemical
data we obtained, when interpreted together with the pathology
results, provide robust evidence of the efficacy of 18F-fluorocholine
PET in the localization of parathyroid tumors that can be targeted for
subsequent surgical removal.
Fifth, our study evaluated a large number of patients without

localization on ultrasound or 99mTc-sestamibi imaging—patients
who do not reflect the overall population with PHPT. There were
several sources for this bias. First, our institution serves as a referral
center for parathyroidectomies, and our population reflects a cohort
in which localization is more difficult. Second, patients without
localization on 99mTc-sestamibi imaging or ultrasound were prefer-
entially sent for advanced imaging using 18F-fluorocholine PET.
Third, 42% of our study population had undergone a previous para-
thyroidectomy, and both ultrasound and 99mTc-sestamibi imaging
are less accurate in the reoperative setting than in primary disease
(22). Our complex cohort likely resulted in the unusually low (signif-
icantly lower than in previous studies) CLR for 99mTc-sestamibi
imaging (25%, based on local readings). Considering that our study
population in whom 18F-fluorocholine PET demonstrated excellent
accuracy was highly enriched for those with more complex clinical
scenarios, we hypothesize that 18F-fluorocholine PET performed in
the broader population of PHPT patients would localize at an even
higher rate.

CONCLUSION

Our study demonstrated that in a cohort of PHPT patients, 18F-flu-
orocholine PET outperformed 99mTc-sestamibi imaging. In a con-
sensus interpretation by centrally masked readers, the CLR
increased from 17% for 99mTc-sestamibi imaging to 70% for 18F-flu-
orocholine PET. These results support the use of 18F-fluorocholine
PET for the localization of parathyroid adenomas in patients with
PHPT.
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KEY POINTS

QUESTION: Is 18F-fluorocholine PET superior to 99mTc-sestamibi
imaging for the localization of parathyroid adenomas?

PERTINENT FINDINGS: In this prospective study using 3 masked
readers, 18F-fluorocholine PET had a 70% CLR, compared with
17% for 99mTc-sestamibi imaging.

IMPLICATIONS FOR PATIENT CARE: 18F-fluorocholine PET is
superior to 99mTc-sestamibi imaging for the localization of parathy-
roid adenomas.
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Thegastrin-releasingpeptide receptor (GRPr) is overexpressed inpros-
tate cancer (PCa) cells, making it an excellent tool for targeted imaging.
The 68Ga-labeled GRPr antagonist SB3 has shown excellent results in
preclinicalandclinicalstudiesandwasselectedfor furtherclinical inves-
tigation. The aims of this phase I study were to investigate 68Ga-SB3
PET/CT imaging of primary PCa tumors and assess safety. More aims
included an investigation of biodistribution and dosimetry and a com-
parison with pathology and GRPr expression.Methods: Ten therapy-
naïve, biopsy-confirmed PCa patients planned for prostatectomy
were included. A 3-h extensive PET/CT imaging protocol was per-
formedwithin2wkbeforeprostatectomy.Prostatetissuewasevaluated
for tumor localization and Gleason score, and in vitro autoradiography
wasperformedtodetermineGRPrexpression.AvailableMRIscansper-
formedwithin 3mobefore the studywerematched. For dosimetry, res-
idence times were estimated and effective dose to the body as well as
absorbeddoses to organswere calculatedusing the IDACdosemodel,
version2.1.Results:Administrationof68Ga-SB3(187.4640.0MBq,40
6 5 lg) waswell tolerated; no significant changes in vital signs or labo-
ratory results were observed. 68Ga-SB3 PET/CT showed lesions in 8 of
10 patients. Pathologic analysis revealed a total of 16 tumor lesions, of
which PET/CT showed 14, resulting in a sensitivity of 88%. 68Ga-SB3
PET/CT imaging showed uptake in 2 large prostatic intraepithelial neo-
plasia foci, consideredaprecursor toPCa, resulting in an88%specific-
ity. Autoradiography of tumor lesions revealed heterogeneous GRPr
expression and was negative in 4 patients. Both PET/CT-negative
patients had a GRPr-negative tumor. In autoradiography-positive
tumors, the level of GRPr expression showed a significant correlation
to traceruptakeonPET/CT.Dosimetrycalculationsestimated theeffec-
tive dose to be 0.0144 mSv/MBq, similar to other 68Ga-labeled radio-
peptides. The highest absorbed dose was detected in the physiologic
GRPr-expressing pancreas (0.198mGy/MBq), followed by the bladder
wall and kidneys. Conclusion: 68Ga-SB3 PET/CT is a safe imaging
method and a promising tool for early PCa imaging.

KeyWords: gastrin-releasingpeptide receptor; prostate cancer; tumor
imaging; PET/CT
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The gastrin-releasing peptide receptor (GRPr) is a promising
tumor target, showing overexpression in multiple cancer types,
among which are prostate cancer (PCa), breast cancer, and colon
cancer (1).
Physiologic GRPr expression is found throughout the gastrointes-

tinal tract and pancreas (2). Well-differentiated PCa shows higher
receptor density than poorly differentiated tumors, and an inverse
correlation was found for GRPr expression, Gleason score (GS),
and tumor size (3). Also, GRPr expression is present in high-grade
prostatic intraepithelial neoplasia (PIN), which is considered a pre-
cursor to PCa, with GRPr levels approaching those in PCa (3).
Therefore, GRPr-targeting tracers can offer new opportunities for
staging and therapy monitoring of PCa.
Multiple GRPr-binding agonists and antagonists have been syn-

thesized for both imaging and therapy purposes (4). We selected
the GRPr antagonist SB3 (DOTA-p-aminomethylaniline-diglycolic
acid-D-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-NHEt) for further clini-
cal investigation after promising preclinical and initial clinical
results (5,6). SB3 is chemically based on the previously evaluated
99mTc-demobesin1 (99mTc-N49-D-Phe6-Gln-Trp-Ala-Val-Gly-His-
Leu-NHEt; N49 5 6-{p-[(carboxymethoxy)acetyl]-amino-benzyl}-
1,4,8,11-tetraazaundecane), showing high tumor uptake and
retention and fast background clearance (7). The 99mTc-binding
N49 chelator was replaced by a DOTA chelator, enabling theranostic
applications.
The primary aims of this phase I clinical study were to investigate

the feasibility of imaging primary PCa using 68Ga-SB3 PET/CT and
to assess its safety. We tested 68Ga-SB3 imaging by comparing
preoperative PET/CT imaging with histopathologic data on the
prostatectomy tissue. Other objectives included determining bio-
distribution, pharmacokinetics, dosimetry, and GRPr expression in
tissue samples and comparing with the standard-of-care multipara-
metric MRI.

MATERIALS AND METHODS

Patients
The study was approved by national and local ethics committees and

registered under EudraCT 2011-005859-13. All patients gave written
informed consent. Ten newly diagnosed therapy-naïve biopsy-proven
PCa patients scheduled for curative prostatectomy were included in
the study. If the lower limit of detection was reached, defined by an
inability to evaluate visualization of physiologic uptake, the patient
was excluded from the study and replaced.
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Tracer Synthesis and Radiolabeling
Because SB3 (8) is a non–industry-sponsored compound, the Investi-

gational Medical Product Dossier, Investigational Brochure, and
production were approved under local and national supervision. Good-
manufacturing-practice–grade SB3 was produced by piCHEM GmbH,
and SB3 single-dose kits containing 50 lg of SB3 in 100 lL of 0.01N
acetic acid were produced by the good-manufacturing-practice–licensed
Erasmus MC Hospital Pharmacy.

SB3 was labeled with 68Ga using Scintomics Robotics; labeling sol-
utions were provided by ABX. The eluate from a 68Ge/68Ga (Eckert and
Ziegler) generator was purified, concentrated, and added to a reaction
vial together with the SB3 kit dissolved in 3.0 mL of 1.5 M 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid. The mixture was heated for
10min at 90�C, allowed to cool for 5 min, purified on a Sep-Pak C18 car-
tridge (Waters), and passed through a sterile 0.2-lm Cathivex GV filter
(Merck KGaA).

Safety
Vital functions were registered, and blood samples were collected

before, during, and after administration of the radiopharmaceutical.
Adverse effects were followed up until surgery.

68Ga-SB3 PET/CT Imaging and Biodistribution
The PET/CT imaging study was performed on a Biograph mCT scan-

ner (Siemens) within 2 wk before surgery. An extensive scan protocol
was performed (Fig. 1A; Supplemental Table 1; supplemental materials
are available at http://jnm.snmjournals.org). All PET acquisitions were
preceded by a low-dose CT scan.

PET images were reconstructed using an ordered-subset expectation
maximization algorithm with resolution recovery and time-of-flight
information. Quantification of uptake was expressed as SUVs.

To enable optimal imaging of the prostatic region, 40 mg of furose-
mide were administered at 25 min after injection, and continuous flush-
ing of the bladder was performed.

PET/CT images were independently evaluated by 2 experienced
nuclear medicine physicians on an OsiriX 5.9 workstation (Pixmeo
S�arl), and consensus was reported. PET positivity was defined as

consistent focal tracer uptake over time in the prostate region and scored
as 4 or 5 according to a 5-point Likert score.

Volumes of interest (VOIs) were drawn on 68Ga-SB3 PET/CT fusion
images in different volumes depending on the organ of interest. VOIs
were positioned by an experienced clinical researcher and checked by
a nuclear medicine physician. SUVmean and SUVmax in VOIs were mea-
sured. Statistical differences in SUV between VOIs were calculated
using 2-tailed paired t tests.

Histopathologic Analysis
All patients underwent robot-assisted radical prostatectomy, some

including extended pelvic lymph node dissection. Tissue was processed
according to the standard of care (Fig. 1B; Supplemental Fig. 1). Tumor
foci, PIN, and benign prostate hyperplasia were manually delineated by
an experienced pathologist. 68Ga-SB3 PET/CT imaging was correlated
with pathologicfindings by a nuclearmedicine physician and pathologist
in consensus.

Autoradiography
The GRPr antagonist JMV4168 (DOTA-bAla-bAla-[H-D-Phe-Gln-

Trp-Ala-Val-Gly-His-Sta-Leu-NH2]) was labeled with 111In as previ-
ously described (9). Fresh-frozen prostate tissue sections of 10 lm
were incubated 1.0 h with 300 lL of 1029 M 111In-JVM416, and block-
ing studieswere performed using either a 1,000-fold excess of Tyr4-BBN
or SB3. Subsequently, phosphor screens were superimposed for 7 d and
read on a Cyclone (Perkin Elmer), and tracer binding was quantified as
digital light units/mm2 using OptiQuant software (Perkin Elmer).

Tumor was delineated by a pathologist on adjacent stained tissue
slides. The percentage of specific GRPr-positive areas within marked
tumor was scored and evaluated by 2 independent readers, and consen-
sus was reported. The level of 111In-JVM4168 binding in tumor areas
was quantified and correlated, using the Pearson correlation coefficient,
with the SUVmax of the corresponding tumor lesion on 68Ga-SB3 PET/
CT imaging.

Metabolic Stability and Pharmacokinetics
Blood samples and urine samples were collected at multiple time

points (Supplemental Table 2). Radioactivity and degradation of the
compound was measured in a g-counter (1480 Wizard automatic

FIGURE1. Schematic representationof researchprotocol. (A)Protocol consistingofCTscans (gray),dynamicscan (red), static images (green), andwhole-
body scans (blue). (B) Tissue was cut into 4-mm sections; 1 section was fresh-frozen, and remainder were formalin-fixed and paraffin-embedded. Slides
were stained with hematoxylin and eosin and evaluated by pathologist. Autoradiography was performed on slides of frozen sections. abd 5 abdomen;
AR5 autoradiography; H&E5 hematoxylin and eosin.
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g-counter; PerkinElmer). Metabolites were registered as previously
described (6).

Dosimetry
For organs of interest, time–activity curves were fitted using SUVmean

to estimate organ residence times (Prism;GraphPadSoftware). Goodness
of fit was expressed by the R2 metric, and a minimum R2 of 0.8 was
accepted. Bladder time–activity curves were calculated using the
MIRD dynamic bladder model (10) with a 1-h voiding interval. Bone
marrow time–activity curves were calculated as previously described
(11). Total activity per source organ, absorbed doses, and effective
dose were calculated according to International Commission on Radio-
logical Protection publications 103 and 133 and using the IDAC dose
model, version 2.1. For dosimetry, residence times were estimated and
effective dose to the body, as well as absorbed doses to organs, were cal-
culated using the IDAC dose model, version 2.1.

MRI
The reports of recent MRI scans performed in clinical staging (within

3 mo before study) were selected from the patient files and were there-
fore masked to the PET/CT and histopathology results of biopsies and
radical prostatectomy. The multiparametric MRI protocol was per-
formed as the standard of care after administration of a gadolinium-
based contrast agent on a 3.0-T MRI scanner (Discovery MR750; GE
Healthcare) using a 32-channel pelvic phased-array coil. The MRI
images were reviewed by an experienced urogenital radiologist. Individ-
ual lesions were scored according to the guidelines of the Prostate Imag-
ing Reporting and Data System, version 2.

RESULTS

Patients
One patient was excluded and replaced when the lower limit of

detection was reached at 1.3 MBq/kg (11 patients were scanned
but only 10 patients were included). Five patients also underwent
an extended pelvic lymph node dissection.
The average age was 64.1 6 7.8 y. Prostate-specific antigen

levels were 14.3 6 7.9 lg/L (range, 4–24.8 lg/L) with clinical
stages of T1c in 4 patients, T2a in 4 patients, T2c in 1 patient,
and T3a in 1 patient. Evaluation of the biopsy cores showed
2 patients with GS 3 1 3 5 6, 6 patients with GS 3 1 4 5 7,

1 patient with GS 4 1 3 5 7, and 1 patient with GS 4 1 4 5

8 (Supplemental Table 3).

Tracer Synthesis and Radiolabeling
All radiolabeling procedures yielded a radiochemical purity of more

than 90% and a radiochemical incorporation of more than 99%; the
product was sterile and free of bacterial endotoxins.

Safety
Administration proceeded without adverse events. Eight patients

experienced discomfort from the flush catheter, including bladder
cramps. Catheter position and flush volume were adjusted to relieve
symptoms. In 1 patient 1 scan was omitted to allow for adjustments,
not reducing the evaluability of the patient.
Full gastrin panels were determined in 8 patients; they showed

peak levels 30min after injection and a steady decline corresponding
to normal 60-min postprandial gastrin levels. The peak levels were
100 6 50 ng/L, comparable to earlier findings of 157.8 6 67.5 ng/L
in healthy persons (12).

68Ga-SB3 PET/CT Imaging and Biodistribution
Patients received 187 6 40 MBq of 68Ga-SB3 (range, 130–260

MBq; 406 5 lg; 2.26 0.5MBq/kg). 68Ga-SB3 PET/CT visualized
lesions in 8 of 10 patients, 2 examples are shown in Figures 2 and 3.
Total-body PET images of all patients can be found in Supplemental
Figure 2. In total, 24 potential tumor lesions were identified in the
prostate (Table 1). Two patients were suspected of having lymph
node metastases.
One unanticipated incidental finding was a spherelike lesion

within the cranium. This lesion had an SUV at the level of the blood
and was suspected of being a hemangioma (Supplemental Fig. 3).
MRI confirmed the diagnosis.
In total, 1,522 VOIs were drawn in 93 scans (Fig. 4; Supplemental

Table 4). The average SUVmax of suspected tumor lesions was 7.16
4.8 at 60 min after injection (median, 5.5; range, 3.2–22.7). Average
tracer uptake in tumor lesions at all time points was 3.3 times higher
than that in normal prostate tissue (95% CI, 2.9–3.7). SUVmean

showed the same overall distribution as SUVmax.
High radioactivity was found in the kidneys (SUVmax, 4.16 0.9 at

60 min after injection) and urinary tract. Intense physiologic uptake
was observed in the GRPr-expressing pan-
creas (SUVmax, 42.16 15.7 at 60 min after
injection). Interestingly, a significantly
higher uptake was found in the head of
the pancreas than in the tail at all time
points, with an average difference of 9.1
SUVmax (P , 0.001) (at 60 min: head
SUVmax, 46.3 6 13.8; tail SUVmax, 36.4
6 16.9). Diffuse uptake was seen through-
out the gastrointestinal tract, and more pro-
nounced uptake was seen in the lower
esophageal sphincter and the anal sphincter
complex. Little physiologic uptake was
seen in the thyroid, liver, and spleen
(SUVmax , 2 at 60 min after injection),
similar to background tissue.

Histopathologic Analysis and
Correlation to 68Ga-SB3 PET/
CT Imaging

In total, 16 tumor lesions were found in
the prostatectomy specimens. In 6

FIGURE 2. 68Ga-SB3 PET/CT imaging of large tumor (GS 3 1 4 5 7) in primary-PCa patient. (A)
Maximum-intensity projection 60 min after injection. (B) PET (top) and PET/CT (bottom) imaging 60
min after injection; tumor SUVmax, 22.7. (C) PET imaging 210 min after injection; tumor SUVmax, 20.0.
(E) Corresponding histopathologic slides with tumor delineated in red.
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patients, 2 separate tumor lesionswere identified,with a different GS
in 2 patients (Table 1).
Correlation of histopathologic data with 68Ga-SB3 PET/CT imag-

ing revealed 2 false-negative tumors; one was a very small, diffuse-
growingGS 31 35 6 tumor, and the otherwas a large, solid GS 31
45 7 tumor.Most PIN lesionswere found adjacent to tumor foci and
were not separately evaluated. Interestingly, 2 focal hot spots on
68Ga-SB3 PET/CT images were identified as 2 relatively large soli-
tary PIN fields more than 5 mm in diameter (Fig. 5). The sensitivity
of 68Ga-SB3 PET/CT for detection of PCa on a lesion basis was 88%
(14/16), and specificity was 88% (14/16).
Pathology and 68Ga-SB3 PET/CT revealed lymph node metasta-

ses in the same 2 patients; however, lesion-based validation was not
achievable.

Autoradiography
Autoradiography with 111In-JVM4168 showed GRPr binding in

the tumor foci of all patients, although sometimes only very small
tumor foci were observed. Blocking studies confirmed specific
uptake (Supplemental Fig. 4). The GRPr expression of tumor was
homogeneous in 2 patients and heterogeneous in 4 patients, and
autoradiography was negative in 4 patients. Of this last group, 2
patients also had negative 68Ga-SB3 PET/CT findings.
Quantification of GRPr binding in tumor areas was determined

and compared with the SUVmax of likely corresponding tumor
lesions on 68Ga-SB3 PET/CT imaging, showing a significant corre-
lation (Pearson r2 5 0.88 P , 0.05) (Supplemental Fig. 5).

Metabolic Stability and Pharmacokinetics
The radiopeptide proved to be very stable in blood (86.4% 6

11.0% at 10 min after injection). It showed little to no degradation
in urine (92.1% 6 7.1% at 60 min after injection).
Renal clearance showed a biexponential excretion curve: a fast

excretion phase (90%) with a biologic half-life (t1/2) of 6 min and
the remainder with a t1/2 of 242 min. Pancreas and prostate showed
monophasic excretions with a t1/2 of 180 and 135 min, respectively.

An uptake-and-excretion curve was fitted
for the tumor with a t1/2 of 235min for the
excretion phase (Fig. 6).

Dosimetry
Residence times and absorbed doses

are described in Supplemental Table 5.
Pancreas showed the highest absorbed
dose, 198 lGy/MBq, followed by ureters,
bladder wall, and kidneys (134, 116, and
53 lGy/MBq, respectively). Assuming a
1-h voidingmodel, we estimated an effec-
tive dose of 14.4 lSv/MBq, correspond-
ing to 2.66 6 0.56 mSv in our patients.

MRI
Eight patients had a diagnostic MRI

report on file, which revealed 10 tumor
foci: 3 that were PI-RADS 3, 3 that were
PI-RADS 4, and 4 that were PI-RADS
5. Ten of 13 lesions described on MRI
were correlated to 68Ga-SB3 PET/CT, in
8 of 8 patients (Table 1). Only 1 lesion
identified by MRI was not detected by
PET/CT; this lesion corresponded to a

GRPr-negative tumor on autoradiography. Three lesions that were
found on PET/CT were not explicitly described by MRI; the data
were not adequate to determine whether these were true false-
negatives.

DISCUSSION

Currently, multiple radiopharmaceuticals are available for imag-
ing of PCa, predominantly PSMA-targeting compounds, the long-
established choline, fluciclovine, and GRPr-targeting compounds
(13). PSMA tracers have been proposed to replace choline-based
tracers in the current PCa guideline (14). However, limitations for
PSMA tracers are still apparent with respect to the sensitivity of
early-stage, low-GS tumors (15).
Several GRPr antagonists have been tested in the clinical setting,

such as RM2, MJ9, DOTAGA-PEG-RM26, and NeoBOMB1, all
coupled to the short-living 68Ga (4,16–18). In a head-to-head com-
parison in a small patient group, GRPr tumor imaging was compara-
ble to PSMA (19).
With regard to safety, a peptide dose of up to 45 lg of SB3

revealed no serious adverse effects. As expected, the pancreas and
urinary tract received the highest absorbed dose, similarly to previ-
ously reported 68Ga GRPr antagonists (16,18).

68Ga-SB3 PET/CT visualized tumor foci in 8 of 10 patients. One
PET-negative patient had a very small, GS 3 1 3 5 6, diffuse-
growing tumor. Considering the average range of 68Ga-produced
positrons (1.05 mm in soft tissue), a partial-volume effect is
expected in small tumors. However, in a clinical setting it is debat-
able whether detection of such small tumor foci is relevant. The other
PET-negative patient had a large, GS 3 1 4 5 7, solid-growing
tumor, which autoradiography conformed to be GRPr-negative.
GRPr expression in primary PCa is present in 90%–100% of cases
(3,20).
When comparing 68Ga-SB3 with another clinically tested GRPr

antagonist, 68Ga-RM2 performance was comparable: SUVmax was
7.1 versus 9.1 at 60 min after injection, with sensitivity of 88% ver-
sus 85%, respectively (21). We found no clear correlation between

FIGURE 3. 68Ga-SB3PET/CT imagingofprimaryPCapatient.Verysmall tumor (GS31356;orange
arrows)was not detected in biopsies; however, therewas elevated prostate-specific antigen and family
history of PCa. Catheter is indicated by yellow arrow. (A) Maximum-intensity projection 60 min after
injection. (B) PET (top) and PET/CT (bottom) imaging 60 min after injection; tumor SUVmax, 4.4. (C) At
210 min after injection, with catheter removed before scan; tumor SUVmax, 4.3. (D) Corresponding his-
topathologic slides with tumor delineated in red.
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SUVmax and GS (P5 0.11) or prostate-specific antigen levels (P5

0.80), consistent with 68Ga-RM2.
It was reported that in high-grade PIN, considered a precursor to

PCa, GRPr expression levels on autoradiography approached those
of PCa (3). However, these findings have been challenging to repro-
duce in a clinical setting. Classification of PIN is difficult, and it is
mostly located near or beside tumors. We found 2 relatively large
areas of PIN separate from the tumor in 1 patient. Both PIN and
PCa were visualized well by 68Ga-SB3. To date, we have found
no published data on similar compounds binding to PIN in a clinical
setting.
The suspected lymph node metastases on 68Ga-SB3 PET/CT in 2

patients were confirmed by pathology. However, the protocol was
not designed to compare lymph node location in histopathology
and PET/CT, and with only 2 patients these findings should be con-
sidered preliminary.
The diffuse low uptake throughout the gastrointestinal tract may

be underestimated because of the partial-volume effect and bowel
movement. The higher uptake in the lower esophageal sphincter

and anal sphincter complex has been described in GRPr imaging
before (5,22) and is most likely caused by the presence of GRPr in
smooth muscle cells (23). The uptake pattern was comparable to
that of 68Ga-RM2, with comparable pancreatic uptake of around
50 SUVmax at 60 min after injection (21).
The administration of furosemide resulted in faster renal clearance

but otherwise did not significantly alter tracer uptake in the kidneys.
To our knowledge, this was the first study that showed a signifi-

cant difference in GRPr uptake between the head and tail of the pan-
creas. Compared with the head, the corpus and tail have different
embryologic origins (24), which may explain differences in cell
characteristics. However, the function of GRPr in the pancreas has
not yet been described.
The high absorbed pancreatic dosemight be a concern for therapy.

Gnesin et al. predicted an absorbed pancreatic dose of 1.85 Gy for a
theoretic 7.4-GBq 177Lu-labeled MJ9 administration. We published
an estimated pancreatic dose of 0.20 mGy/MBq, corresponding to
1.48 Gy for the same administration. This dose can be considered
safe when compared with external-beam radiotherapy (18,25).

TABLE 1
Tumor Lesion Characteristics

Patient
no.

Side of
prostate GS Autoradiography

result
PET
score SUVmax

PET
result PI-RADS MRI

result

1 L and R 3 1 4 5 7 11 5 22.7 TP 5 TP

5 14.4 TP* 5* TP*

4 5.9 TP* 5* TP*

2 L 3 1 4 5 7 111 5 7.7 TP 4 TP

R 3 1 3 5 6 5 17.0 TP — FN

3 L and R 4 1 3 5 7 1 5 13.3 TP 3 TP

R 4 1 3 5 7 4 4.7 TP — FN

4 L and R 3 1 4 5 7 1 5 9.9 TP 3 TP

4 6.9 TP* 3* TP*

5 L 3 1 3 5 6 2 3 5.5 TP 5 TP

R 4 1 4 5 8 5 5.5 TP 5 TP

5 6.3 TP* 5* TP*

3 3.2 TP* 5* TP*

4 5.3 TP* 5* TP*

6 L 3 1 4 5 7 2 4 5.8 TP 4 TP

R 3 1 4 5 7 4 5.8 TP 3 TP

L PIN 5 4.9 FP TN

R PIN 5 4.8 FP TN

7 L 4 1 3 5 7 1 4 4.0 TP 5 TP

R 4 1 3 5 7 5 5.5 TP — FN

5 5.5 TP* —* FN*

4 3.7 TP* —* FN*

8 L 3 1 3 5 6 111 5 4.4 TP NA NA

L 3 1 3 5 6 4 3.6 TP NA NA

9 L and R 3 1 4 5 7 2 FN 4 TP

10 L and R 3 1 3 5 6 2 FN NA NA

*Grouped results with line above.
25GRPr-negative;15 0%–33%GRPr-positive;115 33%–66%GRPr-positive;1115 66%–100%GRPr-positive; TP5 true positive;
FN 5 false negative; FP 5 false positive; TN 5 true negative; NA 5 not available.
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Low-GS PCa follows the ductal pattern of regular prostate anat-
omy, which can present as dots in a transaxial slide, and variation
inGRPr expression levels per tumor can contribute to heterogeneous
expression patterns. In 2 patients, we found good 68Ga-SB3 PET/CT
imaging whereas autoradiography showed GRPr negativity, proba-
bly because of the small sample size of frozen sections.
Currently, MRI is used for local staging of PCa. 68Ga-SB3 PET/

CT performed equally well in local staging of tumor lesions in this
small group. However, because of low spatial resolution, PET imag-
ing will not be useful for determining local invasion.
Previous results with 68Ga-SB3 PT/CT imaging in progressive

disseminated recurrent PCa patients with a history of antihormonal
therapy, which could impact GRPr expression, showed a sensitivity
of 55% (5). The excellent stability and tumor-to-background ratios
we found, combined with the relatively slower washout of the tumor
lesions, is encouraging for the prospect of therapeutic application.
177Lu-SB3 was evaluated in animal studies, where it showed poor
in vivo stability. However, this effect could be fully prevented by
coinjecting the endopeptidase inhibitor phosphoramidon (26). No
clinical data are available yet.
The main limitations of this study were the small number of

patients and the varying patient population. Clearly, more clinical
studies should be conducted to define the potential theranostic value
of this compound.

CONCLUSION

TheGRPr antagonist 68Ga-SB3 has shown excellent imaging qual-
ities and is safe to use in primary-PCa patients, with high sensitivity
for early-stage PCa. 68Ga-SB3 has an attractive biodistribution pat-
tern with fast renal clearance and relatively long tumor retention.
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KEY POINTS

QUESTION: Is the use of the GRPr antagonist 68Ga-SB3 safe, and is
PET/CT imaging of primary PCa sensitive and accurate?

PERTINENT FINDINGS: This clinical trial in a small patient group
proceeded without adverse events and showed a sensitivity of 80%
for 68Ga-SB3 PET/CT imaging on a patient basis. 68Ga-SB3 has an
attractive biodistribution pattern with fast renal clearance and rela-
tively long tumor retention. The 2 PET/CT-negative patients were
confirmed to have a GRPr-negative tumor.

IMPLICATIONS FOR PATIENT CARE: 68Ga-SB3 PET/CT is a
promising tool for early PCa imaging and, with further research,
could aid in staging of primary disease.

FIGURE 5. Imaging of PCa and high-grade PIN in PCa patient. (Left) SUV
PET image 60 min after injection, showing almost equal uptake in PCa and
PIN. (Right) Corresponding histopathology slide, with tumor and PIN delin-
eated in red and yellow, respectively.

FIGURE 6. Pharmacokinetic excretion patterns of 68Ga-SB3 from pan-
creas, tumor, and normal prostate. Pancreas and prostate show excretion
with biologic half-time of 196 and 135 min, respectively. Excretion phase
of tumor shows half-time of 235 min. Fits (solid lines) and 95% CIs (dotted
lines) are indicated.

FIGURE 4. Biodistribution of physiologic uptake and tumor uptake of
68Ga-SB360minafter injection in therapy-naïvePCapatients.MeanSUVmax

and SUVmean are depicted with SD. LES 5 lower esophageal sphincter;
ASC5 anal sphincter complex.
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18F-FDG PET/MRI for Staging and Interim Response
Assessment in Pediatric and Adolescent Hodgkin Lymphoma:
A Prospective Study with 18F-FDG PET/CT as the
Reference Standard
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Treatment regimens for pediatric Hodgkin lymphoma (HL) depend on
accurate staging and treatment response assessment, based on
accurate disease distribution and metabolic activity depiction. With
the aim of radiation dose reduction,we compared the diagnostic per-
formance of 18F-FDG PET/MRI with a 18F-FDG PET/CT reference
standard for staging and response assessment. Methods: Twenty-
four patients (mean age, 15.4 y; range, 8–19.5 y) with histologically
proven HL were prospectively and consecutively recruited in 2015
and 2016, undergoing both 18F-FDG PET/CT and 18F-FDG PET/MRI
at initial staging (n 5 24) and at response assessment (n 5 21). The
diagnostic accuracyof 18F-FDGPET/MRI for both nodal andextrano-
dal disease was compared with that of 18F-FDG PET/CT, which was
considered the reference standard. Discrepancies were retrospec-
tively classified as perceptual or technical errors, and 18F-FDG PET/
MRI and 18F-FDG PET/CT were corrected by removing perceptual
error. Agreement with Ann Arbor staging and Deauville grading was
also assessed. Results: For nodal and extranodal sites combined,
corrected staging 18F-FDG PET/MRI sensitivity was 100% (95% CI,
96.7%–100%) and specificity was 99.5% (95% CI, 98.3%–99.9%).
Corrected response-assessment 18F-FDG PET/MRI sensitivity was
83.3% (95% CI, 36.5%–99.1%) and specificity was 100% (95% CI,
99.2%–100%). Modified Ann Arbor staging agreement between
18F-FDG PET/CT and 18F-FDG PET/MRI was perfect (k 5 1.0, P 5

0.000). Deauville grading agreement between 18F-FDG PET/MRI
and 18F-FDG PET/CT was excellent (k 5 0.835, P5 0.000). Conclu-
sion: 18F-FDG PET/MRI is a promising alternative to 18F-FDG PET/
CT for staging and response assessment in children with HL.

KeyWords: Hodgkin lymphoma; PET/MRI; PET/CT; pediatric, staging
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Hodgkin lymphoma (HL) is the most common childhood lym-
phoma and one of the most common pediatric and adolescent

cancers (1). Treatment outcomes are critically dependent on accurate
imaging-defined staging and, thereafter, early treatment response
assessments.
Staging consists of detection of anatomic locations of disease,

using either CT or MRI, combined with metabolic assessment (2).
This metabolic assessment consists of using 18F-FDG PET to detect
increased glucose metabolism of lymphatic and extralymphatic tis-
sue involved by HL (3). Imaging is repeated after 2 (for classic
HL) or 3 (for lymphocyte-predominant HL) cycles of chemotherapy
to determine early response assessment, which determines whether
posttreatment radiotherapy is necessary (3). A decision to consoli-
date with radiotherapy ismade if there is either insufficient reduction
in size of disease or persistent abnormal metabolic activity. It is well
established that the addition of 18F-FDG PET to standard cross-
sectional imaging improves accuracy for both initial staging and
treatment response assessment; most patients therefore undergo
repeated multimodality imaging.
Both CT and 18F-FDG PET impart a significant radiation dose,

and repeated studies result in a cumulative dose associated with sec-
ondary malignancies (4,5). Children and young adults are particu-
larly vulnerable to the long-term effects of radiation, and according
to the linear no-threshold model of radiation, any reduction in radi-
ation exposure for this group would be beneficial (6,7). With hybrid
18F-FDG PET/MRI systems now available and able to potentially
replace 18F-FDG PET/CT with a single 18F-FDG PET/MRI exami-
nation (8,9), diagnostic radiation exposure could potentially be
reduced by up to 80% (5,8,10) while maintaining both anatomic
and metabolic information.
We aimed to test the hypothesis that 18F-FDG PET/MRI is an

alternative to 18F-FDG PET/CT for both staging and early response
assessment. This hypothesis was tested by prospectively assessing
and comparing the diagnostic performance of 18F-FDG PET/MRI
against standard 18F-FDG PET/CT for initial staging and early
response assessment in pediatric and adolescent patients with HL.

MATERIALS AND METHODS

Patient Population
This single-center prospective studywas approved by the institutional

review board, andwritten informed consent was obtained from either the
participants or their guardians.
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Patients were consecutively included between February 2015 and
June 2016. The inclusion criteria were histologically confirmed HL;
an age of 0–20 y; and inclusion into the EuroNet PHL-C1 trial, EuroNet
LP1 trial, or successor EuroNet trials, including EuroNet PHL C2. The
exclusion criteria were previous HL, prior chemotherapy or radiother-
apy, pregnancy, breastfeeding, and contraindications to MRI.

Study Summary
Aspartof standard-of-care staging imagingat our institution, all patients

underwent 18F-FDGPET/CT.The trial 18F-FDGPET/MRIwasperformed
on the same day as the 18F-FDG PET/CT, using the same 18F-FDG injec-
tion, with the patient transferring to the 18F-FDG PET/MRI suite immedi-
ately after completion of the 18F-FDG PET/CT examination.

After 2 (EuroNet PHL-C1) or 3 (EuroNet LP1) cycles of chemotherapy,
diseasewas reassessedwith 18F-FDGPET/CT, and the trial 18F-FDGPET/
MRI was again performed immediately after the 18F-FDG PET/CT.
18F-FDG PET/CT was the standard of reference against which 18F-FDG
PET/MRI was compared.

18F-FDG PET/CT Protocol
18F-FDG PET/CT data were acquired using a Discovery PET/CT

in-line system (GE Healthcare) without time-of-flight technology.
Patients fasted for 6 h, and hyperglycemia (.10 mmol/L) was ruled
out before 18F-FDG administration. A weight-adjusted dose of
18F-FDG was injected 60 min before imaging. Patients were scanned
from skull vertex to mid-thigh level, at 3 min per bed position. CT
was performed at a low dose for attenuation correction, and acquisition
parameters were adjusted according to patient weight. No intravenous
iodinated contrast medium was administered. Combined axial emission
images of 18F-FDG PET and CT were reconstructed to a 1283 128 res-
olution image with a 2.5-mm slice thickness.

18F-FDG PET/MRI Protocol
18F-FDG PET/MRI sequences were acquired on a hybrid 3-T MRI

scanner without time-of-flight technology (Biograph mMR; Siemens
Healthineers). All sequences were acquired from skull vertex to mid-
thigh level at 5 min per bed position.

The 18F-FDG PET/MRI comprised axial T2-weighted half-Fourier
acquisition single-shot turbo spin-echo (T2-HASTE) and axial and coronal
turbo inversion recovery magnitude sequences, along with axial postgado-
linium T1-weighted Dixon fat suppression sequences (Table 1). Four-tis-
sue-class (soft tissue, fat, lung, and air) attenuation correction maps were
calculated from the 2-point Dixon sequences. Combined axial emission
images of 18F-FDG PET and T2-HASTE sequences were reconstructed
into a 1283 128 resolution image with a 5-mm slice thickness.

Image Analysis
All studies were read sequentially under trial conditions using OsiriX

workstation software (OsiriX MD) after all scans were performed. The
readers weremasked to the patient data, clinical data, and results of other
modalities, including the reference standard.

18F-FDG PET/CT scans were read by a nuclear medicine specialist
(with 10 y of dedicated nuclear medicine experience). 18F-FDG PET/
MRI sequences were evaluated by a nuclear medicine specialist and a
pediatric radiologist in consensus (both with 15 y of experience).

Derivation of Enhanced Reference Standard and Correction for
Perceptual Errors

Discrepancies between 18F-FDG PET/MRI and the 18F-FDG PET/CT
reference standard were reviewed by an independent nonmasked pediatric
radiologist (with 5 y of dedicated pediatric radiology experience), using
methodology similar to that of Latifoltojar et al. (11). Minor differences
in disease localization at site boundaries were not labeled as discrepancies.
All other discrepancies were reviewed in consensus between two of the
reviewers and assigned as a perceptual or a technical error type. Perceptual
errors entailed retrospectively visible disease. Technical errors entailed dis-
crepancies unrelated to reader detection, such as difference in measured
metabolic activity between 18F-FDG PET/MRI and 18F-FDG PET/CT.

Technical discrepancies were always resolved in favor of the 18F-
FDG PET/CT reference standard. By comparing datasets corrected for
perceptual error, we aimed to remove the human perception bias and bet-
ter compare technical performance.

Staging Definitions
Staging was performed according to the Cotswolds modified Ann

Arbor classification (12,13). Nineteen nodal siteswere assessed: cervical

TABLE 1
MRI Sequences

Parameter TIRM Dixon T2-HASTE 3D VIBE

Scanning plane Axial/coronal Axial Axial Axial (liver and spleen)

Fat suppression Yes Yes No yes

Inversion time (ms) 220 NA NA 180

Gadolinium chelate NA Yes NA 0, 30, 60 s

Echo time (ms) 56 1.23, 2.46 92 1.91

Repetition time (ms) 6,870 4.1 1,500 4.3

Flip angle (degrees) 135 9 102 9

Section thickness (mm) 7/4 3 5 3.5

Spacing (mm) 8.75/5.20 0 6 0

B-value (s/mm2)

Echo train 11 1 256 1

Pixel space (mm) 1.76 3 1.76 0.78 3 0.78 1.02 3 1.02 1.19 3 1.19

Resolution (voxel) 256 3 176 640 3 500 448 3 336 320 3 260

TIRM 5 turbo inversion recovery magnitude; VIBE 5 volumetric interpolated breath-hold examination; NA 5 not applicable.
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(left and right), anterior mediastinum, paratracheal, lung hilum (left and
right), diaphragm, axilla (left and right), hepatic hilum, splenic hilum,
spleen, celiac trunk, paraaortic, mesenteric, iliac (left and right), and
inguinal (left and right). Ten extranodal sites were also registered:
lung, chest wall, kidneys, bone marrow, pleura, pericardium, bowel,
stomach, liver, and pancreas.

Nodal and extranodal disease involvementwas defined as a focal area of
18F-FDGwith an SUVmax (measured using a 1 cm2 circular region of inter-
est) above thatof themediastinalbloodpool (14)or 18F-FDGuptakegreater
than in the surroundingbackground in a location incompatiblewith normal
physiologic activity (15,16). Nodal volumes were derived from measure-
ments in 3 orthogonal dimensions (volume5 1/6p [a3 b3 c]).

Any focal lung parenchymal 18F-FDG–avid focus above the SUVmax

of the mediastinal blood pool was considered a site of involvement. As
per the EuroNet criteria, focal lung parenchymal involvement was also
considered a site of involvement if there was a focal consolidation, a sol-
itary nodule larger than 1 cm, or more than 3 subcentimeter nodules.

Extranodal extension of diseasewas considered present if therewas a con-
tiguous extension of tissue beyond a nodal mass into adjacent structures.

At staging, bone marrow involvement was defined as focal or multi-
focal 18F-FDG uptake above the level in the liver (17). At response
assessment, bone marrow involvement was defined as focal or multifo-
cal uptake higher than that in normalmarrowbut less than that at baseline
(with diffuse changes from chemotherapy allowed) (18). Bone marrow
lesions on MRI were considered to represent bone marrow involvement
only when combined with increased 18F-FDG uptake.

For response assessment, each site was reevaluated and residual met-
abolic activity classified using the 5-point Deauville scale (19).

Statistical Analysis
Detection rates (sensitivity and specificity, with a 95% CI) and area

under the curvewere calculated for nodal and extranodal sites combined.
18F-FDG PET/MRI was subsequently compared with 18F-FDG PET/CT
as the reference standard, with and without correction for perceptual
error.

The k-statistic was determined to test agreement between modalities.
This was classified as poor for a k of less than 0.00, slight for 0.00–0.20,
fair for 0.21–0.40, moderate for 0.41–0.60, good for 0.61–0.80, and
excellent for 0.81–1.00 (20).

Volume and SUVmax for individual nodal and extranodal sites were
compared between 18F-FDG PET/MRI and 18F-FDG PET/CT at staging

and response assessment. Correlation was calculated using the Spear-
man correlation test.

Statistical analysis was performed using SPSS (release 26; IBM) for
Windows (Microsoft). The level of significance was set at an a value of
less than 0.05.

RESULTS

Twenty-six patients were recruited (male-to-female ratio, 14:12;
median age, 16 y; range, 8–19 y). After exclusion, 24 patients
were enrolled for staging, and 21 of these remained for response
assessment. Twenty-two patients had histologically confirmed clas-
sic HL; 2 had nodular lymphocyte-predominant HL. The study flow-
chart is presented in Figure 1.

Patients recruited
N = 26   

Excluded N = 2  
- No HL on pathology review

(N = 1) 
- No18

 F-FDG PET/MRI (N = 1)  

Excluded for response
assessment N = 3

 No18
 F-FDG PET/MRI   -

Analysis 1
Concordance between 18F-FDG PET/MRI and 18F-FDG PET/CT  

- nodal and extra-nodal sites at staging and response
assessment  

- Ann Arbor staging at staging, Deauville at response
assessment 

Consensus read:
discrepant sites classified as:
- Perceptual error 
- Technical error 

Analysis 2
Repeat analysis after correction for perceptual error  

Treatment

18F-FDG PET/MRI and 18F-FDG
PET/CT, N = 24 

18F-FDG PET/MRI and 18F-FDG
PET/CT, N = 21

FIGURE 1. Study flowchart.

TABLE 2
Technical and Perceptual Errors, Nodal and Extranodal Sites Combined

Error Staging (n) Response assessment (n)

18F-FDG PET/CT 18F-FDG PET/MRI 18F-FDG PET/CT 18F-FDG PET/MRI

TP 141 135 6 5

FP NA 4 0 0

Perceptual 1 0

Technical 3 0

TN 560 551 603 603

FN NA 6 0 1

Perceptual 6 0

Technical 0 1

Total number of sites 696 696 609 609

TP 5 true-positive; FP 5 false-positive; NA 5 not applicable; TN 5 true-negative; FN 5 false-negative.
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The median time between 18F-FDG injection and 18F-FDG PET/
CT was 68 min (interquartile range, 60–76 min). The median inter-
val between 18F-FDG PET/CT and 18F-FDG PET/MRI was 95 min
(interquartile range, 77–112 min).

Staging
18F-FDG PET/CT detected 141 disease-positive sites (136/456

nodal and 5/240 extranodal: 696 sites total) (Table 2). The modified
AnnArbor stage distributionwas stage 1 in 1 patient (1/24, or 4.2%),
stage 2 in 13 patients (13/24, or 54.2%), stage 3 in 6 patients (6/24, or
25%), and stage 4 in 4 patients (4/24, or 16.7%).

18F-FDG PET/MRI detected 135 of 141 true-positive sites, 551
true-negative sites, 4 false-positive sites, and 6 false-negative sites
(Table 2). Six of 6 false-negative sites were because of perceptual
error. Three of 4 false-positive sites were because of technical error;
these false-positive sites were small in volume (0.02–1.3 cm3) but
18F-FDG–avid, whereas they were not 18F-FDG–avid on the 18F-
FDG PET/CT reference standard. The remaining single false-
positive site was because of perceptual error (Table 2).
Uncorrected and corrected sensitivity and specificity are given in

Table 3. 18F-FDG PET/MRI intermodality agreement for disease
sites compared with 18F-FDG PET/CT detection was excellent for
both uncorrected and corrected data (Table 3).
There were no discrepancies between 18F-FDG PET/MRI and

18F-FDG PET/CT for modified Ann Arbor staging (Table 4). Figure
2 demonstrates an involved nodal site at staging that was concordant
between 18F-FDG PET/CT and 18F-FDG PET/MRI.

Response Assessment
At response assessment, 18F-FDG PET/CT demonstrated 6

incompletemetabolic response sites (4/399 nodal and 2/210 extrano-
dal: 609 sites total) in 3 of 21 patients (Table 2). Deauville grade dis-
tribution was grade 2 in 11 patients (11/21, or 52.4%), grade 3 in 7
patients (7/21, or 33.3%), and grade 4 in 3 patients (3/21, or 14.3%).
Figure 3 demonstrates 18F-FDG PET/MRI nodal site involvement at
staging and response assessment.

18F-FDG PET/MRI correctly detected 5 of 6 incomplete meta-
bolic response sites; 1 incomplete metabolic response site was not
detected because of a technical error (Deauville 3 on 18F-FDG
PET/MRI compared with Deauville 4 on 18F-FDG PET/CT). There

were no perceptual errors. Uncorrected and corrected sensitivity and
specificity are given in Table 3.
Intermodality agreement for disease sites between 18F-FDG PET/

MRI and 18F-FDG PET/CT detection was excellent (Table 3). 18F-
FDG PET/MRI response assessment according to Deauville was
excellent (Table 4).

Extranodal Disease
At staging, 5 of 141 involved sites were extranodal (3 bone mar-

row sites and 2 lung sites). Regarding the lung sites, 1 patient had 1
lung nodule measuring 12 and 14 mm on T2-HASTE and CT,
respectively. The other patient had multiple lung nodules: 12 nod-
ules were detected on T2-HASTE, measuring up to 14 mm, and
41 nodules measured up to 18 mm on CT.
At response assessment, 2 incompletemetabolic response siteswere

extranodal (1 bonemarrow site and 1 lung site). Further statistical anal-
yses were omitted because of the low number of extranodal sites.

TABLE 3
18F-FDG PET/MRI Detection of Involved Sites

Index Uncorrected for perceptual error Corrected for perceptual error

Staging

Sensitivity 95.7% (135/141; 95% CI, 90.6%–98.3%) 100% (141/141; 95% CI, 96.7%–100%

Specificity 99.3% (551/555; 95% CI, 98.0%–99.8%) 99.5% (552/555; 95% CI, 98.3%–99.9%)

k 0.960 (P 5 0.000) 0.987 (P 5 0.000)

AUC 0.979 (P 5 0.000) 0.997 (P 5 0.000)

Response assessment

Sensitivity 83.3% (5/6; 95% CI, 36.5%–99.1%) NA

Specificity 100% (603/603; 95% CI, 99.2%–100%) NA

k 0.908 (P 5 0.000) NA

AUC 0.917 (P 5 0.000) NA

AUC 5 area under curve; NA 5 not applicable in absence of perceptual errors at response assessment.

TABLE 4
Staging and Early Response Assessment, Agreement
Between 18F-FDG PET/MRI and 18F-FDG PET/CT

Parameter 18F-FDG PET/MRI

Staging (N 5 24)

Concordant 24

Upstaged 0

Downstaged 0

Intermodality agreement (k) 1.0 (P 5 0.000)

Response (N 5 21)

Concordant 19

Higher Deauville 0

Lower Deauville 2*

Intermodality agreement (k) 0.835 (P 5 0.000)

*One case because of Deauville 3 instead of 4, and 1 because of
Deauville 2 instead of 3.
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Volume
At staging, correlation between individual nodal disease site

volumes at 18F-FDG PET/MRI and 18F-FDG PET/CT was
excellent (r 5 0.817, P 5 0.000). Volumes are given in
Table 5.

At response assessment, correlation was
good (r 5 0.728, P 5 0.000). Volumes
and volume reduction percentages at
response assessment are given in Table 5.
SUVmax

At staging, there was a good correlation (r
5 0.732, P5 0.000) between SUVmax from
18F-FDG PET/MRI and 18F-FDG PET/CT;
SUVmax is given in Table 5.
Correlation at response assessment was

moderate (r 5 0.543, P 5 0.000); SUVmax

is given in Table 5.

DISCUSSION

This study prospectively compared 18F-
FDG PET/MRI with 18F-FDG PET/CT for
both staging and early postchemotherapy
response reassessment in a cohort of chil-
dren and adolescents with HL.
By comparing the diagnostic performance

of these modalities, we wanted to test the
hypothesis that 18F-FDG PET/MRI is an
alternative to 18F-FDG PET/CT in pediatric
HL, with the aim of reducing the cumulative
radiation dose that these children receive

throughout their illness. To correct for human perception bias, we
present data corrected and uncorrected for perceptual error. Techni-
cal error due to differences in technique was not corrected for.
When corrected for perceptual error, our results showed perfect

agreement for modified Ann Arbor staging between 18F-FDG
PET/MRI and 18F-FDG PET/CT and excel-
lent response assessment agreement accord-
ing to the Deauville scale. The notion that
18F-FDG PET/MRI may replace 18F-FDG
PET/CT is further supported by a good to
excellent intermodality correlation of SUV-

max and nodal size at staging and by a mod-
erate to good correlation at response
assessment.
In adults, excellent to perfect staging

agreement (k 5 0.979–1.0) between 18F-
FDG PET/CT and 18F-FDG PET/MRI for
staging of mixed groups of HL and non-
HL has been reported (13,21,22). However,
given the differences in body habitus, the
differences in physiology (e.g., brown fat),
the challenges of prolonged MRI protocols
in children, and the possible differences in
behavior of lymphomas, adult studies com-
paring 18F-FDG PET/MRI with 18F-FDG
PET/CT cannot be extrapolated to children
and adolescents (4,11,23). Those available
pediatric studies comparing 18F-FDG PET/
MRI and 18F-FDG PET/CT have so far con-
sisted of a mix of both HL and non-HL and
studied either staging or response assess-
ment (4,24). Our study aimed to improve
on the pediatric literature by prospectively
including only pediatric HL and studying
both staging and early response assessment.

FIGURE2. AxialCT (A), 18F-FDGPET (B), 18F-FDGPET/CT (C), T2-HASTEMRI (D), 18F-FDGPET (E),
and 18F-FDGPET/MRI (F) images showing concordant (indicating thatPET/CT andPET/MRI show the
same lesion) upper right deep cervical lymphadenopathy (arrows) in a 12-y-old boy with lymphocyte-
predominant HL at staging.

FIGURE 3. (A–C)Coronal STIR (A), 18F-FDGPET (B), and 18F-FDGPET/MR (C) images demonstrating
lymphadenopathy in right supraclavicular fossa and right paratracheal region and nodule in right lung
(arrows) ina14-y-oldboywithHL. (D–F)Earlyresponseassessmentafter2cyclesofchemotherapyshow-
ing residual smaller lymphadenopathy in the right supraclavicular fossaoncoronalSTIR image (D) andno
uptakeoncoronal18F-FDGPET(E)or18F-FDGPET/MRI (F) (arrows).Othersitesofdiseasehaveresolved.
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Because of a longer study duration, a smaller bore diameter, and
loud noises, undergoing 18F-FDG PET/MRI instead of 18F-FDG
PET/CT may be challenging for some children (and adults). Prepa-
ration using virtual-reality glasses, a mock MRI scanner, and play
specialists may help children to become comfortable in an MRI
scanner (25). However, diagnostic performance must have priority
over reduction of radiation dose. For those children unable to lie still
in theMRI scanner, either anesthesia or 18F-FDGPET/CT instead of
18F-FDG PET/MRI may be necessary.
In addition to the reduced radiation dose, there may be another

benefit to replacing 18F-FDG PET/MRI with 18F-FDG PET/CT.
MRI sequences have intrinsic superior soft-tissue contrast compared
with CT, potentially allowing for better delineation of lymph nodes
(e.g., hilar lymph nodes) and focal lesions in solid organs (e.g., liver,
spleen, kidney). However, although lung nodules can be seen on
MRI, CT has superior air-to-tissue contrast, and diagnostic chest
CT is advised at staging of lung nodules (26). Consequently, our cur-
rent practice consists of 18F-FDG PET/MRI at staging and response
assessment, in combination with diagnostic non–contrast-enhanced
chest CT at staging in all patients and at response assessment in those
children with lung involvement at staging.
A limitation of this study was the necessity to scan and then move

the patients between the 18F-FDG PET/CT and 18F-FDG PET/MRI
devices. This limitation was again unavoidable in a study in which
ethics allow only a single 18F-FDG injection.
The effects of a delay between injection and PET scanning are

2-fold. The first is a reduction in 18F-FDG activity due to decay of
the isotope, which may influence SUV measurements. The second
is prolonged uptake time, which at some sites may increase disease
detection due to washout from normal structures and at other sites
may cause higher activity due to slow tracer uptake (27). There
are published examples of this phenomenon, such as adrenal lesions
that are false-negative on 18F-FDGPET/CT but true-positive on 18F-
FDG PET/MRI (13)—a finding that is thought be the result of pro-
longed uptake time.
Although we found no difference in staging between 18F-FDG

PET/MRI and 18F-FDG PET/CT at diagnosis, there were site dis-
crepancies that could have a potential clinical impact on children
requiring radiotherapy. These discrepancies, regarded in our study
as technical errors, may be due to the delay in 18F-FDG PET/MRI
relative to 18F-FDG PET/CT. In our study, 3 (small volume: range,
0.02–1.3 cm3) siteswere considered false-positive on 18F-FDGPET/
MRI at staging because of a higher SUVmax on

18F-FDG PET/MRI

than on 18F-FDG PET/CT. Although the reason for this discrepancy
cannot be verified, we postulate that it may be related to the pro-
longed uptake time for the 18F-FDG PET/MRI. Conversely, differ-
ences in perfusion and washout may also account for the lower
Deauville scale measurement at 2 sites on 18F-FDG PET/MRI dur-
ing response assessment.
Lastly, there were only 6 sites at response assessment that did not

show a complete metabolic response. Although there was excellent
agreement between 18F-FDG PET/MRI and 18F-FDG PET/CT at
response assessment, these numbers are too small to draw definitive
conclusions. Further studies to confirm these findings should include
a larger population, whichmay be feasible in, especially, a multicen-
ter collaboration.

CONCLUSION

In our cohort of patients, 18F-FDG PET/MRI showed no differ-
ence from 18F-FDG PET/CT in overall staging of HL in children
and adolescents, and there was an excellent response assessment
agreement. With the aim of reducing cumulative radiation dose,
we suggest that pediatric or adolescent HL staging and response
assessment be performed using 18F-FDG PET/MRI instead of 18F-
FDG PET/CT wherever possible.
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KEY POINTS

QUESTION: Can 18F-FDG PET/MRI replace 18F-FDG PET/CT for
staging and response assessment of pediatric HL?

PERTINENT FINDINGS: This prospective observational study
demonstrated that 18F-FDG PET/MRI is a promising alternative to
18F-FDG PET/CT for staging and chemotherapy response assess-
ment in pediatric HL.

IMPLICATIONS FORPATIENT CARE: Replacing 18F-FDG PET/CT
with 18F-FDG PET/MRI allows children with HL to receive a lower
cumulative radiation dose at staging and response assessment
while maintaining diagnostic accuracy.

TABLE 5
Volume and SUVmax per Individual Nodal Sites

Parameter 18F-FDG PET/MRI 18F-FDG PET/CT

Volume

Staging, median (cm3) 6.5 (IQR, 1.7–20.9) 8.3 (IQR, 1.9–28.6)

Response, median (cm3) 1.4 (IQR, 0.5–3.4) 1.8 (IQR, 0.6–6.3)

Volume reduction (%) 86.90 80.35

SUVmax (mg/cm3)

Staging, median (mL/cm3) 8.0 (IQR, 5.4–10.3) 8.2 (IQR, 6.0–10.8)

Response, median (mg/cm3) 1.2 (IQR, 0.9–1.5) 1.7 (IQR, 1.2–1.7)

IQR 5 interquartile range.
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Interobserver Agreement on Automated Metabolic Tumor
Volume Measurements of Deauville Score 4 and 5 Lesions at
Interim 18F-FDG PET in Diffuse Large B-Cell Lymphoma
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Metabolic tumorvolume(MTV)oninterimPET(I-PET) isapotentialprog-
nosticbiomarker fordiffuse largeB-cell lymphoma (DLBCL). Implemen-
tation of MTV on I-PET requires a consensus onwhich semiautomated
segmentation method delineates lesions most successfully with least
user interaction. Methods used for baseline PET are not necessarily
optimal for I-PET because of lower lesional SUVs at I-PET. Therefore,
we aimed to evaluatewhichmethodprovides the best delineationqual-
ity forDeauville score (DS) 4–5DLBCL lesionson I-PETat thebest inter-
observer agreement on delineation quality and, second, to assess the
effect of lesional SUVmaxondelineationquality andperformanceagree-
ment.Methods: DS 4–5 lesions from 45 I-PET scans were delineated
using 6 semiautomated methods: a fixed SUV threshold of 2.5 g/cm3,
a fixed SUV threshold of 4.0 g/cm3, an adaptive threshold corrected
for source-to-local backgroundactivity contrast at 50%of theSUVpeak,
41%ofSUVmax per lesion, amajority vote including voxels detected by
at least 2 methods, and a majority vote including voxels detected by at
least 3methods (MV3).DelineationqualityperMTVwas ratedby3 inde-
pendent observers as acceptable or nonacceptable. For eachmethod,
observer scores on delineation quality, specific agreement, and MTV
were assessed for all lesions and per category of lesional SUVmax (,5,
5–10, .10). Results: In 60 DS 4–5 lesions on I-PET, MV3 performed
best,withacceptabledelineation in90%of lesionsandapositiveagree-
ment of 93%. Delineation quality scores and agreement per method
strongly depended on lesional SUV: the best delineation quality scores
were obtained usingMV3 in lesions with an SUVmax of less than 10 and
using SUV4.0 in more 18F-FDG–avid lesions. Consequently, overall
delineation quality and positive agreement improved by applying the
most preferred method per SUV category instead of using MV3 as the
single best method. The MV3- and SUV4.0-derived MTVs of lesions
withanSUVmaxofmorethan10werecomparableafterexclusionofvisu-
ally failed MV3 contouring. For lesions with an SUVmax of less than 10,
MTVs using different methods correlated poorly. Conclusion: On
I-PET, MV3 performed best and provided the highest interobserver
agreement regardingacceptabledelineationsofDS4–5DLBCLlesions.
However, delineation-method preference strongly depended on
lesional SUV. Therefore, we suggest exploration of an approach that

identifies the optimal delineation method per lesion as a function of
tumor 18F-FDG uptake characteristics, that is, SUVmax.

Key Words: lymphoma; metabolic tumor volume; PET; stand-
ardization

J Nucl Med 2021; 62:1531–1536
DOI: 10.2967/jnumed.120.258673

For staging and response evaluation in malignant lymphoma,
18F-FDGPET is a cornerstone (1,2). In Hodgkin lymphoma, the util-
ity of interim PET (I-PET) in early response-adapted therapy has
been demonstrated (3). In diffuse large B-cell lymphoma (DLBCL),
the role of I-PET–adapted strategies is still controversial, mainly
because of their insufficient positive predictive value (4).

To date, I-PET scans are classified using the 5-point Deauville
score (DS) as described in the guidelines of the International Confer-
ence onMalignant Lymphoma (2). However, DS of 4–5, which usu-
ally are considered treatment failures, suffer from a poor positive
predictive value (4,5). Discrimination between true nonresponders
and responders might improve by quantification (e.g., the relative
change in standardized tracer uptake) (5–11). Quantification will
reduce observer variability, and this is essential for successful clin-
ical implementation.
Metabolic tumor volume (MTV) before treatment seems to have

prognostic value (12–14). It has been suggested that MTV at I-PET
might add prognostic value aswell (7–9,15–17).MeasuringMTVon
I-PET is, however, challenging since lesional contrast in I-PET is
often limited. Moreover, 18F-FDG uptake can be heterogeneous
within and between lesions. Low, heterogeneous uptake results in
poor delineation reproducibility (18). In addition, manual tumor seg-
mentation is extremely time-consuming. Semiautomated or fully
automated segmentation methods may partially eliminate these
drawbacks (19–21), such as the so-called threshold-based methods,
in which the delineation threshold is based on a fixed SUV (e.g., a
fixed SUV threshold of 2.5 g/cm3 [SUV2.5] or a fixed SUV thresh-
old of 4.0 g/cm3 [SUV4.0]), a fixed percentage of tumor SUV (e.g.,
$41% of SUVmax), or a contrast-oriented algorithm (adaptive
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thresholds, e.g., an adaptive threshold corrected for source-to-local
background activity contrast at 50% of the SUVpeak [A50%peak])
(22).
The prognostic relevance of baseline MTV is relatively indepen-

dent of delineation methodology (albeit with different cutoffs)
(12–14). Here, SUV4.0 seems to be most successful on the basis
of interobserver reliability and ease of use (13,23). However, this
method is not necessarily optimal at I-PET, because at that time
point, lesional tracer uptake and target-to-background contrast are
lower, which may affect delineation quality. Consequently, more
user interaction is needed to obtain proper delineations, resulting
in a potentially higher interobserver variability. Initial studies eval-
uating MTV at I-PET showed prognostic value, but each applied a
different threshold method (37%, 40%–42% SUVmax, SUV2.5,
SUV4.0, gradient-based method). Moreover, observer variation
was not reported.
The delineation performance of these methods may depend on

tumor 18F-FDG uptake characteristics (24,25). Therefore, selection
of the optimal method based on lesional imaging characteristics,
as suggested by the ATLAAS (Automatic Decision Tree-Based
Learning Algorithm) selection approach, might improve delineation
quality over use of a single method for all lesions (26).
Successful validation and implementation of I-PET MTV in clin-

ical trials and practice require reliable, reproducible MTV measure-
ments at minimal operator interaction. Therefore, the aim of this
study was to evaluate which method provides qualitative acceptable
delineations of DS 4–5 DLBCL lesions on I-PET most often, with
high interobserver agreement; to study whether lesional SUVmax

affects delineation performance agreement; and, finally, to assess
to what extent overall delineation performance improves through
selection of the best delineation method based on lesional SUVmax.

MATERIALS AND METHODS

Patient and PET Imaging Selection
This study included newly diagnosed DLBCL patients, with

available I-PET data, from the HOVON (Stichting Hemato-
Oncologie voor Volwassenen Nederland)-84 study, an international
randomized clinical trial approved by institutional review board or
ethics committees, conducted between November 2007 and April
2012 (EudraCT 2006-005174-42, NTR10140) (27,28).
HOVON-84 was designed to evaluate early intensification of rit-

uximab in the first 4 cycles combinedwith cyclophosphamide, doxo-
rubicin, vincristine, and prednisone on the response rate and time to
reach response in previously untreated eligible patients with
CD-20–positive DLBCL. I-PET was performed after 4 cycles and
was centrally reviewed by 2 independent, experienced nuclear med-
icine physicians using the DS system and by a third reviewer when
adjudication was required (27).
For the present study, we randomly selected 45 I-PET/CT scans of

patients with an incomplete metabolic response (DS 4–5).

Automated PET Delineation Methods
Using in-house–developed software (ACCURATE tool), we

applied 6 automated PET delineation methods. Four of these delin-
eation methods were threshold-based, using SUV2.5, SUV4.0,
a threshold at 41% of the SUVmax per lesion (41%max), and
A50%peak (19,29). The A50%peak method segments lesions
when lesional uptake is less than twice the local background, defined
as the mean uptake of a single-voxel shell 2.5 cm around the edge of
a 70%-of-SUVmax isocontour, excluding voxels with an SUVmax of
more than 2.5 (30). SUVpeakwas defined as the highest average SUV

of a 1 cm3 sphere volume of interest across all positions within the
target lesion (31).
The 2 remaining delineation methods were based on a majority-

vote approach by which contours were determined by the intersec-
tion of the 4 threshold-based delineations. For these majority votes,
a voxel was included in the consensus delineation according to the
results of the majority of the threshold-based methods. If there
was agreement between at least 2 of the threshold-based methods,
the method was called majority-vote 2 (MV2); if there was agree-
ment between at least 3 of the threshold-based methods, the method
was called majority-vote 3 (MV3).
These 6 methods semiautomatically segmented MTVs on the

basis of the voxel with the highest detected SUV (SUVmax/SUVpeak)
within the manually selected lymphoma target lesion. Semiauto-
mated derived delineations were not manually adapted.

Observer Evaluation
Volumes of interest from these 6 methods were visualized on all

I-PET images to allow assessment of delineation quality separately
by 3 observers (a nuclear medicine physician [5 y of experience], a
radiologist [5 y of experience], and a hematologist [15 y of expe-
rience]). Observers were masked to the delineation method and
clinical outcomes but not to the baseline PET/CT results. Each
observer evaluated the quality of the MTV segmentation on a
lesional basis.
The delineation quality per method was scored as follows (Sup-

plemental Fig. 1; supplemental materials are available at http://
jnm.snmjournals.org) (23): acceptable (MTV required no
[“good”] or minimal [“moderate”] manual adaption to obtain a
visually accurate lymphoma segmentation) or nonacceptable
(MTV included a lot of physiologic background activity or visu-
ally did not select the complete lymphoma lesion, requiring exten-
sive manual adaption [“poor”], or MTV was so poorly defined that
even extensive manual adaption was no longer considered feasible
[“failed”]).

Statistical Analysis
The median and interquartile range of the observed MTVs were

calculated for each delineation method.
For all lesions, the dichotomous delineation quality scores, as

rated by the observers, were summarized as frequencies for each
of the 6 delineationmethods. Additionally, observer scoreswere cal-
culated for lesions categorized by their SUVmax (,5, 5–10, or.10)
to evaluate the effect of lesional SUVmax on these quality scores.
To evaluate which method obtained the best agreement among

observers on providing acceptable delineations (i.e., without the
need for extensive manual correction) of DLBCL I-PET lesions,
we used percentage agreement, specified for a rating of “acceptable”
(for a positive test result: positive agreement, PA) (32,33). PA
implies the percentage probability that observer B scores a method’s
MTV as acceptable identically to observer A. The negative agree-
ment (NA) measure reflects the probability that observers agreed
that the delineation performance rating was not acceptable. We
focused primarily on the agreement on the best-performing method;
therefore, NA measures are reported only to provide a complete
overview of the results.
Additional specific agreement analyses were performed per

SUVmax category. On the basis of the highest acceptable delineation
quality score and its PA, we explored which method was preferred
per SUVmax category. Next, we evaluated the extent to which the
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overall interobserver scoring performance improved when, per
SUVmax category, the most preferred method was used.
We explored whetherMTV calculated with the multiple-methods-

of-preference approach could be converted—by applying a mathe-
matic transformation—into values that are comparable when using
the single method of preference. Therefore, we tested whether these
MTVs per SUVmax category were log-normally distributed, and we
assessed their correlation with a Pearson correlation coefficient.

RESULTS

The 45 I-PET scans showed 60 DS 4–5 lesions (range, 1–4 per
scan) with a median SUVmax of 6.9 (interquartile range, 5.0–10.2).
The smallest median MTV was obtained with SUV4.0 (2.3 cm3)

and MV3 (4.9 cm3) and the largest with
SUV2.5 (29.9 cm3) and 41%max (27.6
cm3) (Table 1).
Regarding delineation quality scores, the

MV3-derived MTVs were most frequently
considered visually acceptable, with an
average of 90% of the lesions receiving
an observer score of acceptable (Fig. 1;
Table 2; Supplemental Table 1).
A50%peak and MV2 showed a lower
delineation performance (in 77.2% and
72.8% of lesions, respectively), whereas
SUV4.0 least frequently provided accept-
able delineations (52.8%). The observer
scores per method differed among SUVmax

categories: for the SUV2.5 and A50%peak
methods, a score of acceptable was given
more frequently for lesions with an
SUVmax of less than 5 than for lesions with
an SUVmax of more than 5. The opposite
trend was observed for the SUV4.0 and
41%max methods. For the MV3 method,
the frequency of a score of acceptable varied
by 6.6% among the SUV categories; this
method was therefore less affected by
lesional SUVmax than the other methods.
Specific agreement on a rating of

acceptable, calculated over all lesions,
revealed that the PA was highest for the
MV3 (93.2%), A50%peak (92.1%), and
MV2 (90.8%) methods, whereas the PA
for the other methods was lower, at

79.6% for SUV2.5, 84.2% for SUV4.0, and 87.2% for 41%max.
The observers agreed that for only 38.9% of the lesions, MV3 did
provide nonacceptable delineations (NA). The highest NA for a rat-
ing of acceptable was reached for the 41%max method (80.3%) and
the SUV4.0 method (82.4%).
The specific agreement per method depended on lesional SUVmax

(Table 2; Fig. 2). The absolute threshold methods showed opposite
trends, in which the SUV2.5 method performed well mainly in
lesions with a low SUVmax, and the SUV4.0 method performed
well mainly in lesions with a high SUVmax. Of the relative threshold
methods, the 41%max method performed suboptimally in lesions
with an SUVmax of less than 5 (PA of 77.8%), compared with higher
avid lesions (SUVmax 5–10, PA 91.8% and SUVmax .10, PA
85.7%), whereas A50%peak performed best in lesions with low
avidity (SUVmax , 5; PA, 94.9%). Both majority-vote methods
showed a high PA in lesions with an SUVmax of less than 10, but
MV3 performed best, with a lower NA, in these lesions with low
or medium avidity (SUVmax, 5–10).
MV3was the method of preference for lesions with an SUVmax of

less than 10, based on the highest frequency for an observer score of
acceptable combined with one of highest PA and lowest NA values
(Table 2; Supplemental Table 1). SUV4.0 was considered the most
preferred method for lesions with an SUVmax of more than 10. Com-
paring the method-of-preference approach with MV3, as the overall
best-performing method, resulted in an overall increase from 90% to
92.8% in the frequency of a score of acceptable, an increase from
93.2% to 95.2% in PA, and a decrease from 38.9% to 30.5% in NA.
Log-transformed MTVs obtained using MV3 and SUV4.0 for

lesions with an SUVmax of more than 10, both normally distributed

TABLE 1
Description of Observed MTVs per Method

Method Median Interquartile range

SUV2.5 29.9 4.8–181.4

SUV4.0 2.3 0.6–9.7

41%max 27.6 3.5–214.6

A50%peak 14.7 3.7–37.3

MV2 19.4 5.7–65.0

MV3 4.9 3.1–19.8

Data are cm3.

FIGURE 1. Frequency of delineation quality score of acceptable per delineation method as rated by
observers.
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(Shapiro-Wilk, P . 0.05), showed a strongly positive linear relation-
ship (R2 5 0.87, P , 0.001). All SUV4.0- and MV3-derived MTVs
for lesions with an SUVmax of more than 10 were nearly equal and
within 1.96 SDs or 10 cm3 from the line of identity, except for 2 outliers
(*A and *B in Fig. 3; Supplemental Fig. 2). TheMV3method for both
of these outlier MTVs was rated as nonacceptable by the observers,
each suggesting an underestimation of lesion volume, whereas MV3
was rated as acceptable for the other MTVs in this SUV category.
Since MV3 was considered the overall single method of prefer-

ence and the preferred method for lesions with an SUVmax of less
than 10, no additional transformation analyses were required.
None of the log-transformed method-derived volumes of lesions
with an SUVmax of less than 10, including MV3 and SUV4.0,
were normally distributed or showed high Spearman correlation
coefficients (Supplemental Fig. 3).

DISCUSSION

To the best of our knowledge, this was the first multiobserver
study that evaluated the delineation performance of several semiau-
tomated segmentationmethods forDS 4–5DLBCL lesions at I-PET.
Overall, MV3-derived MTVs were most frequently scored as
acceptable, with the highest PA and lowest NA.
Previous studies suggested that, in DLBCL, a lowMTV on I-PET

or amajor decrease inMTVversus baseline PETpredicts response at
end-of-treatment PET and progression-free survival (7–9,15–17).
However, MTV cutoffs were different, and it is unclear whether or
to what extent this difference relates to the use of different semiau-
tomated delineation algorithms. O~nate-Oca~na et al. used a 40%
SUVmax threshold (9); Zhang et al., 41% (17); Wu et al., 42%
(34); andMalek et al., 37% (7), along with a gradient-based segmen-
tation method, whereas Islam et al. applied an SUV4.0 threshold (8)

and Yang et al. (15) andMikhaeel et al. (16) an SUV2.5 threshold of
2.5. These differences preclude any meaningful metaanalysis to
build the case of evidence forMTV as a predictor of clinical outcome
additional to DSUVmax and the 5-point DS (10,11)—the latter, par-
ticularly for I-PETDLBCL studies, frequently prevailing at I-PET in
contrary to baseline PET, since correlation between MTVs obtained
by different segmentation methods is generally low for lesions with
an SUVmax of less than 10 (Supplemental Fig. 3).
The delineation quality and reproducibility of a method based

on a fixed SUV threshold may be most sensitive to lesion uptake
and local tumor-to-background contrast (24,25). Evaluating this
hypothesis in our DLBCL I-PET cohort indeed showed that
besides MTV correlations, quality scores and interobserver
agreement also strongly depended on the lesional SUVmax (Fig.
2; Table 2; Supplemental Fig. 3). This dependence explains, at
least partly, the discordance in method preference at baseline
PET/CT, when SUV4.0 was preferred, versus the preference for
MV3 at I-PET, as the lesional tracer uptake is much lower at
I-PET than at baseline (13,23). The delineation performance of
SUV4.0 was still successful at I-PET for highly avid lesions
(SUVmax . 10), that is, for lesions with uptake levels comparable
to baseline levels.
The delineation performance of the 41%maxmethod was also con-

sidered less successful in lesions with low avidity—that is, with a low
tumor-to-background ratio (Table 2; frequency of 40% for a
delineation-quality score of acceptable; PA, 78%). This finding is in
line with the European Association of Nuclear Medicine guidelines
for tumor imaging (35). Our results suggest that delineating lesions
of low avidity is most successful using SUV2.5, A50%peak, MV2,
and MV3 (Figs. 1 and 2; Table 2). Overall, for MV3, the observer
score frequency and PA for successful delineation was best and was

TABLE 2
Frequency of Delineation Quality Scores and Specific Agreement

Parameter SUV2.5 SUV4.0 41%max A50%peak MV2 MV3

Method-of-
preference
approach

Frequency of score of acceptable
per delineation method
(average percentage)

Total (60 lesions) 57.2 52.8 60.6 77.2 72.8 90.0 92.8

SUVmax , 5 (15) 82.2 11.1 40.0 86.7 86.7 88.9 88.9

SUVmax 5 5–10 (28) 51.2 48.8 58.3 76.2 66.7 92.9 92.9

SUVmax . 10 (17) 45.1 96.1 82.4 70.6 72.5 86.3 96.1

Specific agreement (acceptable
vs nonacceptable)

Percentage PA

Total (60 lesions) 79.6 84.2 87.2 92.1 90.8 93.2 95.2

SUVmax , 5 (15) 86.5 20.0 77.8 94.9 97.4 95.0 95.0

SUVmax 5 5–10 (28) 79.1 78.0 91.8 93.8 87.5 94.9 94.9

SUVmax . 10 (17) 69.6 95.9 85.7 86.1 89.2 88.6 95.9

Percentage NA

Total (60 lesions) 72.7 82.4 80.3 73.2 75.5 38.9 30.5

SUVmax , 5 (15) 37.5 90.0 85.2 66.7 85.7 60.0 60.0

SUVmax 5 5–10 (28) 78.0 79.1 88.6 80.0 75.0 33.3 33.3

SUVmax . 10 (17) 75.0 0.0 33.3 66.7 71.4 28.6 0.0
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least affected by lesional SUV. Therefore, MV3 might be considered
the single method of choice for assessing MTV in patients or PET
studies showing a large variation in lesional tracer uptake.
However, no single semiautomated delineation method—not even

MV3—performs optimally for different types of lymphoma at differ-
ent therapeutic stages without the need for manual correction (25).
Therefore, a workflow in which observers select the visually best-
performing method per lesion might improve overall delineation
success while minimizing interobserver variability compared with
manual segmentation (36). Translating this workflow at I-PET for
DBLCL might imply that lesions with an SUVmax of less than 10
should be delineated using the MV3 method and that the SUV4.0
method should be used if lesions have an SUVmax of more than 10
or if the observers consider contouring with the MV3 to have failed.
Berthon et al. introduced an approach to selecting a delineation

method; in this approach, an ATLAAS is used to further improve
accurate and reproducible lesion segmentation (26). This concept
is based on selecting the best method from several predefined
methods using lesion characteristics as input, and the approach out-
performed the PET segmentation accuracy of each single method.

We also found that compared with use
of each delineation method separately,
use of themethod with the highest accept-
able score frequency per SUV category
resulted in a more successful delineation
performance (Table 2). The overall good
performance of MV3 is to some extent
in line with the ATLAAS approach, as
the two approaches are both consensus-
based; that is, the MV3 method is based
on majority-vote selection of the voxels
to be included in the final MV3 volume
of interest using 4 segmentation methods
as input. Therefore, other consensus
approaches, such as STAPLE (simulta-
neous truth and performance level estima-
tion), might demonstrate an overall good
delineation performance in DLBCL
I-PET as well (37). However, identifying
a single MTV delineation algorithm that
is accurate, is easy to use, is reliable
when applied in multicenter or multiob-
server settings, and has good prognostic

performance may need to be reconsidered against an approach based
on selecting the most preferred method on a lesional basis, in partic-
ular for I-PET. Adding tumor volume, tumor SUVpeak-to-back-
ground ratio, and other PET metrics for selecting the best
delineation method per lesion might further improve the delineation
performance (26). Nevertheless, development of such an approach
requires a much larger dataset. Other advanced semiautomated seg-
mentation methods, such as those based on artificial intelligence,
might also increase the delineation success but are not yet available
and presently hamper implementation in a multicenter setting (38).
Our proposed approach is readily available because it can be applied
simply by first determining SUVmax and then using the MV3 or
SUV4.0 method without the need to develop complicated new tools.
Overall, we agree that the current literature has not made a convinc-

ing case that MTV outperforms DSUVmax at I-PET. However, its
potential added value can be demonstrated only if MTV methodology
is optimized and harmonized. Finally, it is unclear whether inconclu-
sive I-PET–guided trials are caused by inappropriate patient selection
(relying solely on the far-from-perfect accuracy of the positivity criteria
used so far). Therefore, attempts to improve and standardize the I-PET

response criteria, possibly including MTV,
are urgently needed.

CONCLUSION

To delineate DS4–5 DLBCL lesions on
I-PET, the semiautomatic delineation
approach MV3 was most often successful,
and at the highest interobserver agreement.
However, delineation quality and interob-
server agreement strongly depended on
SUVmax. Therefore, a delineation-method
selection strategy using lesional tracer
uptake metrics as input may provide better
segmentation. Since MV3 already showed
a very high success rate of 90% across all
lesions, we propose use of this method for
measuring the MTV of DS 4–5 lesions at

FIGURE 2. PA and NA on delineation quality score of acceptable as function of lesional SUVmax per
method.

FIGURE 3. Scatterplot of MTVs derived fromMV3 vs. SUV4.0 for lesions with SUVmax. 10. MTV *A
and *B applied by MV3 and SUV4.0 differed by more than 10 cm3 and 1.96 SD from line of identity (*A
and *B are demonstrated in Supplemental Fig. 2).
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I-PET in a supervised manner, that is, by visually inspecting the
delineation and optionally choosing the SUV4.0 method for lesions
of very high avidity (SUVmax . 10) when deemed necessary.

DISCLOSURE

Some authors (and their time) are partially funded by the PETRA
and RADIOMICS projects. The PETRA and RADIOMICS studies
are supported by Alpe d’HuZes/KWF (Dutch Cancer Society;
VU2012-5848 and VU2018-11648). No other potential conflict of
interest relevant to this article was reported.

KEY POINTS

QUESTION: Which method best delineates DS 4–5 DLBCL lesions
on I-PET and has the highest interobserver agreement regarding
acceptable delineation, and how should the effect of lesional SUVmax

on delineation quality and performance agreement be assessed?

PERTINENT FINDINGS: MV3 performed best and at the highest
interobserver agreement regarding acceptable delineation of DS
4–5 DLBCL lesions on I-PET. Delineation-method preference
strongly depended on lesional SUV.

IMPLICATIONS FOR PATIENT CARE: Automated estimation of
the MTV of DS 4–5 DLBCL lesions at I-PET is feasible in clinical
practice in a supervised manner using MV3 and, optionally, SUV4.0
for lesions of very high avidity.
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A Model System to Explore the Detection Limits of Antibody-
Based Immuno-SPECT Imaging of Exclusively Intranuclear
Epitopes

Mathew Veal1, Gemma Dias1, Veerle Kersemans1, Deborah Sneddon1,2, Stephen Faulkner2, and Bart Cornelissen1
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Imaging of intranuclear epitopes using antibodies tagged to cell-
penetrating peptides has great potential given its versatility, specific-
ity, and sensitivity. However, this process is technically challenging
because of the location of the target. Previous research has demon-
strated a variety of intranuclear epitopes that can be targeted with
antibody-based radioimmunoconjugates. Here, we developed a
controlled-expression model of nucleus-localized green fluorescent
protein (GFP) to interrogate the technical limitations of intranuclear
SPECT using radioimmunoconjugates, notably the lower target-
abundance detection threshold.Methods:We stably transfected the
lung adenocarcinoma cell line H1299 with an enhanced GFP
(EGFP)–tagged histone 2B (H2B) and generated 4 cell lines express-
ing increasing levels of GFP. EGFP levels were quantified usingWest-
ern blot, flow cytometry, and enzyme-linked immunosorbent assay.
An anti-GFP antibody (GFP-G1) was modified using dibenzocyclooc-
tyne-N3–based strain-promoted azide–alkyne cycloaddition with the
cell-penetrating peptide TAT (GRKKRRQRRRPPQGYG), which also
includes a nuclear localization sequence, and the metal ion chelator
N3-Bn-diethylenetriamine pentaacetate (DTPA) to allow radiolabeling
with 111In. Cell uptake of 111In-GFP-G1-TAT was evaluated across 5
cell clones expressing different levels of H2B-EGFP in vitro. Tumor
uptake in xenograft-bearing mice was quantified to determine the
smallest amount of target epitope that could be detected using 111In-
GFP-G1-TAT.Results:We generated 4 H1299 cell clones expressing
different levels of H2B-EGFP (0–1 million copies per cell, including
wild-type H1299 cells). GFP-G1 monoclonal antibody was produced
and purified in house, and selective binding to H2B-EGFP was con-
firmed. The affinity (dissociation constant) of GFP-G1 was deter-
mined as 9.1 6 3.0 nM. GFP-G1 was conjugated to TAT and DTPA.
111In-GFP-G1-TAT uptake in H2B-EGFP–expressing cell clones cor-
related linearly with H2B-EGFP expression (P , 0.001). In vivo xeno-
graft studies demonstrated that 111In-GFP-G1-TAT uptake in tumor
tissue correlated linearly with expression of H2B-EGFP (P 5 0.004)
and suggested a lower target-abundance detection threshold of
approximately 240,000 copies per cell. Conclusion: Here, we pre-
sent a proof-of-concept demonstration that antibody-based imaging
of intranuclear targets is capable both of detecting the presence of
an epitope of interest with a copy number above 240,000 copies per

cell and of determining differences in expression level above this
threshold.

Key Words: molecular imaging; nuclear targeting; PET; SPECT; cell-
penetrating peptide; TAT
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Molecular imaging enables noninvasive characterization of
biochemical features at a molecular level, performed on anything
from a living cell to an entire organism (1). In parallel with other
branches of personalized precision medicine, molecular imaging
has become a rapidly expanding field of research, providing appli-
cations including early diagnostic tools, patient stratification, ther-
apy guidance, and posttherapy evaluation. Nuclear imaging by
PET or SPECT using radiolabeled modified antibodies, or radio-
immunoconjugates, has already shown great promise in cancer
imaging because of the specificity, versatility, and dependable
pharmacokinetics unique to monoclonal antibodies (2). Although
most research has focused on the development of monoclonal anti-
bodies targeting extracellular epitopes on cancer cell membranes,
the extracellular matrix, or epitopes shed into the interstitial space,
approximately 30% of cellular proteins are localized within the
nucleus, orchestrating a myriad of physiologically and pathologi-
cally relevant processes (3). The opportunity to successfully target
intranuclear epitopes would significantly expand the potential
applications of molecular imaging.
Without modification, antibodies are unable to cross cellular

membranes because of their size (�150,000 Da) and hydrophilic-
ity. However, these barriers can be overcome using cell-penetrating
peptides (CPPs) (4). CPPs are short-length peptides (,30 residues)
that have the capacity to translocate across cellular membranes (5).
Since the initial discovery of the membrane transduction capacities
of the HIV-derived TAT (GRKKRRQRRRPPQGYG) peptide and
Drosophila antennapedia homeodomain protein–derived peptide
(6–8), over 1,800 CPPs have been described (9). In addition, many
CPPs have been experimentally validated in vitro and in vivo to
facilitate the translocation of bioactive molecular cargoes of vari-
ous sizes, up to 540,000 kDa, across cellular membranes, with lim-
ited toxicity (10).
Apart from serving as a CPP, the TAT peptide also contains a

noncanonic nuclear localization sequence enabling nuclear translo-
cation of its cargo. Previous research from our group and others
has demonstrated that TAT-peptide–conjugated antibodies
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(IgG-TAT) can be used to image several intranuclear targets,
including p21 (11), p27 (12), and the phosphorylated histone protein
H2AX using both PET and SPECT (13–17). This proof-of-concept
work has provided a tantalizing glimpse into the potential of
IgG-TAT–based PET or SPECT imaging of intranuclear targets.
Given the unparalleled adaptability of antibodies, the range of

possible imaging applications using intranuclear IgG-TAT imaging
probes is substantial. However, as with all imaging modalities, fun-
damental limitations in sensitivity are to be expected. Therefore,
determining the minimum target-epitope copy number required for
antibody-based PET or SPECT imaging would be highly beneficial
when novel protein markers are considered as potential targets. In
vivo imaging using antibody fragments has been demonstrated
with extracellular epitopes with copy numbers as low as 25,000
and 8,000 copies per cell (18,19). Intracellular epitope detection
limits would be expected to be significantly higher, but a quantita-
tive description of this limit has not yet been explored.
To determine the lower threshold of target abundance required

for successful intranuclear imaging using radioimmunoconjugates,
we developed a model system expressing different levels of a
well-characterized, stably expressed, nucleus-localized target pro-
tein construct, histone 2B (H2B)–tagged enhanced green fluores-
cent protein (EGFP). This strategy removes several experimental
factors that could undesirably alter target abundance, such as the
potential for the probe to influence target functionality and the
innate variability and temporal changeability in dosages and
responses when imaging-target epitopes are induced by exogenous
treatment. Removing these factors allowed for a more rigorous
evaluation of the technical capabilities of antibody-based intranu-
clear imaging.

MATERIALS AND METHODS

Cell Culture
Human lung adenocarcinoma H1299 cells (ATCC) were cultured in

Dulbecco modified Eagle medium (Sigma), supplemented with 10%
fetal bovine serum (Life Technologies), 2 mM L-glutamine, 100 units/
mL penicillin, and 0.1 mg/mL streptomycin and maintained in a 5%
CO2 humidified atmosphere at 37�C. Cells were tested and authenti-
cated by the providers. The cumulative length of culture was less than
6 mo after retrieval from liquid nitrogen storage. Cells were tested for
the absence of Mycoplasma at regular intervals. Cells stably trans-
fected with H2B-EGFP plasmid were cultured with 50 mg/mL G418/
geneticin to promote stability of transfection. Cells were harvested and
passaged as required using trypsin–ethylenediaminetetraacetic acid
solution.

Stable Cell Transfection and Selection
H1299 cells were seeded onto 6-well cell culture plates and allowed

to attach overnight to reach 75%–90% confluency. Cells were then
transfected with H2B-GFP plasmid (catalog no. 11680; Addgene) (20)
using lipofectamine 3000 (Invitrogen) according to manufacturer pro-
tocols. After transfection (48 h), stably transfected cells were selected
by culturing with 800 mg/mL G418 antibiotic for several passages.
Cells that survived initial selection were sorted for EGFP green fluo-
rescence and plated as individual cells using flow-assisted cell sorting
(FACSAria III; BD Biosciences) (Supplemental Fig. 1A; supplemental
materials are available at http://jnm.snmjournals.org). Individual cell
colonies were expanded under G418 selection (200 mg/mL), and H2B-
EGFP expression in candidate cell lines was initially assessed qualita-
tively using immunofluorescence microscopy. After establishing 4
stably transfected cell lines, in addition to untransfected H1299 cells,
which were used as a negative control, H2B-EGFP expression was

evaluated by Western blot, immunofluorescence microscopy, flow
cytometry, and enzyme-linked immunosorbent assay (ELISA). Stabil-
ity of H2B-EGFP expression in the absence of G418 was determined
using flow cytometry (Supplemental Fig. 1B).

Production and Purification of GFP-G1 Monoclonal Antibody
The GFP-G1 mouse monoclonal antibody and associated hybrid-

oma cell line were obtained from the Developmental Studies Hybrid-
oma Bank (University of Iowa; as deposited by Joshua R. Sanes and
Masahito Yamagata) (21). Hybridoma cells were initially cultured
from frozen stocks in RPMI medium supplemented with 10% fetal
bovine serum (Life Technologies), 2 mM L-glutamine, 100 units/mL
penicillin, and 0.1 mg/mL streptomycin in a 5% CO2 humidified atmo-
sphere at 37�C. Once they displayed exponential growth rates, hybrid-
oma cells were maintained in CD Hybridoma medium (Thermo Fisher
Scientific) before being harvested 14 d after the final passage. Super-
natant enriched with GFP-G1 antibody was clarified by centrifugation
(1,400g, 10 min) and filtered through a 0.2-mm filter using a peristaltic
pump before fast protein liquid chromatography purification using a
HiTrap Protein G HP antibody purification column (Cytiva). Purified
antibody was buffer-exchanged to phosphate-buffered saline (PBS)
solution and stored at 220�C. Antibody specificity and affinity (disso-
ciation constant) were characterized using immunofluorescence
microscopy and flow cytometry.

Bioconjugation and Radiolabeling
Bioconjugation of GFP-G1 with CPP TAT and the metal ion che-

lating agent diethylenetriamine pentaacetate (DTPA) was achieved
using strain-promoted azide–alkyne cycloaddition in a non–site-
specific manner. GFP-G1 was buffer-exchanged in 0.1 M NaHCO3

(pH 8.5), concentrated to 25 mM, and reacted with a 7-fold molar
excess of dibenzocyclooctyne (DBCO)-4-sulfo-2,3,5,6-tetrafluoro-
phenyl (Click Chemistry Tools) dissolved in dimethyl sulfoxide at
room temperature for 4 h. The antibody–DBCO conjugate was puri-
fied and buffer-exchanged to PBS by centrifugal filtration using a
Zeba Spin desalting column (7,000 molecular weight cutoff, 0.5 mL;
Thermo Scientific). The amount of DBCO tags conjugated to the
antibody was determined by absorbance spectroscopy at 280 and 309
nm, with a DBCO-to-antibody ratio of 5:1. The antibody–DBCO
conjugate, at approximately 10 mM, was then reacted with a 2-fold
molar equivalent relative to DBCO of 3.4 mM N3-Bn-DTPA dis-
solved in PBS plus 20% dimethyl sulfoxide (Supplemental Fig. 2;
the supplemental materials provide full synthesis details) and, con-
currently, a 0.5-fold molar equivalent (relative to DBCO) of 1 mM
azide-tagged CPP TAT-AHA (GRKKRRQRRRPPQGYG-hA(N3))
dissolved in PBS (Cambridge Peptides) at 4�C for 12 h. The anti-
body conjugate was purified and buffer-exchanged to 0.5 M sodium
citrate (pH 5.4) to remove unreacted products as previously
described. The completion of the conjugation reaction was confirmed
by the reduction of ultraviolet absorption spectrometry at 309 nm to
background level.

Immunoconjugates were radiolabeled by addition of 111InCl3 (Per-
kin Elmer). Aliquots of 150 mg of IgG conjugate (1 mg/mL in 0.5 M
sodium citrate, pH 5.4) were reacted with 111InCl3 (1 MBq/mg of anti-
body) in 0.5 M sodium citrate buffer, pH 5.4, for 1 h at room tempera-
ture. Radiolabeling yield was determined by instant thin-layer
chromatography to be greater than 95%. The resulting radiolabeled
compound, 111In-GFP-G1-TAT, was buffer-exchanged to PBS to
remove free 111In31 before subsequent studies.

In Vitro Studies
Aliquots of 8 3 104 cells per well were plated in a 24-well cell cul-

ture plate and allowed to adhere for 16 h. Culture medium was
removed, and cells were washed with PBS before addition of fresh

1538 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 11 � November 2021

http://jnm.snmjournals.org


culture medium containing 111In-GFP-G1-TAT (1.5 nM, 1 MBq/mg)
and incubation at 37�C for a further 60 min. Supernatant containing
unbound radiolabeled compound was collected; cells were washed
twice with PBS and then were washed for 5 min on ice in 0.1 M gly-
cine solution, pH 2.5, to remove membrane-bound radiolabeled

antibody conjugate. Finally, cells were lysed
by addition of 0.1 M NaOH, and cell-
associated compound was collected. The
amount of 111In within each fraction was
determined by automated g-counting
(Wizard2 2480; Perkin Elmer), to calculate
the percentage of cell-associated 111In.

In Vivo Studies
All animal procedures were performed in

accordance with the U.K. Animals (Scien-
tific Procedures) Act of 1986 and with local
ethical committee approval. Animals were
housed in individually ventilated cages in
sex-matched groups of up to 6 per cage
in an artificial day–night cycle facility with
ad libitum access to food and water. No
animals were culled for welfare reasons.
Xenografts of H1299 cells, wild-type (WT)
or stably transfected with varying levels of
H2B-EGFP, were established by subcutane-
ous inoculation of 106 cells in a 1:1 (v/v)
PBS:matrigel mix, on the right flank of
female BALB/c nu/nu mice (Envigo). After
3–4 wk, tumors reached an average size of
180 mm3 and were used for subsequent
studies.

111In-GFP-G1-TAT (5 MBq/5 mg) in PBS
was administered to each mouse via the
lateral tail vein. SPECT/CT images were

acquired using a VECTor4CT scanner (MILabs) at 24 and 72 h after
injection. Volume-of-interest analysis on SPECT images was per-
formed using PMOD software (PMOD Technologies). Full experi-
mental details, reconstruction parameters, and acquisition parameters
are provided in the supplemental materials (22). After imaging, mice

FIGURE 1. Establishment of H1299 cell lines stably transfected with H2B-EGFP. (A) Relative
difference in H2B-EGFP expression across all transfected cell lines, determined by flow cytometry
and presented as batch-normalized bar chart. (B) Confirmation of difference in H2B-EGFP
expression across transfected cell lines using Western blot. (C) Copy number per cell of H2B-EGFP
in each transfected cell line, quantified by ELISA.

FIGURE 2. Validation and characterization of GFP-G1 monoclonal antibody. (A) Immunofluorescence microscopy showing colocalization between H2B-
EGFP expression and GFP-G1 monoclonal antibody. (B) Confirmation of correlation between increasing H2B-EGFP expression and binding of monoclonal
antibody GFP-G1, using flow cytometry. (C) Determination of dissociation constant of GFP-G1 with flow cytometry–based saturation binding assay.
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were culled, and samples of blood and other selected organs were col-
lected to determine the percentage of the injected dose per gram of tis-
sue (%ID/g) using a Hidex automatic g-counter (Hidex Oy). Tumor
samples were immediately counted before flash freezing with dry ice
and storage at 280�C for future analysis.

Statistical Analysis
All statistical analysis was performed using Prism, version 8 (Graph-

Pad Software). Linear regression with an extra-sum-of-squares F test
was used to determine the statistical significance of correlations
between estimated regression parameters. Either 1-way ANOVA
with a Tukey post hoc test or 2-way ANOVA was used to compare
individual group means, as appropriate. All data were collected
at least in triplicate and are presented as mean 6 1 SD unless other-
wise stated.

RESULTS

Stably Transfected H1299/H2B-EGFP Cells Are Generated
To test the effects of target abundance on imaging ability, we

generated a panel of H1299 cell lines that constitutively expressed
EGFP tagged at its amino terminus with the histone protein H2B
through stable transfection with the mammalian expression plas-
mid H2B-EGFP. Several colonies of H1299 cells stably expressing
H2B-EGFP at various levels were generated, and 4 were selected
for future studies, named H2B-EGFP 45, 56, 61, and 62, as well
as WT H1299 cells. Expression levels of H2B-EGFP were
measured by flow cytometry and Western blot (Figs. 1A and 1B).

Expression levels of H2B-EGFP were quantified by ELISA
(Fig. 1C) and ranged between 183,000 6 4,900 and 1,050,000 6

91,100 copies per cell. These results were corroborated by fluores-
cence confocal microscopy, which further confirmed exclusively
nuclear EGFP expression (Fig. 2A).

Murine Monoclonal Antibody GFP-G1 Selectively
Binds H2B-EGFP
The murine monoclonal anti-GFP antibody GFP-G1 was char-

acterized by flow cytometry with each selected H2B-EGFP trans-
fected cell line along with a H1299 WT control, in fixed and
permeabilized cells, confirming earlier results on its selectivity
(Figs. 2A and 2B) (23). Fluorescence intensity correlated linearly
with H2B-EGFP expression, as measured by ELISA (Fig. 2B, r 5
0.87, P , 0.001). The specificity of GFP-G1 was further supported
by immunofluorescence microscopy showing colocalization of H2B-
EGFP, GFP-G1, and the DNA stain 49,6-diamidino-2-phenylindole
(Fig. 2A). Immunofluorescence microscopy also demonstrated
a correlation between H2B-EGFP expression and GFP-G1 signal
intensity. A flow cytometry–based saturation binding assay was used
to determine the affinity (dissociation constant) of GFP-G1 for GFP
as 9.16 3.0 nM (Fig. 2C).

In Vitro Uptake of 111In-GFP-G1-TAT Correlates
with Nuclear GFP Expression
GFP-G1 was conjugated to the CPP TAT and metal ion chelat-

ing agent DTPA before radiolabeling with 111InCl3 (Fig. 3A). In

FIGURE 3. Conjugation and in vitro evaluation of 111In-GFP-G1-TAT uptake. (A) Schematic diagram outlaying approach to conjugate monoclonal antibody
GFP-G1with CPP TAT and chelating agent Bn-DTPA using strain-promoted azide–alkyne cycloaddition–based click chemistry. (B) In vitro radiointernalization
assay revealing correlation between 111In-GFP-G1-TAT uptake and H2B-EGFP expression.
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vitro uptake assays showed that 111In-GFP-G1-TAT uptake in the
panel of 5 cell lines correlated linearly with increasing H2B-EGFP
expression (Fig. 3B, r 5 0.76, P , 0.001), suggesting that uptake
was the result of specific binding between 111In-GFP-G1-TAT and
intranuclear H2B-EGFP. In a comparison with a non-TAT modi-
fied 111In-GFP-G1, using the highest H2B-EGFP–expressing
H2B-EGFP 45 cell line, 111In-GFP-G1-TAT showed a 6.8-fold
increase in cell uptake (Supplemental Fig. 3, P 5 0.026), demon-
strating the requirement of the CPP TAT in the internalization of
the imaging probe. Finally, a colony formation assay was used to
determine whether the uptake of 111In-GFP-G1-TAT and the sub-
sequent radiation dose affected cell viability. In both the H1299
WT and the H2B-GFP 45 cells, there was no significant difference
in colony formation among cells exposed to 111In-GFP-G1-TAT,
cells exposed to 111In-GFP-G1 without TAT, and an untreated
control group (Supplemental Fig. 4).

Tumor Uptake of 111In-GFP-G1-TAT Correlates with Nuclear
GFP Expression and Reveals the Detection Limit of IgG-TAT
Architecture

111In-GFP-G1-TAT could detect H2B-EGFP in a xenograft animal
model bearing tumors consisting of H2B-EGFP 45, 56, 62, and
H1299 WT cells. Ex vivo biodistribution studies revealed a statisti-
cally significant linear correlation between tumor uptake of 111In-
GFP-G1-TAT and expression of H2B-EGFP (Figs. 4A and 4B, r 5
0.63, P 5 0.004), demonstrating that 111In-GFP-G1-TAT can quanti-
tatively determine the level of H2B-EGFP expression within tumor
xenografts in vivo. Interpolation of the linear regression model sug-
gested a lower H2B-EGFP copy number threshold for detectable
uptake of 111In-GFP-G1-TAT of approximately 240,000 copies per

cell, which was higher than the predicted
threshold in vitro (182,000 copies per
cell). This was supported by the statisti-
cally significant difference in uptake
between H1299 WT (16.1 6 3.4 %ID/g)
and H2B-EGFP 45 (24.8 6 1.6 %ID/g;
P 5 0.010) and H2B-EGFP 56 (21.9 6

2.7 %ID/g; P 5 0.033). Interestingly, the
uptake of H2B-EGFP 62 (22.4 6 5.0
%ID/g) was also significantly higher than
that of H1299 WT (P 5 0.018), implying
that the detection threshold may even be
lower.
Uptake of 111In-GFP-G1-TAT with

increasing expression of H2B-EGFP
was also demonstrated visually by
SPECT/CT imaging (Fig. 5). Image
quantification of uptake again showed a
correlation between uptake and expres-
sion of H2B-EGFP at both 24 h (r 5

0.66, P 5 0.010) and 72 h (r 5 0.68, P
5 0.002) after intravenous administra-
tion (Figs. 6A and 6B). At 24 h after
administration, interpolation of the lin-
ear regression model suggested a lower
detection threshold of 316,000. How-
ever, SPECT images at 72 h after
administration suggested a lower detec-
tion threshold of 237,000 copies per
cell, which reflected the results obtained
with the biodistribution study.

DISCUSSION

Antibody-based or antibody fragment–based immuno-PET or
SPECT imaging is a rapidly growing field, with an increasingly broad
selection of radioisotopes to use along with a repertoire of highly sen-
sitive and selective antibody-based and antibody fragment–based vec-
tor systems that can be optimized for specific applications. The
effectiveness of any antibody-based imaging probe can be reduced to
3 central factors (24). The first factor is target abundance, which must
be suitably high to allow its detection within the tissue of interest.
Second, the targeting component of the radioimmunoconjugate,
whether an antibody or antibody fragment, must bind exclusively to
the epitope, with high affinity. Finally, the radioimmunoconjugate
must exhibit the pharmacokinetic and clearance characteristics in vivo
that will allow it to develop a contrast with nontarget tissues. In this
study, we used a stable transfection reporter system to investigate the
consequence of decreasing target abundance on radioimmunoconju-
gate detection and imaging capacity.
We chose H2B-EGFP as a model target protein because it is a

well-characterized recombinant nucleus-localized protein expression
system that is capable of stable transfection (20,25). In vitro assays
demonstrated that 111In-GFP-G1-TAT uptake correlated with the
expression level of H2B-EGFP, with a predicted minimum detection
threshold limit of approximately 182,000 copies per cell. Other
reports, relying on quantitative mass spectrometry in U2OS and
He-La cells, showed that up to a fifth of all nuclear proteins are
expressed to this level and thus may be visualized using a TAT-
conjugated suitable antibody, although this analysis does not include
pharmacologically or pathologically induced expression or

FIGURE 4. Ex vivo biodistribution and tumor uptake of 111In-GFP-G1-TAT. (A) Ex vivo biodistribu-
tion showing uptake of 111In-GFP-G1-TAT in selected tissues and blood, 72 h after intravenous
administration. (B) Tumor uptake of 111In-GFP-G1-TAT correlating linearly in vivo with expression
of H2B-EGFP. Asterisks denote statistically significant differences in uptake from H1299 WT group.
*P, 0.05. **P, 0.01.
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overexpression of proteins (26,27). The relatively small increase in
111In-GFP-G1-TAT uptake between H1299 WT and H2B-
EGFP–expressing cells in vitro was indicative of high levels of non-
specific uptake, possibly as a result of modification with the TAT pep-
tide. However, this system can be used to optimize a multitude of
factors to increase specific radioimmunoconjugate uptake, potentially
lowering the effective detection threshold and improving the target-
abundance resolution of IgG-TAT–based imaging compounds.
The basis of an effective radioimmunoconjugate imaging probe

is a highly selective and sensitive antibody or fragment. We
selected the GFP-G1 monoclonal antibody because there was a
readily available and validated hybridoma cell line (21,23)
allowing for production and purification on a scale suitable for
bioconjugation and subsequent radioassays. Flow cytometry and
immunofluorescence microscopy confirmed that GFP-G1 was
highly specific and showed good affinity (dissociation constant,
9.1 6 3.0 nM), comparable to clinically approved antibodies such
as trastuzumab (5.0 nM) (28). However, it should be noted that
highly optimized antibodies or antibody-based constructs are capa-
ble of affinities in the subpicomolar range (29). An important con-
sideration for future research is whether an antibody with greater
affinity could improve the detection threshold and resolution by
reducing the signal-to-noise ratio.
The conjugation of functional groups, such as TAT and DTPA,

can considerably alter the characteristics of a radioimmunoconju-
gate. At the cellular level, the addition of TAT facilitates the trans-
port of the radioimmunoconjugate across the cellular membrane.
However, because of the highly cationic nature of TAT, TAT-

modified radioimmunoconjugates can
result in significant increases in non-
specific binding. One of the primary
factors that could control the detection
threshold and degree of nonspecific
uptake is the mechanism of IgG-TAT
internalization into cells. CPPs have
been shown to facilitate the internaliza-
tion of wide array of cargo proteins,
which is believed to be largely driven
by endocytosis under physiologic con-
ditions (30). However, because of the
complex array of CPPs and CPP–cargo
combinations (31), attempts to establish
the principal endocytic mechanisms
involved have proved ambiguous, sug-
gesting that CPPs can use distinct
endocytic pathways. One major factor
governing the efficiency of internaliza-
tion under physiologic conditions is the
molecular mass of the cargo protein
cargo size (32). Larger cargo proteins,
such as whole antibodies, are internal-
ized at significantly lower efficiencies
than small cargo proteins, potentially
caused by induction of alternative cell
internalization mechanisms (31,33,34).
Another major challenge facing CPP-

mediated intranuclear imaging is non-
specific uptake due to endosomal entrap-
ment, resulting in high cellular uptake
but poor cytosolic availability and subse-
quent target engagement. The recent

development of cyclic derivatives of TAT and poly-arginine
CPPs has demonstrated not only dramatic increases in cell
uptake of cargo proteins (35) but also significantly improved
cytosolic availability in comparison to the linear CPPs (36).
This model system provides an excellent opportunity to inves-
tigate the effects of such optimizations for specific cellular
uptake of targeted radioimmunoconjugates.
Finally, the choice of chelating agent and radioisotope can

also affect the sensitivity and degree of nonspecific tumor
uptake. Because the principal objective of this study was to
investigate the biodistribution and pharmacokinetic properties of
an IgG-TAT radioimmunoconjugate, DTPA was used to chelate
111In for simplicity of radiolabeling and to maintain consistency
with previous research using TAT-antibody imaging agents.
Radiometal-chelate stability is important when using a nucleus-
targeted radioimmunoconjugate, so as to prevent nonspecific
sequestration of the radiometal and limit subsequent off-target
radiation dose, especially when working with an Auger
electron–emitting isotope, such as 111In (37). Alternative chelat-
ing agents—for instance, CHX-A99-DTPA—have greater stability
in vivo and therefore could be used to chelate 111In (38). For
clinical use, PET has several advantages over SPECT, including
greater sensitivity, easier scatter correction, and capacity to pro-
vide quantitative results (39). Therefore, to increase the potential
for clinical translation, future research will be focused on com-
bining this technology with long–half-life PET isotopes, such as
89Zr, in conjunction with a suitable chelating agent, such as des-
ferrioxamine B.

FIGURE 5. Imaging of 111In-GFP-G1-TAT in vivo. Representative CT and SPECT images show
distribution of 111In-GFP-G1-TAT in mice bearing H2B-EGFP–transfected H1299 cells, 72 h after
intravenous administration.
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In vivo, both biodistribution and quantitative image analy-
sis indicated that the minimum detection threshold was
240,000 copies per cell, which was predictably higher than
the threshold obtained from in vitro studies. The reason for
the higher observed threshold in vivo may be attributed to
increased nonspecific tumor uptake as a result of the
enhanced permeability and retention effect and blood back-
ground signal, presenting an additional source of nonspecific
signal (40). This effect is exacerbated not only by the molec-
ular mass of IgG-TAT–based imaging probes but also by the
presence of a functional Fc domain, which promotes
extended blood uptake through FcRn-mediated recycling
(41). In comparison, smaller antibody fragment–based radio-
immunoconjugates without a functional Fc domain show a
rapid reduction in blood uptake through the renal clearance
pathway and lack of FcRn-mediated recycling, potentially
reducing nonspecific uptake. Using 111In-GFP-G1-TAT–der-
ived smaller antibody fragments may improve sensitivity
both in vitro and in vivo. EGFP-targeted imaging is an ideal
platform for the evaluation of such optimizations to
radioimmunoconjugates.
This work was aimed at guiding research into evaluation of novel

intracellular or intranuclear imaging targets. In the context of previous
antibody-based PET or SPECT imaging, gH2AX is probably the
most documented and has an approximate cell abundance of 800,000
copies per cell at maximum, in an irradiated cell (17), depending on
several factors such as cell line and extent of DNA damage before
administration of the tracer. Expression levels of proteins we targeted
before, such as p21 and p27 levels, may be below the threshold we
determined here for GFP. Approximations for these proteins may
range from 104 to 105 copies per cell at baseline in normal tissue (27),

although few quantitative data are available and levels will oscillate
throughout the cell cycle. Although, in this piece of research, we cal-
culated a lower detection limit of approximately 2.43 105 copies per
cell, we acknowledge that this value is specific to this simplified
model system and cannot be treated as an absolute. Therefore,
when considering potential candidates for imaging, it is important
to take into account the myriad of factors that can influence the
lower detection threshold, such as radioimmunoconjugate affinity,
CPP selection, and variation in target expression levels and subcel-
lular location. This model system, however, is an endeavor to
establish an approximate baseline, and subsequent research will
exploit variations of this model to investigate the impact of these
factors on the detection capacity of antibody-based or antibody
fragment–based intracellular imaging.

CONCLUSION

This study presents a proof-of-concept methodology set out to
evaluate, quantitatively, the practical limitations of antibody-based
intranuclear immuno-PET or SPECT imaging. We confirmed the
current capacity of imaging an intranuclear epitope with a TAT-
conjugated intact antibody. This framework could in the future be
used to methodically isolate, interrogate, and optimize a variety of
factors that define the efficacy of antibody-based imaging devises,
potentially leading to the development of more powerful whole-
body immunoimaging devices.
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FIGURE 6. Image quantification analysis of 111In-GFP-G1-TAT biodistribution in vivo. (A) Image quantification analysis showing uptake of 111In-GFP-
G1-TAT in selected tissues, 24 and 72 h after intravenous administration. (B) Correlation of quantified tumor uptake with expression of H2B-EGFP, 24
and 72 h after intravenous administration. Asterisks denote statistically significant differences in uptake from H1299 WT group. *P , 0.05. **P , 0.01.
***P, 0.001.
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KEY POINTS

QUESTION: What is the lowest detection threshold for successful
imaging of an intranuclear epitope using IgG-TAT–based
radioimmunoconjugates?
PERTINENT FINDINGS: We developed a model system to test,
and improve, the lower target-abundance threshold using IgG-
TAT–based PET or SPECT imaging, revealing a current lower
detection limit of 180,000 copies per cell in vitro, and 240,000
copies per cell in vivo.
IMPLICATIONS FOR PATIENT CARE: This model system can
be used to evaluate and improve intranuclear PET or SPECT
imaging, with great potential for the development of a range of
clinical applications not currently possible.
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Novel radiopharmaceuticals forPETarebeingevaluated for thediagno-
sis of biochemical recurrence (BCR) of prostate cancer (PC). We com-
pared the gastrin-releasing peptide receptor–targeting 68Ga-RM2 with
the prostate-specific membrane antigen (PSMA)–targeting 68Ga-
PSMA11 and 18F-DCFPyL. Methods: Fifty patients underwent both
68Ga-RM2 PET/MRI and 68Ga-PSMA11 (n 5 23) or 18F-DCFPyL (n 5

27) PET/CT at an interval ranging from 1 to 60 d (mean 6 SD, 15.8 6

17.7 d). SUVmax was collected for all lesions. Results: 68Ga-RM2 PET
was positive in 35 and negative in 15 of the 50 patients. 68Ga-
PSMA11/18F-DCFPyL PET was positive in 37 and negative in 13 of
the 50 patients. Both scans detected 70 lesions in 32 patients. Forty-
three lesions in 18 patients were identified on only 1 scan: 68Ga-RM2
detected 7 more lesions in 4 patients, whereas 68Ga-PSMA11/18F-
DCFPyL detected 36 more lesions in 13 patients. Conclusion: 68Ga-
RM2 remains a valuable radiopharmaceutical even when compared
with themorewidelyused 68Ga-PSMA11/18F-DCFPyL in theevaluation
of BCR of PC. Larger studies are needed to verify that identifying
patients forwhomthese2classesof radiopharmaceuticals arecomple-
mentary may ultimately allow for personalizedmedicine.

Key Words: 68Ga-RM2; 68Ga-PSMA11; 18F-DCFPyL; PET; prostate
cancer
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Prostate cancer (PC) is the most common noncutaneous cancer
diagnosed in the United States, accounting for an estimated
191,930 new cases and 33,330 deaths (second only to lung cancer)
in 2020 (1). Biochemical recurrence (BCR)within 10 y after primary
treatment occurs in 20%–40% of cases after radical prostatectomy
and 30%–50% of cases after radiation therapy (2,3). Despite a
lack of consensus, the prostate-specific antigen (PSA) remains the
biomarker of disease after primary treatment. BCR is characterized
by heterogeneity; therefore, a single biologic target is unlikely to
allow for complete understanding and accurate treatment.
Prostate-specific membrane antigen (PSMA) is currently themost

evaluated PET molecular target for PC (4), showing better sensitiv-
ity and specificity than standard imaging for the detection of meta-
static disease even at low PSA values (5). Commonly used

radiopharmaceuticals targeting PSMA include 68Ga-PSMA-
HBED-CC (68Ga-PSMA11) (6) and 18F-DCFPyL (7). Another class
of radiopharmaceuticals used for the assessment of PC patients is the
gastrin-releasing peptide analogs. Among them, 68Ga-BAY86-7548
(68Ga-RM2) has been reported in clinical studies (8,9). Our group
showed that the PC detection rate was higher for 68Ga-RM2 PET
than for MRI in a cohort of 32 patients (9).
Here, we compared 68Ga-RM2 with 68Ga-PSMA11 and 18F-

DCFPyL. In the age of personalized medicine and theranostics, it
is important to identify which patients will benefit from one class
of radiopharmaceutical or the other. To our knowledge, this cohort
has not been previously reported.

MATERIALS AND METHODS

Patient Population
Participants with suspected BCR of PC after primary treatment

were prospectively enrolled in 3 clinical trials evaluating the perfor-
mance of 68Ga-RM2 (NCT 02624518), 68Ga-PSMA11
(NCT02673151), and 18F-DCFPyL (NCT03501940). Twenty-three
patients underwent both 68Ga-RM2 PET/MRI and 68Ga-PSMA11
PET/CT, whereas another 27 patients underwent both 68Ga-RM2
PET/MRI and 18F-DCFPyL PET/CT. BCR was diagnosed after pros-
tatectomy with or without adjuvant radiotherapy at a PSA level of 0.2
ng/mL or greater, with a second confirmatory PSA level of at least
0.2 ng/mL (10). For patients after radiation therapy, BCR was diag-
nosed as a rise in PSA measurement of 2 ng/mL or more over the
nadir (11). All participants gave written informed consent, and the
protocols were approved by the local institutional review board.
Data collected in these 3 trials were retrospectively analyzed for
this comparison.

Clinical parameters, including stage of disease, Gleason score, PSA
nadir, PSA within 30 d of the scan, PSA velocity, and primary and sub-
sequent treatments, were obtained from the electronic medical records.

Scanning Protocols
All 68Ga-PSMA11 and 18F-DCFPyL scans were acquired using a sil-

icon photomultiplier–based PET/CT system (Discovery Molecular
Insights; GE Healthcare). The scans were performed according to
PSMA PET guidelines (12) and as previously described (7).

All 68Ga-RM2 scans were acquired using a time-of-flight–enabled
simultaneous PET/MRI scanner (Signa; GE Healthcare), as previously
described (9).

The choice of PET/CT or PET/MRIwas dictated by the funding avail-
able to support the clinical trials. The PET/CT and PET/MRI use the
same silicon photomultiplier–based detectors, and we previously
reported their clinical evaluation (13,14).

Received Oct. 31, 2020; revision accepted Mar. 1, 2021.
For correspondence or reprints, contact Andrei Iagaru (aiagaru@stanford.

edu).
Published online March 5, 2021.
COPYRIGHT� 2021 by the Society of Nuclear Medicine andMolecular Imaging.

PSMA AND GRPR PET IN PROSTATE CANCER � Baratto et al. 1545

https://doi.org/10.2967/jnumed.120.259630
mailto:aiagaru@stanford.edu
mailto:aiagaru@stanford.edu


Image Analysis
Two nuclear medicine physicians reviewed and analyzed all

images using MIMvista, version 6.9.2 (MIM Software Inc.). One
of these physicians subsequently recorded semiquantitative meas-
urements (SUVmax). All areas of increased radiotracer uptake in
sites not expected to show a physiologic accumulation were
reported as abnormal. Increased uptake was defined as focal tracer
uptake higher than the adjacent background level. 68Ga-RM2
uptake was considered physiologic in the following tissues: gastro-
intestinal tract, liver, spleen, pancreas, kidneys, ureters, and blad-
der (15). This approach is similar to guidelines for standard
image interpretation for 68Ga-PSMA11 PET (16). The PET Edge
tool (MIM Software Inc.) was used for evaluation of focal uptake
outside the expected biodistribution. The diameters of anatomic
structures corresponding to focal uptake were measured on
T1-weighted MR images for 68Ga-RM2 and on CT images for
68Ga-PSMA11 and 18F-DCFPyL.

Most patients with a positive scan (68Ga-RM2 PET/MRI or 68Ga-
PSMA11/18F-DCFPyL) started therapy after the examination; therefore,
follow-up comparison with other imaging modalities was not possible.
The findings were pathologically confirmed in 5 participants.

Statistical Analyses
Statistical analysis was performedwith SPSS, version 26 (SPSS Inc.).

Continuous data are presented as mean6 SD, range, and frequency (%).
The Welch test was used to compare PSA and PSA velocity between
positive and negative scans. The paired Wilcoxon signed-rank test was
used to compare differences in lesion SUVmax between the radiopharma-
ceuticals. The Fisher exact test was used to correlate clinical parameters
with positivity versus negativity of the 2 radiopharmaceuticals. A
P value of less than 0.05 was considered significant.

RESULTS

Patients’ Characteristics
Fifty patients, 52–81 y old (mean 6 SD, 69.46 7 y), underwent

both 68Ga-RM2 PET/MRI and either 68Ga-PSMA11 PET/CT (n 5

23) or 18F-DCFPyL PET/CT (n5 27). Thirty-six of the 50 had rad-
ical prostatectomy as the primary treatment, and 14 had radiation
therapy. Fifteen patients were treated with androgen deprivation
therapy (ADT) before the scans, whereas 23 started ADT after the
scans. The PSA level at the time of the scans ranged from 0.1 to
21.5 ng/mL (4.26 5 ng/mL). Supplemental Tables 1 and 2 summa-
rize clinical and imaging characteristics of this cohort of patients
(supplemental materials are available at http://jnm.snmjournals.
org).
The injected dose ranged from111 to 155.4MBq (114.36 7.4MBq)

for 68Ga-RM2, from129.5 to 199.8MBq (151.76 14.8MBq) for 68Ga-
PSMA11, and from 270.1 to 366.3 MBq ( 333 6 25.9 MBq) for
18F-DCFPyL.
The uptake time ranged from 39 to 100 min (52.7 6 11 min) for

68Ga-RM2 PET/MRI, from 45 to 107.9 min (66.3 6 15 min) for
68Ga-PSMA11 PET/CT, and from 60 to 120 min (81.2 6 17 min)
for 18F-DCFPyL. The interval between the 68Ga-RM2 and 68Ga-
PSMA11/18F-DCFPyL scans ranged from 1 to 60 d (15.86 17.7 d).

PSMA (68Ga-PSMA11 and 18F-DCFPyL) Versus 68Ga-RM2
Findings

68Ga-RM2 PET was positive in 35 (70%) and negative in 15
(30%) of the 50 patients. PSMA PET was positive in 37 (74%)
and negative in 13 (26%) of the 50 patients. Both scans detected
70 lesions in 32 patients (42 in lymph nodes, 7 in the prostate bed,
6 in the seminal vesicles, 6 in the liver, and 9 in bone). The SUVmax

for these 70 lesions ranged from 1.7 to 52.5 (8.1 6 9.4) for 68Ga-
RM2 and from 1.6 to 79.3 (16.76 17.4) for PSMA. The difference
in SUVmax was statistically significant (P , 0.001).
PSA ranged from 0.3 to 21.5 ng/mL (4.46 4.8 ng/mL) and from

0.1 to 19.2 ng/mL (3.66 5.7 ng/mL) for 68Ga-RM2–positive versus
–negative scans, respectively, and the difference was not significant
(P5 0.775). PSA ranged from 0.2 to 21.5 ng/mL (4.26 4.7 ng/mL)
and from 0.1 to 19.2 ng/mL (3.6 6 6.1 ng/mL) for PSMA-positive
versus -negative scans, respectively, and the difference was not sig-
nificant (P 5 0.739).
PSA velocity ranged from 0.1 to 42 ng/mL/y (5.76 9.8 ng/mL/y)

and from 0.1 to 21.3 ng/mL/y (3.5 6 5.5 ng/mL/y) for 68Ga-
RM2–positive versus –negative scans, respectively, and the differ-
ence was not significant (P 5 0.320). PSA velocity ranged from
0.1 to 42 ng/mL/y (5.6 6 9.8 ng/mL/y) and from 0.1 to 12.2 ng/
mL/y (2.9 6 3.9 ng/mL/y) for PSMA-positive versus -negative
scans, respectively, and the difference was not significant
(P 5 0.174).
The positivity rate for PSA #0.5,,0.5 to #1, ,1 to #2, ,2 to

#5, and.5 ng/mLwas 38% (n5 3/8), 90% (n5 9/11), 50% (n5 4/
8), 89% (n5 8/9), and 79% (n5 11/14), respectively, for 68Ga-RM2
and 22% (n5 2/9), 91% (n5 10/11), 75% (n5 6/8), 100% (n5 9/
9), and 77% (n 5 10/13), respectively, for PSMA.

68Ga-RM2 detected 7more lesions in 4 patients than did PSMA (3
lymph node lesions, 3 bone lesions, and 1 adrenal gland lesion). The
average SUVmax of these lesions was 5.8, and 6 of the 7 had a diam-
eter of less than 1 cm. The mean PSA in these patients was 5 ng/mL,
and 3 of them had negative findings on the PSMA scan.
PSMA detected 36more lesions in 13 patients than did 68Ga-RM2

(27 lymph node lesions, 1 lung lesion, and 8 bone lesions). The aver-
age SUVmax of these lesions was 14.8, and 23 of the 36 measured
less than 1 cm. The mean PSA value of these patients was 4.6 ng/
mL, and 5 of them had negative findings on the 68Ga-RM2 scan.
Ten participants had both negative 68Ga-RM2 scans and negative

PSMA scans. Their PSA at the time of the scans ranged from 0.1 to
19.2 ng/mL (3.1 6 6.1 ng/mL). This subgroup included 6 partici-
pants with a PSA of 0.5 ng/mL or less, 1 with 1.2 ng/mL, 1 with
1.4 ng/mL, 1 with 8.2 ng/mL, and 1 with 19.2 ng/mL.
We did not identify any significant correlation between radiologic

findings (positive vs. negative 68Ga-RM2 and PSMA scans) and
clinical parameters such as Gleason score (#3 1 4; #4 1 3), pri-
mary treatment (radical prostatectomy vs. radiation therapy), or
ADT before imaging.
Figures 1 and 2 and Supplemental Figures 1 and 2 show pairs of

68Ga-RM2 and 18F-DCFPyL findings in different participants. We
previously published images comparing 68Ga-RM2 and 68Ga-
PSMA11 (8).
Lesion analysis for 68Ga-RM2 versus PSMA is shown in Table 1.

DISCUSSION

Our study evaluated gastrin-releasing peptide receptor and
PSMA PET radiopharmaceuticals in patients with BCR of PC.
The 68Ga-RM2 positivity rate was similar to our prior published
reports (8,9). The overall semiquantitative analysis showed that
SUVmax measurements were higher for PSMA radiopharmaceuti-
cals than for 68Ga-RM2, and the difference was statistically signifi-
cant. However, there were differences between 68Ga-PSMA11 and
18F-DCFPyL measurements against 68Ga-RM2, with higher and
statistically significant values only for 18F-DCFPyL. This finding
may be due to differences between 68Ga- and 18F-labeled
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radiopharmaceuticals. Prior work by Dietlein et al. showed that the
same lesions have higher uptake measured on 18F-DCFPyL than
on 68Ga-PSMA11 PET (17). PSA velocity for patients with posi-
tive versus negative scans was not statistically significant for
either gastrin-releasing peptide receptor or PSMA PET in this
cohort.

We previously reported the first comparison of 68Ga-RM2 and
68Ga-PSMA11 in a small pilot study (8). Here, we expanded with a
new cohort of patients and 2 different PSMA-targeting radiopharma-
ceuticals. Hober€uck et al. reported data from 16 patients with mostly
advanced PCwho underwent both and 68Ga-RM2PET/CT and either
68Ga-PSMA11 PET/CT or 68Ga-PSMA11 PET/MRI (18).

FIGURE1. A63-y-oldmanpreviously treatedwith radicalprostatectomy, followedbysalvageRT1ADT,presentingwithBCRofPC(PSA,0.4ng/mL;PSA
velocity, 1.6 ng/mL/y). Maximum-intensity-projection 68Ga-RM2 (A) and 18F-DCFPyL (B) PET images, axial 68Ga-RM2 (C) and 18F-DCFPyL (E) PET images,
axial 68Ga-RM2 PET/MR image (D), and axial 18F-DCFPyL PET/CT image (F) are shown. Arrows mark left perirectal lymph nodes with significantly lower
68Ga-RM2 uptake than 18F-DCFPyL uptake.

FIGURE2. A66-y-oldmanpreviously treatedwithRT1ADT, presentingwithBCRof PC (PSA, 11.6ng/mL;PSAvelocity, 12.2ng/mL/y).Maximum-inten-
sity-projection 68Ga-RM2 (A) and 18F-DCFPyL (B)PET images, axial 68Ga-RM2 (C) and 18F-DCFPyL (E) PET images,axial 68Ga-RM2PET/MR image (D), and
axial 18F-DCFPyL PET/CT image (F) are shown. Red arrows mark right adrenal lesion clearly seen on 68Ga-RM2 but not prospectively identified on 18F-
DCFPyL, given similar uptake in adrenal gland and liver parenchyma. Blue arrows mark physiologic 68Ga-RM2 uptake in pancreas.
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68Ga-RM2 PET/CT showed 2 osseous lesions not seen by
68Ga-PSMA11, whereas the latter showed avid uptake in sev-
eral locations not visible with 68Ga-RM2. To our knowledge,
no previous studies compared 18F-DCFPyL and 68Ga-RM2.
PSMA ligands have a high positivity rate even at low PSA values

(5). One study showed 50% positivity when PSA was less than
0.5 ng/mL in a cohort of 319 participants (19). In our cohort, the pos-
itivity rate was similar for PSMA and 68Ga-RM2 (2/9 and 3/8,
respectively) at a PSA level of less than 0.5 ng/mL. Larger studies
are needed to confirm these preliminary observations.
Gastrin-releasing peptide receptor is not highly expressed in

advanced states of androgen-independent PC, especially in osseous
metastases (20). Here, 68Ga-RM2 identified 3 bone lesions in 1
patient that were not conspicuous on PSMA. This patient was previ-
ously treated with radical prostatectomy and ADT, subsequently
becoming androgen-independent. On the other hand, 68Ga-RM2
PET did not identify 8 osseous lesions seen by PSMA in other
patients. These findings require further evaluation.
Some of the patients in this cohort received ADT before the

scans, and this may have influenced the uptake of the 2 radiophar-
maceuticals. PSMA uptake is regulated by androgen hormones,
and ADT may considerably increase PSMA-ligand uptake
(21–23). A single study suggested that ADT induces gastrin-
releasing peptide activity, activation of nuclear factor k-light-
chain enhancer of activated B cells, and increased levels of
androgen receptor splice variant 7 expression, resulting in pro-
gression to CRPC (24).
Recently, interest in metastasis-directed therapies in patients with

minimal metastatic tumor burden (oligometastatic disease) has
increased (25); in these patients, for whom the exact number and
localization of the lesions is of great importance, having access to
different classes of radiopharmaceuticals may be useful. Whether
the PSA rise reflects a locoregional recurrence or distant metastatic
disease still remains an important question in BCR of PC, because
treatment planning would change accordingly from a potentially
curative local therapy to watchful waiting or palliative systemic
treatment. In this setting and considering how heterogeneous PC
is, identifying patients for whom different classes of radiopharma-
ceuticals are complementary may ultimately allow for personalized
medicine. The use of combination therapies with nonoverlapping
toxicities may allow delivery of greater doses to lesions, as well as
possibly less adverse events.
Our study had limitations, including the relatively small number of

patients analyzed (albeit the largest dataset of gastrin-releasing

peptide receptor vs. PSMA PET imaging results at BCR of PC)
and the different methods used for scanning patients, dictated by
available research funding. However, both PET/CT and PET/MRI
used the same silicon photomultiplier–based detectors, which pro-
vide similar performance in both modalities. Magnetic resonance–
based attenuation correction is not ideal for the skeleton; it is known
that improperly accounting for bone may lead to underestimation of
PET signal in tissues near bone (26), and this factor may have
impacted the results of 68Ga-RM2. Lastly, pathologic confirmation
of the identified lesions was limited to a small number of participants
(10%) because of a bias from the referring physicians who accepted
putative sites of disease on imaging after initial biopsies had returned
no false-positive 68Ga-RM2 findings; in addition, PSMA findings are
now widely accepted by treating physicians.
To determine whether there is a correlation between clinical

features and gastrin-releasing peptide receptor versus PSMA-
positive or -negative lesions, we ran the Fisher exact test but did
not observe any significant associations. The cause may be the
small cohort of patients enrolled. Furthermore, 20% of our partic-
ipants had negative PSMA and 68Ga-RM2 findings, including at a
PSA level of more than 5 ng/mL. These issues underline the com-
plexity of the PC biology and should be evaluated in larger pro-
spective studies.

CONCLUSION

68Ga-RM2 remains a valuable radiopharmaceutical even when
compared with the more widely used 18F-DCFPyL/68Ga-PSMA11
in the evaluation of BCR of PC. Larger studies are needed to verify
that identifying patients for whom these 2 classes of radiopharma-
ceuticals are complementary may ultimately allow for personalized
medicine.
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Progenics Pharmaceuticals provided 18F-DCFPyL as part of a

TABLE 1
Analysis of Lesions from 68Ga-RM2 vs. 68Ga-PSMA11/18F-DCFPyL

Local recurrence Lymph node metastases Bone metastases

Agent n Average SUVmax n Average SUVmax n Average SUVmax

68Ga-RM2 13 13.3 45* 7.9 12* 6.1

PSMA 13 11.6 69† 17.7 17† 14.3

*3 lymph nodes were not detected by 68Ga-PSMA11; 3 bone lesions were not detected by 8F-DCFPyL.
†27 lymph nodes were not detected by 68Ga-RM2; 8 bone lesions were not detected by 68Ga-RM2.
PSMA also identified 1 lung nodule. 68Ga-RM2 also identified 1 adrenal gland metastasis. Both PSMA and 68Ga-RM2 also identified 6

hepatic lesions.
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KEY POINTS

QUESTION: Is there a benefit to using gastrin-releasing peptide
receptor PET in addition to PSMA PET in patients with BCR of PC?

PERTINENT FINDINGS: Of the 50 patients, 68Ga-RM2 PET was
positive in 35 (70%) and negative in 15 (30%), whereas PSMA PET
was positive in 37 (74%) and negative in 13 (26%). Both scans
detected 70 lesions in 32 patients (42 in lymph nodes, 7 in the
prostate bed, 6 in the seminal vesicles, 6 in the liver, and 9 in bone).
Forty-three lesions in 18 patients were shown by only 1 class of
radiopharmaceutical: 68Ga-RM2 detected 7 more lesions in 4
patients, whereas PSMA detected 36 more lesions in 14 patients (9
lesions were identified by 68Ga-PSMA11 and 27 by 18F-DCFPyL).

IMPLICATIONS FOR PATIENT CARE: 68Ga-RM2 remains a valu-
able radiopharmaceutical even when compared with the more
widely used 68Ga-PSMA11/18F-DCFPyL in the evaluation of BCR of
PC. Larger studies are needed to verify that identifying patients for
whom these 2 classes of radiopharmaceuticals are complementary
may ultimately allow for personalized medicine.
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Early Injection of Furosemide Increases Detection Rate of
Local Recurrence in Prostate Cancer Patients with Biochemical
Recurrence Referred for 68Ga-PSMA-11 PET/CT

Christian Uprimny1, Steffen Bayerschmidt1, Alexander Stephan Kroiss1, Josef Fritz2, Bernhard Nilica1, Hanna Svirydenka1,
Clemens Decristoforo1, Elisabeth von Guggenberg1, Wolfgang Horninger3, and Irene Johanna Virgolini1

1Department of Nuclear Medicine, Medical University Innsbruck, Innsbruck, Austria; 2Department of Medical Statistics, Informatics and
Health Economics, Medical University Innsbruck, Innsbruck, Austria; and 3Department of Urology, Medical University Innsbruck,
Innsbruck, Austria

The aim of this studywas twofold. First, we aimed to assess the impact
of forceddiuresiswithearly furosemide injectiononthedetection rateof
local recurrence in prostate cancer patients with biochemical recur-
rence referred for 68Ga-labeled Glu-NH-CO-NH-Lys(Ahx)-HBED-CC
(68Ga-PSMA-11)PET/CT.Second,wedeterminedwhether intravenous
administrationoffurosemideshortlyafter tracer injectionincreasesrenal
washout of 68Ga-PSMA-11 before it binds to the PSMA receptor with
possible influence on biodistribution and intensity of tracer uptake in
organswith physiologic tracer accumulation.Methods: In a retrospec-
tive analysis, 2 different groupswith 220 prostate cancer patients each,
referredfor 68Ga-PSMA-11PET/CTbecauseofbiochemical recurrence
after primary therapy, were compared: patients in group 1 (median
prostate-specific antigen, 1.30 ng/mL) received no preparation before
imaging,whereaspatients ingroup2 (medianprostate-specificantigen,
0.82 ng/mL) were injected with 20 mg of furosemide and 500 mL of
sodium chloride (NaCl 0.9%) immediately after tracer injection. The
presence of local recurrence was assessed visually. In addition, the
intensityof traceraccumulation inorganswithphysiologic traceruptake
wasevaluated.Results:Thedetection rateof lesions judgedpositive for
local recurrence was significantly higher in patients receiving furose-
mide than in patients without preparation: 56 cases (25.5%) versus 38
cases (17.3%), respectively (P5 0.048).MedianmaximumSUVs (SUV-
max)oforganswithphysiologicuptakeof68Ga-PSMA-11ingroups1and
2were urinary bladder (63.0 vs. 8.9), kidney (55.6 vs. 54.5), liver (9.9 vs.
9.4), spleen (11.2 vs. 11.9), small bowel (16.2 vs. 17.1), parotid gland
(19.2 vs. 19.6), lacrimal gland (8.9 vs. 10.9), blood-pool activity (2.2 vs.
2.3),muscle (1.0vs.1.1),andbone (1.6vs.1.6).Apart frombladderactiv-
ity, no significant reduction of tracer accumulation was found in the
patient group receiving furosemide. Conclusion: Injection of 20 mg of
furosemide at the time point of radiotracer administration significantly
increases the detection rate of local recurrence in prostate cancer
patients with biochemical recurrence referred for 68Ga-PSMA-11 PET/
CT. As intensity of 68Ga-PSMA-11 uptake in organs with physiologic
uptake is not significantly reduced, a negative impact of early furose-
mide injection on targeting properties and biodistribution of 68Ga-
PSMA-11 seems unlikely.

Key Words: prostate cancer; PET; PET/CT; prostate specific mem-
brane antigen; 68Ga-PSMA-11; furosemide; forced diuresis; biochemi-
cal recurrence; local recurrence

J Nucl Med 2021; 62:1550–1557
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PET/CT with radiotracers binding to the prostate specific mem-
brane antigen (PSMA) has become a clinically accepted imaging
method in prostate cancer (PC) patients presenting with biochemical
recurrence (BR) after primary therapy (1–5). Several PSMA-ligands
currently are used for PET imaging (6), of which 68Ga-labeled Glu-
NH-CO-NH-Lys(Ahx)-HBED-CC (68Ga-PSMA-11), an inhibitor
of the PSMA receptor, represents one of the most frequently used
PSMA tracers worldwide (7). Usually, 68Ga-PSMA-11 PET/CT is
acquired 60min after injection (3). However, at this time point phys-
iologically high tracer uptake is present in the urinary bladder, which
often causes difficulties in the evaluation of anatomic structures sur-
rounding the urinary bladder (8–10). In particular, local recurrence
(LR) may be missed in PC patients with BR (11). In this context,
PSMA tracers with lower physiologic accumulation in the urinary
bladder (e.g., 18F-PSMA-1007) may be advantageous (12).
In 68Ga-PSMA-11 PET/CT, several techniques can be used to

enhance diagnostic certainty in regions adjacent to the urinary blad-
der. One approach is to perform imaging at a second time point very
early after injection of 68Ga-PSMA-11, when tracer accumulation in
the urinary bladder is still absent or low (13). Early dynamic imaging
starting simultaneously with tracer injection or early static PET
examinations performed shortly after injection of the tracer have
been proven to be helpful in distinguishing malignant PC lesions
from urinary bladder activity (13,14).
Administration of diuretics is another strategy to decrease urinary

bladder activity in 68Ga-PSMA-11 PET/CT. In fact, administration
of 20 mg of furosemide combined with oral hydration of 500 mL
of water is recommended in the joint European Association of
Nuclear Medicine (EANM) and Society of Nuclear Medicine and
Molecular Imaging (SNMMI) procedure guideline for PSMA-
ligand PET/CT (6). It has been shown that tracer accumulation in
the urinary bladder of 68Ga-PSMA-11 but also of 68Ga-PSMA
I&T, another PSMA-ligand with predominantly renal excretion,
can be reducedwith furosemide on PET scans 60min after injection,
but also on late examinations with image acquisition 90 and 180min
after injection (15–18). In a recent study by our group, we demon-
strated that intravenous injection of 20 mg of furosemide at the
time of radiotracer injection followed by an infusion of 500 mL of
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sodium chloride significantly reduced urinary bladder activity (19).
However, to date no data of a large patient cohort are available on
whether reduction of urinary bladder activity achieved by an early
furosemide injection also results in a higher detection rate of LR
in PC patients with BR. In addition, there are concerns that injection
of furosemide shortly after tracer administration may cause a rele-
vant renal washout of 68Ga-PSMA-11 before it binds to the PSMA
receptor. Therefore, in the present study we investigated whether
forced diuresis with early furosemide injection has a positive impact
on the detection rate of LR in comparison with patients receiving no
preparation and whether administration of furosemide simulta-
neously with tracer injection has a negative influence on intensity
of tracer accumulation in organs with physiologic tracer uptake.

MATERIALS AND METHODS

Patient Population
For this retrospective analysis, a total of 440 PC patients who were

referred to 68Ga-PSMA-11 PET/CT between January 11, 2016, and Sep-
tember 25, 2018, for assessment of BR after definitive primary therapy
were extracted from our database. Search for patients in our archive cen-
tered on June 26, 2017, when administration of 20mg of furosemide and
hydrationwas introduced as standard protocol in our clinical routine, fol-
lowing the EANM/SNMMI guideline on PSMA PET/CT (6). The anal-
ysis also comprised PET/CT examinations of patients partly included in
previous publications by our group (13,19). In group 1 (G1), 220 consec-
utive scans of patients whowere investigated before June 26, 2017, were
included. Group 2 (G2) comprised 220 consecutive scans of patients
examined after June 26, 2017, who were injected with 20 mg of furose-
mide at the time of tracer administration, followed by intravenous hydra-
tion with 500 mL of sodium chloride (NaCl 0.9%). Patient
characteristics of the 2 groups are presented in Tables 1 and 2. The study
concept was presented to our institutional ethics committee. As the study
was designed retrospectively, using data obtained for clinical purposes,
formal ethical approval was not deemed necessary by the ethics commit-
tee, meeting the legal requirements of our country. Written informed
consent was obtained from all patients before the examination. All pro-
cedures performed in this studywere in accordancewith the principles of
the 1964 Declaration of Helsinki and its subsequent amendments (20)

Radiopharmaceutical
PSMA-11 (Glu-NH-CO-NH-Lys(Ahx)-HBED-CC; HBED 5 N,N'-

bis[2-hydroxy-5-(carboxyethyl)benzyl]ethylenediamine-N, N'-diacetic
acid) was obtained from ABX Advanced Biochemical Compounds in
good-manufacturing-practice quality. 68Ga-PSMA-11 was prepared on
an automated synthesis module (Modular-Lab PharmTracer; Eckert &
Ziegler) using a procedure previously described (14,21). The radiochem-
ical purity of the final product was.92% as analyzed by reversed-phase
high-performance liquid chromatography analysis.

Imaging Protocol
68Ga-PSMA-11 PET/CT imaging was conducted using a dedicated

PET/CT system in time-of-flight mode (Discovery 690; GEHealthcare).
Patients received a median activity of 154.8 MBq (range: 95.0–216.0
MBq). Themedian injected activity of 68Ga-PSMA-11 did not differ sig-
nificantly between patients of G1 and G2 (150.5 MBq vs 156.4 MBq;
P 5 0.605). The median uptake time in G1 and G2 was 67 min (range:
52–101; Q15 60 min; Q35 73 min) and 69 min (range: 45–100; Q15
61 min; Q3 5 77 min), respectively, and differed significantly (P5
0.022). A whole-body PET scan (skull vertex to upper thighs) in
3-dimensional mode was acquired (emission time: 2 min per bed
position with an axial field of view of 15.6 cm per bed position). Two
hundred twenty-five patients (51.1%) received a diagnostic contrast-
enhanced CT scan. The contrast-enhanced CT scan parameters using
GE smart mA dose modulation were 100 or 120 kVp; 80–450mA; noise
index, 24; 0.8 s per tube rotation; slice thickness, 3.75 mm; and pitch,
0.984. A CT scan of the thorax, abdomen, and pelvis (shallow breathing)
was acquired 40–70 s after injection of contrast agent (60–120 mL of
Iomeron 400 mg/L, depending on patient body weight), followed by a
CT scan of the thorax in deep inhalation. In the remaining 215 patients
(48.9%), a low-dose CT scan was acquired for attenuation correction of
the PET emission data. Low-dose CTwas also used for anatomic alloca-
tion of lesions with increased uptake found on PET. The low-dose CT
scan parameters using GE smart mA dose modulation were 100 kVp;
15–150 mA; noise index, 60; 0.8 s per tube rotation; slice thickness,
3.75 mm; and pitch, 1.375. Reconstruction was performed with an
ordered-subset expectation maximization algorithm with 4 iterations/
8 subsets. Images were corrected for randoms and scatter.

TABLE 1
Patient Characteristics and Summary of Previous Treatment in the 2 Different Patient Preparation Groups

Group
Median age

(y)

Median PSA
(ng/mL) at

PET
Median

PSAdt (mo)
Median

BMI kg/m2

GFR , 60
mL/min/
1.73m2

ADT at
PET

BR after
RPE

BR after
pRt

BR after
RPE 1 sRT

G1* 70 (range,
52–87)

1.30 (range,
0.14–81.09)

6 (range,
0.9–120.2)†

25.9
(range,

17.5–57.8)

38 (17.3%) 40 (18.2%) 109
(49.5%)

22 (10.0%) 89 (40.5%)

G2‡ 72 (range,
44–88)

0.82 (range,
0.10–147.6)

4.7 (range,
1.2–59.1)¶

26.0
(range,

18.8–40.8)

34 (15.5%) 46 (20.9%) 116
(52.7%)

40 (18.2%) 64 (29.1%)

P 0.032 0.055 0.417 0.613 0.515 0.809 § § §

*No preparation.
†220 patients, missing data n 5 171.
‡Injection of 20 mg of furosemide and 500 mL of NaCl 0.9%.
¶220 patients, missing data n 5 172.
§Overall P value 0.009.
P values from a Mann–Whitney U test (age, PSA, PSAdt, BMI) and from Fisher exact tests (GFR, ADT, and BR subgroups).
ADT 5 androgen deprivation therapy; BMI 5 body mass index; GFR 5 glomerular filtration rate; PSAdt 5 PSA doubling time; pRT 5

primary radiation therapy; sRT 5 salvage radiation therapy.
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Image Analysis
All 68Ga-PSMA-11 PET/CT images were analyzed with dedicated

commercially available software (Advance Workstation SW, version
AW4.5 02; GE Healthcare), which allowed the review of PET, CT,
and fused imaging data in axial, coronal, and sagittal slices. PET images
were interpreted independently by 2 board-approved nuclear medicine
physicians, who were masked to the method of patient preparation, clin-
ical patient data, and results of other examinations. In the case of patients
already included in previous studies, readers were not aware of results of
those analyses. If an early static PET scan was performed (13), only
images 60 min after injection were assessed. Prostate Cancer Molecular
Imaging Standardized Evaluation (PROMISE) diagnostic criteria for
68Ga-PSMA-11 PET/CT reporting in PC proposed by Eiber et al. (22)
and consensus criteria for image interpretation defined by Fanti et al.
served as a reference for assessment of LR (8). Patients were judged
either positive or negative for LR. Cases in which a clear distinction
between urinary activity and a LR was not possible were classified as
equivocal. In the case of disagreement between the 2 readers, images
were reevaluated and afinal diagnosiswas reached in consensus. In addi-
tion, intensity of tracer uptake in organs and tissues with physiologic
tracer accumulation and lesions judged as LRwas measured, usingmax-
imum and mean SUV (SUVmax and SUVmean, respectively). For SUV
calculations, volumes of interest were generated automatically by the
software (AdvanceWorkstation SW, versionAW4.5 02;GEHealthcare)
with a manually adapted isocontour threshold centered on the organs of
interest. Tracer uptakewasmeasured in the following organs and tissues:
urinary bladder, kidneys, small bowel, liver, spleen, parotid gland, lacri-
mal gland, blood pool (aortic arch), muscle activity (gluteal region), and
bone (thoracic vertebra).

Statistical Analysis
Differences between the 2 groups (G1: patients without preparation

vs. G2: patients receiving furosemide) were evaluated using nonpara-
metric testing procedures. Distributions of continuous variables (base-
line characteristics and SUVmax in various tissues) were compared
between groups using Mann–Whitney U tests. LR detection rates (pos-
itive, negative, equivocal) were compared between groups using Fisher
exact tests. All tests of statistical significance were 2-sided, and P values
of less than 0.05 were considered statistically significant. All analyses
were conducted in R, version 3.5.1 (The R Foundation) (23).

RESULTS

In brief, comparison of patient characteristics between both prep-
aration groups revealed a statistically significant difference in patient
age, method of definitive treatment before the PET examination, and
T-stage, whereas other parameters listed in detail in Tables 1 and 2
did not differ significantly.
With regard to visual evaluation of LR, a statistically significantly

higher number of LR could be detected in the patient group that
received furosemide compared with patients without preparation,
with 56 cases (25.5%) and 38 cases (17.3%) judged positive for
LR, respectively (P 5 0.048). Frequency of equivocal findings in
the prostatic fossa wasmarkedly lower in the group with furosemide
in comparison with patients without preparation, with 27 (12.3%)
versus 37 (16.8%) unclear cases. However, the difference between
both groups in this respect did not reach statistical significance
(P 5 0.223). Intensity of tracer uptake in lesions considered as LR
did not differ significantly between both groups (P5 0.987), show-
ing a median SUVmax of 8.1 in G1 (range: 3.2–47.9) and 8.4 in G2
(range: 3.2–139.0). An overview of these results is also shown in
Table 3, where a subgroup analysis of patients according to primary
treatment is presented as well. In addition, prostate-specific antigen
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(PSA) subgroupswere analyzed and comparedwith respect to detec-
tion of LR (demonstrated in Fig. 1).
Intensity of tracer accumulation in the urinary bladder was signif-

icantly higher in patients without preparation than in the furosemide
group, showing a median SUVmax of 63.0 and 8.9, respectively (P,
0.001). Regarding intensity of physiologic tracer uptake in the
remaining predefined organs and tissues, no statistically significant
difference in median SUVmax could be found between the 2 groups
in the kidneys (55.6 vs. 54.5), the liver (9.9 vs. 9.4), the spleen (11.2
vs. 11.9), the parotid gland (19.2 vs. 19.8), the blood pool (2.2 vs.
2.3), and the bone (1.6 vs. 1.6). Higher SUVmax in the furosemide
group in comparison with G1, reaching statistical significance,
was measured in the small bowel (17.1 vs. 16.2; P5 0.040), the lac-
rimal gland (10.9 vs. 8.9; P , 0.001), and the muscle (1.1 vs. 1.0;
P 5 0.001). In total, intensity of physiologic tracer uptake in all
organs and tissues investigated (except the
urinary bladder) was not reduced signifi-
cantly in the patient group receiving furose-
mide compared with the patient group
without preparation. A detailed synopsis of
SUVs including SUVmean is given in Tables
4 and 5.
Histologic confirmation of malignant ori-

gin of cases judged positive for LR could
not be achieved. However, LR could be ver-
ified in 50.0% of cases in G1 (n 5 19) and
42.9% of cases in G2 (n5 24). LR was con-
firmed either radiologically with a patho-
logic correlate on diagnostic CT, MRI, or
transrectal ultrasound (n 5 33) or on a
follow-up 68Ga-PSMA-11 PET/CT scan (n
5 4), or patients showed a decrease of
PSA values after salvage radiation therapy
of the prostatic fossa after PSMA-11 PET/
CT (n 5 6).
In a subgroup analysis of all patients rated

positive for LR on 68Ga-PSMA-11 PET/CT
(G1: n5 38; G2: n5 56), LR was the only

site of recurrence in 24 cases (63.1%) in G1 and in 31 cases (55.4%)
in G2. In 8 cases in G1 (21.1%) and 13 cases in G2 (23.2%), PSMA-
positive lymph nodes classified as metastases could be detected in
addition to LR without sign of metastases to bone or other organs.
Two cases in G1 (5.3%) and 6 cases in G2 (10.7%) showed an LR
and PSMA-positive metastases both to lymph nodes and in the
bone. LR and PSMA-positive skeletal metastases without PSMA-
positive lymph nodes were present in 4 cases in G1 (10.5%) and 6
cases in G2 (10.7%).
Overall, detection rate of at least 1 PSMA-positive lesion consis-

tent with recurrent PC was 60.5% of all patients in G1 (n5 133) and
66.8% of all patients in G2 (n 5 147), not differing significantly
(P 5 0.198). In G1, PSMA-positive lymph node metastases were
detected in 81 cases (36.8%), PSMA-avid skeletal metastases in
34 cases (15.5%), and hematogenous metastases other than bone

TABLE 3
Results of Visual Assessment of LR for Main Groups and Primary Therapy Subgroups

Group G1* G2† P

Overall, LR positive (n) 38 (17.3%) 56 (25.5%) 0.048

Overall, LR negative (n) 145 (65.9%) 137 (62.3%) 0.487

Overall, LR equivocal (n) 37 (16.8%) 27 (12.3%) 0.223

Median SUVmax, LR positive (n) 8.1 (range, 3.2–47.9) 8.4 (range, 3.2–139.0) 0.987

Subgroup pRT, LR positive (n) 12 (54.5%) 20 (50.0%) 0.795

Subgroup pRT, LR negative (n) 8 (36.4%) 15 (37.5%) 1

Subgroup pRT, LR equivocal (n) 2 (9.1%) 5 (12.5%) 1

Subgroup pRPE, LR positive (n) 26 (13.1%) 36 (20.0%) 0.095

Subgroup pRPE, LR negative (n) 137 (69.2%) 126 (70.0%) 0.911

Subgroup pRPE, LR equivocal (n) 35 (17.7%) 18.0 (10.0%) 0.038

*No preparation.
†Injection of 20 mg of furosemide and 500 mL of NaCl 0.9%.
P values from Fisher exact tests for frequencies and from Mann–Whitney U test for median SUVmax comparison.
pRPE 5 primary radical prostatectomy; pRT 5 primary radiation therapy; SUVmax 5 maximal SUV.

FIGURE 1. Comparison of number of patients judged positive (pos.), negative (neg.), or equivocal for
LR in relation to PSA level, together with PET-positive rate of LRs in each subgroup (%). G1 (no furose-
mide, blue column); G2 (with furosemide, red column).
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in 4 cases (1.8%). In G2, PSMA-positive lymph node metastases
were found in 91 cases (41.4%), whereas bone metastases and non-
skeletal distant metastases were present in 36 cases (16.4%) and 5
cases (2.3%), respectively.
Patients were also asked whether they felt urinary urgency during

the examination, categorizing it as slight, moderate (tolerable), or
strong (major discomfort). In G1, only 9 patients (4.1%) stated
urgency, which was described as slight to moderate. In the furose-
mide group, urinary urge during scanning occurred in 93 cases
(42.3%) and was classified by the patients in most cases as slight
(n5 77; 82.8%) and moderate (n5 16; 17.2%). In total, early injec-
tion of 20 mg of furosemide was tolerated well, no strong urinary
urge during the PET examination was reported, and no
furosemide-induced adverse reaction was recorded.

DISCUSSION

In 68Ga-PSMA-11 PET/CT, usually conducted 60min after tracer
injection, LR may be overlooked when it is located adjacent to the
urinary bladder, mainly due to the masking effect of overlaying uri-
nary bladder activity (11). In addition, there are cases in which it is
almost impossible to discriminate LR from urinary activity within
the urethra or the bladder neck, especially at the site of anastomosis
after RP (8), as displayed in an example in Figure 2.
Administration of furosemide is recommended in the joint

EANM/SNMMI procedure guideline for 68Ga-PSMA-11 PET/CT
(6). In a recently published study by our group, we demonstrated
that forced diuresis with 20 mg of furosemide, injected simulta-
neously with the radiotracer, significantly reduced tracer accumula-
tion in the urinary bladder compared with patients receiving no
preparation or hydration alone (19).
The primary objective of the present study was to investigate

whether the afore-described furosemide-induced reduction of uri-
nary bladder activity also improved detection rates of LR and
enhanced diagnostic certainty in the prostate fossa. Indeed, our study
revealed a significantly higher number of PSMA-positive LRs in the
furosemide group than in the group of patients without preparation,
with 56 and 38 cases judged positive for LR, respectively (25.5% vs.

17.3% of patients). The effect of furosemide-induced tracer washout
of the urinary bladder on detectability of LR is illustrated in Figure 3.
Furthermore, the number of equivocal findings in the prostate fossa
was lower in patients undergoing forced diuresis in comparison with
patients without furosemide, with 27 and 37 unclear cases, respec-
tively (12.3% vs. 16.8% of patients). However, the difference in
this respect did not reach statistical significance. This may be attrib-
utable to the fact that tracer activity does not vanish completely from
the urinary routes after furosemide administration, and in a small
number of cases a relatively high amount of tracer remains within
the bladder and urethra despite forced diuresis (15,21,24). Of note,
our data suggest that patients who have undergone radical prostatec-
tomy (RPE) profit most from furosemide. The number of unclear
findings after RPE was significantly lower in the furosemide group
and a clear tendency in the positivity rate of LRwas found after furo-
semide, although these did not reach statistical significance. In con-
trast, the detection rate of LR in both groups was almost the same in
patients who underwent primary radiation therapy without RPE (as
presented in Table 3). Our results are in line with the findings of a
study conducted by Fennessy et al., using a similar preparation pro-
tocol with early administration of furosemide (15). Fennessy et al.
reported that diagnostic confidence in the pelvic area on 68Ga-
PSMA-11 PET/CT could be improved in patients injected with furo-
semide. However, the number of patients in the patient subset with
BR was relatively low in this analysis (n 5 44) and the analysis
was probably underpowered to detect a positive effect of the furose-
mide protocol on detection rates of LR.
There are concerns whether injection of furosemide at the time of

radiotracer injection is appropriate. Injection of furosemide early in
the uptake phase of the tracer might lead to an increased renal wash-
out of 68Ga-PSMA-11 before it binds to PSMA, possibly resulting in
a reduced tracer uptake in tumor lesions and in lower sensitivity of
the examination. We tried to address this issue by comparing inten-
sity of tracer accumulation in organs and tissues with physiologic
68Ga-PSMA-11 uptake in patients receiving furosemide and patients
without preparation.We hypothesized that if a significant increase of
renal tracer excretion was induced by early injection of furosemide,
it would result in a lower tracer uptake in organs with physiologic

TABLE 4
Comparison of Intensity of Tracer Accumulation in Organs and Tissues with Physiologic Tracer Uptake

Point of measurement G1* G2† P

SUVmax median bladder 63.0 (4.6–350.0) 8.9 (1.7–35.0) ,0.001

SUVmax median kidneys 55.6 (7.4–100.9) 54.5 (16.1–94.6) 0.264

SUVmax median liver 9.9 (4.5–43.4) 9.4 (3.0–19.5) 0.196

SUVmax median spleen 11.2 (4.2–34.0) 11.9 (3.5–23.4) 0.558

SUVmax median small bowel 16.2 (4.7–36.9) 17.1 (8.3–51.3) 0.040

SUVmax median parotid gland 19.2 (9.1–39.3) 19.8 (10.7–36.0) 0.069

SUVmax median lacrimal gland 8.9 (3.0–23.9) 10.9 (2.8–31.9) ,0.001

SUVmax median blood pool 2.2 (1.2–4.6) 2.3 (1.2–4.9) 0.649

SUVmax median muscle 1.0 (0.5–3.0) 1.1 (0.6–2.2) 0.001

SUVmax median bone 1.6 (0.8–3.8) 1.6 (0.8–4.3) 0.564

*No preparation.
†Injection of 20 mg of furosemide and 500 mL of NaCl 0.9%.
P values from Mann–Whitney U tests. Data in parentheses are ranges.
SUVmax 5 maximal SUV.

1554 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 11 � November 2021



uptake. However, our results clearly showed that, apart from the uri-
nary bladder, tracer accumulation in all organs and tissues investi-
gated was not lower in the patient group receiving furosemide
than in the patient group without preparation. Calculated SUVs
are comparable to those of previous studies dealing with biodistribu-
tion of 68Ga-PSMA-11 (7,10,25). Taken together, our findings can

be interpreted as sufficient evidence that administration of furose-
mide shortly after tracer injection does not have a relevant negative
influence on organ distribution of 68Ga-PSMA-11.
A negative impact of early furosemide injection on lesion detect-

ability could not be observed either. The patient-based overall detec-
tion rate of at least 1 68Ga-PSMA-11–avid lesion consistent with
recurrent PC was even higher in the group receiving furosemide
than in patients without preparation (66.8% vs. 60.5% of cases). In
comparison with other studies, a somewhat lower overall detection
rate in our analysis may be noticed. In a study by Afshar-Oromieh
et al. including 1,007 PC patients with BR referred for 68Ga-
PSMA-11 PET/CT, a PET positivity in 79.5% of patients is
described (1). In a recently published study by Chevalme et al. on
the performance of 68Ga-PSMA-11 PET/CT after a negative or
equivocal 18F-fluorocholine PET/CT (including 1,084 PC patients
with BR), an overall PET positivity rate of 68% of patients was
found (26), revealing no significant difference between subgroups
of patients with furosemide administered at the time of tracer injec-
tion and patients without furosemide. The lower percentage of PET-
positive patients in our analysis may be due to relatively low PSA
values of patients in both groups (median PSA: 1.3 ng/mL and
0.82 ng/mL, respectively). It is well known that detection efficacy
of 68Ga-PSMA-11 PET/CT increases with higher PSA levels (1,4).
Although with the present study we could demonstrate that furo-

semide administered at the time of tracer injection has a major
impact on assessment of LR in PC patients with BR, a debate on
the best time point for injection of furosemide in 68Ga-PSMA-11
PET/CT may remain. Applying a biphasic scan protocol, Afshar-
Oromieh et al. described that a reduction of radioactivity in the uri-
nary bladder between scans 1 h after injection and 3 h after injection
was more intense after injection of furosemide, assuming a better
visibility of PC lesions in the vicinity of the urinary bladder (17).
Another approach with late furosemide injection is described by
Haupt et al. (16). Compared with a standard protocol without furo-
semide and scan acquisition 60 min after injection, a slightly higher
detection rate of LR was demonstrated in patients orally hydrated
with 1 L of water 30min after injection and injectedwith furosemide
60 min after injection followed by a single PET examination 90 min

TABLE 5
Comparison of Intensity of Tracer Accumulation in Organs and Tissues with Physiologic Tracer Uptake

Point of measurement G1* G2† P

SUVmean median bladder 41.9 (22.8–69.8) 5.3 (3.5–7.3) ,0.001

SUVmean median kidneys 34.8 (29.8–40.6) 34.1 (27.8–40.4) 0.358

SUVmean median liver 5.4 (4.4–6.5) 5.2 (4.4–6.6) 0.679

SUVmean median spleen 6.5 (5.2–8.5) 7.0 (5.8–8.3) 0.070

SUVmean median small bowel 9.4 (7.5–11.6) 10.0 (8.23–12.0) 0.027

SUVmean median parotid gland 12.0 (10.2–13.9) 12.4 (10.9–15.0) 0.028

SUVmean median lacrimal gland 5.8 (4.4–7.2) 7.0 (5.4–9.0) ,0.001

SUVmean median blood pool 1.3 (1.1–1.5) 1.3 (1.1–1.5) 0.990

SUVmean median muscle 0.6 (0.5–0.7) 0.6 (0.5–0.7) 0.011

SUVmean median bone 0.9 (0.8–1.1) 0.9 (0.7–1.1) 0.560

*No preparation.
†Injection of 20 mg of furosemide and 500 mL of NaCl 0.9%.
P values from Mann–Whitney U tests. Data in parentheses are ranges.
SUVmean 5 mean SUV.

FIGURE 2. Example of an equivocal finding in prostate fossa on 68Ga-
PSMA-11 PET/CT with maximum-intensity-projection (A), fused axial (B),
fused coronal (C), and fused sagittal (D) images of a PCpatient with BR after
radical prostatectomy and salvage radiation therapy (PSA: 1.34 ng/mL),
receiving no preparation before imaging. Intense focal uptake is present in
midline at level of vesicourethral anastomosis (red arrow). Clear distinction
between LR and urinary activity within urethra is not possible (SUVmax of
focal uptake in midline: 10.3 and SUVmax of urinary bladder: 118.0).
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after injection (LR present in 42.9% of patients with furosemide vs.
42.0% of patients without furosemide). Haupt et al. demonstrated
that urinary bladder activity was significantly lower with furosemide
thanwith the standard protocol, resulting also in a significantly better
contrast between LR and urinary bladder activity. The high percent-
age of LR in both groups in this study is striking and may be
explained by the relatively high overall PSA levels of patients ana-
lyzed (39.2% of patients with PSA. 4.0 ng/mL). In a study by Der-
lin et al. using 68Ga-PSMA I&T, a different PSMA-ligand with high
urinary bladder accumulation, the authors showed that furosemide
injected simultaneously with radiotracer significantly reduced uri-
nary bladder activity on PET scans at 60 min after injection com-
pared with patients without furosemide, resulting also in a
significant improvement in assessment of the prostatic fossa (18).
However, with respect to evaluation of the prostate bed, best results
were obtained with delayed imaging 180 min after injection, per-
formed after oral hydration and injection of furosemide after a
PET/CT scan at 60 min after injection.
Despite the favorable results of these furosemide protocols, the

described procedures require either a longer waiting time for the
patients or additional scans. For institutions with high throughput
of PET examinations and limited camera availability a protocol
with an uptake time of only 60 min and a single image acquisition
as presented in this study is clearly advantageous.
There are some limitations within this study. First, the data were

collected retrospectively. We are aware that some parameters in the
patient population differed significantly between both preparation
groups, such as median radiotracer uptake time, number of patients
with primary radiotherapy, and initial T-stage. We cannot exclude

that this heterogeneity may have influenced the results. With respect
to median uptake time, a difference of 2 min does not, in our view,
have a relevant negative effect on results. In particular, Q1 and Q3
demonstrate that most participants had an uptake time between quite
a small time window of 60 and 77min. Amajor drawback of the cur-
rent study is that no histologic verification of lesions rated as LRwas
performed. Usually, biopsy of PSMA-positive LR is not part of our
standard clinical work-up of PC patients with BR. However, inter-
pretation of findings was done by 2 experienced readers in a stan-
dardized way following published guidelines (8,22). Therefore, we
are strongly convinced that PSMA-positive local findings in the
prostate fossa, that were not verified by other imaging modalities
or on follow-up, can be regarded as true-positive.

CONCLUSION

In PC patients with BR referred for 68Ga-PSMA-11 PET/CT,
application of a forced diuresis protocol with 500 mL of NaCl
0.9% and 20 mg of furosemide, injected simultaneously with the
radiotracer, has the potential to significantly increase the detection
rate of LRs. Moreover, early injection of furosemide does not
seem to have a negative influence on organ distribution of 68Ga-
PSMA-11 and does not impair lesion detectability of the
examination.
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KEY POINTS

QUESTION: Does intravenous administration of furosemide in-
crease detection rate of LR in PC patients with BR referred for 68Ga-
PSMA-11 PET/CT?

PERTINENT FINDINGS: In a retrospective analysis of 440 PC pa-
tients undergoing 68Ga-PSMA-11 PET/CT for BR, detection rate of
LR is significantly higher in patients injected with 20 mg of furose-
mide at the time point of tracer administration in comparison with
patients receiving no furosemide.

IMPLICATIONS FOR PATIENT CARE: A more accurate assess-
ment of the prostatic fossa after definitive primary therapy has a
major impact on therapeutic management in PC patients with BR,
especially in those patients in whom salvage radiation therapy is
considered.
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Surgical Feasibility, Determinants, and Overall Efficacy of
Neoadjuvant 177Lu-DOTATATE PRRT for Locally Advanced
Unresectable Gastroenteropancreatic Neuroendocrine Tumors
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We assessed 177Lu-DOTATATE peptide receptor radionuclide therapy
(PRRT) in the neoadjuvant setting in patients with gastroenteropancre-
atic neuroendocrine tumors (GEP-NETs). We also evaluated the varia-
bles associated with resectability of the primary tumor after PRRT.
Methods: This study included 57 GEP-NET patients who had a pri-
mary tumor that was unresectable (because of vascular involvement
as defined using the pancreatic ductal adenocarcinoma criteria of the
National Comprehensive Cancer Network) and who underwent 177Lu-
DOTATATE therapy without any prior surgery. They were categorized
into 2 groups: 23 patients without liver metastases (group 1) and 34
patients with potentially resectable liver metastases (group 2). 177Lu-
DOTATATE was administered with mixed amino acid–based renal
protection at a dose of 7.4 GBq (200 mCi) per cycle. Surgical resect-
ability was evaluated using triphasic contrast-enhanced abdominal
CT imaging at 3 different time points during the PRRT course. Four
broad categories of overall PRRT response were evaluated. The
Kaplan–Meier product-limit method was used to calculate
progression-free survival (PFS) and overall survival (OS). Associations
between variables and a resectable primary tumor after PRRT were
analyzed using the x2 test, with a P value of less than 0.05 considered
statistically significant. Results: After 177Lu-DOTATATE therapy, the
unresectable primary tumor became resectable in 15 of 57 (26.3%)
patients (7 patients in group 1 and 8 patients in group 2). A complete
or partial response to PRRTwas seen in 48 patients (84%), 23 patients
(40%), 18 patients (31%), and 23 patients (40%) using symptomatic,
biochemical, molecular imaging, and anatomic imaging criteria,
respectively. Estimated rates of PFS were 95% and 90% at 2 y in
groups 1 and 2, respectively. The 2-y OS of the 2 groups combined
was 92.1%. The rate at which the primary tumor was resectable after
PRRT was significantly higher in patients who had duodenal neuroen-
docrine tumors, patients who had GEP-NETs with no regional lymph
node involvement, patients for whom the primary tumor was smaller
than 5 cm, patients for whom liver metastases were no larger than 1.5
cm, patients for whom there were no more than 3 liver metastases,
and patients for whom 18F-FDG uptake in the primary tumor had an
SUVmax of less than 5. Conclusion: In a moderate fraction of GEP-
NET patients, with or without liver metastases, whose primary tumor
was unresectable because of vascular involvement, the primary tumor
converted from unresectable to resectable after 177Lu-DOTATATE
therapy, signifying that neoadjuvant PRRT can be considered in such

patients. The effective control of symptoms, favorable morphologic
and functional imaging response, and durable PFS and OS that we
observed after 177Lu-DOTATATE PRRT may lead to less morbidity
and mortality in these patients.

Key Words: neoadjuvant PRRT; gastroenteropancreatic neuroendo-
crine tumor; peptide receptor radionuclide therapy; 177Lu-DOTATATE
therapy; 68Ga-DOTATATEPET/CT; triphasic CT
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Neuroendocrine tumors (NETs) represent a diverse group of
neoplasms arising from neuroendocrine cells located at many
different sites throughout the body, most commonly in the gastro-
enteropancreatic and respiratory systems. Because multiple thera-
peutic options are available (1,2), maximum therapeutic benefit to
the patient is achieved with the involvement of a multidisciplinary
team that includes medical oncologists, surgeons, gastroenterolo-
gists, radiologists, and nuclear medicine physicians.
In NETs, surgery is only definitive curative treatment option.

The 5-y survival rate is more than 60% in patients with resectable
gastroenteropancreatic NETs (GEP-NETs), whereas it drops to
less than 30% in patients with unresectable tumors (3–9). Aggres-
sive surgical resection of the primary tumor and liver metastases
may improve symptoms and overall survival (OS) in GEP-NETs.
However, the resectability of the primary tumor in GEP-NETs
depends on the presence or absence of major abdominal vascular
involvement and on the size and infiltration of the tumor into other
adjacent tissues (6,8,10,11).
In somatostatin receptor–positive GEP-NETs, peptide receptor

radionuclide therapy (PRRT) with targeted radiolabeled somato-
statin analogs such as 90Y-DOTATOC and 177Lu-DOTATATE
has the advantage of producing a selective treatment effect through
a ligand that carries the radioisotope directly to the tumor cell pop-
ulation (12). PRRT has been reported to result in disease stabiliza-
tion, partial remission, or even a reduction in tumor mass (more
than 50%) in these patients (13). Thus, PRRT has been used as
neoadjuvant therapy to decrease tumor size in a few case reports
and studies on NET (14–16).
The aim of our study was to assess the performance of 177Lu-

DOTATATE PRRT as neoadjuvant therapy in GEP-NET patients
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whose primary tumor is unresectable because of vascular involve-
ment and who have either no liver metastases or potentially resect-
able liver metastases. In addition, we evaluated the overall
efficacy of PRRT with the help of other response evaluation
parameters and determined variables associated with the resect-
ability of the primary tumor after PRRT.

MATERIALS AND METHODS

Patient Population
The study included patients with histopathologically proven GEP-

NETs who had a primary tumor that was unresectable because of vas-
cular involvement, who had no liver metastases or had potentially
resectable liver metastases, and who had undergone 177Lu-DOTA-
octreotate PRRT without any prior surgical intervention of the primary
tumor. A primary tumor that was unresectable because of vascular
involvement was defined using the National Comprehensive Cancer
Network (NCCN) criteria for pancreatic ductal adenocarcinoma (17)
and was classified as locally advanced when the tumor involved more
than 180� of the circumference of the superior mesenteric artery,
celiac trunk, aorta, inferior vena cava, portal vein, or superior mesen-
teric vein; when there was thrombosis of the portomesenteric venous
system; or when there was unreconstructable occlusion of the superior
mesenteric vein or portal vein. Patients were excluded if they had dis-
tant metastatic disease or extensive bilobar liver metastatic disease.

The patients were divided into 2 groups based on the presence or
absence of metastatic liver disease: group 1 had no liver metastases,
and group 2 had potentially resectable liver metastases (Table 1). In
group 1, 10 patients had grade 1 tumors and 13 patients had grade 2.
In group 2, 16 patients had grade 1 tumors, 17 patients had grade 2,
and 1 patient had grade 3. All but one of the patients in this study had
well-differentiated NETs.

The study was approved by the Institutional Scientific Committee
and the Institutional Ethics Committee. The need to obtain informed
consent was waived because the study was retrospective.

PRRT Regimen
The patients had undergone triphasic contrast-enhanced abdominal

CT and dual-tracer PET/CT (68Ga-DOTATATE and 18F-FDG PET/
CT) before the start of the PRRT. According to our institutional proto-
col, neoadjuvant 177Lu-DOTATATE PRRT is given to patients who
have somatostatin receptor–positive GEP-NETs with a Krenning score
of at least 3 (as compared on maximum-intensity projection, coronal,
and transaxial 68Ga-DOTATATE PET/CT images), whose primary
tumor is unresectable because of vascular involvement, and who have
either no liver metastases or potentially resectable liver metastases.
Mixed amino acid–based renal protection is followed along with
PRRT and 177Lu-DOTATATE is administered at a dose of 7.4GBq
(200 mCi) per cycle. The PRRT cycles are repeated at intervals of
8–10 wk (4–5 cycles in total).

Surgical Resectability Evaluation
Surgical resectability after PRRT was evaluated using abdominal

CT at 3 phases: triphasic contrast-enhanced abdominal CT imaging
was acquired 4 mo after the second cycle (i.e., 2 mo after the first cycle
of PRRT), and next, 3 mo after completion of the last cycle. The surgi-
cal resectability criteria given by the NCCN for pancreatic ductal
adenocarcinoma were used in this study. These criteria define a post-
PRRT resectable primary tumor as one that shows a decrease in size on
contrast-enhanced CT and clear fat planes around major abdominal
vessels, or as one that involves less than 180� of the circumference of
the superior mesenteric vein or portal vein, celiac trunk, or superior
mesenteric or hepatic artery and that encases or occludes a short seg-
ment of the superior mesenteric vein or portal vein.

Response Evaluation
After PRRT, all patients were followed up with symptomatic and

biochemical (serum chromogranin-A level) response evaluations and
with molecular (68Ga-DOTATATE PET/CT) and anatomic (contrast-
enhanced CT) imaging.

Symptomatic Response. For the symptomatic response evaluation,
the patients were asked to evaluate—on a scale of 0%–100% com-
pared with baseline—whether their tumor-related symptoms had dis-
appeared (90%–100% improvement; complete response [CR]), had
improved (30%–89% improvement; partial response [PR]), were sta-
ble (,30% improvement or ,30% deterioration; stable disease [SD]),
or had worsened ($30% increase in symptoms or new symptoms; pro-
gressive disease [PD]).

Biochemical Response. Biochemical response was assessed using
serum chromogranin-A levels. The baseline level before the start of
PRRT was measured, and the percentage change at the time of analy-
sis was calculated. More than a 75% reduction or normalization of the
level was considered CR, a 30%–75% reduction was PR, a less than
30% reduction to a less than 30% increase was SD, and an increase by
30% or more was PD.

Molecular Imaging Response. The 68Ga-DOTATATE PET/CT
response evaluation was done using PERCIST.

Anatomic Imaging Response. The contrast-enhanced CT response
evaluation was done using RECIST, version 1.1.

Progression-Free Survival (PFS) and OS
PFS and OS were also assessed. PFS was defined as the time from

the first cycle of PRRT to documented disease progression on an
imaging study, and OS was defined as the time from the first cycle of
PRRT to death of the patient. If death did not occur during the obser-
vation period, the survival time was censored on the last date at which
the subject was known to be alive.

Statistics
Patient characteristics were summarized as count and percentage,

and the number of patients with a resectable primary tumor after PRRT
was determined. CR, PR, SD and PD were determined for each of the
4 types of response evaluation. Median and 95% CI for PFS and OS
were calculated by the Kaplan–Meier method. PFS curves for groups 1
and 2 were determined using the Kaplan–Meier product-limit method.

The x2 test was used to test the association between the following
categoric variables and a resectable primary tumor after PRRT, with a
P value of less than 0.05 considered statistically significant: patient age
at start of PRRT (20–45 y, 46–60 y, or $61 y), site of primary tumor
(pancreatic, duodenal, jejunal, or ileal), total cumulative radionuclide
dose (14,800–22,200 MBq [400–600 mCi], 22,237–29,600 MBq
[601–800 mCi], or 29,637–40,700 MBq [801–1,100 mCi]), number of
PRRT cycles (2, 3–4, or 5), MIB-1 index (,3%, 3%–20%, or .20%),
previous chemotherapy and previous octreotide analog therapy
(received vs. not received), regional lymph node involvement (involved
vs. not involved), baseline size of primary tumor (,5 cm, 5–7 cm, or
.7 cm), and baseline 68Ga-DOTATATE uptake (SUVmax , 20,
SUVmax 5 20–50, or SUVmax . 50) and 18F-FDG uptake in liver
metastases (SUVmax , 5, SUVmax 5 5–7, or SUVmax . 7) in primary
tumor. Additionally, the following variables were evaluated in group 2
patients: baseline 68Ga-DOTATATE uptake and 18F-FDG uptake, size
of liver metastases (#1.5 cm, 1.6–3.5 cm, or .3.5 cm), and number of
liver metastases (#3, 4–6, or $7).

RESULTS

The study included and analyzed 57 patients with GEP-NETs:
23 in group 1 and 34 in group 2 (Table 1).
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177LU-DOTATATE � Parghane et al. 1559



The pancreas was the most common site for the primary NET
(32 patients [56%]), with the head and body of the pancreas being
most commonly involved (27 patients [47%]). The superior mes-
enteric vein or portal vein was the commonly involved blood ves-
sel (35 patients [61%]), followed by the superior mesenteric
artery (27 patients [47%]). The baseline size of primary GEP-
NETs was 3.5–11 cm (average, 5.8 cm) in group 1 and 4–12 cm
(average, 6 cm) in group 2. The baseline size of liver metastases
was 0.8–5.6 cm (average, 3 cm) in group 2. The MIB-1 labeling
index was 1–15 (median, 3) in group 1 and 1–25 (median, 4) in
group 2. All 57 patients were symptomatic before the start
of PRRT, with abdominal pain, vomiting, weakness, and weight
loss being the most common complaints. Before PRRT,

systemic chemotherapy and somatostatin analog therapy were
administered to 9 and 5 patients, respectively, in group 1 and 6
and 7 patients, respectively, in group 2 and produced either no
response or PD.
The total cumulative dose of 177Lu-DOTATATE per patient in

groups 1 and 2 was, respectively, 14.8–40.7 GBq (400–1,100
mCi; average, 22.2 GBq [600 mCi]) and 14.8–40.7 GBq
(400–1,100 mCi; average, 27.45 GBq [742 mCi]). The number of
cycles per patient ranged from 2 to 5 and averaged 4.
After PRRT, the size of the primary GEP-NETs was 2.0–10 cm

(average, 4.8 cm) in group 1 and 2.0–9.5 cm (average, 4.6 cm) in
group 2, and the size of the liver metastases in group 2 was 0.5–7
cm (average, 2.4 cm).
PRRT was well tolerated in all 57 GEP-NET patients, none of

whom showed any major hematologic or renal toxicity. Two
patients in group 1 and one patient in group 2 showed mild
(grade I) hematologic toxicity and renal toxicity, respectively,
during the initial PRRT cycles but were found to have recovered
during the subsequent follow-up.

Surgically Resectable Primary Tumor After PRRT
According to the NCCN criteria, an unresectable primary GEP-

NET became resectable after PRRT in 7 of 23 patients in group 1
(2 pancreatic, 3 duodenal, and 2 ileal) and 8 of 34 patients in
group 2 (4 pancreatic, 3 duodenal, and 1 jejunal). Thus, the overall
rate at which the primary tumors became resectable in the 2
groups was 26.3% (15/57 patients). Imaging was repeated after 2
cycles in all 57 patients and after 4–5 cycles in 56 patients; of the
15 patients who became operable after PRRT, 1 became operable
after 2 cycles and 14 after 4–5 cycles.

Response Evaluation
Symptomatic Response. All GEP-NET patients had symptom-

atic disease before PRRT. After PRRT, 19 of the 23 patients in
group 1 had CR (82.8%), 1 had PR (4.3%), 2 had SD (8.6%), and
1 had PD (4.3%), whereas 24 of the 34 patients in group 2 had CR
(70.5%), 4 had PR (11.9%), 3 had SD (8.8%), and 3 had
PD (8.8%)
Biochemical Response. Regarding biochemical response, no

patients among the 23 in group 1 had CR, whereas 10 had PR
(43.5%), 10 had SD (43.5%), and 3 had PD (13%). No patients
among the 34 in group 2 had CR, whereas 13 had PR (38.2%), 18
had SD (53%), and 3 had PD (8.8%).
Molecular Imaging Response. Regarding the response on 68Ga-

DOTATATE PET/CT, 1 of the 23 patients in group 1 had CR
(4.3%), 8 had PR (34.8%), 12 had SD (52.3%), and 2 had PD
(8.6%). None of the 34 patients in group 2 had CR, whereas 9 had
PR (26.5%), 24 had SD (70.5%), and 1 had PD (3%).
Anatomic Imaging Response. Regarding the response on

contrast-enhanced CT, none of the 23 patients in group 1 had CR,
whereas 7 had PR (30.4%), 15 had SD (65.3%), and 1 had PD
(4.3%). In group 2, none of the 34 patients had CR, whereas 16
had PR (47%; Fig. 1), 15 had SD (44.1%), and 3 had PD (8.9%)
(Table 2).

PFS and OS
In this study, with a median follow-up period of 24 mo, the

median PFS and OS were not reached. The estimated rates of PFS
were 95% and 90% at 2 y in groups 1 and 2, respectively (Figs. 2
and 3). No deaths occurred in group 1, whereas 1 patient in group
2 died. The 2-y OS of both groups combined was 92.1%.

TABLE 1
Patient Characteristics

Characteristic Group 1 Group 2

Total patients (n) 23 34

Sex (n)

Male 15 18

Female 8 16

Age (y)

Range 30–76 30–78

Average 52 51

Symptomatic patients
before PRRT (n)

23 34

Prior therapy (n)

Chemotherapy 9 6

Octreotide analog 5 7

Primary site (n)

Pancreatic 12 20

Duodenal 4 8

Jejunal 1 4

Ileal 6 2

MIB-1 index

Range 1%–15% 1%–25%

Median 3% 4%

Primary tumor size
before PRRT (cm)

Range 3.5–11 4–12

Average 5.8 6

Liver metastasis size
before PRRT (cm)

Range — 0.8–5.6

Average — 3

Cumulative 177Lu-
DOTATATE dose

Range 14.8–40.7 GBq
(400–1,100 mCi)

14.8–40.7 GBq
(400–1,100 mCi)

Average 22.2 GBq
(600 mCi)

27.45 GBq
(742 mCi)

PRRT cycles (n)

Range 2–5 2–5

Average 4 4
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Association of Tumor Resectability After PRRT
A resectable primary tumor after PRRT was found to be signifi-

cantly associated with site of primary tumor (duodenal NET),
regional lymph node involvement (no involvement), size of pri-
mary tumor (,5 cm), and baseline 18F-FDG uptake in primary
tumor (SUVmax , 5) for groups 1 and 2 combined. For group 2, a
significant association was found for size of liver metastases
(#1.5 cm) and number of liver metastases (#3).

DISCUSSION

In GEP-NETs, surgery offers the only chance for cure, and aggres-
sive surgical resection of the tumor has been reported to result in long-
term survival with acceptable morbidity and mortality. Neoadjuvant
therapy—mainly chemotherapy, radiation therapy, or hormonal ther-
apy—is intended to reduce the tumor size, enabling surgical resection
of many gastrointestinal cancers. Treatment options are limited in
patients with unresectable and locally advanced GEP-NETs. For these
tumors, chemotherapy has limited efficacy and a high incidence of sig-
nificant side effects (18). Biologic therapy with somatostatin analogs
and interferon-a can reduce symptoms but fails to produce an objective
response in terms of tumor shrinkage in the neoadjuvant setting (19).

Somatostatin analogs labeled with
radionuclides have been used in diagno-
sis and therapy of GEP-NETs, as these
tumors express somatostatin receptors on
their surface. PRRT has been used in dis-
seminated metastatic and unresectable
GEP-NETs, with positive somatostatin
receptor expression confirmed by molec-
ular imaging. 177Lu-DOTATATE PRRT
has shown promising response and sur-
vival rates, with minimal associated tox-
icity (13,20,21). A few reports
demonstrated the use of preoperative
PRRT in unresectable pancreatic NETs
for reducing tumor size and enabling sur-
gical intervention (14–16).
One particularly challenging aspect of

GEP-NETs is defining resectable and unre-
sectable primary tumors, a task that often is
subjective and surgeon-dependent. Hence,
in our study, we used objective resectability
criteria (from the NCCN) for determining
the resectability of the primary tumor (Figs.
2 and 4). All GEP-NET patients in our
study were deemed by an expert gastroin-
testinal and hepatopancreatobiliary surgeon

to have an unresectable primary tumor before PRRT (22). PRRT is
generally better tolerated than chemotherapy and other treatment
modalities in GEP-NETs. In our study, 177Lu-DOTATATE PRRT
was well tolerated and produced no major hematologic or renal toxic-
ity in any patient, and using imaging criteria, we found that an unre-
sectable primary tumor became resectable in 7 patients (30.43%) in
group 1 and 8 patients (23.5%) in group 2. The results of our study
are similar to those of other NET series reported in the literature (23).
Barber et al. (15) used 177Lu-octreotate as neoadjuvant PRRT in

5 patients, 4 of whom had pancreatic NET confined to local or
locoregional sites and 1 of whom had a duodenal NET with a soli-
tary liver metastasis. In their study, PRRT was administered with
a concurrent radiosensitizing dose of fluorouracil chemotherapy
(200 mg/m2/24 h) commencing 4 d beforehand and continuing for
a total of 3 wk in 4 patients and accompanied by external-beam
radiotherapy (45 Gy in 25 fractions) in the remaining patient to
maximize delivery of the radiation dose to the tumor. All 5
patients responded well to PRRT, and 1 patient underwent curative
surgery after neoadjuvant PRRT.
van Vliet et al. (16) demonstrated the use of 177Lu-octreotate

PRRT as neoadjuvant therapy in 29 pancreatic NET patients who
had a borderline or unresectable primary tumor with or without

FIGURE 1. A 56-y-old women with unresectable pancreatic NET. (A) Baseline 68Ga-DOTATATE
maximum-intensity-projection (MIP) PET image (left upper panel) and transaxial fused PET/CT
images (left panel, both lower images) showed intensely somatostatin receptor–avid unresectable pri-
mary pancreatic lesion (8.0 3 8.8 cm, green arrow), and left lower panel showed intensely somato-
statin receptor–avid single metastasis (2.5 3 2.8 cm, red arrow) in segment IV of the liver. Contrast-
enhanced CT image (right upper panel) is coronal view showing pancreatic lesion involving portal
vein and superior mesenteric vein (.180�). (B) Baseline 18F-FDG PET (MIP) image demonstrated no
uptake in primary tumor or metastasis. (C) Post-PRRT 68Ga-DOTATATE PET/CT: PET (MIP) image
(left upper panel), transaxial fused PET/CT images (both lower panels), and coronal view of CT image
(right upper panel). After 5 cycles of PRRT (total cumulative dose, 33.3 GBq), image in left lower panel
showed complete morphologic disappearance of liver metastasis (red arrow), significant reduction in
size and 68Ga-DOTATATE uptake of pancreatic lesion (green arrow), and no major abdominal vessel
involvement. Patient underwent Whipple procedure to resect primary tumor without any major com-
plications in perioperative period or in subsequent follow-up.

TABLE 2
PRRT Response Evaluation Results

Symptomatic Biochemical Molecular imaging Anatomic imaging

Response Group 1 Group 2 Group 1 Group 2 Group 1 Group 2 Group 1 Group 2

CR 19 24 0 0 1 0 0 0

PR 1 4 10 13 8 9 7 16

SD 2 3 10 18 12 24 15 15

PD 1 3 3 3 2 1 1 3
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oligometastatic liver lesions. The investigators found extensive
vascular involvement of the primary tumor and thrombosis of the
portal and mesenteric veins before the start of PRRT. They sug-
gested that sufficient venous collaterals may form during the
course of PRRT cycles, leading to surgical resection of the pri-
mary tumor along with safe and easy reconstruction of the portal
and mesenteric veins because of intact collateral circulation. In
their study, surgery was performed on 9 (31%) of 29 patients after
neoadjuvant PRRT.

Stoeltzing et al. (24) and Sowa-Staszczaket et al. (14) studied the
use of neoadjuvant PRRT with the help of 90Y-DOTATOC and 90Y-
DOTATATE, respectively, in pancreatic NETs with liver metastases.
Liver metastases regressed significantly after neoadjuvant PRRT,
facilitating surgical removal of liver metastases. Similarly, in our study
the average size of liver metastases changed from 3 to 2.4 cm after
177Lu-DOTATATE PRRT, and there was PR on anatomic imaging in
16 (47%) of 34 patients. This reduction in liver metastasis size will be
helpful for surgical intervention in these patients with liver metastases,

as shown by Stoeltzing et al. (24) and Sowa-
Staszczaket et al. (14) in their studies.
Partelli et al. (25) adopted neoadjuvant

PRRT in 23 pancreatic NET patients with
features of high disease recurrence. They
found that the size of the primary pancreatic
tumor decreased after neoadjuvant PRRT
and that there was a low risk of pancreatic
fistula development (after surgery) and a
low incidence of nodal metastases (at the
time of surgery) in the neoadjuvant PRRT
group as compared with the group treated
up front with surgery. Similarly, in our study
the average size of the primary tumor
changed from 5.8 to 4.8 cm in group 1 and
from 6.0 to 4.6 cm in group 2. This shrink-
age could also facilitate surgery, as there
would be a low incidence of nodal metasta-
ses and a low risk of pancreatic fistula for-
mation at the time of surgery or thereafter,
respectively, as mentioned by Partelli et al.
(25), reducing the risk of morbidity and
mortality associated with surgery.
Our observation of the significant associa-

tion we found with site of primary tumor
(duodenal NET), regional lymph node
involvement (absent), baseline size of primary

FIGURE 2. Kaplan–Meier curve of PFS in group 1. FIGURE 3. Kaplan–Meier curve of PFS in group 2.

FIGURE 4. A 67-y-old man with unresectable pancreatic NET. (A) Baseline 68Ga-DOTATATE PET
(maximum-intensity projection [MIP]) image (upper panel); transaxial fused PET/CT image (middle
panel); and axial contrast-enhanced CT image showed complete encasement (.180�) of celiac trunk
(yellow arrow) by intensely somatostatin receptor–avid pancreatic lesion (7.0 3 6.6 cm; SUVmax 80)
after PRRT (total cumulative dose, 31.45 GBq). (B) Post-177Lu-DOTATATE therapy planar gamma
camera–based scan showed good tracer concentration in primary tumor. (C) Post-PRRT follow-up
68Ga-DOTATATE PET (MIP) image (upper panel); transaxial fused PET/CT image (middle panel); and
axial contrast-enhanced CT (lower panel) showed significant reduction in size (2.0 3 1.5 cm) and
uptake (SUVmax, 30) of primary tumor, with less than 180� encasement of celiac trunk (yellow arrow).
Unresectable primary tumor became resectable.
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tumor (,5 cm), baseline size (#1.5 cm) and number (#3) of liver
metastases, and baseline 18F-FDG uptake (SUVmax , 5) in the primary
tumor indicates that GEP-NET patients with these variables have high
rate of converting to a resectable primary tumor after PRRT.
Our finding of an 82% and 70% CR rate for groups 1 and 2,

respectively, in the symptomatic response evaluation indirectly
shows an improvement in global health status and quality of life in
these patients after PRRT, and our observed longer PFS and OS after
PRRT may have additional importance in patient care management.
The limitations of our study were its retrospective nature, its

nonfixed total cumulative dose of 177Lu-DOTATATE, and its vari-
able number of PRRT cycles. However, the average total cumula-
tive doses of 177Lu-DOTATATE and average number of PRRT
cycles were in the usual range for PRRT and similar to those
reported for other neoadjuvant PRRT studies.

CONCLUSION

In a moderate fraction of GEP-NET patients whose primary tumor
was unresectable because of vascular involvement—either without
liver metastases or with potentially resectable liver metastases—the
unresectable primary tumor became resectable after 177Lu-DOTA-
TATE PRRT. We therefore conclude that this neoadjuvant therapy
can be useful in such patients. 177Lu-DOTATATE PRRT can be con-
sidered safe; it does not have a high incidence of major hematologic
or renal toxicity and would likely be helpful in reducing the overall
morbidity and mortality associated with surgery or other treatment
modalities. Our study showed a favorable imaging response in most
patients, who became symptom-free after 177Lu-DOTATATE PRRT.
The success rate of tumor resectability after PRRT depends on the
site of the primary tumor, the presence or absence of regional lymph
node involvement, the size of the primary tumor, the size and number
of liver metastases in those patients who have them, and the intensity
of 18F-FDG uptake in the primary tumor.
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KEY POINTS

QUESTION: In a real-life clinical scenario at a large-volume
tertiary-care cancer center, how well does neoadjuvant
177Lu-DOTATATE PRRT perform in patients with locally
advanced, unresectable GEP-NETs whose primary tumor is unre-
sectable because of vascular involvement and who either have no
liver metastases or have potentially resectable liver metastases?
PERTINENT FINDINGS: An unresectable primary tumor
became resectable in a moderate fraction of GEP-NET
patients (26.3%) after 177Lu-DOTATATE PRRT. The success
rate of tumor resectability after PRRT depended on the site of
the primary tumor, the presence or absence of regional lymph
node involvement, the size of the primary tumor, the size and
number of liver metastases in those patients who had them,
and the intensity of 18F-FDG uptake in the primary tumor.
IMPLICATIONS FOR PATIENT CARE: The role of neoadjuvant
PRRT as a potentially useful option in GEP-NET patients is of
significant clinical interest from the perspective of the gastroin-
testinal surgeons who must select patients for such therapy.
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64Cu-DOTATATE PET/CT in Patients with Neuroendocrine
Neoplasms: Prognostication Based on Lowest Lesion Uptake
and Total Tumor Volume

Esben Andreas Carlsen1,2, Camilla Bardram Johnbeck1,2, Mathias Loft1,2, Andreas Pfeifer1,2, Peter Oturai1,2,
Seppo W. Langer2,3, Ulrich Knigge2,4, Claes Nøhr Ladefoged*1,2, and Andreas Kjaer*1,2

1Department of Clinical Physiology, Nuclear Medicine & PET and Cluster for Molecular Imaging, Department of Biomedical Sciences,
Rigshospitalet and University of Copenhagen, Copenhagen, Denmark; 2ENETS Neuroendocrine Tumor Center of Excellence,
Rigshospitalet, Copenhagen, Denmark; 3Department of Oncology, Rigshospitalet, Copenhagen, Denmark; and 4Departments of Clinical
Endocrinology and Surgical Gastroenterology, Rigshospitalet, Copenhagen, Denmark

Patients with neuroendocrine neoplasms (NENs) have heterogeneous
somatostatin receptor expression, with highly differentiated lesions
having higher expression. Receptor expression of the total tumor bur-
den may be visualized by somatostatin receptor imaging, such as with
64Cu-DOTATATE PET/CT. Assessment of maximal lesion uptake is
associated with progression-free survival (PFS) but not overall survival
(OS). We hypothesized that the lesion with the lowest, rather than the
highest, 64Cu-DOTATATE uptake would be more prognostic, and we
developed a semiautomatic method for evaluating this hypothesis.
Methods: Patients with NENs underwent 64Cu-DOTATATE PET/CT. A
standardized semiautomatic tumor delineationmethodwas developed
and used to identify the lesion with the lowest uptake, that is, with the
lowest SUVmean. Additionally, we assessed total tumor volume derived
from the semiautomatic tumor delineation. Kaplan–Meier and Cox
regression analyses were used to determine whether there was any
association with OS and PFS. Results: In 116 patients with NENs,
median PFS (95% CI) was 23 mo (range, 20–31 mo) and median OS
was 85mo (range, 68–113mo). MinimumSUVmean and total tumor vol-
ume were significantly associated with PFS and OS in univariate Cox
regression analyses, whereas SUVmax was significant only for PFS. In
multivariate Cox analyses, bothminimumSUVmean and total tumor vol-
ume remained statistically significant. Minimum SUVmean and total
tumor volume were then dichotomized by their median, and patients
were categorized into 4 groups: high or low total tumor volume and
high or low minimum SUVmean. Patients with a low total tumor volume
and high minimum SUVmean had a hazard ratio of 0.32 (95% CI,
0.20–0.51) for PFS and 0.24 (95% CI, 0.13–0.43) for OS, both with
P values of less than 0.001 (reference: high total tumor volume and
lowminimumSUVmean).Conclusion:Weproposeastandardizedsemi-
automatic tumordelineationmethodto identify the lesionwith the lowest
64Cu-DOTATATE uptake and total tumor volume. Assessment of the
lowest, rather than thehighest, lesionuptakegreatly increasesprognos-
tication by 64Cu-DOTATATE PET/CT. Combining lesion uptake and
total tumorvolume,wederivedanovel prognostic classificationsystem
for patients with NENs.

KeyWords: neuroendocrineneoplasms; 64Cu-DOTATATEPET;semi-
automatic tumor delineation; minimumSUVmean; total tumor volume
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Patients with neuroendocrine neoplasms (NENs) have a disease
course and survival span that vary considerably. In recent years, sev-
eral treatment options have been validated for patients with NENs.
One criterion that can be used to select different treatment strategies
is the expected prognosis of a patient, that is, more aggressive treat-
ment in patients with a rapid and aggressive disease course. In
patients with NENs, theWorld Health Organization grading scheme
based on the proliferation marker Ki-67 determined either in a
biopsy or in a surgically resected tumor presently plays a crucial
role in this regard. Currently, NEN patients are graded according
to Ki-67 and tumor differentiation (1). However, a known limitation
is interlesional tumor heterogeneity between primary tumor and
metastatic lesions (2–5). Furthermore, with disease progression, an
increase in Ki-67 is seen (4). Sampling of the entire tumor or several
lesions frequently shows an increase in Ki-67 and World Health
Organization grade (2–5). Hence, prediction of prognosis may be
enhanced by assessing the total tumor volume to identify the most
dedifferentiated lesion. This assessment, as well as longitudinal
monitoring, is possible using whole-body PET assessment.
PET is widely used in patients with NENs, especially somato-

statin receptor imaging (SRI) by radiolabeled somatostatin analogs,
such as 64Cu-DOTATATE, 68Ga-DOTATATE, or 68Ga-DOTA-
TOC in patients with low-grade NENs, and glucose uptake imaging
by 18F-FDG in patients with high-grade NENs. We have previously
reported the ability of 64Cu-DOTATATE PET to predict overall sur-
vival (OS) and progression-free survival (PFS) in patients with
NENs (6). Although unable to identify a cutoff to predict OS, we
showed that patients with a tumor SUVmax of more than 43.3 had
half the risk of progressive disease, compared with patients with
an SUVmax of 43.3 or less. The highest tumor SUVmax for a patient
is easy to obtain; however, it reflects the greatest somatostatin recep-
tor density and therefore the prediction is likely based on the most
differentiated, and least aggressive, tumor area. For 18F-FDG PET,
both metabolic tumor volume and total lesion glycolysis have
been reported (7–9), and these measures have also been adopted
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for SRI (10). Total tumor volume based on SRI tumor segmentation
has been shown to have prognostic implications (11–14). Besides
volumetric information, the lowest lesion SUVmean would also be
available with total tumor segmentation, and thus, the most dediffer-
entiated lesion could be used for prognostication.
The aim of this paper is to propose a scheme for semiautomated

tumor delineation in 64Cu-DOTATATE PET for patients with
NENs and to use this scheme to improve the prognostic value of
64Cu-DOTATATE. To do so, measures of the lowest lesion
SUVmean and total tumor volume extracted from tumor delineation
were used. We hypothesized that this scheme could increase the
prognostic value of 64Cu-DOTATATE PET compared with the pre-
viously reported method based on SUVmax.

MATERIALS AND METHODS

Patients
Between November 2009 and March 2013, our group recruited

patients with NENs in 2 prospective clinical studies with 64Cu-DOTA-
TATE PET/CT (15,16), approved by the Regional Scientific Ethical
Committee (reference no. H-D-2008-045). Written informed consent
was obtained from all participants. The included patients had histopath-
ologically confirmed gastroenteropancreatic or lung NENs or NENs of
unknown primary and were referred for PET/CT for staging, restaging,
or follow-up. All scans were reviewed for inclusion in the present
follow-up study. If more than one 64Cu-DOTATATE PET/CT exam
was available for a patient, the earliest scan was used. We excluded
patients with no signs of NENs because of previous radical surgery.
Patients were followed and treated with the standard of care at the
ENETS Neuroendocrine Tumor Center of Excellence, Rigshospitalet,
Copenhagen, Denmark. Treatment decisions were made by multidisci-
plinary tumor boardsmasked to the 64Cu-DOTATATEPET/CTfindings
but guided by 111In-octreotide scintigraphy (clinical routine throughout
the inclusion period), Ki-67, World Health Organization grade, and
tumor location. Patient characteristics collected at baseline were age,
sex, site of primary tumor, Ki-67 index (%), grade, and treatment. The
patients were assessed at regular follow-up visits and with diagnostic
CT performed according to guidelines (17). At the discretion of the treat-
ing physician, SRI, MRI, or ultrasound was also performed during fol-
low-up.

Radiotracer and Image Acquisition
Radiotracer production, PET/CT image acquisition, and reconstruc-

tion methodology have been published previously (15,16,18). In short,
patients underwent whole-body PET/CT at 61 6 1 min (range, 43–99
min) after injection of 202 6 1 MBq (range, 174–245 MBq) of 64Cu-
DOTATATE. A Siemens Biograph 40 or 64 TruePoint PET/CT scanner
was used. All images were reconstructed with the same algorithm
(TrueX; Siemens Medical Solutions) using 3 iterations and 21 subsets
and smoothed by 2-mm gaussian filter (full width at half maximum),
on 336 3 336 matrices (2 3 2 3 3 mm voxels). CT-based attenuation
correction was applied. A diagnostic-quality CT scan with iodine intra-
venous contrast medium was performed before the PET. If contraindi-
cated, iodine contrast was not used. To ensure quantitatively accurate
measurements between the different PET/CT scanners, we perform a
quality control every 2 wk, testing whether they are calibrated to within
our acceptance range (5%).

Image Analysis
All PET/CT scans were analyzed using the DBx software package

(version 1.2.0; Mirada Medical Ltd.) masked to the patients’ PFS and
OS. A nuclear medicine physician in training analyzed all scans, and a
subgroup (n5 12)was additionally assessed by a board-certified nuclear
medicine physicianmasked to the results of the former. To the best of our

knowledge, no standardized method for semiautomatic tumor delinea-
tion using SRI PET has been proposed.We therefore adapted themethod
proposed in PERCIST for 18F-FDG PET to obtain a standardized
patient-specific threshold of (1.5 3 liver SUVmean) 1 (2 3 SD) (19).
Lower thresholds increase the delineation of lesions with a low tracer
uptake but also increase physiologic tracer uptake, whichwould substan-
tially limit the semiautomatic approach. According to PERCIST, if no
normal liver is available (e.g., full cancer involvement), the blood value
should be used. However, in SRI PET, the blood value ismarkedly lower
than the liver.We therefore chose to use normal spleen uptake when nor-
mal liver tissue could not be assessed. In each patient, a 3-cm sphere was
placed in normal liver tissue (or in normal spleen tissue). SUVmean and
SDwere extracted and used to calculate the patient-specific threshold by
the following formula:

Liver: ð1:5 3 SUVmeanÞ1ð2 3 SDÞ
This formula was adapted for spleen SUVmean on the basis of normal

data available in a previous publication (20):

Spleen: ð0:67 3 SUVmeanÞ1ð2 3 SDÞ
SUV was calculated as decay-corrected measured radioactivity con-

centration/(injected activity/body weight). A region encompassing all
lesions was then drawn manually, and voxels with an SUV above the
threshold were delineated automatically. Delineated noise (i.e., nonpa-
thologic tracer uptake) and physiologic tracer uptake (pituitary gland,
liver, spleen, kidneys, adrenal glands, urinary tract, and uncinate process
of pancreas) was manually deleted.

Data Extraction
The partial-volume effect results in an underestimation of SUV in

small lesions. We therefore defined a minimum lesion size of 1 cm3

because the partial-volume effect typically occurs in lesions smaller
than 3 times the full width at halfmaximum (21). To obtain theminimum
SUVmean (i.e., the lesion with the lowest SUVmean), data were extracted
for each lesion individually. Confluent lesions were considered as one if
the lesions were not separated on the basis of the patient-specific thresh-
old. Furthermore, total tumor volume (i.e., the sum of all lesions) was
derived from the 64Cu-DOTATATE PET images.

Endpoints
Follow-upwas performed on July 13, 2020. CT routine images orMR

images were used to evaluate PFS in accordance with RECIST, version
1.1 (22). PFS was calculated as time from 64Cu-DOTATATE PET/CT
to, if any, progression or death from any cause. If no progression or death
from any cause occurred within the follow-up interval, the patient was
censored at the time of the last available diagnostic imaging. OSwas cal-
culated as time from 64Cu-DOTATATE PET/CT to death from any
cause. Patients alive at follow-up were censored to the day of follow-
up, that is, July 13, 2020.

Statistics
Continuous variables are reported as mean and SEMor asmedian and

range. Kaplan–Meier analysis was used to estimate the median time,
with 95% confidence interval (CI), to the endpoint. Uni- andmultivariate
Cox regression analyses for outcome were performed for the derived
PET parameters as continuous and dichotomized (by median) parame-
ters. Use of median total tumor volume and minimum SUVmean as suit-
able cutoffs was investigated using the R-package “Cutoff Finder” (23).
A P value of less than 0.05was considered statistically significant. R sta-
tistical software, version 4.0.0. (R Foundation for Statistical Computing)
was used for the analyses.
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RESULTS

In total, 128 patients with 64Cu-DOTATATE PET/CT were
assessed by the semiautomatic tumor delineation method. A median
of 5 lesions was delineated per patient (range, 1–78). We excluded
12 patients because they had no lesions above the minimum tumor
volume threshold of 1 cm3. The characteristics of the final popula-
tion (n 5 116) are given in Table 1.

Semiautomatic Tumor Delineation
The time spent on the entire process of tumor delineation, includ-

ing manual deletion of physiologic uptake, was 20 min (range, 5–35
min). The volume threshold, 1 cm3, was applied not when the tumor
delineation was performed but in the following postprocessing. The
shortest time was spent in patients with few lesions, for whom the
drawn region of interest encompassing all lesions did not include
foci with physiologic uptake. The median patient-specific SUV

threshold was 8.58 and was defined from normal liver tissue in
most patients (108/116; 93%). In 11 of 12 patients, the interreader
comparison showed concordance regarding categorization accord-
ing to total tumor volume and minimum SUVmean. In 1 patient,
the physiologic uptake of the bladder had mistakenly not been
removed; hence, the volume was overestimated, leading to a discor-
dant classification.

PET Parameters
The derived total tumor volume and SUVparameters are shown in

Table 2. Minimum SUVmean and total tumor volume were both sta-
tistically significantly associated with PFS and OS in univariate Cox
regression analyses, whereas SUVmax was only for PFS (Table 3). In
multivariate analyses of minimum SUVmean and total tumor volume
as continuous parameters, both remained statistically significantly
associated with PFS and OS (Table 4).

PFS and OS
Median PFS was 23 mo (95% CI, 20–31 mo) and median OS was

85 mo (95% CI, 68–113 mo) for the entire patient cohort (n5 116).
During follow-up, 103 patients (89%) had disease progression and
68 died (59%). Total tumor volume and minimum SUVmean were
dichotomized at median values based on analyses of the optimal cut-
off for each parameter (Supplemental Fig. 1; supplemental materials
are available at http://jnm.snmjournals.org). Patients were divided
into 4 possible groups: high total tumor volume 1 low minimum
SUVmean, high total tumor volume 1 high minimum SUVmean,
low total tumor volume 1 low minimum SUVmean, and low total
tumor volume 1 high minimum SUVmean. Representative patient
examples from the 4 groups are shown with and without semiauto-
matic tumor segmentation in Figure 1. Patients in the group with a
high total tumor volume 1 low minimum SUVmean (n 5 43) had
a median PFS of 13 mo (95% CI, 7–21 mo) and a median OS of
31 mo (95% CI, 18–53 mo). For patients in the group with low total
tumor volume1 highminimumSUVmean (n5 43),median PFSwas
42 mo (95% CI, 25–80 mo) and median OS was not reached (lower
limit of median, 95mo). Using the group with a high total tumor vol-
ume1 lowminimumSUVmean as the reference group, patients in the
group with a low total tumor volume1 high minimum SUVmean had
a hazard ratio of 0.32 (95% CI, 0.2–0.51) for PFS and 0.24 (95% CI,
0.13–0.43) for OS, both with a P value of less than 0.001 (Table 5;
Fig. 2). Although not powered for this purpose, exploratorily we
assessed the categorization separately in patients with small intestine
and pancreatic primary tumors and found a similar prognostic per-
formance (Supplemental Table 1). In comparison, no significant dif-
ferences were observed between patients with a Ki-67 of less than
3% (n5 27) and patientswith aKi-67 of 3%–20% (n5 79) in regard
to PFS and OS (Supplemental Table 2; Supplemental Fig. 2).

TABLE 1
Baseline Characteristics of 116 Patients with NENs

Characteristic Data

Mean age (y) 62.2 (SD, 10.8)

Sex

Male 64 (55)

Female 52 (45)

Median Ki-67* (%) 5 (range, 1–100)

World Health Organization grade†

G1 27 (23)

G2 79 (68)

G3 4 (3)

Missing 6 (5)

Site of primary

Small intestine 66 (57)

Pancreas 25 (22)

Cecum 7 (6)

Extrahepatic biliary tract 2 (2)

Gastric 1 (1)

Lung 5 (4)

Unknown primary NEN 10 (9)

Treatment before 64Cu-DOTATATE PET/CT‡

None 15 (13)

Localized 10 (8)

Systemic 43 (37)

Localized and systemic 48 (41)

*Missing for 6 patients.
†Patients with lung NENs had Ki-67, 10% and were accordingly

placed in G1 and G2.
‡Localized treatment for NENs: surgery (n 5 52), hepatic artery

embolization (n 5 7), radiofrequency ablation (n 5 7), or external
radiation (n 5 2). Systemic treatment for NENs: interferon (n 5 52),
somatostatin analog (n 5 47), chemotherapy (n 5 48), or peptide
receptor radionuclide therapy (n 5 36).

Data are number followed by percentage in parentheses, unless
otherwise indicated. Percentages were rounded andmay not add up
to 100%.

TABLE 2
Parameters Obtained by Semiautomatic Total Tumor
Delineation on 64Cu-DOTATATE PET in 116 Patients

Parameter Data

SUVmax 58.6 (13.4–195)

Minimum SUVmean 14.2 (5.6–56.8)

Total tumor volume (cm3) 54.9 (1.1–3,840)

Threshold for delineation 8.52 (4.7–14.9)

Data are median followed by range in parentheses.
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TABLE 3
Univariate Cox Regression Analyses for PFS and OS in 116

Patients

Parameter Hazard ratio P

PFS

SUVmax 0.99 (0.99–1.00) 0.049

Minimum SUVmean 0.94 (0.90–0.98) ,0.001

Total tumor volume 1.001 (1.00–1.001) ,0.001

OS

SUVmax 0.99 (0.99–1.00) 0.12

Minimum SUVmean 0.91 (0.86–0.96) ,0.001

Total tumor volume 1.001 (1.001–1.001) ,0.001

All parameters are continuous. Data in parentheses are 95% CIs.

TABLE 4
Multivariate Cox Regression Analyses for PFS and OS in 116

Patients

Parameter Hazard ratio P

PFS

Minimum SUVmean 0.96 (0.92–1.00) 0.03

Total tumor volume 1.001 (1.00–1.001) ,0.01

OS

Minimum SUVmean 0.94 (0.89–1.00) 0.045

Total tumor volume 1.001 (1.00–1.001) ,0.001

All parameters are continuous. Data in parentheses are 95% CIs.

FIGURE 1. Patient examples of classification based on lowest lesion uptake combined with total tumor volume. Maximum-intensity projections are
shownwithout andwith delineated tumor volume.Window setting for all imageswas 0–30. All separate lesionswere analyzed individually to obtainmin-
imumSUVmean. (A) Patient in groupwith high total tumor volume (1.041 cm3)1 lowminimumSUVmean (9.6); OS, 17mo; PFS, 11mo. (B) Patient in group
with lowtotal tumorvolume(54cm3)1 lowminimumSUVmean (13.1);OS,51mo;PFS,42mo. (C)Patient ingroupwithhightotal tumorvolume(415cm3)1
highminimumSUVmean (25.3); OS, 68mo; PFS, 34mo. (D) Patient in groupwith low total tumor volume (45 cm3)1 highminimumSUVmean (15); OS, 118
mo; PFS, 80 mo.
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DISCUSSION

The major finding of our study was that the prognostic value of
64Cu-DOTATATE PET in patients with NENs could be greatly
improved by evaluating the lowest lesion uptake rather than the
highest. This finding is in accordance with our hypothesis and fits
well into somatostatin receptor density’s being a surrogate of differ-
entiation, that is, lower density in more dedifferentiated and aggres-
sive tumors.We furthermore present a novel combined classification
of total tumor volume and lowest lesion uptake from 64Cu-DOTA-
TATE PET to incorporate previous reports that tumor volume derived

from SRI (10–14) is associated with prognosis in patients with NENs.
Applying the combination of total tumor volume and lowest lesion
uptake, we classified patients into 4 groups, with patients in the group
with a high total tumor volume1 low minimum SUVmean having the
poorest prognosis in regard to PFS and OS.
We and others have reported on the prognostic ability of lesion

SUVmax from either 64Cu-DOTATATE (6) or 68Ga-DOTATATE/
DOTANOC (24–26). A limitation to that metric, besides concerns
about the influence of image noise on single-pixel SUVmax (27), is
the fact that prognostication then is based on the lesionwith the highest
uptake, that is, with greater somatostatin receptor density. One previ-
ous study of 30 patients with NENs investigating prognostication
based on the lesion with the lowest uptake did, however, fail to
show an association between lower uptake and higher risk of progres-
sive disease (26). Furthermore, total lesion somatostatin receptor
expression (the product of tumor volume and SUVmean) has been pro-
posed (10). However, the results we present contradict this concept.
The effect of total tumor volume and SUVmean have an opposite direc-
tion, and a high “total lesion activity” in SRI may be seen in patients
with a low tumor burden and a high SUVmean or in patients with a
high tumor burden and a lowSUVmean.As presented, two such patients
would be expected to have a different prognosis.
A prerequisite to analyzing total tumor volume and minimum

SUVmean is tumor segmentation. A standardized semiautomatic
method for PET-guided segmentation in patients with NENs has not
been reported previously. We therefore used a standardized patient-
specific cutoff to delineated lesions on the basis of the method
described for 18F-FDG (19). Recently, several papers have described
the prognostic implications of tumor volume derived from 68Ga-
DOTATATE (10–12) or 68Ga-DOTATOC (13,14), but not for
64Cu-DOTATATE. To obtain tumor volume, different strategies
were used: manual delineation of lesions including areas with either
41%or 50%of lesion SUVmax or semiautomatic delineationwith indi-
vidual SUVmax threshold based on agreement between anatomic and
functional lesion delineation. However, none of the studies reported
the time spent on segmentation of tumors (8–14). In the present study,
the time spent was approximately 20 min per patient, although less

time (down to 5 min) was needed when areas
of physiologic uptake (kidney, urinary blad-
der, and spleen) could be avoided because
of the tumor location. Patients were concor-
dantly grouped by the total tumor volume/
minimum SUVmean classification in all but 1
patient in the interreader analysis. The pre-
sented semiautomatic segmentation scheme
may be feasible for clinical translation; how-
ever, faster segmentation is desirable. One
approach would be to minimize the need for
manual deletion of physiologic uptake by
use of anatomic data gained from the CT
scan. This approach has been demonstrated
for prostate cancer using 68Ga-PSMA PET
(28). An added gain would be that of organ-
specific tumor burden—for example, tumor
burden in liver or bone. Subclassification
according to tumor location may further
enhance the prognostic implication of total
tumor volume; for example, it could be spec-
ulated that patients with mainly liver metasta-
ses have a different prognosis from patients
with mainly bone metastases.

TABLE 5
Univariate Cox Regression Analyses for PFS and OS in 116

Patients

Group Hazard ratio P

PFS

VhSl (n 5 43) Reference —

VhSh (n 5 15) 0.51 (0.28–0.94) 0.03

VlSl (n 5 15) 0.58 (0.32–1.08) 0.08

VlSh (n 5 43) 0.32 (0.20–0.51) ,0.001

OS

VhSl (n 5 43) Reference —

VhSh (n 5 15) 0.43 (0.21–0.90) 0.02

VlSl (n 5 15) 0.27 (0.12–0.61) ,0.01

VlSh (n 5 43) 0.24 (0.13–0.43) ,0.001

VhSl5 high total tumor volume1 lowminimumSUVmean; VhSh5
high total tumor volume 1 high minimum SUVmean; VlSl 5 low total
tumor volume 1 low minimum SUVmean; VlSh 5 low total tumor
volume 1 high minimum SUVmean.

Patients with high total tumor volume and low minimum SUVmean

are reference. Data in parentheses are 95% CIs.

FIGURE 2. Kaplan–Meier plots of PFS and OS for patients grouped by total tumor volume and mini-
mumSUVmean. VhSh5 high total tumor volume1 high minimumSUVmean; VhSl5 high total tumor vol-
ume1 lowminimumSUVmean; VlSh5 low total tumor volume1 highminimumSUVmean; VlSl5 low total
tumor volume1 low minimum SUVmean.
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This study had some limitations. The threshold used to delineate
lesionswas based on PERCIST, as no standardized semiautomated cri-
teria have been suggested for SRI PET. To limit the partial-volume
effect, only lesions greater than 1 cm3 were used for analysis of
SUV. A larger required lesion size could have further limited the
partial-volume effect, but at the cost of excluding a larger proportion
of the lesions, hence potentially excluding more patients because of
small lesions. Using the 1 cm3 cutoff, 12 of 128 patientswere excluded,
which limits the general use. The results may not translate directly to
SRI PET with 68Ga because of the better resolution of 64Cu-based
imaging (a 4-fold shorter positron range) (29).

CONCLUSION

A standardized semiautomatic tumor segmentation scheme was
applied to obtain total tumor volume and minimum lesion SUVmean

from 64Cu-DOTATATE PET images of patients with NENs. By use
of the lowest lesion uptake, rather than the highest, results from
64Cu-DOTATATE PET were significantly associated with both
PFS and OS. Furthermore, patients could be classified into 4 groups
with high or low total tumor volume and high or low minimum
SUVmean, with patients with a high total tumor volume and lowmin-
imum SUVmean having the poorest prognosis.
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KEY POINTS

QUESTION: Is the prognostic capability of 64Cu-DOTATATE PET in
patients with NENs improved by using total tumor segmentation to
identifythelesionwithlowestuptakecomparedwithmaximaluptake?

PERTINENT FINDINGS: Minimum SUVmean as a measure of the
lowest lesion uptake was strongly associated with both OS and
PFS. This was not the case for maximal lesion uptake. We present a
standardized semiautomatic tumor segmentation scheme and use it
to define a novel classification combining total tumor volume and
minimum SUVmean. Patients with a high total tumor volume and low
minimum SUVmean have a significantly worse prognosis than other
patients do.

IMPLICATIONS FOR PATIENT CARE: On the basis of combining
total tumor volume and minimum SUVmean in

64Cu-DOTATATE PET,
patients with NENs may be classified into 4 groups and stratified
with different risks of progressive disease and death. The classifi-
cation may aid in clinical treatment decisions.
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First-in-Humans Study of the SSTR Antagonist 177Lu-DOTA-
LM3 for Peptide Receptor Radionuclide Therapy in Patients
with Metastatic Neuroendocrine Neoplasms: Dosimetry, Safety,
and Efficacy
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Theobjectiveof this studywas toassess the safety, dosimetry, andeffi-
cacy of the 177Lu-labeled somatostatin receptor (SSTR) antagonist
DOTA-p-Cl-Phe-cyclo(D-Cys-Tyr-D-4-amino-Phe(carbamoyl)-Lys-Thr-Cys)
D-Tyr-NH2 (177Lu-DOTA-LM3) in patients with metastatic neuroendocrine
neoplasms (NENs). Methods: Fifty-one patients (aged 27–76 y;
mean, 51.6613.9 y)withmetastaticNENsunderwent peptide recep-
tor radionuclide therapy (PRRT) with 177Lu-DOTA-LM3 between
August 2017 and December 2019. The median administered activity
per cycle was 6.16 0.88 GBq (range, 2.8–7.4 GBq). 68Ga-NODAGA-
LM3 PET/CT was used for patient selection and follow-up after
177Lu-DOTA-LM3 PRRT. Morphologic and molecular responses
were evaluated in accordance with RECIST 1.1 and the criteria of the
European Organisation for Research and Treatment of Cancer
(EORTC). Treatment-related adverse events were graded according
to the National Cancer Institute Common Terminology Criteria for
AdverseEvents, version5.0.Dosimetrywasperformedon11patients
andcomparedwith theSSTRagonist 177Lu-DOTATOCin247patients
undergoing PRRT on the same dosimetry protocol. Results: Higher
uptake and a longer effective half-life were found for 177Lu-DOTA-
LM3 than for the agonist 177Lu-DOTATOC in the whole body and in
the kidneys, spleen, and metastases, resulting in higher mean
absorbedorgan and tumor doses. All patients tolerated therapywith-
out any serious acute adverse effects. Mild nausea without vomiting
wasobserved in5 (9.8%)patients; noother symptomswere reported.
The most severe delayed adverse event was Common Terminology
Criteria (CTC)-3 thrombocytopenia in 3 (5.9%) patients. Neither
CTC-4 thrombocytopenia nor CTC-3–4 anemia or leukopenia was
observed after treatment. No significant decline in renal function
was observed, norwas hepatotoxicity. According toRECIST 1.1, dis-
ease control could be reached in 40 patients (disease control rate,
85.1%) of the 47 patients monitored after 177Lu-DOTA-LM3 PRRT,
with a partial response in 17 (36.2%) and stable disease in 23
(48.9%), whereas 7 patients (14.9%) had progressive disease, and
by EORTC criteria, there was complete remission in 2 patients
(4.3%), partial remission in 21 (44.7%), stable disease in 18 (38.3%),
and progressive disease in 6 (12.8%). Conclusion: The antagonist

PRRT with 177Lu-DOTA-LM3 could be administered without severe
adverse effects and was well tolerated by most patients, with throm-
bocytopenia occurring in only a few. No other severe adverse effects
were observed; in particular, there was no nephrotoxicity. The SSTR
antagonist 177Lu-DOTA-LM3appears to be promising for PRRT, pro-
vides a favorable biodistribution and higher tumor radiation doses
than SSTR agonists, and was effective in treating advanced meta-
static NENs, especially in patients with low or no SSTR agonist bind-
ing, even achieving complete remission in some patients.

Key Words: peptide receptor radionuclide therapy (PRRT); SSTR
antagonist; 177Lu-DOTA-LM3; first-in-humans; neuroendocrine neo-
plasms (NENs)
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Neuroendocrine neoplasms (NENs) comprise a heterogeneous
group of neoplasms arising from diffuse neuroendocrine system
cells and are most commonly found in the gastrointestinal tract, pan-
creas, and lung (1–3). NENs have been regarded as fairly rare
diseases, but their incidence and prevalence have increased substan-
tially in recent decades, partially because of improved diagnostic
evaluation (3–6). Most NENs overexpress somatostatin receptors
(SSTRs), making them accessible for radiodiagnostic and therapeu-
tic approaches to NENs.
Over the past 2 decades, SSTR-targeted imaging (i.e., octreotide

scintigraphy or SSTRPET) using radiolabeled somatostatin analogs,
followed by peptide receptor radionuclide therapy (PRRT) with
these analogs labeled with b-emitters (e.g., 177Lu or 90Y) or, more
recently, a-emitters (e.g., 213Bi or 225Ac), has demonstrated remark-
able success in the management of NENs (7–10). SSTR-targeted
imaging of NENs, particularly with 68Ga-labeled somatostatin ana-
logs for PET/CT, plays an important role in detecting the primary
tumor, staging, restaging, assessing treatment response (11), and
selecting patients who will qualify for and benefit from PRRT
(theranostics). PRRT with therapeutic radioisotopes such as 90Y-
or 177Lu-labeled somatostatin analogs (DOTATATE or DOTA-
TOC) has become an established treatment approach for patients
with unresectable or metastatic progressive, well-differentiated
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SSTR-positive NENs (12–15). The significant benefit of PRRT over
cold somatostatin analog therapy demonstrated by the randomized,
controlled NETTER-1 trial (16) led to the approval of 177Lu-DOTA-
TATE (Lutathera; Advanced Accelerator Applications) by both the
European Medicines Agency and the U.S. Food and Drug Adminis-
tration for the treatment of SSTR-positive gastroenteropancreatic
neuroendocrine tumors in adults.
All SSTR-targeting radiopharmaceuticals described above and

currently in clinical use are SSTR agonists, such as DOTATOC,
DOTANOC, and DOTATATE labeled with 68Ga, 90Y, or 177Lu.
Agonists readily internalize into tumor cells, allowing tracer accu-
mulation in the target cells. For a long time, it was believed that
the process of internalization and subsequent accumulation of the
radioligands in tumor cells was essential for efficient SSTR-
targeted imaging and therapy. However, recent developments have
indicated that potent SSTR antagonists known to poorly internalize
into tumor cells may be as good as, or even superior to, agonists for
such purposes (17–19). Despite the fact that SSTR antagonists show
no internalization, in vitro and in vivo data demonstrated higher
tumor uptake with a higher tumor-to-background ratio and longer
tumor retention time than for agonists, likely because a larger num-
ber of binding sites (receptor activation state) can be recognized by
the antagonists than by the SSTR agonists (17). This finding was
confirmed by ex vivo autoradiography of patient-derived tumor sam-
ples, which demonstrated a more than 4-fold increase on average in
tumor binding of the SSTR antagonist 177Lu-DOTA-BASS as com-
pared with the SSTR agonist 177Lu-DOTATATE (20), suggesting
that this binding may increase not only localization accuracy for
tumors but also the efficacy of radionuclide therapy with SSTR
antagonists. The first clinical evaluation of SSTR antagonists con-
firmed the preclinical data by showing higher tumor uptake of the
antagonist 111In-DOTA-BASS and better tumor-to-background
ratios than for the agonist 111In-DTPA-octreotide (21).
Among the recently developed somatostatin antagonists, several

analogs, such as JR10 (DOTA-p-NO2-Phe-c[D-Cys-Tyr-D-Aph(Cbm)-
Lys-Thr-Cys]-D-Tyr-NH2), JR11 (DOTA-p-Cl-Phe-c[D-Cys-Aph(Hor)-
D-Aph(Cbm)-Lys-Thr-Cys]-D-Tyr-NH2), and LM3 (DOTA-p-Cl-Phe-
c[D-Cys-Tyr-D-Aph(Cbm)-Lys-Thr-Cys]-D-Tyr-NH2), proved to have
outstanding affinity, also using different macrocyclic chelating systems
(e.g., DOTA and NODAGA) and various radiometals (e.g., 90Y, 177Lu,
64Cu, and 68Ga) (22–24). PET/CT with the somatostatin antagonist
68Ga-NODAGA-JR11 detected significantly more metastases with
higher tumor-to-background ratios than the SSTR agonist 68Ga-DOTA-
TOC (25). In a pilot study on 4 patients with advanced neuroendocrine
tumors, the SSTR antagonist 177Lu-DOTA-JR11 demonstrated a favor-
able biodistribution profile and increased tumor dose compared with
the agonist 177Lu-DOTATATE (26).
The aim of this first-in-humans study was to explore the safety,

dosimetry, andpreliminaryefficacyof the 177Lu-labeledSSTRantago-
nist DOTA-p-Cl-Phe-cyclo(D-Cys-Tyr-D-4-amino-Phe(carbamoyl)-
Lys-Thr-Cys)D-Tyr-NH2 (177Lu-DOTA-LM3) in patients with
metastatic NENs. The kinetics and dosimetry of the antagonist
177Lu-DOTA-LM3 were also compared with the SSTR agonist
177Lu-DOTATOCinpatientsundergoingPRRTonthesamedosimetry
protocol.

MATERIALS AND METHODS

Patients
From August 2017 to December 2019, 51 patients (33 men and 18

women; aged 27–76 y; mean age, 51.6 6 13.9 y) with metastatic

NENs met the eligibility criteria for the study (histopathologically con-
firmed metastatic NENs with tumor uptake greater than normal liver
parenchyma uptake on 68Ga-1,4,7-triazacyclononane,1-glutaric acid-
4,7-acetic acid-LM3 [68Ga-NODAGA-LM3] PET/CT imaging, disease
progression within 3–6 mo before 177Lu-DOTA-LM3 PRRT). Of these
51 patients, 26 (51%) had functioning tumors. In 37 patients, there was
no or low SSTR2 agonist binding on baseline 68Ga-DOTATOC or
DOTATATE PET/CT, that is, insufficient for agonist PRRT with
177Lu-DOTATOC or 177Lu-DOTATATE. 177Lu-DOTA-LM3 was
administered in compliance with the German Medicinal Products Act
(section 13, subsection 2b), the 1964 Declaration of Helsinki, and the
responsible regulatory body (Government of Thuringia). The study
was performed in accordance with German regulations (Federal Agency
for Radiation Protection) concerning radiation safety and was approved
by the institutional review board. Written informed consent was
obtained from all patients. The demographics of the patients at baseline
are given in Table 1.

68Ga-NODAGA-LM3 PET/CT Imaging
68Ga-NODAGA-LM3 PET/CT was used for patient selection and

follow-up after 177Lu-DOTA-LM3 PRRT. PET/CT (Biograph mCT
Flow 64; Siemens Medical Solutions AG) was performed 45–60 min
after intravenous administration of 68Ga-NODAGA-LM3 (mean activ-
ity, 285 MBq). All patients received 20 mg of furosemide intravenously
to accelerate renal tracer excretion. Contrast-enhanced CT (spiral CT
using the Biograph mCT Flow 64) was acquired after intravenous
administration of 60–100 mL of nonionic iodinated contrast agent.

Treatment Regimen
177Lu labeling of the DOTA-conjugated SSTR antagonists (DOTA-

LM3) was performed in our radiopharmacy in accordance with good-
manufacturing-practice regulations. In brief, the DOTA-LM3 peptide
was incubated with the required radioactivity of 177Lu-Cl3 at 90�C for
30 min in sodium acetate buffer (0.4 M, pH 5.5). To this buffer, 5–10
mg of gentisic acid were added to prevent radiolysis. Quality control
parameters were monitored (radiochemical purity, radiochemical iden-
tity, pH, ethanol content, endotoxin content, and proof of sterility).
High-performance liquid chromatography was used for quality control.
Radiochemical purity was more than 99% in all cases.

An in-house–produced amino acid infusion (1,600 mL of 5% lysine
HCl and 10% L-arginine HCl) was administered for nephroprotection
during each PRRT cycle starting at least 30 min before tracer adminis-
tration and lasting for 4 h. The radiopharmaceutical was coadministered
by slow intravenous injection over 10–15 min with a dedicated second
infusion pump system for radionuclide therapy. 177Lu-DOTA-LM3
administered activity was individually based on Bad Berka Score, tumor
uptake on 68Ga-NODAGA-LM3 PET/CT, renal function, hematologic
status, previous treatments, and Karnofsky Performance Score
(13,27–29). The interval between the treatment cycles was 10 wk.

Posttherapy whole-body scintigraphy was performed with a Spirit
DH-V dual-head g-camera (Mediso Medical Imaging Systems) using
a medium-energy general-purpose collimator, a 15% energy window
with a peak at 208 keV, and a scan speed of 15 cm/min at 5 time points
from 0.5 to 118 h after injection. SPECT/CT imaging was obtained
approximately 24 h after injection.

Dosimetry
Dosimetry was performed on 11 patients in accordance with our pro-

tocol established from more than 1,000 patients with NENs undergoing
PRRT (13,30) and compared with the SSTR agonist 177Lu-DOTATOC
in 247 patients undergoing PRRT on the same dosimetry protocol. Bio-
distribution was determined on the basis of planar whole-body scans and
SPECT/CT, and dosimetric calculations were performed using
OLINDA software (MIRD scheme). To analyze kinetics, we used the
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following parameters: effective half-life (in hours) and uptake (% IA,
fraction of injected activity), which were calculated using the fit of the
time-dependent activity curve to a mono- or biexponential function.

Safety
All patients were clinically monitored during therapy and for at least

2–4 d thereafter as inpatients for possible side effects (such as nausea,
vomiting, breathlessness, and fatigue). Vital parameters were recorded
during therapy, and a structured questionnaire documented any delayed
complication. Laboratory analysis, including hematologic status, renal
function, and liver function, was performed before and after 177Lu-
DOTA-LM3 PRRT as well as during follow-up (restaging was per-
formed regularly until death). Details were prospectively documented
in a structured database (comprising over 250 items per patient). Renal
function was further quantified by measuring the tubular extraction rate
using 99mTc-mercaptoacetyltriglycine renal scintigraphy. Treatment-

related adverse events were recorded in accordance with the National
Cancer Institute Common Terminology Criteria for Adverse Events,
version 5.0.

Response Assessment
Molecular and morphologic responses were evaluated in accordance

with the criteria of the European Organisation for Research and Treat-
ment of Cancer (EORTC) (31–34) and with RECIST, version 1.1 (35),
respectively. Imaging was performed before each PRRT cycle and at
restaging. The disease control rate was defined as complete remission,
partial remission, or stable disease.

Statistical Analysis
Continuous variables were denoted as mean 6 SD. The rates of

adverse events at baseline and at the end of treatment were compared.
Differences between paired samples before and after treatment were

TABLE 1
Demographic and Baseline Clinical Characteristics of Patients with NENs (n 5 51)

Characteristic Data

Sex

Male 33 (64.7%)

Female 18 (35.3%)

Age, mean 6 SD (y) 51.6 6 13.9

Primary tumor site

Cancer of unknown primary (CUP) 7 (13.7%)

Pancreas 13 (25.5%)

Midgut 15 (29.4%)

Rectum 3 (5.9%)

Lung 4 (7.8%)

Other 9 (17.6%)

Functional vs. nonfunctional

Functional NEN 26 (51.0%)

Nonfunctional NEN 25 (49.0%)

Ki-67 index grading

G1 (Ki-67 , 3%) 14 (27.5%)

G2 (Ki-67 5 3%–20%) 27 (52.9%)

G3 (Ki-67 . 20%) 10 (19.6%)

Primary treatment before PRRT

Surgery 36 (70.6%)

Somatostatin analog 32 (62.7%)

Chemotherapy 11 (21.6%)

Liver-directed therapy 12 (23.5%)

TACE 7 (13.7%)

SIRT (radioembolization) 2 (3.9%)

Other 3 (5.9%)

Everolimus 7 (13.7%)

External-beam radiotherapy 8 (15.7%)

Previously treated with 177Lu-DOTATOC/TATE PRRT

Yes 35 (68.6%)

No (PRRT-naïve patients) 16 (31.4%)

Data are number followed by percentage in parentheses, except for age.
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determined by Student t tests. For all variables
that were proven with the Kolmogorov–Smir-
nov test to follow the skewed distribution,
quantitative data were described in terms of
median and range, and nonparametric sign
tests were used to determine the significance
of differences between parameters before and
after treatment. The Fisher exact test was per-
formed to compare treatment response rates.
All statistical tests were 2-tailed, and a P value
of less than 0.05 was considered statistically
significant.

RESULTS

177Lu-DOTA-LM3 Scintigraphy
After Therapy
In total, 92PRRTcycles of 177Lu-DOTA-

LM3wereadministered.Themedianadmin-
istered activity per cycle was 6.16 0.8 GBq
(range, 2.8–7.4 GBq). The peptide mass
administered per cycle was 218 6 80 mg.
At the time of analysis, follow-up for a
median of 17.0 mo (range, 1–29 mo) after 2
or more therapy cycles was available for 26
patients. All PRRT-naïve patients received
at least 2 cycles of 177Lu-DOTA-LM3 treat-
ment. Treatment cycles and cumulative
radioactivity are summarized in Table 2.
Excellent uptake of 177Lu-DOTA-LM3 in

the tumor lesions, as well as significant
uptake in the kidneys, spleen, and liver, was
observed on posttherapy planar and SPECT/
CT images (Fig. 1). The radiopharmaceutical
was excreted predominantly through the
kidneys.

TABLE 2
Treatment Cycles and Cumulative Administered Radioactivity for 177Lu-DOTA-LM3 PRRT (n 5 51)

Cumulative radioactivity (GBq)

Variable n % Mean SD

No. of 177Lu-LM3 PRRT cycles 51 100

1 25 49.0 6.1 0.8

2 15 29.4 11.4 2.1

3 7 13.7 19.4 1.1

4 4 7.8 26.0 1.2

No. of 177Lu-LM3 PRRT cycles in patients previously treated with TOC/TATE PRRT 35 68.6

1 25 49.0 6.1 0.8

2 6 11.8 10.9 1.5

3 3 5.9 18.8 1.2

4 1 2.0 25.6 /

No. of 177Lu-LM3 PRRT cycles in PRRT-naïve patients 16 31.4

2 9 17.6 12.0 2.5

3 4 7.8 19.9 0.8

4 3 5.9 26.1 1.4

 

0.5 h 19.5 h 44.0 h 68.5 h

ANT

POST

2.5 h

FIGURE 1. Representative planar whole-body anterior and posterior scintigraphic images of patient
with pancreatic NEN liver metastases at various times after intravenous administration of 5.3 GBq of
177Lu-DOTA-LM3. Intense tumor uptake in liver metastases (arrows) was observed, as well as pulmo-
nary uptake (at 0.5 and 2.5 h) and significant uptake in kidneys, spleen, and liver (at 0.5, 2.5, 19.5, 44.0,
and 68.5 h). ANT5 anterior; POST5 posterior.
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Dosimetry
Whole-body clearance of the tracer was rapid, with an effective

half-life of 56–93 h. The maximum renal uptake at 20 h after injec-
tion was 15% IA (mean, 7% IA) and showed a washout with an
effective half-life of 47–159 h. The highest uptake in the spleen
was observed at 3 h after injection, at 5% IA, exhibiting an exponen-
tial decline with an effective half-life of 74–156 h. The liver also
demonstrated moderate uptake at 20 h after injection, up to 7% IA
and a half-life of 67–75 h. Concerning the radiation dose delivery
of 177Lu-DOTA-LM3 to NEN lesions, the maximum uptake at
20 h after injection was 11.9% IA for liver metastases and 1.3%
IA for bone metastases. All tumor lesions followed an exponential
decline with a long mean effective half-life of 111 h.
Dosimetry results from 11 patients treated with 5.96 1.2 GBq of

177Lu-DOTA-LM3 were analyzed. The whole-body absorbed doses
were 0.12 6 0.03 Gy/GBq (0.07–0.18 Gy/GBq). Calculated
absorbed radiation doses in normal organs were 2.3 6 0.9 Gy/
GBq (0.5–3.6 Gy/GBq) for the kidneys, 0.39 6 0.05 Gy/GBq
(0.35–0.44 Gy/GBq) for the liver, and 3.4 6 1.6 Gy/GBq (1.2–5.4
Gy/GBq) for the spleen. Mean absorbed doses were 1–57 Gy/GBq
to bone lesions and 15–81 Gy/GBq to liver lesions (Fig. 2).
The kinetics and dosimetry of 177Lu-DOTA-LM3 were also com-

pared with 247 NEN patients receiving 76 1 GBq of 177Lu-DOTA-
TOC at our center, applying the same dosimetry protocol.
177Lu-DOTA-LM3 showed a longer whole-body effective half-life
(76 h) than did 177Lu-DOTATOC (54 h), and the same was true

for the kidneys (177Lu-DOTA-LM3, 92 h; 177Lu-DOTATOC,
67 h), the spleen (177Lu-DOTA-LM3, 97 h; 177Lu-DOTATOC, 79
h), and metastases (177Lu-DOTA-LM3, 111 h; 177Lu-DOTATOC,
81 h). Because of the longer effective half-life and higher uptake,
mean absorbed organ and tumor doses were higher for 177Lu-
DOTA-LM3 (whole body: 0.04 Gy/GBq for 177Lu-DOTATOC
and 0.12 Gy/GBq for 177Lu-DOTA-LM3; kidneys: 0.6 Gy/GBq
for 177Lu-DOTATOC and 2.3 Gy/GBq for 177Lu-DOTA-LM3;
spleen: 0.8 Gy/GBq for 177Lu-DOTATOC and 3.4 Gy/GBq for
177Lu-DOTA-LM3; tumor: 10 Gy/GBq for 177Lu-DOTATOC and
51 Gy/GBq for 177Lu-DOTA-LM3). Hepatic metastases, as com-
paredwith osseous lesions, demonstrated the highest uptake and lon-
gest effective half-life for 177Lu-DOTA-LM3 therapy (0.14% IA/
mL and 110 h). The highest tumor dose was therefore estimated
for liver metastases in the case of 177Lu-DOTA-LM3 (12 Gy/GBq
for 177Lu-DOTATOC and 93 Gy/GBq for 177Lu-DOTA-LM3)
(Fig. 3).

Safety
All patients tolerated the therapy without any serious acute

adverse effects. Mild nausea without vomiting was observed in 5
patients (9.8%); no other symptoms or clinically significant adverse
effects were noticed or reported by any patient during hospitalization
for therapy or follow-up for 29 mo.
The most severe delayed adverse event was Common Terminol-

ogy Criteria (CTC)-3 thrombocytopenia in 3 (5.9%) patients;

FIGURE 2. Biodistribution, effective half-life, andmean absorbed organ and tumor doses of 177Lu-DOTA-LM3. Longest effective half-life was obtained in
metastases. Spleen had highest absorbed dose of all analyzed normal organs. Higher uptake, longer effective half-life, and highermean absorbed doses in
liver metastases than in bone lesions were observed. All results showed high variability, as demonstrated by error bars, which represent SD. p.i. 5 after
injection.
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FIGURE3. (A)Comparisonofbiodistributionanddosimetry resultsofantagonist 177Lu-DOTA-LM3(n511) andagonist 177Lu-DOTATOC (n5247).Higher
uptake and longer effective half-life were found for 177Lu-DOTA-LM3 in whole body as well as kidneys, spleen, and metastases, resulting in higher mean
absorbed organ and tumor doses for 177Lu-DOTA-LM3 than for 177Lu-DOTATOC. (B) Example of 177Lu-DOTA-LM3 and 177Lu-DOTATOC in same patient.
p.i.5 after injection.
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however, no bleeding occurred and no thrombocyte infusions were
necessary. CTC-3 lymphopenia was reported in 1 (2.0%) and 4
(7.8%) patients before and after 177Lu-DOTA-LM3 treatment,
respectively. No CTC-4 thrombocytopenia or lymphopenia was

observed. No CTC-3–4 anemia, neutropenia, or leukopenia was
observed after treatment (Table 3). There was a statistically signifi-
cant reduction in leukocyte counts (before therapy: 7.046 2.18, 6.3,
5.4–8.4 [mean 6 SD for count 3 109/L, followed by median and

TABLE 3
Hematotoxicity and Nephrotoxicity Before and After 177Lu-DOTA-LM3 PRRT According to Common Terminology Criteria for

Adverse Events, Version 5.0

Anemia Leukocytopenia Thrombocytopenia Lymphopenia Neutropenia Nephrotoxicity

Grade Before After Before After Before After Before After Before After Before After

CTC-1 10 18 2 5 6 9 9 15 1 2 6 7

CTC-2 6 5 1 3 1 0 8 5 0 2 4 2

CTC-3 0 0 0 0 0 3 1 4 0 0 0 0

CTC-4 0 0 0 0 0 0 0 0 0 0 0 0

CTC-5 NA 0 NA 0 NA 0 NA 0 NA 0 NA 0

NA 5 not applicable before 177Lu-DOTA-LM3 PRRT (grade 5 represents death).
Data are numbers of patients.

C D

A B

E F

FIGURE4. (A–D)Comparison of hemoglobin (A), leukocyte count (B), platelet count (C), and neutrophil count (D) before and after 177Lu-DOTA-LM3PRRT.
(E and F) Comparison of serum creatinine (E) and renal function quantified bymeasuring tubular extraction rate using 99mTc-mercaptoacetyltriglycine renal
scintigraphy (F) before and after 177Lu-DOTA-LM3 PRRT, which did not reveal any significant nephrotoxicity.
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interquartile range]; after therapy: 5.81 6 2.21, 5.1, 4.5–6.5; P ,

0.05), neutrophil counts (before therapy: 4.67 6 1.93, 4.2,
3.2–5.7; after therapy: 4.086 1.95, 3.2, 2.7–4.0; P, 0.05), lympho-
cyte counts (before therapy: 1.166 0.64, 1.2, 0.9–1.6; after therapy:
0.87 6 0.46, 0.9, 0.7–1.1; P , 0.05), and platelet counts (before
therapy: 232 6 104, 225, 178–250; after therapy: 192 6 70, 182,
144–225; P , 0.05). A statistically significant reduction occurred
in hemoglobin level (7.74 6 0.99 vs. 7.46 6 1.00 mmol/L, P ,

0.05), although the absolute differences were minimal and clinically
insignificant (Fig. 4).
There was no evidence of any nephrotoxicity during the observed

time frame (median follow-up time, 17 mo). No statistically signif-
icant change in serum creatinine levels was observed (from 88.176
37.2 to 87.11 6 37.9 mmol/L, P . 0.05). We further compared the
change in tubular extraction rate for renal function evaluation before
and after treatment. Slightly decreased tubular extraction rates were
noted in 21 of 46 (45.7%) patients treated with 177Lu-DOTA-LM3,
whereas 25 of 46 (54.3%) patients showed improvement after treat-
ment. No statistically significant change occurred in tubular extrac-
tion rate (before therapy: 168 6 65; after therapy: 171 6 56; P .

0.05) (Fig. 4). No hepatotoxicity was observed.

Efficacy of 177Lu-DOTA-LM3 PRRT
Of the 55 patients recruited, a response evaluation was possible in

47. Most were evaluated after 2 cycles of treatment. Among those
patients who were evaluated after 1 cycle of treatment, 6 received
only 1 cycle of 177Lu-DOTA-LM3 treatment because of disease pro-
gression; 15 patients either were previously treated with agonist
PRRT and planned at restaging after 1 cycle of 177Lu-DOTA-LM3

PRRT or were switched to other treatment modalities. After
177Lu-DOTA-LM3 PRRT, a morphologic response assessment
(RECIST 1.1) was documented by contrast-enhanced CT or MRI
(partial remission in 17 patients [36.2%], stable disease in 23
[48.9%], and progressive disease in 7 [14.9%]) or by molecular
response evaluation based on EORTC criteria (complete remission
in 2 patients [4.3%], partial remission in 21 [44.7%], stable disease
in 18 [38.3%], and progressive disease in 6 [12.8%]). An example is
shown in Figure 5. The disease control rate at 3–6 mo after PRRT
was 85.1% according to RECIST 1.1 and 87.2% according to the
EORTC criteria. The treatment responses are shown in Table 4.

DISCUSSION

To our knowledge, this was the first study to evaluate the 177Lu-
labeled SSTR antagonist DOTA-LM3 and represents the largest
cohort of patients with metastatic NENs treated with PRRT using
an SSTR antagonist. This study comprised patientswith progressive,
heavily pretreated disease—in particular, 68.6% were previously
treated with the 177Lu-DOTATOC/TATE agonist PRRT—with
any grade of NENs. Antagonist 177Lu-DOTA-LM3 PRRT resulted
in an excellent tumor response, with a disease control rate of 85.1%.
The renal absorbed dose of 177Lu-DOTA-LM3 was noticeably

higher than that of the patient cohort receiving 177Lu-DOTATOC
at our center under the same dosimetry protocol. Our results were
also consistent with the higher renal uptake and higher absorbed
renal dose reported for the SSTR antagonist than for the SSTR ago-
nist by Wild et al. (177Lu-DOTA-JR11 vs. 177Lu-DOTATATE, 1.8
vs. 1.2Gy/GBq) (26) and byNicolas et al. in a preclinicalmodel (36).

FIGURE 5. A 55-y-old manwith well-differentiated, nonfunctioning metastatic pancreatic NEN and Ki-67 index of 13%. Patient underwent Whipple pro-
cedure, with histologically confirmed G2 pancreatic NEN. MRI had revealed multiple small-volume liver metastases. 68Ga-DOTATATE PET/CT showed
weakly 68Ga-DOTATATE–avid small-volume lesions in liver and lymph nodes with extremely low uptake (leftmost image), which did not exhibit
significant glucose hypermetabolism (second image from left). 68Ga-NODAGA-LM3 PET/CT then showed disseminated bilobar liver metastases,
demonstrating intense SSTR antagonist (LM3) uptake in liver and lymph node metastases (third image from left). Patient was treated with 4 cycles of
177Lu-DOTA-LM3 PRRT, with cumulative administered radioactivity of 25.7 GBq. Restaging 68Ga-NODAGA-LM3 PET/CT showed excellent response to
177Lu-DOTA-LM3 PRRT, with partial remission of disease according to RECIST and EORTC criteria (rightmost image).
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The kidney was considered one of the main organs at risk and was
the dose-limiting organ in PRRTusing SSTR agonists. Accordingly,
potential renal adverse effects could be expected in patients treated
by SSTR antagonists. However, in this study, despite the longer
effective half-life and higher uptake of 177Lu-DOTA-LM3, no neph-
rotoxicity was observed during any cycle of 177Lu-DOTA-LM3 or
on follow-up. No grade 3 or 4 renal insufficiency occurred. Four
patients with previous grade 2 renal insufficiency did not experience
worsening of renal function, and two even showed an improvement
in renal function after treatment (one with grade 1, 1 with a normal
index), a finding that was likely explained by the ending of other
treatment modalities. These results are consistent with those
obtained for 177Lu-labeled JR11 (37).
Contrary to previous JR11 studies, hematotoxicity of 177Lu-

DOTA-LM3 was low. Although the reasons are unclear, the differ-
ent molecular structures and peptide amounts may help explain this
finding. A recently published phase I trial of the radiolabeled
somatostatin antagonist 177Lu-satoreotide tetraxetan (177Lu-
DOTA-JR11) in 20 patients with advanced well-differentiated
NENs showed an unexpectedly high rate (4/7 patients, or 57%) of
grade 4 hematologic toxicity after the second cycle (37). In the pre-
sent study, no grade 4 hematologic toxicity was reported in any of
the patients after 1–4 cycles of 177Lu-DOTA-LM3 therapy. Severe
adverse events (grade 3) occurred in less than 10% of patients,
including grade 3 thrombocytopenia in 3 (5.9%) patients and grade
3 lymphopenia in 4 (7.8%) patients, one of whom had also shown
this grade 3 lymphopenia before treatment and one of whom had
grade 3 thrombocytopenia in addition to the grade 3 lymphopenia.
Among the 3 patients with grade 3 thrombocytopenia, two were pre-
viously treatedwith 6 cycles of 177Lu-DOTATOC/TATEPRRT fol-
lowed by 2 cycles of 177Lu-DOTA-LM3 (6.4GBq and 6.0GBq) or by
7 cycles of 177Lu-DOTATOC/TATE PRRT followed by 1 cycle of
177Lu-DOTA-LM3 (6.9 GBq), and one was PRRT-naïve, receiving
2 cycles of 177Lu-DOTA-LM3 (5.9 GBq and 6.8 GBq). The cumula-
tive radioactivity in these 3 patients waswithin the average range of all
patients. No special baseline characteristics or significant differences

in intervention were found for these 3 patients who exhibited grade
3 hematologic toxicity when compared with other patients in the
cohort. The rates of additional lymphopenia of any grade (11.8%) or
of grade 3 or 4 (6%) after 177Lu-DOTA-LM3 treatment were slightly
lower than those after the agonist 177Lu-DOTATATE reported in the
NETTER-1 trial (18% and 9%, respectively) (16).
The rate of severe (grade 3 or 4) hematologic toxicity for PRRTwith

SSTR antagonist 177Lu-DOTA-LM3 in this study was higher than for
personalized PRRT with 90Y- and 177Lu-labeled SSTR agonists in
1,048 patients with NENs treated at our center (13) (,1% of patients
with grade 3 or 4 adverse events after 1,048 initial cycles of PRRT and
2,633 follow-up cycles). However, 68.6% of the patients in the present
study were retreated with PRRT. In a highly selected cohort of 168
patients who had previously received PRRT (38), grade 3 or 4 hema-
totoxicity occurred in 6.6% and7.7% of patients after afirst and second
retreatmentwith 177Lu-DOTATATEPRRT, respectively. This overall
rate of grade 3 and 4 adverse events, with the exception of lymphope-
nia, which was not reported, was close to the results of the present
study using 177Lu-DOTA-LM3 (5.7% in patients previously treated
with 177Lu-DOTATOC/TATE PRRT).
The excellent treatment response to 177Lu-DOTA-LM3 was

attributable to the high doses delivered to the metastases. The antag-
onist 177Lu-DOTA-LM3 demonstrated higher uptake and a longer
effective half-life in tumor lesions, resulting in higher tumor radia-
tion doses than for 177Lu-DOTATOC. These results are consistent
with the findings of molecular imaging (PET/CT) using the SSTR
antagonist as well as PRRT in preclinical studies comparing the
SSTR antagonist 177Lu-DOTA-JR11 with 177Lu-DOTATATE; in
a clinical pilot study by Wild et al. in 4 patients with progressive
NENs, the SSTR antagonist 177Lu-DOTA-JR11 demonstrated a
1.7–10.6 times higher tumor dose than the agonist 177Lu-DOTA-
TATE (26).
With regard to substantial tumor accumulation, liver metastases,

compared with bone metastases, demonstrated the highest uptake
and longest effective half-life for therapy using 177Lu-DOTA-
LM3. The highest tumor radiation dose among all metastatic sites

TABLE 4
Treatment Response at 3–6 Months After 177Lu-DOTA-LM3 PRRT

Total (n 5 47) PRRT-naïve (n 5 14)
Previously treated with

TOC/TATE PRRT (n 5 33)

Response n % n % n %

RECIST CT or MRI response

Complete response 0 0 0 0 0 0

Partial response 17 36.2 10 71.4 7 21.2

Stable disease 23 48.9 3 21.4 20 60.6

Progressive disease 7 14.9 1 7.1 6 18.2

Disease control rate 40 85.1 13 92.9 27 81.8

EORTC SSTR imaging response

Complete response 2 4.3 1 7.1 1 3.0

Partial response 21 44.7 9 64.3 12 36.4

Stable disease 18 38.3 3 21.4 15 45.5

Progressive disease 6 12.8 1 7.1 5 15.2

Disease control rate 41 87.2 13 92.9 28 84.8
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between 177Lu-DOTA-LM3 and 177Lu-DOTATOC was estimated
to be to liver metastases using 177Lu-DOTA-LM3. These results
indicate the potential applicability of predominantly liver-
metastatic NENs treated with an SSTR antagonist and are also prom-
ising for intraarterial PRRT with 177Lu-DOTA-LM3 to treat liver
metastases of NENs.
This study had a few limitations. No strict pretest criteria for the

selection of patients were applied, and the patient group was hetero-
geneous. The number of PRRT-naïve patients was relatively small
for accurate assessment of efficacy. Follow-up was not long enough
to evaluate the longer-term safety profile and outcomes. Despite
these shortcomings, we were able to demonstrate for the first time,
to our knowledge, that PRRT with the SSTR antagonist 177Lu-
DOTA-LM3 is feasible and may lead to improved outcomes in
patients with NENs. Further analysis in a larger group of patients
with a longer follow-up is warranted.

CONCLUSION

This study indicated the significant efficiency of a new type of
SSTR antagonist, 177Lu-DOTA-LM3, in advanced metastatic
NENs. It provides a favorable biodistribution and higher tumor radi-
ation doses than SSTR agonists, even achieving complete remission
in some patients. Antagonist PRRT could be administered without
severe adverse effects and was well tolerated by most patients,
with thrombocytopenia occurring in only a few patients. No other
severe adverse effects were observed; in particular, there was no
renal toxicity.
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KEY POINTS

QUESTION: Is antagonist PRRT with 177Lu-DOTA-LM3 safe,
effective, and feasible in patients with metastatic NENs?

PERTINENT FINDINGS: In a cohort study comprising 51 patients
with any grade of progressive, heavily pretreatedNENs (in particular,
68.6% were previously treated with 177Lu-DOTATOC/TATE agonist
PRRT), the SSTR antagonist 177Lu-DOTA-LM3 was administered
without severe adverse effects and resulted in an excellent tumor
response, with a disease control rate of 85.1%. The antagonist
177Lu-DOTA-LM3 provided a favorable biodistribution and higher
tumor radiation doses than SSTR agonists.

IMPLICATIONS FOR PATIENT CARE: PRRT with the SSTR
antagonist 177Lu-DOTA-LM3 is feasible and may lead to improved
outcomes in patients with NENs.
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Quantitation of Poststress Change in Ventricular Morphology
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Shape index and eccentricity index are measures of left ventricular
morphology. Although both measures can be quantified with any
stress imaging modality, they are not routinely evaluated during clin-
ical interpretation. We assessed their independent associations with
major adverse cardiovascular events (MACE), including measures of
poststress change in shape index and eccentricity index. Methods:
Patients undergoing SPECT myocardial perfusion imaging between
2009 and 2014 from the Registry of Fast Myocardial Perfusion Imag-
ing with Next-Generation SPECT (REFINE SPECT) were studied.
Shape index (ratio between the maximum left ventricular diameter
in short axis and ventricular length) and eccentricity index (calculated
fromorthogonal diameters in short axis and length)werecalculated in
end-diastole at stress and rest. Multivariable analysis was performed
toassess independentassociationswithMACE (death,nonfatalmyo-
cardial infarction, unstableangina, or late revascularization).Results:
In total, 14,016 patients with a mean age of 64.3 6 12.2 y (8,469
[60.4%]malewere included.MACEoccurred in 2,120 patients during
amedian follow-up of 4.3 y (interquartile range, 3.4–5.7). Rest, stress,
and poststress change in shape and eccentricity indices were asso-
ciated with MACE in unadjusted analyses (all P , 0.001). However,
in multivariable models, only poststress change in shape index
(adjusted hazard ratio, 1.38; P , 0.001) and eccentricity index
(adjusted hazard ratio, 0.80; P 5 0.033) remained associated with
MACE. Conclusion: Two novel measures, poststress change in
shape index and eccentricity index, were independently associated
withMACEand improved risk estimation.Changes in ventricularmor-
phology have important prognostic utility and should be included in
patient risk estimation after SPECT myocardial perfusion imaging.

Key Words: SPECT; myocardial perfusion; ventricular morphology;
shape index; eccentricity index

J Nucl Med 2021; 62:1582–1590
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Stress myocardial perfusion imaging (MPI) with SPECT, echo-
cardiography, or cardiovascular MRI can provide a full
3-dimensional analysis of the left ventricle, providing information
on ventricular remodeling in addition to assessing perfusion. Shape
index, defined as the ratio of the maximum left ventricular (LV)
dimension in the short axis to the LV length, has been associated
with an increased risk of heart failure hospitalization (1). Eccentric-
ity index is an additional marker of LV remodeling that correlates
strongly with ventricular function (2). Sphericity index is a related
concept that has been described for echocardiography (3) and car-
diovascular MRI (4). Although there is strong evidence regarding
the prognostic significance of LV remodeling patterns (5), the addi-
tive prognostic value of shape index and eccentricity index have not
been tested in a large population with adjustment for important con-
founders. Additionally, the prognostic utility of changes in these var-
iables between stress and rest has not been described.
In the largest study to date, we assessed the independent prognos-

tic significance of shape index and eccentricity index, including
measures of change in these parameters.

MATERIALS AND METHODS

Study Population
The multicenter, international Registry of Fast Myocardial Perfusion

Imaging with Next-Generation SPECT (REFINE SPECT) includes
patients who have undergone SPECT MPI with solid-state camera sys-
tems. The full details of the structure of the registry, image acquisition
and analysis, and quality control have been previously described (6).
We analyzed 20,418 consecutive patients enrolled in REFINE SPECT
between 2008 and 2014. Patients without stress and rest 99mTc gated
supine acquisitions were excluded (n5 5,803). Patients who underwent
early revascularization, defined as percutaneous coronary intervention or
coronary artery bypass grafting within 90 d of SPECT (n 5 599), were
also excluded since this may have impacted long-term clinical outcomes
(7). In total, 14,016 patients were included in the analysis. The studywas
approved by the institutional review boards at each participating institu-
tion, and the overall study was approved by the institutional review
board at Cedars-Sinai Medical Center. All data were collected under
the National Institutes of Health–sponsored REFINE SPECT.
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Clinical Data
Demographic information included age, sex, bodymass index, family

history of coronary artery disease (CAD), smoking status, history of pre-
vious myocardial infarction, previous revascularization, hypertension,
diabetes, and dyslipidemia. Patients underwent exercise stress (n 5

5,744), pharmacologic stress (n 5 7,526, including 1,304 with adeno-
sine, 1,381 with regadenoson, 40 with dobutamine, and 4,801 with
dipyridamole), or pharmacologic stress with low-level exercise (n 5

746 total, 38 with dipyridamole and walking and 708 with regadenoson
and walking).

Image Acquisition and Interpretation
Five centers participated in the prognostic arm of REFINE SPECT.

Three sites used a D-SPECT camera (Spectrum-Dynamics), whereas
the other sites used Discovery NM 530c or NM/CT570c systems (GE
Healthcare). Imaging protocols included 1-d rest–stress (n 5 8729,
62.3%), 1-d stress–rest (n 5 5135, 36.5%), and 2-d stress–rest (n 5

168, 1.2%) using site-specific protocols. Sites used either 99mTc-tetro-
fosmin or 99mTc-sestamibi radiotracers. Weight-adjusted mean doses
were used: 1-d rest–stress (rest dose, 260 6 94 MBq [7.0 6 2.5 mCi];
stress dose, 966 6 419 MBq [26.1 6 11.3 mCi]), 1-d stress–rest (rest
dose, 821 6 182 MBq [22.2 6 4.9 mCi]; stress dose, 293 6 78 MBq
[7.9 6 2.1 mCi]) and 2-d stress–rest (rest dose, 596 6 556 MBq [16.1
6 15.0 mCi]; stress dose, 814 6 431 MBq [22.0 6 11.6 mCi]). The
cohort mean effective dose was 7.9 mSv. Upright (D-SPECT) and
supine (Discovery NM 530c/570c) stress images were acquired 15–30
min after exercise stress and 30–60 min after pharmacologic stress
over a total of 4–6min (6). Additional stress imaging in either the supine
(D-SPECT) or the prone (Discovery scanners) position was performed
immediately afterward. Resting image acquisition was performed with
a 6- to 10-min acquisition times.

Deidentified image datasets were transferred to the core laboratory
(Cedars-Sinai Medical Center), where automated quantitation was per-
formed by experienced technologists (6). Myocardial contours were
generated automatically with Quantitative Perfusion SPECT/Quantita-
tive Gated SPECT software (Cedars-Sinai Medical Center). Myocardial
perfusion was quantified by total perfusion deficit (TPD), which incor-
porates the severity and extent of perfusion abnormalities and is more
reproducible than visual ischemia scoring (8,9). Left ventricular ejection
fraction (LVEF) was assessed on the supine resting study, with reduced
defined as less than 40%. Phase SD, a measure of ventricular dyssyn-
chrony, was calculated automatically at rest and stress. Transient ische-
mic dilation (TID) was calculated as the ratio between LV volume at
stress and LV volume at rest on ungated acquisitions, using previously
established thresholds for abnormal (10).

Left bundle branch block was present in 679 (4.8%) patients but
would not be expected to influence measurement of eccentricity index
or shape index. There was no interaction between the presence of left
bundle branch block and the associations between poststress change in
shape index (interaction P5 0.377) or poststress change in eccentricity
(interaction P 5 0.632) and major adverse cardiovascular events
(MACE). Shape index and eccentricity index have previously been dem-
onstrated to have excellent repeatability (r2 5 0.85 and 0.99, respec-
tively) (1,2).

For the calculation of shape index, first the maximum diameter of the
LV is found across all short-axis slices from the endocardial surface of
the 3-dimensional contours. Next, the maximal length is determined as
the distance between the most apical point on the endocardial surface
and the center of the valve plane. Shape index was calculated as the ratio
of the maximum LV diameter in the short axis, across all short-axis sli-
ces, to the ventricular length from the endocardial surface at end-diastole
(1). Shape index was quantified on stress and rest scans and expressed as
a percentage. Thus, a shape index value of 100% represents a maximum
short-axis diameter for the LV, which is equal to the long-axis LV

diameter. Poststress change in shape indexwas calculated as stress shape
index minus rest shape index. Eccentricity index was measured from the
mid-myocardial surface from a fitted ellipsoid using the diameters in the
short axis (x and y) and length (z). End-diastolic eccentricity index, cal-
culated as (1 2 (xy/z2))0.5, was quantified automatically during image
processing for rest and stress acquisitions and expressed as a percentage
(2). Thus, for eccentricity index a value of 0% represents a perfect
sphere. Poststress change in eccentricity index was calculated as stress
eccentricity index minus rest eccentricity index. Importantly, eccentric-
ity index is calculated from a 3-dimensional ellipsoid fitted to the entire
left ventricle, whereas shape index represents the most abnormal short-
axis dimension for the left ventricle without any geometric assumptions
(by assessing all possible short-axis slices). Graphical comparisons of
the concepts of shape index and eccentricity index, with 2 patient exam-
ples, are shown in Figure 1. All measures were attained automatically at
the core laboratory and are calculated from gated images at end-diastole.

Outcomes
Patients were followed for development of MACE, which included

all-cause mortality, nonfatal myocardial infarction, hospitalization for
unstable angina, and late revascularization. Unstable angina was defined
as recent-onset or escalating cardiac chest pain with negative cardiac
biomarkers. All outcomes were adjudicated by cardiologists after con-
sidering all available investigations. In a secondary analysis, we consid-
ered only all-cause mortality. Additional details on event definitions and
ascertainment have been previously reported (6).

Statistical Analysis
Univariable and multivariable Cox proportional-hazards analysis was

performed to assess associations with MACE using a multivariable
model based on previous work (11). Stress shape index and stress eccen-
tricity index were not included in the multivariable model because of the
inclusion of both rest and poststress change in values. Rest and poststress
change in shape index and eccentricity index was used to be consistent
with the typical clinical framework of reporting fixed and ischemic per-
fusion defects. The analysis was repeated with a nonparsimonious
model. The proportional-hazard assumption was assessed with Schoen-
feld residuals and was valid in all models. Collinearity in the model was
assessed with a correlation matrix, with significant correlation identified
between rest eccentricity index and rest shape index (r 5 0.830). No
other significant correlation was identified. Interactions were assessed
between shape index and eccentricity index with all other variables in
the model, with significance assessed after a Bonferroni adjustment.
There was no interaction between stress LVEF, rest LVEF, change in
LVEF, reduced LVEF, or LV volume and rest shape index, poststress
change in shape index, rest eccentricity index, or poststress change in
eccentricity index. Additionally, in patients undergoing pharmacologic
stress there were no significant interactions between pharmacologic
stress agent or the use of adjunctive low-level exercise and rest or post-
stress change in shape index or eccentricity index (all P . 0.1).

When evaluating the independent prognostic utility of shape index
and eccentricity index variables, each variable was assessed separately
with the remaining variables (not shape index or eccentricity index)
from the multivariable model. Net reclassification index was used to
assess the additive prognostic utility of shape index and eccentricity
index variables.

Receiver-operating-characteristic curves for discrimination ofMACE
during the entire follow-up period were also generated for each variable,
and areas under the curve (AUC) were compared using the method of
DeLong et al. (12). Cutoffs were established using the Youden index
for the overall population. To further assess poststress change in shape
index, a 1-site-left-out approach was also performed in which each
site was sequentially held out from receiver-operating-characteristic

PROGNOSTIC USE OF VENTRICULAR MORPHOLOGY � Miller et al. 1583



construction in order to assess variability in the optimal cutoff and pro-
vide repeated external validation of the optimal cutoff.

All statistical tests were 2-sided, with a P value of less than 0.05 con-
sidered significant. All analyses were performed using Stata, version 13
(StataCorp). The study was approved by the institutional review boards
at each participating institution, and the overall study was approved by
the institutional review board at Cedars-Sinai Medical Center. All data
were collected under the National Institutes of Health–sponsored
REFINE SPECT.

Subgroup Analyses
Unadjusted and adjusted associations between shape index and eccen-

tricity index were assessed in patients undergoing exercise and pharma-
cologic stress separately. Similarly, associations were assessed in
patients with and without reduced LVEF (defined as LVEF , 40%).
Lastly, we assessed the associations between stress shape index and
stress eccentricity index in an expanded population including those
undergoing stress-only imaging, with results in the supplemental
materials.

RESULTS

Population Characteristics
In total, 14,016 patients with a mean age of 64.36 12.2 y (8,469

[60.4%] male) were included. Baseline population characteristics
are outlined in Table 1. Patients who experiencedMACEwere older
(mean age, 69.4 vs. 63.3 y; P, 0.001) and more likely to have dia-
betes (38.2% vs. 23.3%, P, 0.001) and to undergo pharmacologic
stress (75.3% vs. 56.1%, P , 0.001).
Imaging characteristics are shown in Table 2. Rest, stress, and

poststress change in shape index were all significantly higher in

patients who experienced MACE (P , 0.001 for all). Rest, stress,
and poststress change in eccentricity index were all lower in patients
who experienced MACE (P, 0.001 for all). Stress TPD (mean, 8.2
vs. 4.3; P, 0.001) and the prevalence of reduced LVEF (11.8% vs.
4.1%, P , 0.001) were also higher in patients who experienced
MACE. Imaging characteristics stratified by mode of stress are
shown in Supplemental Table 1 (supplemental materials are avail-
able at http://jnm.snmjournals.org). There were significant differ-
ences in all shape index and eccentricity index variables between
exercise and pharmacologic stress.

Outcomes
MACE occurred in 2,120 patients during a median follow-up of

4.3 y (interquartile range, 3.4–5.7). MACE included 1,098 (7.8%)
deaths, 966 (6.9%) revascularizations, 287 (2.1%) myocardial
infarction, and 180 (2.0%) admissions for unstable angina.
Event rates across deciles of poststress change in shape index are

shown in Figure 2. There was an increase in annualized MACE rates
with increasing decile of poststress change in shape index, ranging
from1.6% in the lowest decile to 5.2% in the highest decile. Event rates
across deciles of poststress change in eccentricity index are shown in
Figure 3. Increasing poststress change in eccentricity index was associ-
ated with a decrease in annualized MACE rates, ranging from 5.0% in
the lowest decile to 2.1% in the highest decile. Figure 4 shows
Kaplan–Meier survival curves for shape index and eccentricity index.

Associations with MACE
The results of univariable and multivariable analyses are outlined

in Table 3. Rest, stress, and poststress change in shape index and

FIGURE 1. (A) Shape index is calculated as ratio of maximal short-axis diameter across all short-axis slices to long-axis length, from apex to mitral valve,
using endocardial surface. (B) Patientwith abnormal poststress change in shape indexbut normal poststress change in eccentricity (0.3)whowas admitted
for unstable angina andunderwent revascularization 231dafterSPECTMPI. (C) Eccentricity indexcalculated frommid-myocardial surfaceof fitted ellipsoid
andnot accounting for regional anatomy. (D) Patientwith abnormal poststresschange in eccentricity indexandmildly abnormal poststresschange in shape
index (0.5) who died 290 d after SPECT MPI. SI5 shape index.
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TABLE 1
Baseline Population Characteristics

Characteristic MACE occurred (n 5 2,120) No MACE (n 5 11,896) P

Age (y) 69.4 6 11.8 63.3 6 12.1 ,0.001

Male 1,471 (69.4) 6,998 (58.8) ,0.001

Body mass index (kg/m2) 28.1 6 5.7 28.4 6 6.3 0.263

Past medical history

Hypertension 1,593 (75.1) 7,243 (60.9) ,0.001

Diabetes 810 (38.2) 2,772 (23.3) ,0.001

Dyslipidemia 1,534 (72.4) 7,219 (60.7) ,0.001

Current smoker 421 (19.9) 2,712 (22.8) 0.003

PVD 462 (21.8) 1,637 (13.8) ,0.001

Prior MI 549 (25.9) 1,532 (12.9) ,0.001

Prior revascularization 1,088 (47.6) 2,839 (23.9) ,0.001

Family history of CAD 451 (21.3) 3,274 (27.5) ,0.001

Typical angina 159 (7.5) 621 (5.2) ,0.001

Resting vital signs

Systolic BP (mm Hg) 136.0 6 21.2 134.2 6 19.7 0.001

Diastolic BP (mm Hg) 77.8 6 9.8 79.6 6 9.3 ,0.001

Heart rate (bpm) 71.4 6 13.6 69.6 6 13.3 ,0.001

Exercise stress 523 (24.7) 5,221 (43.9) ,0.001

PVD 5 peripheral vascular disease; MI 5 myocardial infarction; BP 5 blood pressure; bpm 5 beats per minute.
Qualitative data are number and percentage; continuous data are mean 6 SD.

TABLE 2
Imaging Characteristics

Characteristic MACE occurred (n 5 2,120) No MACE (n 5 11,896) P

Rest shape index (%) 64.9 6 8.3 63.9 6 7.5 ,0.001

Stress shape index (%) 65.5 6 8.4 63.1 6 7.1 ,0.001

Poststress change in shape index(%) 0.6 6 4.0 20.8 6 4.1 ,0.001

Rest eccentricity index (%) 80.6 6 4.7 81.1 6 4.6 ,0.001

Stress eccentricity index (%) 80.2 6 5.0 81.3 6 4.5 ,0.001

Poststress change in eccentricity index (%) 20.4 6 3.0 0.3 6 2.8 ,0.001

Resting TPD 3.8 6 7.7 1.6 6 4.9 ,0.001

Stress TPD 8.2 6 9.6 4.3 6 6.6 ,0.001

Ischemic TPD 4.4 6 4.0 2.7 6 3.0 ,0.001

Resting LVEF 58.6 6 14.8 62.8 6 12.3 ,0.001

Reduced LVEF (,40%) 251 (11.8) 482 (4.1) ,0.001

Stress LVEF 56.6 6 14.3 62.3 6 11.9 ,0.001

Poststress change in LVEF 21.9 6 7.1 20.5 6 7.2 ,0.001

Resting LVEDV 82.4 6 45.5 70.7 6 33.7 ,0.001

Stress LVEDV 84.0 6 46.4 70.2 6 34.5 ,0.001

Poststress change in LVEDV 1.6 6 12.6 20.57 6 9.1 ,0.001

TID 101 (4.8) 454 (3.8) 0.046

LVEDV 5 LV end diastolic volume.
Qualitative data are number and percentage; continuous data are mean 6 SD.
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FIGURE 2. Annualized incidence of MACE for deciles of poststress change in shape index. Blue bars (with error bars showing 95% CI) show annualized
MACE rates. Values in table reflect total number of events during follow-up. Red line showsmean poststress change in shape index for each decile; mean
value is also shown in table.

FIGURE 3. Annualized incidence ofMACE for deciles of change in eccentricity index. Blue bars (with error bars showing 95%CI) show annualizedMACE
rates.Values in table reflect totalnumberofeventsduring follow-up.Red lineshowsmeanpoststresschange ineccentricity index foreachdecile;meanvalue
is also shown in table.
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eccentricity index were all significantly associated with MACE in
unadjusted analyses (all P , 0.001). However, in multivariable
models only d-shape index (adjusted hazard ratio [HR], 1.38 per
10% change; 95% CI, 1.20–1.58; P, 0.001) and poststress change
in eccentricity index (adjusted HR, 0.80 per 10% change; 95% CI,
0.0.66–0.98; P 5 0.033) remained associated with MACE.
Although stress shape index and stress eccentricity index were not
included in the multivariable model, both were significant when
used in place of poststress change in values (adjusted HR, 1.38;
95% CI, 1.17–1.54 [P , 0.001], for stress shape index; adjusted
HR, 0.80; 95% CI, 0.66–0.98 [P 5 0.035], for stress eccentricity
index). Results were similar in the nonparsimonious multivariable
analysis (Supplemental Table 2).

Variable Correlation
Correlation between shape index and eccentricity index variables

with each other as well as with LVEF, TID, and phase SD are shown
in Supplemental Figures 1–4. There was a significant, but poor, cor-
relation between ischemic TPD and poststress change in shape index
(r2 5 0.133, P , 0.001) and eccentricity index (r2 5 20.100, P ,

0.001). There was a poor correlation between stress and poststress
change in eccentricity index and shape index with peak stress BP
or peak stress HR (all r2 , 0.100).

Test Characteristics
A summary of the net reclassification index for MACE, with the

addition of shape index and eccentricity index variables to the
remainder of the multivariable model, is outlined in Supplemental
Table 3. Poststress change in shape index and poststress change in
eccentricity index were associated with the highest continuous net
reclassification index.
AUC for shape index and eccentricity index as single parameters

are shown in Supplemental Figure 5. Of the shape index and eccen-
tricity index variables, poststress change in shape index had the high-
est discrimination ofMACE during follow-up (AUC, 0.597; 95%CI,
0.584–0.610), followed by stress shape index (AUC, 0.580) and
poststress change in eccentricity index (AUC, 0.571). In compari-
son, the AUC was 0.643 (95% CI, 0.630–0.655) for ischemic TPD
and 0.579 (95% CI, 0.565–0.593) for resting LVEF.

FIGURE4. Kaplan–Meiersurvivalcurves forquartilesof rest, stress, andpoststresschange inshape index (A,C,andE, respectively)andeccentricity index
(B, D, and F, respectively)
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Cutoffs, with associated annualizedMACE rates, positive predic-
tive value, and negative predictive values, derived from the overall
population are shown in Supplemental Table 4. A summary of the
cutoffs for poststress change in shape index generated in the
leave-1-site-out analysis is shown in Supplemental Table 5.

Sensitivity Analyses
The results of univariable and multivariable analysis of associa-

tions with all-cause mortality are in Supplemental Table 6. Associ-
ations stratified by mode of stress, presence of reduced LVEF
(defined as LVEF , 40%), and camera type are in Supplemental
Tables 7–9.

Expanded Stress Imaging Population
To more fully assess the potential clinical utility of measuring

stress eccentricity index and stress shape index, we included a pop-
ulation of patients who underwent stress-only imaging, with supine
gated acquisitions, and who did not undergo revascularization with
percutaneous coronary intervention or coronary artery bypass graft-
ing within 90 d of SPECT MPI. In total, 2,731 patients were added,
bringing the total population to 16,747 patients.
MACE occurred in 2,300 (13.7%) patients during a median

follow-up of 4.2 y (IQR, 3.5–5.2 y). After adjusting for the same var-
iables as outlined in Table 3 (with the exception of stress TPD
substituted for rest and ischemic TPD and stress LVEF substituted
for rest LVEF), stress shape index was associated with MACE
(adjusted HR, 1.16; 95%CI, 1.04–1.28;P5 0.006) but stress eccen-
tricity index was not (adjusted HR, 0.98; 95% CI, 0.83–1.17; P 5

0.856). Stress eccentricity was also not associated with MACE in
the original patient population using the multivariable model with

only stress imaging variables (adjusted HR, 0.99; 95% CI,
0.83–1.18; P 5 0.888).

DISCUSSION

We assessed the independent prognostic significance of shape
index and eccentricity index after correcting for important confound-
ing factors including LVEF andLVvolumes. To our knowledge, this
is the first study to describe poststress change in shape index and
poststress change in eccentricity index as risk markers after stress
MPI. We identified a graded change in MACE rates across deciles
of shape index and eccentricity index. Additionally, after multivari-
able adjustment we found that poststress change in shape index and
poststress change in eccentricity index were independently associ-
ated with increased MACE and significantly improved patient risk
classification. Changes in ventricular morphology have important
prognostic utility and should be included in patient risk estimation
after SPECT MPI.
Our findings are consistent with previous studies outlining the

prognostic significance of LVmorphology and remodeling patterns.
Abidov et al. demonstrated that a higher stress shape indexwas asso-
ciated with an increased incidence of heart failure hospitalizations in
297 patients (1). In the Multi-Ethnic Study of Atherosclerosis,
increased sphericity on cardiac MRI was associated with incident
heart failure and atrial fibrillation (13). Gimelli et al. demonstrated
that eccentricity index is correlated with LVEF and LV volume in
456 patients (2) and was associated with significant CAD (14).
We have expanded on these data by demonstrating that poststress
change in shape index and eccentricity index, quantified automati-
cally, were associated with MACE in a substantially larger, multi-
center, international population. Importantly, the associations

TABLE 3
Univariable and Multivariable Associations with MACE

Variable Adjusted HR P

Rest shape index (per 10%) 1.05 (0.94–1.17) 0.370

Poststress change in shape index (per 10%) 1.38 (1.20–1.58) ,0.001

Rest eccentricity index (per 10%) 0.97 (0.81–1.17) 0.763

Poststress change in eccentricity index (per 10%) 0.80 (0.66–0.98) 0.033

Age 1.02 (1.02–1.03) ,0.001

Male 1.23 (1.11–1.36) ,0.001

Prior myocardial infarction 1.19 (1.06–1.34) 0.004

Prior percutaneous coronary intervention 1.69 (1.53–1.87) ,0.001

Prior coronary artery bypass grafting 1.14 (1.01–1.28) 0.037

Hypertension 1.15 (1.05–1.26) 0.002

Diabetes 1.35 (1.25–1.47) ,0.001

Pharmacologic stress 1.40 (1.27–1.54) ,0.001

Typical angina 1.52 (1.34–1.72) ,0.001

Ischemic electrocardiographic response 1.43 (1.29–1.58) ,0.001

Resting TPD 1.01 (1.00–1.01) 0.065

Ischemic TPD 1.12 (1.11–1.13) ,0.001

Resting LVEF 0.99 (0.99–0.99) ,0.001

Stress shape index and stress eccentricity indexwere not included inmultivariablemodel because of inclusion of both rest and poststress
change in values.

Data in parentheses are 95% CIs.
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between poststress change in shape index and eccentricity index
with MACE remained after adjusting for important confounders.
Both measures also demonstrated significant improvements by net
reclassification index, suggesting that incorporation of poststress
change in ventricular morphology can improve risk stratification.
An important novel aspect of our work was assessment of rest,

stress, and change in ventricular morphology. In the multivariable
model, poststress change in shape index and eccentricity were
more strongly associated with MACE than rest or stress values.
Since all valueswere quantified automatically in our study, assessing
changes in shape index and eccentricity could potentially improve
risk stratification without increasing interpretation time. The corre-
lation between poststress change in shape index and eccentricity
indexwas relatively poor. Therefore, it seems reasonable to consider
changes in both parameters within the same risk model. All of these
parameters could be efficiently combined using machine-learning
based models (15). Alternatively, abnormal cutoffs could be used
by physicians similarly to the current clinical approach to integrating
TID. For example, patients in the 95th percentile for poststress
change in shape index and eccentricity index had a 50% increased
risk of MACE. Importantly, the thresholds for abnormal poststress
change in shape index demonstrated minimal variation using a 1-
site-left-out approach, suggesting broad generalizability.
Although there are robust data supporting the prognostic utility of

myocardial perfusion (16), nonperfusion markers can help identify
patients with high-risk CAD, including TID (17), poststress wall
motion abnormalities (18), and reduced LVEF (19). These parame-
ters are particularly important since a significant proportion of
patients with multivessel CAD has normal relative, regional perfu-
sion (20). Poststress change in shape index and eccentricity index
are additional markers that help identify these high-risk patients.
Notably, stress shape index and stress eccentricity index were asso-
ciated with MACE in the overall population, but only stress shape
index remained associated in an expanded population including
patients undergoing stress-only imaging and when considering
only stress imaging variables.
The terminology used to describefindings of ventricularmorphol-

ogy has been variable.We used the term shape index to be consistent
with existing SPECT MPI literature (11), but sphericity has been
used to refer to the same ratio (4,21). However, other studies use
the term sphericity to describe a volume-to-length ratio (13,22).
Eccentricity index and shape index are concepts related to sphericity.
Eccentricity index represents a 3-dimensional structure, whereas
shape index represents a worst-case-scenario 2-dimensional struc-
ture. Our study did not clarify the underlying pathophysiology
behind these changes; however, the correlations with LVEF, TID
ratio, phase SD, and TPD were all poor. The mechanism may relate
to diffuse myocardial ischemia or cavity dilation similar to TID (11).
Previous studies have shown that LVEF improves with exercise in
patients without significant CAD but may decrease in patients
with significant CAD presumably related to ischemia (23). Simi-
larly, myocardial hyperemia caused by pharmacologic stress can
increase myocardial contractility (24). This effect, combined with
reduced systemic vascular resistance, leads to increased LVEF
(25), although dipyridamole-induced myocardial dysfunction is
associated with reduced subendocardial flow reserve (26). Global
or regional ventricular dysfunction could lead to changes in ventric-
ular loading conditions, leading to changes in shape index or eccen-
tricity index. Differences in stress shape index and eccentricity var-
iables between patients undergoing exercise and pharmacologic
stress may reflect differences in these mechanisms. However,

differences in resting values suggest that population characteristics
also contribute to differences in these parameters. Additionally, dif-
ferences in the prognostic significance of shape index and eccentric-
ity index in exercise and pharmacologic stress populations should be
interpreted cautiously since interaction testing was not significant,
suggesting that the associated risks do not differ significantly. Ded-
icated studies are warranted to better define the mechanisms of these
changes in ventricular morphology.
Our study had a few limitations. Imaging was performed in accor-

dance with American Society of Nuclear Cardiology guidelines,
with poststress imaging occurring with a delay of 15–60 min (27).
Earlier poststress imaging may identify more substantial changes
in shape index or eccentricity index. For example, early poststress
LVEF reserve can be used to identify patients with extensive CAD
on PET (25), and significant associations with MACE have been
demonstrated with early, but not late, LVEF reserve on SPECT
(28). We included several combinations of camera system and stress
protocol that impact calculation of shape index and eccentricity
index. However, thresholds for abnormal poststress change in shape
index were similar across sites, suggesting that our results are gener-
alizable. All images were acquired with solid-state cameras, so it is
unclear to what extent our observations extend to conventional cam-
era systems. However, Abidov et al. previously demonstrated that
stress shape index was associated with heart failure hospitalizations
in patients imaged with an Anger camera system in a smaller cohort
(1). Additionally, all-causemortality was collected in this large mul-
ticenter registry and different associations may be present with car-
diac mortality. Lastly, prospective studies are required to determine
whether incorporating shape index or eccentricity index during risk
estimation improves patient outcomes.

CONCLUSION

To our knowledge, this is the first study to describe poststress
change in shape index and poststress change in eccentricity index
as automated, quantitative measures of change in ventricular mor-
phology. Poststress change in shape index and eccentricity index
were independently associated with MACE and improved risk esti-
mation. Changes in ventricular morphology have important prog-
nostic utility and should be included in patient risk estimation after
SPECT MPI.
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KEY POINTS

QUESTION: What is the independent prognostic significance of
shape index and eccentricity index, measures of ventricular mor-
phology, in patients undergoing SPECT MPI?

PERTINENT FINDINGS: In this retrospective analysis of a large,
multicenter, international registry, poststress change in shape index
and eccentricity index were independently associated with MACE
and improved risk estimation.

IMPLICATIONS FOR PATIENT CARE: Changes in ventricular
morphology have important prognostic utility and should be
included in patient risk estimation after SPECT MPI.
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The functional and molecular imaging characteristics of ischemic ven-
tricular tachycardia (VT) substrate are incompletely understood. Our
objective was to compare regional 18F-FDG PET tracer uptake with
detailed electroanatomic maps (EAMs) in a more extensive series of
postinfarction VT patients to define themetabolic properties of VT sub-
strate and successful ablation sites.Methods: Three-dimensional (3D)
metabolic left ventricular reconstructions were created from perfusion-
normalized 18F-FDG PET images in consecutive patients undergoing
VT ablation. PET defects were classified as severe (defined as ,50%
uptake) or moderate (defined as 50%–70% uptake), as referenced to
the maximal 17-segment uptake. Color-coded PET scar reconstruc-
tions were coregistered with corresponding high-resolution 3D EAMs,
which were classified as indicating dense scarring (defined as voltage
, 0.5 mV), normal myocardium (defined as voltage. 1.5 mV), or bor-
der zones (defined as voltage of 0.5–1.5 mV). Results: All 56 patients
had ischemic cardiomyopathy (ejection fraction, 29%6 12%). Severe
PET defects were larger than dense scarring, at 63.0 6 48.4 cm2 ver-
sus 13.8 6 33.1 cm2 (P , 0.001). Similarly, moderate/severe PET
defects (#70%) were larger than areas with abnormal voltage
(#1.5mV) measuring 105.1 6 67.2 cm2 versus 56.2 6 62.6 cm2 (P ,

0.001). Analysis of bipolar voltage (23,389 mapping points) showed
decreased voltage among severe PET defects (n 5 10,364; 0.5 6 0.3
mV) and moderate PET defects (n 5 5,243; 1.5 6 0.9 mV, P , 0.01),
with normal voltage among normal PET areas (.70% uptake) (n 5

7,782, 3.26 1.3 mV, P, 0.001). Eighty-eight percent of VT channel or
exit sites (n 5 44) were metabolically abnormal (severe PET defect,
78%; moderate PET defect, 10%), whereas 12% (n5 6) were in PET-
normal areas. Metabolic channels (n 5 26) existed in 45% (n 5 25) of
patients, with an average length andwidth of 17.66 12.5mmand 10.3
6 4.2 mm, respectively. Metabolic channels were oriented predomi-
nantly in the apex or base (86%), harboring VT channel or exit sites in
31%. Metabolic rapid-transition areas (.50% change in 18F-FDG
tracer uptake/15mm)were detected in 59% of cases (n5 33), colocal-
izing to VT channels or exit sites (15%) or near these sites (85%, 12.8
6 8.5 mm). Metabolism–voltage mismatches in which there was a
severe PET defect but voltage indicating normal myocardium were
seen in 21% of patients (n 5 12), 41% of whom were harboring VT
channel or exit sites. Conclusion: Abnormal 18F-FDG uptake catego-
ries could be detected using incremental 3D step-up reconstructions.
They predicted decreasing bipolar voltages and VT channel or exit

sites in about 90% of cases. Additionally, functional imaging allowed
detection of novel molecular tissue characteristics within the ischemic
VT substrate such as metabolic channels, rapid-transition areas, and
metabolism–voltage mismatches demonstrating intrasubstrate het-
erogeneity and providing possible targets for imaging-guided ablation.

Key Words: functional imaging; 18F-FDG PET imaging; ventricular
tachycardia substrate; VT channel or exit sites

J Nucl Med 2021; 62:1591–1598
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Catheter ablation for ventricular tachycardia (VT) is an effec-
tive treatment option for patients with ischemic heart disease and
drug-refractory VT (1). Entrainment and activation mapping are
the preferred VT mapping modalities but can be performed in only
10%–30% of patients because of hemodynamic instability (2).
Therefore, surrogate strategies are commonly used, including pace
mapping, ablation of diastolic potentials or of late abnormal ven-
tricular activation (3), or substrate-guided linear ablations (4).
The current approaches using the gold standard, bipolar voltage

mapping, to define ischemic scarring have a VT recurrence rate of
up to 50% at 6 mo (5). Bipolar voltage mapping has inherent limi-
tations (e.g., assessing intramural scarring and epicardial fat, lim-
ited spatial resolution, and imperfect catheter contact). Therefore,
structural imaging with late-gadolinium-enhancement cardiac MRI
or multidetector CT (6–9) has been used to assess anatomic
changes (e.g., wall thickness or myocardial fibrosis). In contrast,
functional imaging can successfully detect abnormal cellular func-
tion (e.g., metabolism or innervation) using 18F-FDG PET (10,11)
and 123I-metaiodobenzylguanidine scintigraphy (12–14).

18F-FDG is recognized as one of the gold standards for the eval-
uation of ischemic substrate (15,16). It can provide direct informa-
tion about the postischemic myocardial remodeling in ischemic
heart disease patients with VT and can safely be applied in
implantable cardioverter–defibrillator patients without metal arti-
facts affecting imaging quality. Prior small single-center studies
suggested a good correlation between areas of decreased 18F-FDG
uptake and low bipolar voltage (10,11,17–21).

This study sought to compare—in a larger cohort of ischemic
VT patients—detailed electroanatomic maps (EAMs) with
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3-dimensional (3D) 18F-FDG PET metabolic reconstructions to
provide novel insights into the regional functional adaptation and
heterogeneity of the postischemic VT substrate and identify possi-
ble imaging characteristics of VT channel or exit sites. The PET
thresholds used were based on our prior work and that of other
laboratories (17,18,22). Results might have differed if other poten-
tial cutoffs had been used.

MATERIALS AND METHODS

Study Population
The study was designed as a single-center retrospective feasibility

study of 56 consecutive patients who had ischemic cardiomyopathy
and were scheduled for radiofrequency ablation for drug-refractory
VT. Study protocols were approved by the University of Maryland
Institutional Review Board.

Imaging
PET imaging was performed using a Gemini system (Philips) or a

Biograph mCT PET/CT scanner (Siemens Healthcare).
The patients received an oral load of approximately 25–50 g of glu-

cose after an overnight fast. Approximately 1 h later, 370–500 MBq
of 18F-FDG were injected, and data were acquired over 25–30 min
(23). Because the increase in plasma insulin levels after glucose load-
ing may be attenuated in some patients, particularly those with diabe-
tes mellitus, supplemental insulin was administered in these subsets of
patients before the administration of 18F-FDG, and plasma glucose
levels were monitored while taking into account whether the patient
was taking medications that may either antagonize or potentiate the
effects of insulin (23).

Regional myocardial blood flow was assessed by a pre-18F-FDG
PET perfusion scan using 82Rb PET (n 5 50), 201Tl SPECT (n 5 5),
or 99mTc-sestamibi SPECT (n 5 1).

PET perfusion images were obtained at rest using a 1,850-MBq
injection of 82Rb-chloride. List-mode (i.e., time-stamped coincidence)
data were acquired for 8 min after injection. An ungated perfusion
image was reconstructed using data acquired 1.5–8 min after injection.
A rotating 137Cs line source was used to perform a 3- to 4-min attenu-
ation correction scan for the 18F-FDG and 82Rb datasets. Attenuation
correction was not done for SPECT data (24,25). Myocardial perfu-
sion images were reconstructed analogously to the 18F-FDG PET
images. Both quantitative and qualitative assessments by nuclear car-
diology experts were used.

EAMs
High-density left ventricular (LV) voltage maps were created with

the CARTO 3 mapping system (Biosense Webster, Inc.) and a Pen-
taRay catheter (Biosense Webster, Inc.). Electroanatomic data were
collected with the catheter moving within the blood pool of the respec-
tive chamber with a less than 10-mm filling threshold. The system dis-
plays the endocardial surface created from usually more than 1,000
individual mapping points color-coded on the basis of the endocardial
voltage. An endocardial bipolar voltage of more than 1.5 mV recorded
from the catheter is considered normal, representing healthy myocar-
dium (purple color), whereas voltage of less than 0.5 mV is considered
a dense scar (red color). Voltages of 0.5–1.5 mV are considered border
zones representing a mixture of scarring and normal myocardium (yel-
low to blue color) (4).

PET Map Reconstruction and Integration with EAMs
A short-axis series of PET DICOM files was loaded into Amira

Visual Imaging software (Visage Imaging). An LV shell was created
by manual tracing of the middle third of the left ventricle in the
short-axis series to accurately represent peak tracer uptake in each LV

segment. The wall of the right ventricle was partially traced to aid the
registration process (Figs. 1A and 1B). Radiotracer uptake was analyzed
using the Cardiac PET Modeling Tool, version 3.4 (PMOD Technolo-
gies). For quantitative analysis, standard 17-segment myocardial segmen-
tation was used, and the radiotracer uptake of each segment on both the
perfusion and the metabolism tomograms was measured (26).

Segmental myocardial perfusion was labeled as normal (.85% of
peak activity), moderately reduced (50%–85%), or severely reduced
(,50%). The 18F-FDG uptake was then normalized to the highest 18F-
FDG value of any segment with more than 85% perfusion uptake, and
a 10% decremental, color-coded strata of the normalized myocardial
metabolism was created (Figs. 1C and 1D).

Segments with concordant severely reduced perfusion and metabo-
lism (,50% of peak perfusion and glucose metabolism) were consid-
ered to be severe PET defects suggesting transmural scarring, whereas
reduction of both perfusion and glucose metabolism to 50%–70% was
labeled as a moderate PET defect consistent with nontransmural
scarring (27,28). Areas with more than 70% uptake were considered
normal PET areas. Hibernating areas were defined as segments with
18F-FDG uptake that is at least 10% higher than corresponding seg-
mental perfusion (20).

Three predefined metabolic map characteristics were identified on
each 18F-FDG reconstruction before registration. First, metabolic chan-
nels were defined as continuous corridors of abnormal metabolism
(#70%) that traversed an area with an even less preserved metabolic
activity ($10% lower than the metabolic channel activity) (Fig. 2; Sup-
plemental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org). Second, rapid-transition areas (RTAs) were defined as
areas that demonstrated an at least 50% increase in PET tracer uptake
over a distance of 15 mm or less in any direction (Fig. 3; Supplemental
Fig. 2). Third, metabolism–voltage mismatch (MVM) areas were
defined as areas showing a severe PET defect of 18F-FDG , 50% but
with a corresponding coregistered LV voltage map showing normal
myocardium and accounting for at least 20% of the total LV EAM sur-
face area (Fig. 4; Supplemental Fig. 3).

DICOM3 formatting was applied to Amira output files to allow rec-
ognition by the proprietary CartoMERGE software (Biosense Web-
ster) and converted to CARTO 3 readable mesh files. The 3D shells
were transferred and coregistered to high-density voltage maps using
multiple matching-landmark pairs (superior or inferior right ventricle
septal insertion, mitral valve, apex) using the CartoMerge Image Proc-
essing Tool.

VT Ablation
Ablation procedures were performed with a 3.5-mm open irrigated-

tip catheter (ThermoCool SmartTouch; Biosense). Targeted VT was
any clinical VT documented by 12-lead electrocardiograms or any pre-
sumed clinical VT defined by matching the cycle length, the far-field
morphology, and the relationship between the local electrogram and
the far-field electrogram from implantable cardioverter–defibrillator
recordings.

Radiofrequency ablation was performed orthogonally to the defined
channel by creating single, overlapping radiofrequency lesions (40- to
50-W ablations for 60 s each). After the ablation, programmed electric
stimulation with up to 3 extra stimuli and the shortest coupling interval
(200 ms) from at least 2 right ventricular or LV sites was repeated.
Successful ablation of the clinical VT was defined as the inability to
reinduce the targeted VT.

Statistical Analysis
All statistical analyses were performed with SPSS software, version

16.0 (SPSS Inc.). Continuous variables were expressed as mean 6 SD
and were compared using the Student t test (normally distributed) or
the Mann–Whitney U test (nonnormally distributed). For paired
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variables, the paired t test or the Wilcoxon signed-rank test was used,
respectively. Differences were considered significant at a P value of
less than 0.05.

RESULTS

Patient Population
Patient characteristics are shown in Table 1.
All 56 patients had ischemic cardiomyopathy, with an ejection

fraction of 29% 6 12%. Most of the patients were male (46 men
and 10 women), and the average age was 63 6 11 y. All patients
had a history of prior myocardial infarction based on history, elec-
trocardiography results, or cardiac imaging results. An ischemic
etiology was confirmed by previous coronary intervention with
either bypass grafting (n 5 20) or coronary stenting (n 5 36) (29).

Comparison of EAM and PET Results
In all patients, PET reconstructions were successfully created

and registered. The average reconstruction and registration time
was 25 6 12 min. Patients had an average of 1.2 6 0.4 areas with

moderate/severe PET defects (minimum size, 14.5 cm2), includ-
ing, in all patients, a core area of severe PET defects.
Severe PET defects measured 63.0 6 48.4 cm2, whereas PET

moderate/severe defects (#70% uptake) measured 105.1 6 67.2
cm2, accounting for 23% and 39% of the total LV surface area,
respectively.
EAM dense scarring measured 13.8 6 33.1 cm2, and EAM bor-

der zones measured 56.2 6 62.6 cm2, accounting for 5% and 21%
of the total LV surface area, respectively. Severe and moderate
PET defects were significantly larger than EAM dense scarring
and EAM border zones (P , 0.001), respectively. However,
severe PET defects and EAM border zones were similar in area
(P5 0.139) (Table 2; Supplemental Fig. 4).
Severe PET defects overlapped with EAM dense scarring

and EAM border zones in 86% 6 22% and 82% 6 18%, respec-
tively. Moderate PET defects overlapped with EAM dense
scarring (,0.5 mV) in 91% 6 13% and EAM border zones in
76% 6 33%.
Analysis of all mapping points (n 5 23,389) showed that EAM

voltage increased incrementally from areas with severe PET
defects (n 5 10,364; 0.47 6 0.28 mV) to areas with moderate
PET defects (n 5 5,243; 1.51 6 0.86 mV; P , 0.01) and normal
PET areas (n 5 7,782; 3.2 6 1.3 mV; P , 0.001; Fig. 5).

VT Ablation and Correlation to PET Maps
Clinical VTs were successfully induced in 91% of patients (n 5

50). The average cycle length for the induced VTs was 343 6 96
ms. The areas with moderate PET defects harbored 88% (n 5 44,
0.91 6 0.7 3 mV) of the VT channel or exit sites. Areas with
severe PET defects harbored 78% of the VT channel or exit sites
(n 5 39; 0.51 6 0.32 mV), with 28% (n 5 14), 32% (n 5 16),
and 18% (n 5 9) localized to areas with 18F-FDG uptake of less
than 30%, 30%–40%, and 40%–50%, respectively. Ten percent
(n5 5; 0.96 6 0.87 mV) of VT channel or exit sites localized to
areas with moderate PET defects, and 12% of VT channel or
exit sites (n 5 6; 1.31 6 0.45 mV) were in normal PET areas,
with an average distance of 6.5 6 3.9 mm and 13.6 6 4.5 mm
from the border of the moderate and severe PET areas, respec-
tively (Table 3; Supplemental Fig. 5).

Hibernation
Hibernation was found in 4 patients (89.2 6 22.3 cm2), repre-

senting 15.7% 6 10.3% of the left ventricle. The bipolar voltage

FIGURE 1. Workflow of 18F-FDG reconstructions. (A) Raw 18F-FDG PET
DICOM showing left ventricle with central region of interest (purple). (B)
Resulting 3D LV (purple) and right ventricle (blue) reconstruction. (C) Same
slice as shown in A, with color map according to value of 18F-FDG uptake
in each segment, showing decreased uptake in inferolateral scar area. (D)
Generated 3D color PET reconstruction from short-axis slices with infero-
lateral scar based on 18F-FDG uptake percentage.

FIGURE 2. Metabolic channel. (A) EAM showing inferior scar with 0.5- to 1.5-mV setting and VT channel or exit site (white point and arrow). (B) Corre-
sponding PET 3D reconstruction showing metabolic channel (dashed lines). (C) Coregistration of EAM and PET 3D reconstruction showing VT channel
or exit (arrow) within metabolic channel (dashed lines). Additional example is shown in supplemental materials.
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of the hibernating area (n 5 1,655 points) was 2.3 6 1.6 mV, sig-
nificantly higher than the severe PET defects (P 5 0.001). Clinical
VTs (n 5 4; cycle length, 259 6 38 ms) were inducible in 3 of
the 4 patients. One VT channel or exit site (25%) localized to the
hibernating myocardium (1.2 mV; cycle length, 343 ms). The
other 3 VT channel or exit sites (75%) localized to areas with
severe PET defects (0.4 6 0.2 mV). Either patients were poor sur-
gical candidates (n 5 3), or the hibernating area was deemed too
small to benefit from revascularization (n 5 1).

Metabolic Scar Characterization
Metabolic Channels. Metabolic channels (n 5 26) were found

in 25 patients (45%; 1.1 6 0.3 channels per patient). The anony-
mized datasets were independently assessed by an independent
masked reader with more than 20 y of experience in VT ablation
to determine the reproducibility of the metabolic channel delinea-
tion. All channels (n 5 26) were identified in the same anatomic
locations (100% reproducibility).
The average length and width of the channels were 17.6 6 12.5

mm and 10.3 6 4.2 mm, respectively. In total, 77% (n 5 20) of
the channels demonstrated less than 50% PET uptake; of those,

60% (n 5 12) showed PET uptake of 30%–40% and 40% (n 5 8)
showed PET uptake of 40%–50%. Of the metabolic channels,
23% (n 5 6) showed PET activity of 50%–70%; of those, 33%
(n5 2) and 67% (n 5 4) demonstrated PET uptake of 50%–60%
and 60%–70%, respectively. Channel orientation was more com-
monly base-to-apex (86%) than lateral-to-septal (14%) (P 5 0.01).
Thirty-one percent (n 5 8) of the metabolic channels harbored

VT channel or exit sites. All channels that harbored the VT chan-
nel or exit sites demonstrated a PET uptake of less than 50%; 63%
(n 5 5) localized to PET uptake of 40%–50%, and 37% (n 5 3)
localized to PET uptake of 30%–40%. Metabolic channels without
colocalized VT channel or exit sites (69%; n 5 18) were at a dis-
tance of 12.3 6 6.4 mm from the VT channel or exit sites (Fig. 2;
Supplemental Fig. 1).
RTAs. In total, 35 RTAs was found in 33 patients (59%; 1.1 6

0.2 RTAs per patient). RTAs were always localized at points
of metabolic scarring or preserved-metabolism transition and
were more likely to encompass only a part of (81%; n 5 26)—
versus the whole (19%; n 5 6)—metabolic scar circumference
(P5 0.01). The average RTA width and length were 11.8 6 1.9
mm and 53.5 6 20.4 mm, respectively. Ninety percent of RTAs

FIGURE 3. RTA. (A) EAM showing apical and inferior scars with 0.5- to 1.5-mV setting and VT channel or exit site (white point and arrow). (B) PET 3D
reconstruction demonstrating RTA (circle, change of $50% uptake/15 mm [red to blue color shift]). (C) Coregistration showing VT channel or exit within
RTA; arrow points to VT channel or exit site within RTA (circle). Additional example is shown in supplemental materials.

FIGURE 4. MVM. (A) EAM showing apical and inferior scars with 0.5- to 1.5-mV setting and VT channel or exit site (white point and arrow). (B) PET 3D
reconstruction demonstrating larger severe PET defect (red area5 MVM). (C) Coregistration of 3D PET reconstruction and EAM demonstrating VT chan-
nel or exit within MVM (arrow). Additional example is shown in supplemental materials.
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(n 5 32) demonstrated areas with uptake ranging from less than
30% to 70% or higher, whereas 10% (n 5 3) encompassed areas
with uptake ranging from 30% to 80% or higher.
RTAs were spatially associated with VT channel or exit sites.

Fifteen percent (n 5 5) of the RTAs harbored the VT channel or
exit sites, whereas the rest of the RTAs (n 5 30) were found to be
near (12.8 6 8.5 mm) the closest VT channel or exit site (Fig. 3;
Supplemental Fig. 2).
MVMs. MVMs were detected in 21% (n 5 12) of patients.

The average MVM area accounted for 27% 6 6% of the LV sur-
face. In 41% (n 5 5) of the patients with MVMs, the MVM area
harbored the VT channel or exit sites. The rest of the MVMs (n 5
7), not harboring the VT channel or exit sites, were 14.5 6 7.8

mm from the nearest VT channel or exit site (Fig. 4; Supplemental
Fig. 3).

DISCUSSION

The main findings of this study are that functional imaging
using decremental color-coded 18F-FDG PET strata maps can
detect areas of abnormal myocardial metabolism that harbor
approximately 90% of VT channel or exit sites, identify decreased
bipolar voltage regions, and provide a detailed map of regional
metabolic remodeling enabling detection of molecular intra-VT
substrate heterogeneities or characteristics and possible novel VT
ablation targets.

18F-FDG PET is an established gold standard for imaging and
differentiating viable from scarred myocardium. 18F-FDG is taken
up into the myocardial cells analogously with the serum glucose
without further metabolism after phosphorylation, allowing molec-
ular imaging of the metabolic characteristics of myocardial cells.
Under normal conditions, free fatty acids are the preferred and
highly effective cellular pathway for adenosine triphosphate pro-
duction. Ischemia impairs this mitochondrial pathway and shifts it
to cytosolic, less efficient glycolysis-based adenosine triphosphate
generation. Under glucose-loaded conditions, plasma insulin levels
increase and tissue lipolysis is inhibited, resulting in reduced fatty
acid delivery to the myocardium and preferred glucose utilization
in all viable myocardial cells, regardless of whether they are hypo-
perfused or ischemic. Regions with scarred myocardium will have
severely decreased or no glucose utilization. Both processes
can occur in parallel and with regional heterogeneity within the
VT substrate and reflect the molecular and cellular postischemic

TABLE 1
Patient Characteristics

Characteristic Data

Mean age (6SD) at time of ablation 63 6 11 y

Sex (male) 46 (82%)

Mean ejection fraction (6SD) 29% 6 12%

Ischemic

Previous myocardial infarction (history, electrocardiography, or
cardiac imaging)

56 (100%)

Bypass graft 20 (36%)

Coronary stenting 36 (64%)

NYHA II–III heart failure 25 (45%)

Diabetes 17 (30%)

Hypertension 30 (54%)

ICD at time of ablation 35 (63%)

Severe PET defect

Inferior (inferolateral and inferoseptal) 38 (70%)

Anterior (anteroseptal and anterolateral) 12 (23%)

Apical 3 (3.5%)

Anterior and inferior 3 (3.5%)

EAM dense scar 53 (97%)

Antiarrhythmic drugs b-blockers (52 [93%]), amiodarone (46 [82%]), sotalol (5 [9%])

NYHA 5 New York Heart Association; ICD 5 implantable cardioverter–defibrillator.

TABLE 2
Imaging Characteristics

Characteristic Area (cm2)
Percentage of total

LV EAM

Total LV EAM 270.2 6 10.3

Severe PET defect 63.0 6 48.4 23%

Moderate to severe
PET defect

105.1 6 67.2 39%

EAM dense scar 13.8 6 33.1 5%

EAM abnormal
voltage # 1.5 mV

56.2 6 62.6 21%

Data are mean 6 SD.
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myocardial remodeling and adaption that can be imaged using
18F-FDG (23).
Several studies have shown that 18F-FDG has the highest sensi-

tivity in detecting viable myocardium. The cutoff for myocardial
viability was different among those studies, but most agreed that
to be viable, segments required uptake of at least 50% or at least
70% (27,28).

Scar Delineation and Scar Size Comparison
Delineation of the myocardial scar using 18F-FDG PET was

able to guide assessment of areas with abnormal bipolar voltage.
In this study, the 18F-FDG scar was able to predict abnormal bipo-
lar voltage, with voltage improving along with the 3 predefined
categories of severe PET defect, moderate PET defect, and normal
PET area (preserved PET uptake). The cutoff for severe PET
defects, used in clinical decisions on revascularization, correlated

better with EAM border zones than did the
cutoff for moderate to severe PET defects,
suggesting that significant metabolic
remodeling has to occur before the bipolar
voltage is decreased (27,28).
In the original 18F-FDG PET and VT

feasibility study (22), EAM dense scarring
showed 42% 6 7% uptake on PET,
whereas EAM border zones showed 67%
6 15% uptake on PET, with a good PET-
to-EAM correlation (r 5 0.89, P , 0.05).
By extension, Tian (11) reported a seg-
mental match of 83.7%–94.4% between
PET and EAM scars. A receiver-operat-
ing-characteristic–based analysis sug-
gested that a PET uptake of 46% identified
the best abnormal voltage, which is similar
to the correlation between a 50% PET
uptake and a voltage of less than 1.5 mV
found in this study. Furthermore, Fahmy
et al. (17) identified a bipolar voltage of
0.9 mV to be the best match for a PET cut-
off of less than 50% with an EAM of less
than 0.5 mV, underestimating PET scar
burden. Our finding of a significant
increase in PET activity with bipolar volt-
age is in line with findings of Kettering
et al. (18), who showed that EAMs of less
than 0.5 mV, 0.5–1 mV, and 1–1.5 mV

correlated with PET activities of 43%, 49.5%, and 60.1%, respec-
tively. The parallel increase in 18F-FDG PET tracer or voltage and
the overlap of 86% and 82% between a PET cutoff of less than
50% and EAMs of less than 0.5 and no more than 1.5 mV, respec-
tively, found in this study, confirms that 18F-FDG PET uptake can
reliably predict low-voltage areas in ischemic patients.
All successful ablation sites were located within the PET mod-

erate/severe scar #70% (88%) or within 1 cm of its border in met-
abolically normal tissue (12%). This observation either raises the
possibility of more subtle structural or metabolic changes or may
favor functional reentry (30).

Metabolic Substrate Characterization of the Postinfarction
VT Substrate
Surviving myocardium within fibrotic areas is a prerequisite for

reentrant VT, allowing slow conduction channels to persist (31,32).
However, recent high-density mapping of postinfarction VT demon-
strated that a functional block rather than a fixed anatomic block
defines the boundaries of the VT isthmus in up to 80% of cases (33).
Functional postischemic remodeling may change the electrical

conduction properties of the myocardium and potentially contribute
to a functional block and promote arrhythmicity. To better charac-
terize functional remodeling within the postischemic VT substrate,
our study assessed 3 predefined metabolic characteristics.
First, 45% of patients were seen as metabolic channels and were

oriented more commonly apex-to-base, consistent with reported
voltage-based VT channels (34,35). Interestingly, the clinical VT
channel or exit sites localized in 31% of patients to the metabolic
channels. This finding suggests a potential correlation between
functional imaging data–derived channels and clinical VT.
Second, RTAs were predefined as regions with more than a

50% metabolic uptake change within 15 mm, presumptively

FIGURE 5. Scatterplot showing average bipolar voltage of severe PET defect, moderate
PET defect, and normal PET areas. There is stepwise increase in bipolar voltage with each step in
18F-FDG PET uptake.

TABLE 3
Distribution of 18F-FDG Uptake Percentage and Bipolar
Voltage Characteristics of 50 Clinically Determined VT

Channel or Exit Sites

18F-FDG PET percentage

EAM result

Border zoneDense scar

,30% 5 9

30 to ,40% 6 10

40 to ,50% 1 8

50%–70% 0 5

.70% 0 6
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identifying a heterogeneous substrate (metabolically preserved
adjacent to severe metabolically impaired myocardium).
Structural imaging with cardiac MRI found that a rapid shift
in scar transmurality and heterogeneous late gadolinium
enhancement (gray zone) was associated with the location of
the VT channel (7,36,37). Nearly 60% of patients demon-
strated RTAs, and VT circuits colocalized with RTA in 15%
of them. Interestingly, VT channel or exit sites were found
either within the RTA or near it, raising the question of
whether such functional characteristics may correlate with
substrate proarrhythmicity, such as a functional block and a
fixed block.
Third, MVM areas with severe metabolic defects but preserved

bipolar voltage were found in 21% of patients. This observation
demonstrates that severe functional remodeling of the myocardium
can occur in a significant number of patients before resulting in
measurable bipolar voltage abnormalities. A similar functional dis-
cordance has been observed in denervated myocardium with pre-
served voltage (12). Tissue categories with such profound
functional heterogeneity may be of arrhythmogenic interest, and
41% of the MVM areas in this study harbored the VT channel or
exit sites.

Study Limitations
Although this study included the largest (to our knowledge)

series to date, the study design was retrospective, and a prospec-
tive evaluation will be required for future assessment. The spatial
resolution of PET is currently 4–7 mm (38). PET technology com-
pares favorably with SPECT (12 mm) and is currently the gold
standard for functional imaging of the human heart. Registration
of the PET imaging datasets and the EAMs was required to com-
pare the 2 datasets. Registration errors are inherent in any such
process. Still, multiple registration points were used, and each reg-
istration was carefully reviewed to minimize any such confounder.
The analysis was performed using various predefined thresholds
and definitions of the PET datasets (such as the ,50% and #70%
cutoffs, the channels, the RTAs, and the MVMs). It is possible
that other cutoffs would have yielded other, yet unknown, insights
and should be included in future studies.
Further research is needed to compare functional PET images

with late-gadolinium-enhancement MR images, the gold standard
in scar identification.

CONCLUSION

3D reconstruction and integration of 18F-FDG functional
datasets are feasible and allow the comprehensive assessment
of functional remodeling and its heterogeneity in the posti-
schemic VT substrate. Detailed 10%-step gradient metabolic
maps can reliably predict areas of severe metabolic defects,
predict areas of abnormal voltage, and identify approximately
90% of VT channel or exit sites. Importantly, newly defined
metabolic characteristics such as metabolic channels, RTAs,
and MVM areas are common and demonstrate heterogeneous
intrasubstrate remodeling and adaptations within the postin-
farct VT substrate.
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KEY POINTS

QUESTION: Is functional imaging using 18F-FDG PET before VT
ablation useful?

PERTINENT FINDINGS: 3D reconstruction and registration of
18F-FDG PET studies were feasible and revealed that severe PET
defects were comparable in size to EAM border zones. The study
also found that new features such as metabolic channels and
RTAs provide information about potential VT substrates.

IMPLICATIONS FOR PATIENT CARE: Use of 18F-FDG PET 3D
reconstructions integrated into CARTO 3 maps before VT abla-
tions will add valuable information that guides successful sub-
strate identification and ablation.
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PURPOSE OF THIS PRACTICAL GUIDE

One of the most exciting and useful advances in nuclear cardiology
is the opportunity to measure myocardial blood flow (MBF) routinely
as part of myocardial perfusion imaging (MPI) with positron emis-
sion tomography (PET). Incorporating MBF into the MPI evaluation
improves diagnosis and assessment of extent and severity of epicardi-
al coronary artery disease (CAD), reclassifies prognosis from assess-
ment based solely on perfusion defects, confirms effectiveness of
pharmacologic stress, and can identify coronary microvascular dis-
ease with or without epicardial CAD.1–3

PET measurement of MBF assesses the entire coronary circula-
tion, including focal obstruction and diffuse disease of the

epicardial coronary arteries, the functioning of the microvascula-
ture, and the ability of the cell membrane to transport the radionu-
clide into the cell. MBF can be measured with the majority
of dedicated PET or hybrid PET/CT scanners in use today. When
using modern scanners, quantification of MBF adds no additional
radiation or acquisition time. MBF measurement is currently
recognized by the Centers of Medicare and Medicaid Services as a
Category 1 add-on code for a PET MPI study. As such, quantifica-
tion of MBF can and should be performed in appropriate patients
as an adjunct to spatially relative MPI.3

At present, 82rubidium chloride (82Rb) and 13N- ammonia (13NH3)
are the most commonly used radiotracers for PET MPI and are both
FDA-approved. 15O- water is more frequently used in Europe and is
not FDA- approved. 18F-flurpiridaz is investigational and under eval-
uation with a second phase III trial. 13NH3 and

15O- water require an
on-site cyclotron due to their short halflives. 82Rb also has a short
half-life and is generator produced. Measurement of MBF has been
validated for 82Rb, 13NH3, and

15O-water.2 For this document, we
have focused on PET quantification of MBF with 82Rb due to its
wider and increasing use, particularly in centers where there may not
be a sophisticated technical infrastructure.
There are two recommended references on PET MPI1 and

principles of quantifying MBF.2 Interpreting physicians are
encouraged to read and understand these. An important issue is
the day-to-day implementation of MBF as a routine part of a PET
MPI study. Busy clinical laboratories will need to develop techni-
cal infrastructure to set design protocols, optimize quality control,
train technologists, educate interpreting physicians, and formulate
clinical reports that incorporate clinically meaningful MBF
measurements. The purpose of this ‘‘primer’’ is to simplify and
demystify MBF quantification, with the objective that practitioners
develop practical strategies for incorporating MBF measurement
into daily clinical practice for care of their patients.

Received January 19, 2021; accepted January 19, 2021.
Published online March 31, 2021.
This article is being jointly published in The Journal of Nuclear Medicine

(https://doi.org/10.2967/jnumed.121.261989) and the Journal of Nuclear
Cardiology (https://doi.org/10.1007/s12350-021-02552-7).
Reprint requests: Timothy M. Bateman, MD, MASNC, Saint-Luke’s Mid

America Heart Institute and the University of Missouri. Kansas City, 4320
Wornall Road, Suite 2000, Kansas City, MO; Tbateman@saint-lukes.org
Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.
COPYRIGHT� 2021 by the Society of Nuclear Medicine and Molecular Imaging,

and American Society of Nuclear Cardiology.

PRACTICAL GUIDE FOR INTERPRETING AND REPORTING CARDIAC PET MEASUREMENTS � Bateman et al. 1599

https://doi.org/10.2967/jnumed.121.261989
https://doi.org/10.2967/jnumed.121.261989
https://doi.org/10.1007/s12350-021-02552-7


CLINICAL VALUE OF QUANTIFYING MBF
Traditional MPI relies on regional relative differences in tracer

uptake to diagnose flow-limiting CAD. This has proved to be a
valuable technique for population-based risk stratification and
triaging patients for coronary angiography and interventions. How-
ever, traditional MPI is intrinsically spatially relative and a myo-
cardial region with apparently normal radiotracer uptake may be
supplied by a coronary artery with a flow-limiting lesion. As such,
MPI tends to underestimate the full extent of obstructive CAD4,5

and, in some cases, can appear normal despite prognostically im-
portant disease.4 Quantification of MBF offers usefulness over and
above traditional spatially relative perfusion defect analysis in six
distinctive areas:

1. Improved diagnosis of epicardial CAD6

2. Improved assessment of extent and severity of epicardial CAD7-9

3. Improved risk stratification10–16

4. Selection of patients for coronary interventions and/ or medical
therapy17,18

5. Diagnosis of coronary microvascular disease, a common cause
of cardiac-related symptoms.19 Coronary microvascular disease,
with or without epicardial CAD, has prognostic and quality of
life significance in both women and men, and is addressable by
targeted therapies.

6. Confirmation of adequate pharmacologic stress in patients who
may not respond to pharmacologic stressors and go totally un-
recognized with traditional MPI, with the risk of an apparently
normal scan in the presence of severe coronary disease.2 The
only way to be certain that vasodilation and hence augmenta-
tion of blood flow has occurred is by measuring MBF.

The ASNC and SNMMI have prepared and endorsed this document
because these benefits can be critically important to the comprehensive
assessment of patients being referred for pharmacologic MPI.

PRACTICAL TIPS FOR ENSURING CONSISTENT MBF
MEASUREMENTS
MBF is dynamic, responding to changes in heart rate and systol-

ic blood pressure (double product), the two main determinants of
myocardial work. As such, there will be variability in a patient’s
MBF from a physiologic perspective. Another source of measure-
ment variability that can be controlled is adherence to patient prep-
aration and imaging protocols. The following help to minimize
procedural sources of variability.

1. Utilize a free-flowing intravenous line for both stressor and
tracer. Optimally, this will be a large (#18 or #20-gauge) needle
in a forearm vein. Hand injection should be avoided.

2. Degree of hyperemia varies in relation to time after stressor in-
jection.20 Time to maximal hyperemia is not well defined for
adenosine, dipyridamole, or regadenoson. Regadenoson is the
stressor most often used in the United States. Peak hyperemia
likely occurs about one or two minutes following its injec-
tion,20 so a concomitant time delay between its injection and
beginning the tracer infusion would seem prudent.

3. Be consistent in the time duration between stressor injection/in-
fusion and the tracer injection/infusion. A stopwatch is helpful
for this purpose.20

4. Utilize the same pharmacologic stressor as much as possible
for MBF measurements. The degree of hyperemia is known to
vary between different stressors.20

TECHNICAL REQUISITES FOR ACCURATE MBF
QUANTIFICATION
While quantification of MBF is relatively simple with currently

available software programs, the programs depend on certain as-
sumptions that are critical to accurate measurements. Practices
must ensure that these essential requisites are met before reporting
MBF measurements, regardless of the tracer employed, imaging
equipment used, or the analysis software. These requirements are
enumerated below, and some of the technical terminologies ad-
dressed are defined in the Definitions Section above.

1. Data acquisition needs to begin prior to the tracer arriving at the
heart. For 82Rb, the counts in the first frame must be zero. In the
case of 13NH3 or

18F- flurpiridaz, counts that remain from an ear-
lier acquisition must be subtracted as part of the quantification.

2. For modeling the perfusion tracer uptake, a dynamic scan ac-
quisition must start prior to the injection of the tracer and con-
tinue throughout the study to observe the kinetic transport of
the tracer from the blood pool to the myocardium.

3. For retention methods, the blood pool tracer concentration inte-
grated over time and a delayed image is used to model MBF.
The blood pool tracer concentration for the retention model can
be acquired either dynamically or as a single static frame. For
those programs that employ a single static frame, acquisition
steps (start time, dose timing, decay correction, and generator
setting) must be consistent because post acquisition quality
control may be limited.

IMPORTANT POINTS
� Ensure good free-flowing forearm IV.

� Timing is critical. Be consistent in the time interval between
stressor injection/infusion and the start of the tracer infusion.

� Try to use the same pharmacologic stressor.

IMPORTANT POINTS
� Traditional SPECT or PET MPI detects obstructive CAD but po-

tentially under-assesses CAD extent and severity.
� MBF measurement improves assessment of epicardial CAD.

� MBF improves stratification of risk for major adverse cardiac
events.

� MBF measurement improves selection of patients for coronary in-
terventionsand/or medical therapy alone.

� MBF measurement can identify coronary microvascular disease.

� MBF measurement provides assurance that vasodilator stress
has been effective.

IMPORTANT POINTS
� Measuring MBF with cardiac PET does not increase radiation or

imaging time.
� MBF can be measured with almost all PET scanners in use today,

with proper attention to injected activity and acquisition
protocols.

� MBF measurement improves diagnostic and prognostic assess-
ment, and thus may impact patient management.

� Measurement and reporting of MBF can be performed with exist-
ing personnel.

� PET MBF assesses the entirety of the coronary delivery system
including the epicardial coronaries and the microvasculature.

1600 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 11 � November 2021



4. Proper and consistent location of the blood pool region of interest
(ROI) must be confirmed (left atrium or left ventricular cavity) and
should not be touching adjacent structures. Likewise, the placement
of the myocardial ROI must be checked for accuracy.These place-
ments may differ for different software programs.

5. The dynamic sequence of images should be free of patient body
motion so that the blood pool ROI remains centered in the left
atrial or left ventricular cavity for the entire scan duration. Any
motion should be manually or automatically corrected with soft-
ware algorithms prior to MBF quantification. This is particularly
important for compartment model approaches.

6. Detector saturation must be avoided during the first pass of the
tracer by limiting the injected activity concentration, according to
scanner count-rate abilities. These artifacts can range from a loss
of quantitative accuracy to complete saturation of the detector,
preventing any counts from being recorded. Any under-estimation
of the blood input curve will result in over-estimation of MBF.21

Detector saturation is considerably more common in 3D acquisi-
tion mode than 2D. Some scanner models will routinely saturate
during the dynamic scan acquisition using standard radiotracer
dose administration rates and acquiring in 3D. Dose adjustments
may be required. In these systems, 2D acquisition of the dynamic
scan data may be preferred. Lower injected doses may be adopted
for the 3D PET scanners. Failure to follow vendor recommended
administration settings can damage the 82Rb generator elution col-
umn leading to strontium breakthrough and unintended radiation
exposure. Constant activity infusion protocols may help maintain
image quality while reducing saturation.

The following are requirements for high-quality images:

1. The myocardial ROIs need to accurately segment the myocar-
dium and exclude adjacent non-cardiac structures that may be
taking up tracer.

2. Emission and transmission (i.e., radionuclide source or CT)
images must be aligned in X-Y-Z dimensions automatically
and/or manually as needed for accurate attenuation correction.
The CT image needs to be assessed for image artifacts due to
metal objects and motion while line source images need to be
assessedfor motion.22

3. Activity in surrounding structures (liver, lung, bowel, stomach)
needs to be assessed and confirmed to be absent of spillover
into the myocardial ROI.

4. There needs to be adequate counts to ensure a good signal-to-
noise ratio.

KNOW YOUR SOFTWARE (RETENTION AND
COMPARTMENT MODELS)

Compartment Model Approach
The compartment model approach for calculating MBF requires

a series of dynamic images, shown in Figure 1, that record the

tracer kinetics from the blood into the myocardium then washout
back into the blood. This approach uses a non-linear fit of the
model to the acquired data to solve for the regional MBF, tracer
washout, and partial volume artifacts. Regional partial- volume
correction from variable wall thickness or wall motion can be
included but may be sensitive to patient body motion.

Retention Model Approach
The retention model approach for MBF assumes that tracer

retention can be determined by the blood pool concentration of
tracer and the irreversible extraction of the tracer from the blood
pool into the myocardium. The amount of radiotracer retained in
the myocardium is corrected for or normalized to the amount of
radiotracer delivered to the myocardium via arterial blood (‘‘the
arterial input function’’) and thus the integral of the arterial
radiotracer concentration (assumed to be derived from the initial
two-minute images). The observed retention of radiotracer in the
myocardium is then corrected for the flow-dependent or Kj-specif-
ic extraction fraction. By assuming the tracer does not significantly
washout from the myocardium, the blood flow can be determined
based on the tracer uptake. This model does not consider tracer
washout and assumes a partial volume correction factor. This
shortcoming can be somewhat mitigated by using a short dynamic
scan acquisition time for the acquiring MBF. Patient body motion
can be difficult to evaluate and correct depending on the number
of blood pool and/or uptake images acquired. If the myocardial
ROI matches the uptake frame and the blood pool ROI stays with-
in the visible blood pool region, patient motion should have a min-
imal effect on quantitative MBF values.
Absolute MBF estimates will differ depending on the kinetic

models (especially net retention and dynamic models) and soft-
ware employed; this variability will be less for MBFR than for
peak stress or rest absolute measurements.

A STEP-BY-STEP APPROACH TO PET MBF QUALITY
CONTROL FOR INTERPRETING PHYSICIANS
There are many FDA-approved software products for quantify-

ing MBF with PET. Each product is based on a specific tracer ki-
netic model and strategies for making the necessary measurements
to calculate MBF. If the assumptions used by the software are vio-
lated, the model will not produce reliable results. Therefore, it is
important to understand the software program, and to acquire and
process data according to its specifications.
Interpreting physicians should never accept a MBF value without re-

view of simple quality control metrics. The quality control evaluation
is an essential first step in the decision whether to report the MBF mea-
surement. This evaluation does require the interpreting physician have
appropriate software tools, knows how to use them, and understands
them in relation to the software program being used.
Regardless of the model employed or the specific software pro-

gram being used, the interpreting physician needs to be able to

IMPORTANT POINTS
� Acquisition and processing technologies (if different) must have avail-

able the quality control tools to be sure that the above essential
requisites have been met. If not met, the interpreting physician
should be alerted before the patient has been dismissed, in case
that part or the entire study needs to be repeated.

� Interpreting physicians must have the quality control tools avail-
able to be certain that the essentials above have been met before
including MBF results into the study interpretation.

IMPORTANT POINTS
� Net retention software programs work on a wide range of instru-

mentation from dedicated PET frame mode to modern list-mode
acquisition systems.

� Compartment models are suited to newer generation list-mode
systems.

� Both models are widely used in clinical practice.
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review the co-registration of emission and transmission scans, re-
view the placement of the blood pool and myocardial regions of
interest, and review both rest and stress blood pool and myocardial
time-activity curves. If the quality review fails, an attempt at cor-
rection can be considered; if correction is not feasible, then the
values should not be reported. The MBF measurements should
generally be consistent with other study results; if they are highly
discordant there needs to be even greater rigor in quality assess-
ment before reporting.

Correct Registration of Emission and Attenuation
Correction Scans
The alignment of the PET rest and stress emission images and

the transmission attenuation correction images need to be assessed
in the transaxial, coronal, and sagittal views, preferably using a
fused display. Misalignment may be due to patient and/or respira-
tory motion and result in image artifacts on the relative perfusion
images and corresponding regional decreases in MBF. Any re-
quired correction of misalignment must be performed on the PET
scanner console with repeat reconstruction after proper alignment.

Placement of Blood and Myocardial Regions of Interest (ROIs)
The placement of the ROIs for blood pool sampling (left atrium

or left ventricular cavity) needs to be reviewed. The blood pool
ROIs should be in the same location for rest and stress and should
not touch the walls of either the left atrium or the left ventricle to
avoid spillover (Figure 2).

The myocardial ROIs also must accurately encompass the myo-
cardium during all frames that will be used for determining the tracer
uptake. This ROI needs to be inspected to ensure that it is accurately
tracing the myocardium and excludes adjacent non-cardiac structures
that may contain tracer. Ideally, the software program will support
manual adjustment of boundaries if needed (Figure 2).

Time-Activity Curves
The process for inspecting the time-activity curves is different for

net retention and compartment models, however, they do share some
common quality requirements. Specifically, they are as follows:

� The time-activity curve must begin prior to the infusion or in-
jection of the tracer.

� The time-activity curve must demonstrate an initial increase in
blood pool counts followed by a precipitous drop in counts be-
cause of tracer uptake.

� The myocardial count time-activity curve must demonstrate a
steady uptake of tracer followed by a plateau of counts. For longer
acquisitions, this plateau could gently increase or decrease depend-
ing on tracer kinetics. However, there should not be any abrupt
changes in myocardial counts during the time-activity curve.

Elevated Rest MBF due to High Rate- Pressure Product (RPP)
and Effect on MBFR Calculation
PET MBF at rest ranges from 0.4 to 1.2 mL/min/g and in gener-

al varies with myocardial workload with higher MBF in patients
with increased heart rate or blood pressure.2 Myocardial blood

Figure 1. Dynamic PET imaging starts with intravenous injection (Time5 0) and follows the tracer distribution first through the right heart cavities (RA/RV blood
pool), then the lungs and into the left heart (LA/LV blood pool), and gradually extracted from the blood pool and retained in the heart tissue (myocardium).
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flow reserve (MBFR) is the ratio of stress MBF divided by rest
MBF. If heart rate or blood pressure is significantly increased
(e.g., due to holding of medications on day of study), the MBFR
ratio may appear abnormally low because the resting flow is un-
usually elevated thus increasing the denominator in the flow ratio.
In such cases, one of two approaches can be used. The rest MBF
can be ‘‘adjusted’’ using the rate-pressure product (RPP) and a
reference value such as 9000. A common way of adjusting is to di-
vide the resting MBF by the RPP and multiplying the result by the
reference value. An alternate approach is to explain in the report
that MBFR is artifactually low because of high resting MBF, and
default to the peak MBF.2 Either approach is reasonable for clini-
cal reporting.
Normal values for peak hyperemia MBF (stress) vary to some

degree within the different software programs, but generally
should be . 1.7 ml/min/gm. There has been considerable interest
in the interplay between MBFR, rest MBF, and peak stress MBF.
In the presence of an elevated rest MBF out of proportion to RPP,
and with no apparent technical explanation, the peak stress MBF
may be an important indicator of normal versus abnormal flows.16

By combining the interpretation of stress MBF with MBFR, i.e.,
normal stress MBF and low MBFR due to high rest MBF may still
be interpreted as normal. Very high resting MBFs out of propor-
tion to the RPP should raise suspicion of detector saturation.
In the absence of significant anatomic abnormalities such as

critical aortic stenosis or asymmetric hypertrophy, normal-appear-
ing rest images should not show large variances in absolute re-
gional flow. Misregistration of CT maps is the most likely cause
of large regional flow differences in normal-appearing rest images.
An attempt at re-registering the PET and CT data is possible pro-
vided that the raw image data are still available. Although not typi-
cally stored permanently, it is important to retain the raw data until
completion of the flow calculations in order to make sure that cor-
rections for PET and CT misalignments are still possible.

Software-Dependent Considerations
Net Retention Model: Placement of ROIs and Time-Activity

Curves In the net retention model, the myocardial ROI is general-
ly determined from a single myocardial scan (usually the last
frame). This ROI needs to be inspected to ensure that it is accu-
rately tracing the myocardium and excludes adjacent non-cardiac
structures that may contain tracer. Ideally, the software program
will support manual adjustment of boundaries if needed. It is im-
portant to remember that the net retention model does not solve
for the partial volume correction. It is an external parameter deter-
mined by the scanner resolution and reconstruction parameters.
Because of this, it must be adjusted whenever different scanners or
reconstruction filters are used.
The net retention model relies on measuring the integrated con-

centration of the tracer in the blood pool up until the acquisition
time of the myocardial uptake frame. The integration can be made
by simply acquiring two images: one blood pool and one myocar-
dial uptake. The limitation of this approach is that it is difficult to
quality check. Changes in bolus shape, infusion start time, or ex-
cessive patient motion, could alter MBF values. Another approach
is to measure a dynamic blood pool concentration. This has the ad-
vantage that each dynamic frame can be decay corrected to the up-
take time. It is also less susceptible to changes in the shape of the
input bolus. Blood pool curves for the net retention model should
demonstrate the following:

� Near zero counts in the first dynamic frame of the 82Rb
acquisition

� A strong peak of activity between 25 and 75 seconds after start
of infusion

� Good blood pool clearance prior to the myocardial uptake
frame. The myocardium should be clearly defined and brighter
than the blood pool during the final uptake frame of the dynam-
ic series.

Figure 2. Quality assurance schematic for PET MBF using a dynamic net retention model.
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Compartment Model: Placement of ROIs and Time-Activity
Curves In the compartment model, the myocardial ROI needs to be
reviewed for correct placement and avoidance of adjacent structures
in each frame of the acquisition (Figure 3). If there is motion between
the frames, this should be corrected. Motion in the blood pool phase
is particularly important to correct. Post-reconstruction alignment can
improve accuracy, but AC misalignment artifacts may remain and
any study with patient motion should be interpreted with caution.
With a compartment model, the dynamic time- activity curves

show the blood pool and myocardial activities, the model fit to the
measured myocardial activity, as well as blood pool spillover and
the partial- volume-corrected myocardial curve (Figure 4).

� The blood pool and myocardial activity curves should start at
zero (at least one background frame prior to radiotracer infu-
sion) and have single peaks (multiple peaks suggest patient mo-
tion, radiotracer infusion issues, or detector saturation).

� The rest and stress blood pool curves should have similar
shapes and peaks, assuming similar injected radiotracer doses,
although stress peaks are somewhat lower due to increased
heart rate and/or stroke volume resulting in faster clearance of
tracer from the blood pool.

� The uptake and MBF maps should have similar regional distri-
butions. If available, the goodness-of-fit parameter polar maps

should be homogeneous with high values for the R2 map (corre-
lation of the fitted model to the raw data) and low values for the
v2 map (random distribution of noise).

� Blood pool spillover polar maps used for partial- volume cor-
rection should be carefully examined. Asymmetric spillover dis-
tribution may suggest patient motion, particularly during the
blood pool phase or improper contours for the myocardium.

Figure 3. Patient motion during the uptake phase of a 82Rb stress MPI scan. The temporal sequence is from top to bottom. At the beginning of the ac-
quisition, the blood pool and myocardial ROIs are in correct place, but as the scan progresses, the ROIs are no longer positioned over their respective re-
gions. To obtain accurate blood flowmeasurements, this motion during the dynamic phase must be corrected.

IMPORTANT POINTS

When interpreting MBF measurements, physicians need to use qual-
ity control tools to ensure measurement integrity:

� Correct registration of emission and transmission scans.

� Correct placement of blood pool and myocardial ROIs. These place-
ments are dependent on the software and kinetic model being used.

� Time-activity curves for the software program should be reviewed
to ensure they captured the necessary data and to evaluate the
placement of the blood pool and myocardial ROIs.

� Review of the time-activity curves should establish the entire trac-
er input was captured during the dynamic acquisition and the
placement of the ROIs are correct throughout the entire dynamic
acquisition.
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INTERPRETING AND REPORTING MYOCARDIAL
BLOOD FLOW
The incremental value of PET stress MBF and MBFR for the diag-

nosis of epicardial CAD and determining prognosis compared to rela-
tive MPI has been recently reviewed.2 Diagnostic sensitivity is
improved but specificity may be decreased for CAD due to impairment
of stress MBF and MBFR with microvascular disease and diffuse ath-
erosclerosis, thereby identifying a previously unrecognized disease

process. However, the negative predictive value for high-risk CAD
with a normal MBFR . 2 is high. Similarly, a normal MBFR . 2 is
associated with an excellent prognosis (Table 1).
The approach to interpretation of MBF should be additive to the

cardiac PET perfusion and functionaldata and should await evalua-
tion after those two components are assessed. As mentioned in the
previous sections, before interpreting the MBF data, the reader
should be assured that the quality control is adequate. We

Figure 4. Quality assurance data for 82Rb stress PET MBF analysis using a one-tissue compartment model. (A) Orientation of left ventricular long axis
to center of short axis, (B) LV tissue contours (red) centered on the myocardium in normal and abnormal regions, and the LV blood pool region (white
cavity, base, and atrium) not overlapping the myocardium, (C) Dynamic time-activity curves for arterial blood pool input (red), myocardial tissue (blue
squares), spillover and partial-volume-corrected myocardium (cyan line), kinetic model curve (blue solid line) fitting through the myocardial tissue points,
with residuals (green diamonds) randomly scattered around zero, and (D) Regional polar maps showing relative uptake (ACTIVITY), MBF (FLOW), Uptake
rate constant (K1), total blood volume fraction (TBV), and goodness-of-fit parameters including the normalized v2 (ideally , 3), R2 (ideally close to 1),
Convergence (Conv) of the model fitting within the iterations (Iter) limit or other Errors, and whether the fitted parameters are within the expected Bounds
(upper and lower limits).
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recommend evaluation of the rest and stress MBF and MBFR
data, globally, for each vascular territory, and segmentally within
each vascular territory. It should be noted that the prognostic data
in the literature are primarily based on global MBFR and small
variations in each vascular territory do exist. In certain circumstan-
ces in which there is a small reversible defect confined to one vas-
cular territory, the MBFR for the entire vascular region may be in
the normal range (for example the LAD). Interrogation of the indi-
vidual segments in the vascular distribution will provide more
specific information about vessel branches (Figure 5). However,
precision of MBF measurement decreases with smaller segments
due to more statistical noise. Care must be taken to avoid over-in-
terpretation of small reductions in MBF in small regions.
The MBF and MBFR information should be interpreted in a

clinical context as the presence or absence of CAD changes the
approach to the data. MBFR has value in both patients with known
CAD as well as those with suspected CAD (Table 2). The case ex-
amples that follow will illustrate many of the key values of MBF
assessment in conjunction with myocardial perfusion data.
The reporting of PET studies with MBF must address the ques-

tion of the referring physician and the clinical context such as pos-
sible ischemia in a patient with chest pain or CAC, hemodynamic
significance ofknown CAD lesion, possible transplant vasculop-
athy, or possible microvascular disease. A list of useful sentences
for reporting PET MBF studies is found in Table 3.
A rest/stress PET MPI scan provides traditional relative perfu-

sion images, rest global function, rest regional wall motion and
thickening, peak stress global function, peak stress regional wall
motion and thickening, transient ischemic dilation (TID) ratio, and
CAC (in case of hybrid cameras or when a cardiac-appropriate CT
scanner is available). In the current era, rest global and regional
MBF, peak stress global and regional MBF, and global and region-
al MBFR measurements are also routinely available and should be
considered for inclusion in reports. Referring physicians will not
initially know how to incorporate MBF measurements into man-
agement decisions; therefore, the wording needs to assist with
how the MBF measurements affect overall study results with re-
spect to diagnosis and risk. It may be advisable early on to limit
reporting of MBFs to global and regional MBFR. Table 1 provides
someguidance on how to regard different global MBFR measure-
ments in relation to perfusion appearances.
MBF measurements are derived on a pixel-by-pixel basis, aver-

aged into segments, further averaged into presumed coronary dis-
tributions, and finally averaged for the entire myocardium (global).
Practically, emphasis is placed on the global MBFR because that

is the parameter associated most closely with prognosis. However,
there is also important information provided by the MBFR meas-
urements in relation to coronary distributions. In addition, it can
be useful to look at the segmental scores as shown in Figure 5.
Sometimes, side-branch territories can have very low MBFR,
‘‘hidden’’ by normal flows in the major vessel distribution. Mea-
surement of MBF may result in differing results depending on the
software, radiotracer, and protocols used for imaging and analysis.
Serial patient MBF measurements are best done using the identical
approach for imaging and analysis.

A COMMON DISCORDANCE BETWEEN PERFUSION AND MBF
Perhaps the most challenging result from the standpoint of an

interpretative report is the situation where the images appear visu-
ally and semi-quantitatively normal but MBFR is low or very low.
First, the interpreter needs to be certain that there are no technical
or patient-specific explanations that would either erode confidence
in the accuracy of MBFR or suggest that reporting of flow data
would simply confuse decisionmaking for the referring clinician.
Absent the above considerations, this result can be reflective of

any of 4 pathophysiologies: multivessel CAD, coronary microvas-
cular disease, a combination of moderate diffuse epicardial CAD
and coronary microvascular disease, or a circulating pharmacologic
stress inhibitor (most commonly caffeine-containing substances).

TABLE 1
General interpretation and classification of risk in relation to global MBFR

MBFR Interpretation Relative risk

.2 Normal Low

1.7-2 Mildly abnormal Intermediate

1.2—, 1.7 Abnormal High

,1.2 with a perfusion defect Highly abnormal Very high

,1.2 without a perfusion defect Consider non-diagnostic study Indeterminate

Cutoffs are generally arbitrary and may vary slightly between labs, software used, stressors used, and published studies. The principle
is that the lower the flow reserve the greater the relative risk

IMPORTANT POINTS
� Global MBFR .2 has been shown in numerous studies to corre-

late with an excellent prognosis.
� Low MBFR in the setting of no known CAD will usually require

further testing such as invasive coronary angiography or CTA to
rule out epicardial CAD. However, there will not be a 1:1 correla-
tion of low MBFR and epicardial CAD, as some patients will have
microvascular disease alone or in combination with mild-moder-
ate epicardial CAD.

� The lower the MBFR the greater the likelihood of multivessel ob-
structive CAD,9 the worse the prognosis and the greater the likeli-
hood of benefit from revascularization.18

� Because MBF measurements may be unfamiliar to referring
physicians, the way in which they are reported needs to be suffi-
ciently instructive that the measurement has clinical meaning.

� The interpreting physician should recognize that MBFR calcula-
tions maybe less helpful in patients with prior CABG, prior large
infractions, and end- stage renal disease. In addition, the calcula-
tion will be invalid in the presence of severe mitral or aortic
regurgitation.
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The interpreting physician should first consider the presence of an
inhibitor. A repeat conversation with the patient will be helpful to
reduce likelihood of this possibility. If there remains uncertainty,
the test could be repeated the same day with dobutamine or on an-
other day after at least 24 hours of no caffeine or other inhibitors.
A CACS can be pivotal in deciding next best steps. In the pres-

ence of high CAC, the next recommendation would be invasive
coronary angiography to differentiate epicardial CAD from micro-
vascular disease. When the CAC is low, CTA or no further testing
may be recommended.
In some cases, the finding of non-diseased coronary arteries by

either invasive coronary angiography or CTA may be sufficient to
initiate empiric treatment for microvascular disease. If empiric
treatment fails to improve symptoms, invasive studies may be
helpful to elucidate the cause of the microvascular disease, so that
more disease-focused therapies can be selected.

CASE EXAMPLES
Measurement of MBF will only be helpful clinically if incorpo-

rated into the report in a way that is sufficiently directive that the
referring physician understands how this extra data affects

diagnosis, prognosis, and decision-making. This added informa-
tion has been shown to be helpful in more specific scenarios than
can be fully covered in this ‘‘Practical Guide.’’ However, in daily
practice, there are some commonly encountered clinical scenarios
where reporting of MBFR will be helpful beyond perfusion defect
evaluation. It is not difficult to educate referring physicians about
how to use MBFR information in these cases. We suggest that
these cases are good examples of how blood flow data should
influence study results and clinical decisions.

Case 1. Normal Myocardial Perfusion and Normal Myocardial
Blood Flow Reserve (Figure 6)
A 49-year-old woman presented with intermittent exertional

chest discomfort. Her only CAD risk factor was dyslipidemia. The
referral question was ‘‘Assess for ischemia.’’ She underwent di-
pyridamole 82Rb PET MPI.
The study was reported as (1) No ischemia or regions of

infarction; (2) Normal regional and global LV function at rest; (3)
Normal augmentation of LVEF with stress; (4) Normal MBFR
globally and in the distributions of all three coronary arteries; (5)
The CACS is zero.

TABLE 2
Clinical value of myocardial blood flow reserve

No known CAD

High negative predictive value in combination with normal perfusion

Confirm an abnormality is CAD

Predict more severe disease: e.g., 1-vessel abnormal perfusion, 2-3-vessel abnormal MBFR

Confirm single vessel disease: 1 vessel abnormal perfusion, 1 vessel abnormal MBFR Normal perfusion, abnormal MBFR:
identify balanced CAD, microvascular disease

Identify non-responder: all patients

Known CAD

Often abnormal after CABG, CAD history, myocardial infarction

Cardiomyopathy less useful but if normal, helps exclude CAD

Renal failure patients generally abnormal

Post PCI may be abnormal, but most useful if pre-PCI data available

Identify non-responder: all patients

TABLE 3
Examples of useful sentences for reporting PET MBFR

In the Description

There was a rise in MBF between rest and stress

There was no rise in MBF between rest and stress

Global MBFR was (provide number)

In the Conclusion

Normal MBFR confirms study normalcy, which indicates lower risk of CAD beyond normal perfusion and predicts a low risk
for major coronary-related events

Despite normal myocardial perfusion, MBFR is abnormal, placing the patient in a higher risk category for CAD and cardiac-
related events in patients with no known CAD

There is a perfusion defect in a single coronary territory along with corresponding regional reduction in MBFR. Normal MBFR
within the remainder of the myocardium makes more extensive CAD unlikely

While the perfusion indicates single vessel disease, MBFR is globally reduced, raising concern for more extensive CAD

The absence of a rise in MBF with normal perfusion does not exclude CAD

MBFR is not reported in this patient due to technical or patient-specific concerns that can affect accuracy and inappropriate
clinical decisions
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Teaching Points Normal relative stress perfusion images and nor-
mal MBFR are associated with a very low risk of cardiac death
(,0.5% per year).10 Note that the normal-appearing perfusion images
alone do not rule out extensive CAD, 50% left main CAD, severe cor-
onary microvascular disease, balanced flow reduction, or non-respon-
siveness to the vasodilator. The normal MBFR establishes physiologic
normality of the epicardial coronaries and the microvasculature. The
absence of CAC is important in ruling out subclinical CAD.

� Myocardial perfusion alone does not exclude: .50% left main
disease, extensive CAD, balanced MBreduction, extensive mi-
crovascular disease, non-response to vasodilation.

� Normal MBFR in addition to normal perfusion establishes physiolog-
ic normality of the epicardial arteries and the microvasculature.

� Normal MBFR confirms study normalcy, which indicates lower
risk of CAD beyond normal relative perfusion and predicts
a low risk for major coronary- related events.

Case 2: Normal Myocardial Perfusion But Abnormal
MBFR (Figure 7)
A 92-year-old man with a 6-month history of atypical chest

pains, not responsive to an array of therapies was evaluated with
regadenoson rest/stress 82Rb PET MPI.

Rest
(mL/g/min)

Stress 
(mL/g/min)

Reserve
(Stress/Rest)

LAD 0.81 1.70 2.10

LCx 0.78 1.65 2.11

RCA 0.79 1.95 2.46

Global 0.80 1.72 2.15

Figure 5. Review segmental measurements of MBF, as sometimes the global and coronary territory scores can be normal, despite abnormal values in side-
branch territories. Note reduced flows in the distal territory of the LCx coronary artery, despite the global LV and LCxMBFR 2x resting flows.

A B

C

Rest 
(mL/g/min)

Stress
(mL/g/min)

Reserve
Stress/Rest

LAD 1.20 4.13 3.44

LCx 1.12 3.40 3.06

RCA 1.13 4.12 3.60

Global 1.16 3.94 3.38

Figure 6. Case 1 (A) Dipyridamole stress and rest 82Rb MPI PET images, (B) MBF and MBFR, (C) CT for attenuation correction and assessment
of coronary calcium.
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The study was reported as (1) No ischemia or regions of
infarction; (2) Normal regional and global LV function at rest; (3)
Absence of augmentation of LVEF with stress; (4) Abnormally
low MBFR globally and in the distributions of all 3 coronary arter-
ies; (5) CACS is 1345. (6) Despite the normal scan appearance, this
study is high risk for major adverse cardiac events based on the high
CACS and the low MBFR. MBFR data was used in the decision to
send the patient for cardiac cathereterization. This patient had severe 3-
vessel disease and underwent coronary artery bypass graft surgery.
Teaching Points An important value of MBFR measurement

involves the reclassification of a normal MPI from low risk to high-
risk study.10 The low MBFR along with the high CACS is suggestive
of multivessel CAD. Coronary angiography would be reasonable in
follow-up. Although many of these cases will demonstrate multives-
sel CAD, some will have moderate epicardial CAD along with
microvascular disease. Such patients remain at high risk for adverse
outcomes despite the absence of a need for revascularization.

� The high CACS establishes the presence of CAD.
� Abnormal MBFR despite normal perfusion reclassifies the study

from low risk to high risk for cardiac- related events.
� The low MBFR in conjunction with a high CACS increases

suspicion for significant obstructive multivessel CAD.
� The report could include the following conclusion statement:

despite normal relative myocardial perfusion, MBFR is abnor-
mal, placing the patient in a high-risk category for multivessel
CAD and cardiac- related events.

Case 3: A Case of a Non-responder to Vasodilation
(Figures 8 and 9)
A 54-year-old morbidly obese man presented to hospital with

palpitations, dyspnea, and chest pressure. He was found to have
atrial fibrillation and rapid ventricular response. His ECG showed

mild ST depression and his serum troponin peaked at 0.07 ng/ml.
He spontaneously converted to sinus rhythm two hours after onset
of his symptoms. The ED physician started oral diltiazem and
apixaban and ordered a 82Rb PET MPI with MBFR.
The study was reported as follows: (1) Poor quality study likely

due to the patient’s very large size (BMI 52); (2) No definite ische-
mia or regions of infarction; (3) Normal regional and global
function at rest with LVEF 49%, augmenting normally to 54%
with vasodilation. (4) No change in MBF globally and in the distri-
bution of all 3 coronary arteries. (5) A MBFR of ,1.2 in setting of
no definite perfusion defects raises likelihood of a nondiagnostic test
due to vasodilator inhibition. The rest flows are high and contributed
to the low MBFR values. However, the global and regional stress
flows are low as well and may be due to inadequate vasodilation.
Recommend repeating the test off caffeine for at least 24 hours.
After it was determined the patient had consumed caffeine prior

to the first test, a repeat study was performed following 24 hours of
being caffeine free. Results are shown in Figure 9. The repeat study
was reported as follows: (1) There are large and severe reversible
perfusion defects anteriorly and laterally; (2) The left ventricle tran-
siently dilates; (3) Left ventricular function is normal at rest region-
ally and globally, with LVEF 55%; (4) Left ventricular function
deteriorates at peak vasodilation, with decreased contraction anteri-
orly, apically, and laterally, and drop in LVEF to 42%; (5) MBFR is
globally abnormal and is especially low in LAD and LCx territories;
(6) High-risk study suggestive of left main and/or multivessel CAD.
The patient underwent coronary angiography and was found to

have 80% narrowing of the left main coronary artery with diffuse
mild-moderate other coronary disease.
Teaching Points Lack of increase in MBF after administration

of a vasodilator should always raise suspicion of a non-diagnostic
test. Minimal increases can be seen in the setting of severe CAD,
but in those cases, there is normally sufficient non-uniformity of

A B

C

Rest 
(mL/g/min)

Stress
(mL/g/min)

Reserve
(Stress/Rest)

LAD 0.81 1.11 1.36

LCx 0.91 1.15 1.26

RCA 0.84 1.11 1.32

Global 0.84 1.11 1.33

Figure 7. Case 2. (A) Regadenoson stress and rest 82Rb MPI PET images, (B) MBF and MBFR, (C) CAC scan.
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tracer uptake to favor a diagnosis of CAD. Options are to wait 24
hours with strict patient preparation, or to test with dobutamine. In-
adequate patient preparation (ideally no caffeine for 24 hours; hold
for medications known to be vasodilator inhibitors) is commonly
encountered in patients recently admitted to hospital, and even in
the out-patient setting. There may also be patients with high levels
of adrenergic tone in whom the vasodilator effect is not realized.

Normal perfusion with low or very low MBFR is commonly en-
countered. Explanations can include severe balanced flow reduction
due to multivessel disease, severe microvascular disease, a combi-
nation of moderate severity epicardial disease and microvascular
disease, and non-responsiveness to the vasodilator. Further testing
is needed. An important first step is establishing whether inhibitors
such as caffeine might have affected test results. If this seems

A B

Rest 
(mL/g/min)

Stress
(mL/g/min)

Reserve
(Stress/Rest)

LAD 0.80 0.95 1.20

LCx 0.98 1.08 1.11

RCA 1.05 1.32 1.26

Global 0.91 1.09 1.20

Figure 8. Case 3. (A) Regadenoson stress and rest 82Rb MPI PET images, (B) MBF and MBFR.

A B

Rest 
(mL/g/min)

Stress
(mL/g/min)

Reserve
(Stress/Rest)

LAD 0.54 0.81 1.50

LCx 0.51 0.83 1.64

RCA 0.60 1.37 2.28

Global 0.55 0.98 1.76

Figure 9. Follow-up images for Case 3. (A) Regadenoson stress and rest 82Rb MPI PET images, (B) MBF and MBFR.
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unlikely, a CACS would be very useful in deciding whether inva-
sive coronary angiography or CTA should be next steps.

� Homogeneous lack of global increase of MBF and therefore
MBFR of 0.8-1.2 in the setting of normal myocardial perfusion
raises the possibility of a nondiagnostic test.

� Minimal increases in MBF can be seen in the setting of severe
CAD, but in those cases, there is normally sufficient non-unifor-
mity of tracer uptake to favor a diagnosis of CAD.

� The test should be repeated if a source for an antagonist to
vasodilation can be found such as unreported caffeine consump-
tion. If not, alternative explanations should be sought. Knowl-
edge of CAC can help guide decision-making.

� The first test conclusion should include the following: The ab-
sence of a rise in MBF with stress and normal relative perfusion
images does not exclude CAD.

Case 4: A Female Patient with Coronary Microvascular
Disease (Figure 10)
A 72-year-old woman complains of exertional dyspnea. She has

a long history of poorly controlled essential hypertension. Normal
pulmonary function tests were reported. Her LVEF was 68% by
echocardiogram. The patient was referred for 82Rb PET MPI to
determine if the dyspnea was an anginal equivalent.
The study was interpreted as follows: (1) Normal perfusion at stress

and rest; (2) Normal regional and global left ventricular function at rest
with LVEF 70%, augmenting normally to 74% with vasodilation
stress; (3) Abnormal MBFR averaging 1.2 times baseline flows, bal-
anced within all three coronary territories; (4) CACS is 2; (5) Overall,
given the normal perfusion with severe reduction in MBFR with very
low calcium score, the study is most consistent with coronary microvas-
cular disease, although it is possible that this patient had inhibitors of
vasodilation. A repeat study should be considered with rigid control of
all medications known to be competitive antagonists to regadenoson.

Teaching PointsMany patients with symptoms suggestive of angi-
na (exertional chest pain and/or dyspnea) and normal-appearing scans
have abnormally low MBFR. A CAC screen is a reasonable next
test—if the score is high, epicardial CAD remains a consideration.
However, when CAC is absent or the score is low, the diagnosis of
coronary microvascular disease is more likely. It is important to rule
out other potential causes of dyspnea including lung diseases, anemia,
endocrine disorders, other forms of heart disease, and deconditioning.
Invasively determined coronary hemodynamics can also be useful for
confirmation as well as sometimes elucidating a specific etiology.
When MBFR isextremely low, as in this case, it may be necessary to
obtain a confirmatory repeat measurement, as was done here.

� The presence of a low CACS in the setting of abnormal MBFR
generally suggests coronary microvascular disease rather than
epicardial CAD.

Case 5: A Patient with Apparent Single Vessel Epicardial CAD
and Globally Normal MBFR (Figure 11)
An 80-year-old man with known chronic total occlusion of the

RCA, presents with worsening exertional dyspnea. He undergoes a
rest/regadenoson stress 82Rb PET MPI study.
The study was interpreted as follows: (1) There is a moderate-

sized severe reversible perfusion defect of the inferior and infero-
septal walls, in the distribution of the known occluded right
coronary artery; (2) At rest, all walls thicken and contract normally
and LVEF is 63%; (3) At peak stress, the inferior wall becomes
akinetic, but LVEF increases to 68%; (4) MBFR is globally normal
at 2.1 times baseline flows and is normal for LAD and LCx territo-
ries. However, MBFR is abnormally low for the inferior wall; (5)
Overall, the findings are consistent with known occluded RCA and
non-flow- limiting disease of either the LAD or LCx.
Teaching Points Cardiac PET MPI is often performed in pa-

tients with known CAD. Many have undergone prior coronary

A B

Rest 
(mL/g/min)

Stress
(mL/g/min)

Reserve
(Stress/Rest)

LAD 0.61 0.78 1.27

LCx 0.59 0.65 1.09

RCA 0.80 0.92 1.14

Global 0.67 0.79 1.19

Rest
(mg/g/min)

Stress
(mg/g/min)

Reserve
(Stress/Rest)

LAD 0.80 0.95 1.20

LCx 0.98 1.08 1.11

RCA 1.05 1.32 1.26

Global 0.91 1.09 1.20

C

Figure 10. Case 4. (A) Regadenoson stress and rest 82Rb MPI PET images, (B) Day 1 MBF and MBFR data. (C) Day 2 MBF and MBFR data.
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angiograms and interventions. When patients become concerned
about changes in how they feel, a stress MPI is frequently ordered.
Because of a priori knowledge of coronary anatomy, the focus is
on unexpected findings. The problem with spatially relative assess-
ments is that a severe abnormality might garner all the attention,
when in fact what is of concern is the regions with better perfu-
sion. MBFR becomes of paramount importance in recognizing
whether MBF physiology is intact in the other regions. Imagine
how the management of this case would have changed, if the
MBFR was abnormally low for the LCx and LAD distributions!

� The presence of single vessel ischemia is confirmed by abnor-
mal MBFR in that region only, suggesting single vessel CAD at
catheterization.

� The presence of single vessel ischemia but abnormal MBFR in
2 or 3 vascular territories indicates a likelihood of multivessel
CAD at catheterization.

� The report might include in the conclusion: Relative myocardial
perfusion and MBFR indicate single vessel disease.

Case 6: Overestimation of MBFR in a Patient with Extensive
Transmural Scar (Figure 12)
A 61-year-old man with remote history of large anterior myocar-

dial infarction and totally occluded LAD, subsequent development
of severe left mainstenosis treated with left main and LCx stenting
2 years ago returns with recurrent angina. Assess for ischemia.
The dipyridamole 82Rb PET MPI study was reported as (1)

Large area of severely reduced tracer uptake in the anterolateral,
anterior, anteroseptal, and septal walls and apex with mild
improvement on rest imaging consistent with a large area of mild
ischemia, non-transmural scar, and transmural scar in the LAD
distribution; (2) Moderately dilated LV, severely reduced EF (rest
21%, stress 17%) and global mild hypokinesis with akinesis of the

septum, mid, and apical anterior wall and apex during rest and
stress; (3) MBFR is reduced in the LAD territory due to extensive
scar (0.24). Note also the very low absolute stress MBF. MBFR
values for the RCA and LCx territories are within normal limits.
The patient underwent coronary angiography showing proximal

occlusions of the LAD and first diagonal branch, patent stents to
the LM and LCx and diffuse mild-to-moderate disease of the LCx
and RCA. Medical management was recommended.
Teaching Points MBFR may be relatively preserved in the area

of infarction in patients with low rest and stress values (and contrib-
ute to a higher-than- expected global MBFR). In this patient, the ab-
solute increase in stress MBF compared to rest was severely reduced
in the LAD territory and consistent with the occluded LAD. The cal-
culated MBFR values should be reported for the non-infarct regions,
but the global MBFR will be contaminated by the misleading values
for the infarct region (since both stress and rest flow are proportional-
ly lower in the infarct zone) and should not be reported.

� Regions of infarction often have low resting flows.
� MBF in regions of predominant infarction may increase propor-

tionally with vasodilation, such that MBFR appears normal.
Usually, peak MBF remains low.

� MBFR in regions of predominant infarction may be normal or
possibly high which can be misleading and affect global MBFR
values. In such cases, the focus of MBFR reporting should be
more on non-infarct territories.

CONCLUSIONS

This Practical Guide to interpretation and reporting of MBF
with cardiac PET MPI was developed to encourage and assist
clinicians in the implementation of this relatively new approach to
evaluate patients with known or suspected CAD. As has been em-
phasized, MBF evaluation provides complementary information to

A B

Rest 
(mL/g/min)

Stress
(mL/g/min)

Reserve
(Stress/Rest)

LAD 0.44 1.00 2.27

LCx 0.48 0.96 1.99

RCA 0.41 0.76 1.83

Global 0.44 0.92 2.09

Figure 11. Case 5. (A) Regadenoson rest and stress 82Rb PET MPI, (B) MBF and MBFR data.
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MPI that adds considerably to the value of the testing procedure in
the diagnosis and risk stratification of CAD and cardiac events.
This Practical Guide should provide interpreting physicians with
the knowledge to take advantage of this new tool.
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Rest
(mg/g/min) 
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Reserve
(Stress/Rest)
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LCx 0.58 1.49 2.40

RCA 0.61 1.82 2.95

Global 0.43 1.07 2.22

A

B

Figure 12. Case 6. (A) Dipyridamole stress and rest 82Rb MPI PET images, (B) MBF and MBFR
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ABBREVIATIONS

AC Attenuation correction
ASNC American Society of Nuclear Cardiology
CAC Coronary artery calcium
CACS Coronary artery calcium score
CAD Coronary artery disease
CT Computed tomography
CTA Computed tomography angiography
LAD Left anterior descending
LCx Left circumflex
LVEF Left ventricular ejection fraction
MBF Myocardial blood flow
MBFR Myocardial blood flow reserve
MPI Myocardial perfusion imaging
PET Positron emission tomography
RCA Right coronary artery
RPP Rate pressure product
SNMMI Society of Nuclear Medicine and Molecular

Imaging

DEFINITIONS

Blood pool input curve Measures the concentration of radiotracer
activity in the blood as a function of time.
Typically measured in MBq/ (cm2s) or
mCi/(cm2s)

Blood pool region
of interest

Software specific, small area, selected for
measuring the blood pool input curve

Detector saturation Occurs when the number of singles events
being received at the scanner exceeds the
rate at which they can be accurately counted

Dynamic scan Consecutive series of short tomographic
scans typically used to measure radiotrac-
er kinetics

Fused display Overlay of the anatomical volume recon-
struction (usually from a CT) and the emis-
sion reconstruction (PET). Used for quality
control to detect misregistration and anatom-
ical localization of tracer uptake

Partial volume
correction

Corrects the radiotracer uptake mea-
surement for the finite resolution of
the PET scanner

Retention methods Used to determine the myocardial blood
flow from the integral of the blood pool
input curve and the final myocardial trac-
er uptake values

Single tissue
compartment model

Uses a dynamic model of the arterial in-
put function, myocardial uptake, and
washout to calculate blood flow
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Dose–Response and Dose–Toxicity Relationships for Glass
90Y Radioembolization in Patients with Liver Metastases
from Colorectal Cancer
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Arthur J.A.T. Braat, Rutger C.G. Bruijnen, Bart de Keizer, and Marnix G.E.H. Lam

Division of Imaging and Oncology, University Medical Center Utrecht, Utrecht University, Utrecht, The Netherlands

Radioembolization based on personalized treatment planning requires
established dose–response and dose–toxicity relationships. The aim
of this study was to investigate dose–response and dose–toxicity rela-
tionships in patients with colorectal liver metastases (CRLMs) treated
with glass 90Y-microspheres. Methods: All CRLM patients treated
with glass 90Y-microspheres in our institution were retrospectively
analyzed. The tumor-absorbed dose was calculated for each measur-
able metastasis (i.e.,18F-FDG–positive and more than a 5-cm3 tumor
volume) on posttreatment 90Y PET. Metabolic tumor response was
determined on 18F-FDG PET/CT by measuring the total lesion glycoly-
sis at baseline and at 3 mo after treatment. The relationship between
tumor-absorbed dose and metabolic response was determined on a
per-lesion and per-patient basis using a linear mixed-effects regres-
sion model. Clinical toxicity and laboratory toxicity were correlated
with healthy liver–absorbed dose. Results: Thirty-one patients were
included. The median tumor-absorbed dose of 85 measurable metas-
tases was 133 Gy (range, 20–1001 Gy). Per response category, this
was 196 Gy for complete response (CR), 177 Gy for partial response
(PR), 72 Gy for stable disease, and 95 Gy for progressive disease (PD).
A significant dose–response relationship was found on a tumor level,
with a significantly higher tumor-absorbed dose in metastases with
CR (194%) and PR (174%) than in metastases with PD (P , 0.001).
A similar relationship was found on a patient level, with PR having a
higher tumor-absorbed dose than did PD (158%, P 5 0.044). A
tumor-absorbed dose of more than 139 Gy predicted a 3-mo meta-
bolic response with the greatest accuracy (89% specificity and 77%
sensitivity), whereas a tumor-absorbed dose of more than 189 Gy pre-
dicted response with 97% specificity and 45% sensitivity. The median
healthy liver–absorbed dose was 63 Gy (range, 24–113 Gy). Toxicity
was limited mostly to grades 1 and 2, with 1 case of
radioembolization-induced liver disease in a patient who received the
highest healthy liver–absorbed dose. A positive trend was seen for
most laboratory parameters in our dose–toxicity analysis. Conclu-
sion: A significant relationship was observed between dose and
response in CRLM patients treated with glass 90Y radioembolization.

Key Words: radioembolization; dose–response relationship; 90Y PET;
colorectal liver metastases; total lesion glycolysis

J Nucl Med 2021; 62:1616–1623
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Radioembolization is an established treatment option for
patients with unresectable primary and secondary liver tumors (1).
Microspheres containing 90Y or 166Ho are injected intraarterially
to deliver a high radiation dose to the tumors. In hepatocellular
carcinoma (HCC), the treatment effect was shown to be dependent
on the tumor-absorbed dose, with higher doses achieving a better
response (2,3). However, increasing the tumor-absorbed dose by
administering higher activities also increases the healthy
liver–absorbed dose. The relative distribution of microspheres
between healthy liver tissue and tumor tissue, which varies greatly
between different patients and tumor types, can be predicted by
performing a simulation procedure before the treatment itself. This
distribution can be used to perform compartment-model dose plan-
ning, allowing for high tumor-absorbed doses while staying within
the safety limits of the healthy liver–absorbed dose. This is espe-
cially important in patients with colorectal liver metastases
(CRLMs), who tend to have less favorable tumor–to–healthy liver
distributions than do patients with other tumor types. In 1 study,
CRLM patients had a mean tumor-to-nontumor uptake ratio of
1.7, compared with 7.2 in HCC (4). Furthermore, CRLM patients
may have received hepatotoxic systemic treatment, hepatic sur-
gery, or local ablative procedures, limiting the tolerable healthy
liver–absorbed dose.
A strong dose–response relationship in CRLM patients was

found for radioembolization using resin 90Y-microspheres and
166Ho-microspheres but has not been demonstrated for glass
90Y-microspheres (5,6). The dose–response relationship for glass
90Y-microspheres is not equal to the relationship for resin 90Y- or
166Ho-microspheres because of important differences in the char-
acteristics of these products (e.g., number of microspheres, distri-
bution, specific activity, radioisotope, and density).
The aim of this study was to investigate the dose–response and

dose–toxicity relationships of glass 90Y-microsphere radioemboli-
zation in CRLM patients.

MATERIALS AND METHODS

Study Design and Patient Selection
All CRLM patients treated with glass 90Y-microspheres between

January 2012 and December 2019 at our institute were screened for
inclusion. This study was approved by our ethical research committee,
and the need for informed consent was waived.

Reasons for exclusion from this study were that 18F-FDG PET had
not been performed or had been performed more than 10 wk before
treatment, the patient had undergone previous whole-liver
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radioembolization, image registration was poor, and 90Y PET had not
been performed after treatment. To qualify for the dose–response eval-
uation, patients were required to have undergone follow-up 18F-FDG
PET/CT within 2–4 mo after treatment and to have 18F-FDG–positive
tumors larger than 5 cm3 at baseline. For the dose–toxicity evaluation,
patients who received sequential whole-liver treatments (i.e., right,
and left lobes treated separately) for less than 3 mo were excluded
because of time-interval bias and inaccuracy of the healthy
liver–absorbed dose measurement.

Treatment Procedures
Candidates for 90Y radioembolization treatment underwent a work-

up with 18F-FDG PET/CT and multiphasic CT of the liver and were
discussed by a multidisciplinary tumor board. All patients had to be in
acceptable clinical condition (World Health Organization performance
score of 0–2) and have adequate organ function. One to 2 wk before
treatment, eligible patients underwent preparatory angiography, in
which a surrogate dose (6150 MBq) of 99mTc-macroaggregated albu-
min (99mTc-MAA) was administered to simulate the intra- and extra-
hepatic distribution of microspheres. This distribution was then
visualized using 99mTc-MAA SPECT/CT imaging.

Patients were treated palliatively in lobar and (sequential) whole-
liver fashion or as a bridge to a resection through radiation lobectomy

or segmentectomy. Treatment was planned using 1-compartment
modeling according to the MIRD method, aiming for an average
absorbed dose of 80–150 Gy (.200 Gy in radiation segmentectomy)
in the treated volume (7). Posttreatment distribution was assessed
using 90Y PET/CT imaging the morning after treatment. 18F-FDG
PET/CT and multiphasic CT of the liver were performed at 3 mo after
treatment for response assessment.

Dose–Response Evaluation
Tumor-absorbed dose and metabolic tumor response were assessed

using 90Y PET/CT and 18F-FDG PET/CT, respectively. This assess-
ment was performed on a per-tumor basis and on a per-patient basis
(using a weighted average of all measured tumors within a liver). All
tumor delineations and image registrations were performed using Sim-
plicit90Y software (Mirada Medical Ltd.). Tumor volumes of interest
(VOIs) were defined as previously reported (5,8). In short, tumors
were delineated using baseline 18F-FDG PET/CT with a threshold for
metabolic activity concentration as defined by PERCIST (Fig. 1) (9).
A volume restriction of at least 5 cm3 was applied to solitary tumors.
Merged tumors on follow-up were separated visually using contrast-
enhanced CT imaging; if this separation could not be achieved, the
merged tumors would be considered as 1 tumor at baseline for calcula-
tion of metabolic activity and absorbed dose. Total lesion glycolysis

FIGURE 1. Example of absorbed dose and total lesion glycolysis (TLG) calculation. (A) Threshold-based mask on baseline 18F-FDG PET to delineate 3
lesions and determine baseline TLG; lesion 3 had volume, 5 cm3 and was excluded. (B) VOIs registered to posttreatment 90Y PET/CT to determine indi-
vidual tumor-absorbed dose. Dose distribution was more heterogeneous in lesion 1. (C) TLG measurement on 3-mo follow-up 18F-FDG PET. Lesion 2
had decrease in metabolic activity of 96% (PR), whereas lesion 1 had only 53% decrease (PR). (D) Healthy liver–absorbed dose as measured on post-
treatment 90Y PET/CT. Liver contour was manually delineated; this VOI was subsequently expanded by 10 mm in all directions to include all hepatic
activity. Healthy liver VOI was achieved by subtracting all lesion VOIs.
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was calculated for each lesion at baseline and at the 3-mo follow-up to
determine the metabolic response. Metabolic tumor response was cate-
gorized as follows. A change in metabolic activity of 2100% was
considered a metabolic complete response (CR), 245% to 299%
was considered a metabolic partial response (PR), 175% to 244%
was considered stable disease (StD), and 175% was considered meta-
bolic progressive disease (PD). The categories were subsequently
grouped into objective response (CR 1 PR) and nonresponse (StD 1

PD). The occurrence of new lesions after radioembolization was
reported but not regarded as PD in the analysis, as the goal was to
demonstrate a dose–response relationship.

18F-FDG PET images were coregistered to the 90Y PET images, using
the low-dose CT scans. To improve measurement accuracy, the 90Y PET
dose map was used to register each tumor VOI individually. Only rigid
transformations were used. Tumor-absorbed doses were calculated using
the local deposition method, with the following formula:

Dtumor Gyð Þ 5
Atumor GBqð Þ � 50 J

�
GBq

� �

Vtumor Lð Þ � 1:03 kg=L
� � ,

where Dtumor is the tumor-absorbed dose in grays, Atumor is the
mean activity in the tumor VOI in gigabecquerels, 50 is the
absorbed energy in joules from the decay of 1 GBq of 90Y, Vtumor

is the tumor VOI in liters, and 1.03 kg/L is the assumed density of
liver tissue.

Dose–Toxicity Evaluation
The standard clinical protocol included a clinical and laboratory

evaluation at baseline, 2 wk, 1 mo, and 3 mo after treatment. Labora-
tory markers collected for analysis included serum albumin, total
bilirubin, alkaline phosphatase, g-glutamyltransferase, aspartate ami-
notransferase, and alanine transaminase. All events were recorded
using the Common Terminology Criteria for Adverse Events
(CTCAE), version 5. Preexisting toxicities were excluded unless they
were exacerbated after treatment.

The whole-liver VOIs were manually delineated on low-dose CT
scans and were subsequently expanded along the original contours by
10 mm to correct for errors due to motion and scanner resolution. All
tumor VOIs that were at least 5.0 cm3 on baseline 18F-FDG PET were
then subtracted from the original and the expanded whole-liver VOIs.
The healthy liver–absorbed doses were calculated using activity mea-
sured within the expanded VOI and the volume of the original VOI.

Scanner Equipment, Acquisition, and Image Reconstructions
PET images were acquired on a Biograph mCT time-of-flight PET/

CT scanner with TrueV (Siemens Medical Solutions USA, Inc.).
90Y PET was acquired at 2 bed positions, with an acquisition time

of 15 min per bed position. To reconstruct the images, an iterative
algorithm (4 iterations and 21 subsets) including scatter correction,
resolution recovery, and CT-based attenuation correction (40 mAs,
100–120 kV) was used. A gaussian postreconstruction filter of 5 mm
was applied, and a 200 3 200 matrix was used, resulting in a pixel
size of 4 3 4 3 3 mm.

18F-FDG PET imaging was performed 1 h after injection of a 2.0
MBq/kg dose of 18F-FDG. Images were reconstructed using a Euro-
pean Association of Nuclear Medicine Research Ltd.–accredited pro-
tocol (10,11).

Statistical Analysis
The relationship between tumor-absorbed dose (log-transformed)

and response was analyzed using a linear mixed-effects regression
model, to account for correlation of tumors within patients. Nested
models were compared using the Akaike information criterion. A trend
test was performed to test for an ordered relationship across the

response categories; in this model, response was used as a continuous
variable. The dose–effect relationship was best explained using a random
intercept per patient without random slopes. Analyses were adjusted for
the following possible confounders: tumor volume, specific activity, dose
heterogeneity (SD of activity concentration within a tumor), primary
tumor location, extrahepatic disease, and number of prior systemic treat-
ment lines. A receiver-operating-characteristic analysis, accounting for
clustered data, was performed to determine the discriminatory power of
tumor-absorbed dose in response estimation (10).

The strength of the association between CTCAE toxicity grade and
healthy liver–absorbed dose was assessed using linear regression mod-
els, with CTCAE grade in categories as the dependent continuous vari-
able and healthy liver–absorbed dose as the independent continuous
variable. Simple linear regression models were used to assess the asso-
ciation between relative changes in laboratory parameters and healthy
liver–absorbed dose. All toxicity analyses were adjusted for response
to therapy (binary-coded as response or nonresponse), mean tumor-
absorbed dose (continuous variable), and hepatic reserve as possible
confounders.

Overall survival was defined as the interval between radioemboliza-
tion and death from any cause. Cox regression models were made
using the Firth correction for small sample bias (11). Analyses were
adjusted for age and presence of extrahepatic disease at baseline.
Inspection of Schoenfeld residuals showed that the proportionality of
the hazard assumption was not violated. Analyses were performed
using R statistical software, version 3.6.2, for Microsoft Windows. We
report effect estimates with associated 95%CIs and corresponding
2-sided P values.

RESULTS

In total, 39 patients were treated with glass 90Y radioemboliza-
tion for CRLM, 31 of whom were included in this study (Table 1);
24 (77%) of these 31 patients were included in the dose–response
evaluation, and 28 (90%) were included in the dose–toxicity eval-
uation (Fig. 2).

Dose–Response Evaluation
In total, 85 tumors larger than 5 cm3 were identified in 24

patients and included in the analysis. The median time from base-
line 18F-FDG PET to radioembolization was 31 d (range, 8–70 d),
and the median time from radioembolization to follow-up
18F-FDG PET was 89 d (range, 59–112 d). The median delay
between the reference time (date of dose calibration) and micro-
sphere injection was 4 d (range, 1–11 d). Ten patients developed
new lesions after radioembolization, 3 of whom had PR based on
the treated lesions. All 3 patients received unilobar or segmental
radioembolization and developed new lesions in untreated parts of
the liver.
Per-Lesion Analysis. The median tumor-absorbed dose was 133

Gy (range, 20–1,001 Gy). The metabolic response in individual
tumors at the 3-mo follow-up was CR in 10 tumors (12%), PR in 37
tumors (44%), StD in 20 tumors (23%), and PD in 18 tumors
(21%). The median tumor-absorbed dose per response category
was 196 Gy (98–1001 Gy) for CR, 177 Gy (59–551 Gy) for PR, 72
Gy (24–189 Gy) for StD, and 95 Gy (20–246 Gy) for PD (Fig. 3).
The mean tumor-absorbed dose was 94% higher in CR than in

PD (95%CI, 47%–157%), 74% higher in PR than in PD (95%CI,
42%–112%), and 2% higher in StD than in PD (95%CI,
216%–25%) (P trend , 0.0001) (Table 2).

Tumor-absorbed dose was found to be a good predictor of
objective response based on receiver-operating-characteristic anal-
ysis, with an area under the curve of 0.88 (95%CI, 0.79–0.98)
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(Fig. 4). A tumor-absorbed dose of more than 139 Gy predicted a
3-mo metabolic response with the greatest accuracy (89% specific-
ity and 77% sensitivity), whereas a tumor-absorbed dose of more
than 189 Gy predicted response with 97% specificity and 45%
sensitivity.

Per-Patient Analysis. There was a significant difference in
mean tumor-absorbed dose between response categories on a per-
patient basis. The geometric mean tumor-absorbed dose for the
range of all measured tumors was 198 Gy in responders (CR 1
PR), 107 Gy in StD, and 94 Gy in PD (Fig. 5). The mean dose in

TABLE 1
Baseline and Treatment Characteristics (n 5 31)

Characteristic Data

Sex

Male 25 (81%)

Female 6 (19%)

Age (y) 66 (45–82)

World Health Organization performance score

0 21 (68%)

1 9 (29%)

2 1 (3%)

Received prior therapy

Locoregional therapy* 16 (52%)

Systemic treatment 29 (94%)

Chemotherapy lines 2 (1–4)

Bevacizumab 16 (52%)

Extrahepatic disease at baseline 12 (39%)

Lymph node 8 (26%)

Lung 4 (13%)

Other† 2 (6%)

Liver volume (cm3) 1,890 (821–3,030)

Metabolic tumor volume (cm3)‡ 136 (11–679)

Tumors per patient 3 (1–8)

Administered activity (MBq) 2,925 (1,193–5,994)

Treated volume (cm3) 1,613 (154–3,000)

Treated fraction 0.84 (0.14–1.00)

Average treated volume-absorbed dose (Gy) 120 (60–220)

Radioembolization treatment

Whole liver 16 (52%)

Lobar§ 15 (48%)

Synchronous metastasis 13 (42%)

Primary tumor location

Left-sided 20 (65%)

Right-sided 3 (10%)

Rectum 7 (22%)

Location unknown 1 (3%)

Primary tumor status

In situ 10 (32%)

Removed or chemoirradiated 21 (68%)

*Includes ablative procedures (i.e., radiofrequency ablation [n 5 4], microwave ablation [n 5 1], hepatic surgery [i.e., metastasectomy
(n 5 8), segmentectomy (n 5 1), and hemihepatectomy (n 5 1)], and portal vein embolization [n 5 1]).

†One lung metastasis and 1 bone metastasis.
‡As per PERCIST.
§Includes radiation lobectomy (n 5 4) and radiation segmentectomy (n 5 2).
Qualitative data are number and percentage; continuous data are median and range.
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responders was 58% higher than in
patients with PD (5%–131%, P trend 5
0.044) (Table 2).

Dose–Toxicity Analysis
The absorbed dose to healthy liver tis-

sue was measured in 28 patients. Four-
teen lesions smaller than 5 cm3 (median,
2.2 cm3) were found in 8 patients. These
lesions could not be reliably subtracted
from the healthy liver VOI. However, the
total volumes of lesions included in the
healthy liver were no more than 0.6% of
the VOI in all patients. The median
absorbed dose to the entire healthy liver
was 63 Gy (range, 24–113 Gy). Median
follow-up was 91 d (range, 14–110 d).
Clinical data or at least 1 laboratory data
point was missing for 2 patients at the
1-mo follow-up and 4 patients at the
3-mo follow-up.
In total, 95 adverse events were

recorded in 24 (86%) of 28 patients and
consisted of 47 laboratory toxicities and
48 clinical toxicities (Table 3). Three
serious adverse events were observed
(i.e., $grade 3). One patient received an
absorbed dose of 113 Gy to the healthy
liver in a whole-liver treatment, using
microspheres 9 d after calibration. This
patient initially presented with mild
symptoms of nausea, fatigue, and abdom-

inal pain. Six weeks after treatment, the patient developed ascites
(grade 2). At 3 mo after treatment, grade 3 g-glutamyltransferase
toxicity, grade 2 hyperbilirubinemia, and elevations in alkaline
phosphatase, aspartate aminotransferase, and alanine transaminase
developed, confirming the diagnosis of radioembolization-induced
liver disease. Symptomatic treatment was continued by the refer-
ring oncologist. The patient had a PR to the treatment, with a
mean tumor-absorbed dose of 172 Gy, and died 11 mo after
treatment.
The 2 remaining serious adverse events occurred in 1 patient,

who experienced grade 3 g-glutamyltransferase and alkaline phos-
phatase toxicity and an elevation in bilirubin at 3 mo after treat-
ment, accompanied by mild abdominal pain, fatigue, and anorexia
(all grade 1). The healthy liver–absorbed dose was 63 Gy. A CT
scan revealed the likely cause to be a central biliary obstruction
due to disease progression.
The highest healthy liver–absorbed dose without radioemboliza-

tion-induced liver disease was 88 Gy. Most toxicities were mild,
that is, CTCAE grade 1 or 2 (n 5 71 and n 5 21, respectively).
The most frequently occurring clinical toxicities were fatigue,
abdominal pain, and nausea, which were expected and generally
resolved without intervention.
Linear regression analysis showed no significant relationship

between healthy liver–absorbed dose and any clinical toxicity grade
(Supplemental Table 1; supplemental materials are available at http://
jnm.snmjournals.org). However, healthy liver–absorbed dose was
related to laboratory toxicity grade (Supplemental Table 2; Supplemen-
tal Fig. 1) and to relative changes in laboratory parameters (Supple-
mental Table 3).

FIGURE 2. Flowchart of patient inclusion and exclusion. FU5 follow-up.

FIGURE 3. Box plots demonstrating relationship between tumor-
absorbed dose on tumor level and metabolic response at 3-mo follow-up.
One outlier in complete CR category (1,001 Gy) is not depicted.
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Survival
The median overall survival in our sample was 13.2 mo

(95%CI, 8.4–18.9 mo). The median overall survival of responders
was significantly higher than that of nonresponders, at 16.9 mo
versus 8.7 mo (Fig. 6). The hazard ratio for responders was 0.27
(95%CI, 0.09–0.72; P 5 0.0091). A mean tumor dose of at least
189 Gy resulted in a higher overall survival, but the difference
was not statistically significant.

DISCUSSION

To our knowledge, this study was the first to report a
dose–response relationship in patients with CRLMs treated with
glass 90Y-microspheres. Our results show that higher tumor-
absorbed doses result in a better metabolic response at the 3-mo
follow-up, as well as improved survival. This relationship was

demonstrated both on an individual tumor level and on a
patient level. Furthermore, a tumor-absorbed dose of more than
189 Gy was found to be a good predictor of metabolic response
after 3 mo.
Currently, the best-established dose–response relationships are

those for the treatment of HCC. In a prospective study of 35 HCC
patients, the median tumor-absorbed dose in responders (mRE-
CIST 1.1) was 225 Gy, compared with 83 Gy in nonresponders
(12). All tumors with a tumor-absorbed dose of more than 200 Gy
had a good response. A retrospective study on radiation segmen-
tectomy in 33 HCC patients found that 14 of 17 tumors with com-
plete pathologic necrosis received an absorbed dose of more than
190 Gy (P 5 0.03) to the treated segment (13). A recent consensus
panel of experts therefore recommended a tumor-absorbed dose of
more than 200 Gy to achieve response (14). The findings of the
present study appear to be within the same range, albeit in a differ-
ent tumor type.
Although a dose–toxicity relationship was not established, the

results indicate that the treatment is well tolerated. Serious toxicity
occurred in 1 whole-liver treatment that resulted in a very high
healthy liver–absorbed dose of 110 Gy. Apart from this outlier,
treatments were well tolerated with doses of up to 88 Gy. These
results are in line with preliminary healthy liver–absorbed dose
thresholds in HCC. A study on unilobar treatment of HCC identi-
fied bilirubin to be a significant risk factor for toxicity and deter-
mined safety thresholds based on its baseline value. A healthy
liver–absorbed dose of 90 Gy poses a 15% risk of liver decompen-
sation in patients with a low baseline level of bilirubin (i.e., ,1.1
mg/dL). The threshold for a baseline bilirubin level of more than
1.1 mg/dL was found to be 50 Gy (15). Other authors identified a
combination of a healthy liver–absorbed dose of at least 120 Gy
and less than 30% nonirradiated liver volume to be a significant
factor for toxicity (16). Interestingly, a perfused-volume healthy
liver–absorbed dose of 120 Gy constitutes a whole-liver healthy
liver–absorbed dose of around 84 Gy, considering a 30% nonirra-
diated liver volume, which is also comparable to the findings of
the present study.
Our group conducted 2 similar studies in CRLMs using resin

90Y-microspheres and 166Ho-microspheres (5,6). These studies
used the same methods for dosimetry (i.e., 18F-FDG PET–based

TABLE 2
Percentage Change in Mean Absorbed Dose per Response Category

Parameter PD StD PR CR Trend in P

Patient level

n 4 7 12 1

Unadjusted Reference 13.6 (239–112) 111 (17–281) — 0.0087

Adjusted* Reference 29 (219–103) 58 (5–131) 0.044

Tumor level

n 18 20 37 10

Unadjusted Reference 23.5 (229–31) 90 (40–161) 159 (62–286) ,0.001

Adjusted† Reference 2 (216–25) 74 (42–112) 94 (47–157) ,0.001

*Adjusted for total tumor volume at baseline (per patient), specific activity and tumor dose heterogeneity, primary tumor location,
extrahepatic disease, and number of prior systemic treatment lines.

†Adjusted for tumor volume at baseline, specific activity, and tumor dose heterogeneity.
Data are in grays, with 95%CIs in parentheses.

FIGURE 4. Receiver-operating-characteristic curve demonstrating pre-
dictive value of tumor-absorbed dose for metabolic response (CR 1 PR),
on tumor level. Area under curve (AUC) is based on analysis of clustered
data, whereas receiver-operating-characteristic curve is not. Receiver-
operating-characteristic curve is marked with corresponding tumor-
absorbed dose in Gy.
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tumor delineation, posttreatment dosimetry, and 18F-FDG
PET–based response assessment). The study on resin 90Y-micro-
spheres estimated that a tumor-absorbed dose of 40–60 Gy was
required to achieve a substantial metabolic tumor response (i.e., a
total lesion glycolysis decrease of $50%) at the 1-mo follow-up.
This amount is much lower than the absorbed dose thresholds
found in the present study. The other study focusing on the
dose–response relationship in 166Ho-radioembolization of CRLMs
found a mean tumor-absorbed dose of 173 Gy in responders (i.e.,
CR or PR), which is more in line with the 193 Gy found in res-
ponders in the present study (6). When comparing these studies,
there are many factors that should be considered, such as impor-
tant differences in specific activity, number of injected micro-
spheres, dosimetry technique, and treated populations. These
differences between microspheres warrant further research.
The dose thresholds identified in this study were based on post-

treatment 90Y distribution instead of pretreatment 99mTc-MAA
distribution. In clinical practice, 99mTc-MAA distribution is used
for determining the 90Y activity to be injected. We chose to study
90Y distribution instead of 99mTc-MAA distribution since the
known mismatch between 90Y and 99mTc-MAA would add
another factor diluting the observed dose–response relationship.
The mismatch between 99mTc-MAA and 90Y is unpredictable
(17). Thus, caution is advised when using 90Y-based thresholds
for 99mTc-MAA–based treatment planning.
The current study had several limitations. First, because of our

limited sample size, we could not establish absorbed dose thresh-
olds for healthy liver tissue. This problem is common in studies
on radioembolization because of the low incidence of serious tox-
icity. Second, a follow-up period of 3 mo might be considered too
short; however, in our experience, radioembolization-induced liver
disease usually occurs within 2 mo of treatment. Third, this cohort
consisted mostly of heavily pretreated, chemorefractory CRLM
patients; therefore, the results may not apply to patients in earlier
lines of treatment. Additionally, there were large ranges in the tim-
ing of baseline and follow-up scans, limiting the precision of the
reported results. The automated VOI delineation method used in
this study decreases interoperator variability compared with man-
ual delineation and resulted in a more reproducible delineation
result. Furthermore, the subsequent registration with 90Y PET
images based on individual tumor VOIs produced superior tumor-
absorbed dose measurements. However, our measurements will
likely differ from those acquired with routinely used methods
based on CT or MRI. Finally, metabolic response using total
lesion glycolysis differs from the more widely used RECIST
method. Nonetheless, metabolic response using total lesion glycol-
ysis was used to combine volume changes and metabolic changes
into a single response metric (18,19).
As we shift toward a personalized treatment approach in radio-

embolization, the demonstration of a dose–response relationship in
CRLMs with glass 90Y-microspheres brings us a step closer
toward this goal. On the basis of our data, we recommend a
tumor-absorbed dose of more than 189 Gy to achieve response;
however, this dose should be considered a target and not as an
absolute threshold for patient selection, as sufficient response has
been achieved with lower absorbed doses.

CONCLUSION

A significant dose–response relationship for the treatment of
CRLM patients with glass 90Y-microspheres was found. Patients

FIGURE 5. Relationship between tumor-absorbed dose on patient level
and metabolic tumor response at 3-mo follow-up. White dots represent
mean tumor-absorbed dose per response category, and 95% CIs are rep-
resented by black lines. Large bullets depict mean tumor-absorbed dose
per patient. On patient level, only 1 patient had CR; thus, categories CR
and PR were analyzed together. *Geometric mean of tumor-absorbed
dose.

TABLE 3
CTCAE Grading of New Clinical and Laboratory Toxicity per

Patient for 3 Months After Treatment

CTCAE grade

Parameter 1 2 3

Clinical toxicity

Abdominal pain 9 1

Nausea 6 2

Fatigue 16 3

Anorexia 4 2

Fever 2

Constipation 1

Ascites 1 1

Any clinical toxicity* 15 7

Laboratory toxicity

Albumin 3 3

Bilirubin 1 2

Alkaline phosphatase 7 2 1

g-glutamyltransferase 4 2 2

Aspartate aminotransferase 8 1

Alanine transaminase 10 1

Any lab toxicity* 11 6 2

*Highest grade per patient.
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who received higher tumor-absorbed doses showed better response
rates.
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KEY POINTS

QUESTION: Is there a relationship between dose and effect in
glass 90Y radioembolization of CRLMs?

PERTINENT FINDINGS: This retrospective cohort study demon-
strated a significant dose–response relationship. A tumor-
absorbed dose of more than 189 Gy predicted response with
great specificity (97%).

IMPLICATIONS FOR PATIENT CARE: Our findings could be
used to implement personalized dosimetry.
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Site-Specific and Residualizing Linker for 18F Labeling with
Enhanced Renal Clearance: Application to an Anti-HER2
Single-Domain Antibody Fragment
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Single-domain antibody fragments (sdAbs) are promising vectors for
immuno-PET; however, better methods for labeling sdAbs with 18F are
needed. Herein, we evaluate a site-specific strategy using an 18F resi-
dualizing motif and the anti–epidermal growth factor receptor 2 (HER2)
sdAb 5F7 bearing an engineered C-terminal GGC tail (5F7GGC).
Methods: 5F7GGC was site-specifically attached with a tetrazine-
bearing agent via thiol-maleimide reaction. The resultant conjugate
was labeled with 18F by inverse electron demand Diels–Alder cycload-
dition with a trans-cyclooctene attached to 6-18F-fluoronicotinoyl moi-
ety via a renal brush border enzyme-cleavable linker and a PEG4 chain
(18F-5F7GGC). For comparisons, 5F7 sdAb was labeled using the
prototypical residualizing agent, N-succinimidyl 3-(guanidinomethyl)-
5-125I-iodobenzoate (iso-125I-SGMIB). The 2 labeled sdAbs were com-
pared in paired-label studies performed in the HER2-expressing
BT474M1 breast carcinoma cell line and athymic mice bearing
BT474M1 subcutaneous xenografts. Small-animal PET/CT imaging
after administration of 18F-5F7GGC in the above mouse model was
also performed. Results: 18F-5F7GGC was synthesized in an overall
radiochemical yield of 8.9% 6 3.2% with retention of HER2 binding
affinity and immunoreactivity. The total cell-associated and intracellu-
lar activity for 18F-5F7GGCwas similar to that for coincubated iso-125I-
SGMIB-5F7. Likewise, the uptake of 18F-5F7GGC in BT474M1 xeno-
grafts in mice was similar to that for iso-125I-SGMIB-5F7; however,
18F-5F7GGC exhibited significantly more rapid clearance from the kid-
ney. Small-animal PET/CT imaging confirmed high uptake and reten-
tion in the tumor with very little background activity at 3 h except in the
bladder. Conclusion: This site-specific and residualizing 18F-labeling
strategy could facilitate clinical translation of 5F7 anti-HER2 sdAb as
well as other sdAbs for immuno-PET.

Key Words: single-domain antibody fragment; site-specific labeling;
immuno-PET; click chemistry; HER2
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Smaller protein scaffolds exemplified by 6-kDa Affibody mole-
cules (Affibody AB) and 12- to 15-kDa single-domain antibody
fragments (sdAbs) have emerged as promising platforms for thera-
nostics because they possess properties intermediate between those
of monoclonal antibodies and peptides. A recent review (1) has
summarized efforts with these delivery vehicles to image and treat

cancers overexpressing epidermal growth factor receptor 2
(HER2), an internalizing receptor that is overexpressed in breast,
ovarian, gastric, and other cancers (2). Because only about
20%–25% of breast cancers are HER2-positive and metastatic dis-
ease frequently exhibits heterogeneities in HER2 expression,
assessment of HER2 status is imperative before embarking on
HER2-targeted therapies (3).
Combining an anti-HER2 sdAb with a radiolabeling strategy

tuned to the properties of small proteins could provide a promis-
ing immuno-PET approach for global and repeatable evaluation
of HER2 status. Given the high and prolonged uptake of
radiometal-labeled sdAbs in kidneys (1,4), 18F is a promising
radionuclide for sdAb-based immuno-PET. Moreover, 18F has a
half-life compatible with the rapid clearance of sdAbs, positron
emission characteristics that are ideal for imaging, and a readily
available supply chain. Although several 18F protein labeling
methods have been developed (5), N-succinimidyl 4-18F-fluoro-
benzoate (18F-SFB) (6) remains the most widely used reagent for
this purpose. Both our group (7) and others (8) have labeled
sdAbs with 18F-SFB; however, the nonresidualizing capacity of
18F-SFB compromised tumor retention of 18F after receptor-
mediated internalization.
Studies with 131I- and 211At-labeled HER2-targeted sdAbs have

demonstrated that very effective trapping of radioactivity in tumor
can be achieved using charged prosthetic groups (9–11). In recent
years, we have developed conceptually similar prosthetic agents
for labeling sdAbs with 18F (7,12,13). Two tactics that we investi-
gated were the very fast tetrazine (Tz)-trans-cyclooctene (TCO)
inverse electron demand Diels–Alder cycloaddition reaction (IED-
DAR) and exploiting a renal brush border enzyme (RBBE)–cleav-
able linker to reduce kidney activity (12,14). In these studies, 18F
was introduced on the Tz-bearing moiety. Although kidney activ-
ity could be reduced considerably, activity in hepatobiliary organs
was elevated, presumably because of the high lipophilicity of
Tz-bearing radiocatabolites (15,16).
Herein we describe a new linker for 18F labeling of the HER2-

targeted sdAb 5F7 that also could be applied in principle to site-
specific labeling of other proteins with engineered cysteine
residues via thiol-maleimide conjugation (17). Precise control of
the 18F-labeling site on the C terminus of an sdAb can avoid
chemical modification of amino acids involved in receptor/antigen
recognition and provide a uniform product more amenable to clini-
cal translation (18). Other design features of this linker include the
use of the 6-18F-fluoronicotinoyl group for residualization (13),
and a GlyLys RBBE-cleavable linker strategically positioned
within its structure (Fig. 1) to create rapid, high contrast between
tumor and both kidneys and hepatobiliary organs.
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MATERIALS AND METHODS

sdAbs, Cells, Culture Conditions, and Animal Model
The anti-HER2 sdAb 5F7 and 5F7GGC, its analog with an engi-

neered cysteine at the C terminus (19,20), were purchased from
ATUM.

Cell culture reagents were purchased from Thermo Fisher Scientific
and InvivoGen. HER2-expressing BT474 human breast carcinoma
cells and its more metastatic version, BT474M1 (21), were cultured in
RPMI 1640 medium containing 10% fetal bovine serum, 1%
penicillin-streptomycin, 5 mg/mL plasmosin, 1% sodium pyruvate, 1%
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and 0.4 mg/mL
insulin.

All procedures involving animals were approved by the Duke Uni-
versity institutional animal care and use committee. Female nude mice
were obtained from an internal breeding colony at Duke or from
Charles River Laboratories, and subcutaneous BT474M1 xenografts
were established as previously described (7,11). Biodistribution and

imaging studies were initiated when tumors were 150–350 mm3 in
volume.

Synthesis, Radiosynthesis, and 18F Labeling of 5F7GGC
Details of the synthesis of the precursor (7), standard (8), and 18F-8,

as well as the synthesis of N-succinimidyl 3-(guanidinomethyl)-5-125I-
iodobenzoate (iso-125I-SGMIB), are provided in the supplemental
materials (available at http://jnm.snmjournals.org). First, the sdAb was
reduced to convert any dimer present to monomer. For this, a slurry of
immobilized tris-[2-carboxyethyl] phosphine hydrochloride gel
(Thermo Fisher Scientific; 300 mL) was added to a solution of
5F7GGC (1.5 mg, 115 nmol) in 300 mL of 0.2 M NH4OAc containing
5 mM ethylenediaminetetraacetic acid, pH 6.3, and the mixture was
stirred at 37�C for 1 h. The suspension was centrifuged, and the super-
natant containing monomeric 5F7GGC was immediately added to a
vial containing methyltetrazine-PEG4-maleimide (0.18 mg, 345 nmol)
and the mixture stirred at 37�C for 1 h. The Tz-5F7GGC product was
isolated from the mixture by size-exclusion (SE) high-performance
liquid chromatography (HPLC). For this, an Agilent PL Multisolvent
20 (7.8-mm internal diameter 3 150 mm) SE-HPLC column was
eluted in isocratic mode with water at a flow rate of 0.9 mL/min. The
pooled HPLC fractions containing the Tz-5F7GGC (tR 5 3.3 min)
were lyophilized to obtain 0.5 mg of a pink solid. Its molecular weight
was determined by liquid chromatography–mass spectrometry and
binding affinity to HER2-Fc by surface plasmon resonance (supple-
mental materials). A solution of Tz-5F7GGC in phosphate-buffered
saline, pH 7.4 (50 mL, 2 mg/mL), was added to a vial containing dried
18F-8 (60–280 MBq), and the mixture was incubated at 37�C for 10
min. 18F-FN-PEG4-GK-TCO-Tz-PEG4-Mal-5F7GGC (18F-5F7GGC)
was isolated by gel filtration over a PD-10 column eluted with
phosphate-buffered saline (20). Radiochemical purity, HER2 binding
affinity, and immunoreactivity were determined as described previ-
ously (12), with details provided in the supplemental materials.

Cellular Uptake and Internalization Assays
Paired-label uptake and internalization assays were performed on

BT474M1 cells to compare the behavior of 18F-5F7GGC and iso-125I-
SGMIB-5F7 sdAbs as described in the supplemental materials.

Biodistribution Studies
The paired-label biodistribution of 18F-5F7GGC and iso-125I-

SGMIB-5F7 was evaluated in athymic mice bearing subcutaneous
BT474M1 xenografts. Groups of 5 mice received 166 kBq (0.64 mg)
of iso-125I-SGMIB-5F7 and 666 kBq (3.6 mg) of 18F-5F7GGC in 100
mL of phosphate-buffered saline via the tail vein. It was necessary to
use a larger amount of activity and hence a larger mass for 18F-

5F7GGC to compensate for the more rapid
decay of 18F. Ex vivo biodistribution was
determined at 1 and 3 h, and percentage
injected dose (%ID)/g were calculated as
previously described (7).

Small-Animal PET/CT Imaging
Three BT474M1 tumor-bearing mice

were imaged on a Siemens Inveon PET/
CT system at 1, 2, and 3 h after injection
of 18F-5F7GGC (1.6–2.2 MBq, 19–23
mg). The mice were anesthetized using
2%–3% isoflurane in oxygen, and a 5-min
static PET acquisition followed by a
5-min CT scan was performed. List-mode
PET data were histogram-processed, and
the images were reconstructed using a
standard algorithm consisting of 2
ordered-subsets-expectation-maximization

FIGURE 1. Scheme for synthesis of 18F-FN-PEG4-GK-TCO-Tz-PEG4-
Mal-5F7GGC (18F-5F7GGC).

FIGURE 2. Sensorgrams showing dose–response curves and kinetic profiles for binding of 5F7 (A)
and Tz-5F7GGC (B) to HER2-Fc extracellular domain.
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3-dimensional iterations and 18 maximum-a-posteriori iterations with
a cutoff (Nyquist) of 0.5. Images were corrected for attenuation (CT-
based) and radioactive decay. Image analysis was performed using
Inveon Research Workplace software.

Statistical Analysis
Results are reported as mean 6 SD. The statistical significance of

differences between coincubated or coadministered tracers was deter-
mined by a 2-tailed, paired Student t test (GraphPad QuickCalcs). A P
value of less than 0.05 was considered to be significant.

RESULTS

Synthesis, sdAb Conjugation, and Radiochemistry
As shown in Supplemental Figure 1, the precursor 7 was syn-

thesized from the known compound 1 (22) in 6 steps. Compound
8 was synthesized by treatment of 7 with tetra-n-butylammonium
fluoride in 75.4% yield. The 1H–nuclear magnetic resonance and
mass spectrometry data for compounds 2–8 were consistent with
their structures. Figure 1 shows the synthesis scheme for
Tz-5F7GGC and its labeling via IEDDAR with 18F-8.
SE-HPLC–mass spectrometry analysis of the reaction mixture for
5F7GGC conjugation with methyltetrazine-PEG4-maleimide indi-
cated complete conversion of 5F7GGC to Tz-5F7GGC (Supple-
mental Fig. 2). The observed molecular weight was consistent
with its structure. Surface plasmon resonance indicated a Kd of 0.3
nM (ka 5 1.58 3 106 M21s21; kd 5 4.60 3 1024 s21) for
Tz-5F7GGC versus 0.2 nM for 5F7, demonstrating that attaching
the Tz-PEG4-Mal moiety had minimal effect on HER2 binding
affinity (Fig. 2).
The radiochemical yield (RCY) for the synthesis of 18F-FN-

PEG4-GK-TCO (18F-8) from 7 via SNAr reaction was 47.4% 6

9.0% (n 5 11). With 100 mg of protein at 2 mg/mL, the RCY for
IEDDAR between Tz-5F7GGC and 18F-8 was 27.3% 6 8.2%
(n 5 4). Although performed only twice, use of 200 mg of protein
at 4 mg/mL increased conjugation yields to 46.1% 6 4.5%. Based
on initial aqueous 18F-fluoride activity, the total synthesis time for
18F-5F7GGC was 90 min in an overall RCY of 8.9% 6 3.2%
(n 5 6) (7.3% 6 3.3% [n 5 4] and 11.3% 6 0.4% [n 5 2] for
IEDDAR with 100 mg and 200 mg of sdAb, respectively).
Although higher IEDDAR yields were obtained in the 200-mg
syntheses, RCYs for 18F-8 were low because of an HPLC mal-
function. The molar activity for 18F-5F7GGC was 5.2 6 2.7 MBq/
nmol (n 5 6). Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (Supplemental Fig. 3A) and SE-HPLC (Supplemental
Fig. 3B) of 18F-5F7GGC showed a single radioactive band/peak

(�100%) corresponding to the molecular weight of an sdAb. The
Kd for binding of 18F-5F7GGC to BT474 cells was 3.37 6 0.36
nM (Supplemental Fig. 3C) and its immunoreactive fraction
70.8% (Supplemental Fig. 3D), demonstrating that HER2 reactiv-
ity was not compromised with this 18F-labeling strategy.

Cell Uptake and Internalization Assay
After incubation with BT474M1 cells at 37�C, total cell-

associated activity (Fig. 3A) for 18F-5F7GGC was 24.3% 6 0.9%,

FIGURE 3. Paired-label uptake and internalization of iso-125I-SGMIB-
5F7 and 18F-5F7GGC by HER2-positive BT474M1 breast carcinoma cells.
Data (mean6 SD) are percentage of initially added activity that was bound
to cells (membrane1 internalized) (A) and internalized (B).

FIGURE 4. Paired-label biodistribution of 18F-5F7GGC and iso-125I-
SGMIB-5F7 sdAb conjugates in athymic mice bearing subcutaneous
HER2-expressing BT474M1 breast carcinoma xenografts.

FIGURE 5. Tumor-to-tissue ratios after injection of 18F-5F7GGC and
iso-125I-SGMIB-5F7 sdAb conjugates in athymic mice bearing subcutane-
ous BT474M1 xenografts.
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31.3% 6 0.9%, and 35.3% 6 2.5% of input activity at 1, 2, and
4 h, respectively, values that were slightly lower than those for
coincubated iso-125I-SGMIB-5F7 (25.2% 6 0.6%, 32.5% 6
0.8%, and 37.1% 6 2.0%); but differences between the radiocon-
jugates were not statistically significant (P . 0.05). Nonspecific
uptake, determined at the 2-h time point by coincubation
with excess trastuzumab, was less than 1% of input activity for
both radiotracers. The percentage of input activity that was
intracellularly trapped was 12.3% 6 0.5%, 17.3% 6 1.1%, and
20.8% 6 1.5% for 18F and 13.4% 6 4.4%, 18.2% 6 1.2%,
and 22.3% 6 1.2% for 125I at 1, 2, and 4 h, respectively (Fig. 3B;
P . 0.05 for all).

Biodistribution
The data from the paired-label biodistribution of 18F-5F7GGC

and iso-125I-SGMIB-5F7 in athymic mice bearing BT474M1 xen-
ografts are presented in Figure 4. Tumor uptake of 18F-5F7GGC
was similar to that seen for iso-125I-SGMIB-5F7 both at 1 h (125I,
18.34 6 1.62 %ID/g; 18F, 14.87 6 1.41 %ID/g; P , 0.01) and 3 h
(125I, 17.20 6 5.09 %ID/g; 18F, 12.92 6 3.73 %ID/g; P . 0.05).
On the other hand, with a few exceptions, normal-tissue activity
for 18F-5F7GGC was similar to or less than that observed for
iso-125I-SGMIB-5F7. Remarkably, 18F-activity levels in kidneys
were 4- and 6-fold lower than those for 125I at 1 and 3 h,
respectively. Bone uptake of 18F was low, suggesting limited
susceptibility of 18F-5F7GGC to defluorination in vivo. Tumor–
to–normal-tissue ratios for the 2 radiolabeled sdAbs are shown in
Figure 5. Tumor-to-kidney ratios for 18F (1.2 6 0.4 and 12.2 6
3.5) were 3.3- and 4.5-fold higher (P , 0.004) than those for 125I
(0.37 6 0.05 and 2.7 6 0.7) at 1 and 3 h, respectively. Likewise,
tumor-to-blood ratios were 2- to 3-fold higher for 18F. The tumor-
to-liver ratio for 18F-5F7GGC was more than 5:1 at 1 h and lower
than that for iso-125I-SGMIB-5F7 (P , 0.0003).

Small-Animal PET/CT Imaging
Small-animal PET/CT maximum-intensity-projection images of a

representative mouse bearing a subcutaneous BT474M1 xenograft

obtained 1, 2, and 3 h after administration
of 18F-5F7GGC are shown in Figure 6.
Consistent with the results from the nec-
ropsy study, pronounced tumor accumula-
tion was observed at all time points, with
minimal background activity except in
kidneys and bladder. Kidney activity was
quite low at 1 h, nearly undetectable by 2
h, and eliminated by 3 h, with bladder
having prominent activity at all time
points. The average tumor uptake values
(n 5 3) calculated from the PET imaging
data, expressed as SUVmax followed by
%ID/gmax in parentheses, were 4.6 6 0.5
(18.0 6 1.8), 4.7 6 0.9 (17.9 6 3.6), and
5.0 6 0.8 (19.0 6 3.1) at 1, 2, and 3 h,
respectively, with corresponding values
for kidneys of 2.9 6 0.3 (11.2 6 1.0), 1.0
6 0.1 (4.3 6 0.6), and 0.6 6 0.1 (2.4 6

0.2). Tumor-to-kidney ratios calculated
from these PET imaging data were 1.6 6
0.2, 4.2 6 0.6, and 7.8 6 0.8 at 1, 2, and
3 h, respectively.

DISCUSSION

Small protein platforms—exemplified herein by an sdAb—have
favorable properties for immuno-PET including rapid tumor pene-
tration and fast normal-tissue clearance and are ideally suited for
use with 18F. However, because of their small size, they are much
more likely than whole monoclonal antibodies to be adversely
affected by chemical modification, resulting in unwanted normal-
tissue retention or altered binding to their molecular target. More-
over, unlike monoclonal antibodies, retention of activity in the kid-
neys also can be problematic. To address these issues, we
designed a labeling strategy (Fig. 1) comprising several synergistic
components: a site-specific linker to control labeling location and
stoichiometry (19), an RBBE-cleavable sequence to reduce kidney
activity (12,14), a 6-fluoronicotinoyl group (13,14) to provide
short-term residualization, and positioning the RBBE-cleavable
sequence to avoid Tz- or TCO-bearing 18F-labeled catabolites
in vivo.
Site-specific conjugation of the Tz-bearing maleimide with

5F7GGC was achieved without impairing HER2 binding of the
sdAb (Fig. 2). The 48% RCY for TCO-bearing 18F-8 synthesis
was reasonable given the presence of the free carboxyl group
active hydrogens in compound 7, which is not generally conducive
for labeling using nucleophilic 18F-fluoride (23). Of note, 18F
labeling of TCO-bearing molecules was typically performed via
the SN2 reaction, whereas in our case it was performed via the
SNAr reaction, a first. RCYs for IEDDAR between Tz-5F7GGC
and 18F-8 appeared to increase with increasing protein concentra-
tion but were lower than reported for 18F labeling using Tz-TCO
IEDDAR in general (24) and for IEDDAR between TCO-
modified sdAbs and 18F-labeled Tz derivatives in particular
(12,14). A likely contributing factor is the number of prosthetic
moieties per sdAb available for IEDDAR—when random conjuga-
tion was used, more than one TCO was attached per sdAb (12,14)
versus just one Tz moiety in the current work. However, even
with site-specific labeling, higher yields (53%–77%) have been
reported for IEDDAR between 18F-TCO and a diabody site-

FIGURE 6. Maximum-intensity-projection 18F-5F7GGC immuno-PET images of representative
mouse bearing subcutaneous HER2-positive BT474M1 xenograft obtained 1, 2, and 3 h after injec-
tion. Positions of tumor (T), kidney (K), and bladder (B) are indicated.
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specifically modified with a Tz moiety (25). Differences in sol-
vent, protein concentration, and polarity of the reagents between
the 2 studies are noted, and these variables will be evaluated in
future optimization of the current labeling strategy.
With the current procedure, the overall decay-corrected RCYs

for the synthesis of 18F-5F7GGC were 7.3% 6 3.3% and 11.3%
6 0.4% at 100 and 200 mg of Tz-5F7GGC, respectively, provid-
ing 154 and 237 MBq of 18F-5F7GGC from 3.7 GBq of aqueous
18F-fluoride in 90 min. On the basis of literature precedents (24),
higher yields should be readily attainable by increasing protein
levels beyond 200 mg, which should be compatible with patient
use given that a 1-mg sdAb dose was used in a phase 1 trial with
another anti-HER2 sdAb labeled with 68Ga (26). That study used
an average administered activity of 107 MBq of 68Ga, suggesting
that with our current radiochemistry procedures, clinical studies
would be feasible.
Multiple methods for labeling proteins with 18F have been

reported (5). Random labeling of constituent protein lysine
residues can be accomplished using active esters such as N-
succinimidyl 4-18F-fluorobenzoate, 2,3,5,6-tetrafluorophenyl 6-18F-
fluoronicotinate (13,27) and their 4-nitrophenyl analogs (28),
among others. The site-specific 18F labeling of proteins also has
been described, including via oxime formation with an engineered
aminoxy function on the protein with 4-18F-fluorobenzaldehyde or
preconjugating the protein with maleimide-bearing agents contain-
ing moieties such as 4-fluorobenzaldehyde O-alkyl oxime, 4-SiFA,
and AlF-chelate complex and subsequent 18F labeling of the conju-
gate (29,30). Of direct relevance to the current study, the last 3
approaches were evaluated for 18F labeling of an anti-HER2 Affi-
body. Although uptake in HER2-positive xenografts was reported,
there were significant problems with each 18F-Affibody conju-
gate—either high uptake in the intestines or kidneys or excessive
in vivo defluorination. From a radiochemistry perspective, it is
important to note that the maleimide functionality is susceptible to
SNAr and SN2

18F-labeling conditions and thus the maleimide-
bearing part has to be conjugated to an 18F-bearing moiety, the syn-
thesis of which often involves one or more steps. As mentioned
above, an alternative approach of labeling proteins with 18F using
maleimide agents involves conjugating them first with the
maleimide-bearing agent and then performing the labeling under
acidic pH and high temperatures (29); however, unfortunately,
most proteins are not stable under these conditions. This led us to
pursue the strategy described in the current work to exploit the
very fast kinetics of IEDDAR under physiologic conditions. In
addition, our strategy differs from those noted above in that it
results in minimal background activity in the kidney and hepato-
biliary organs as well as other tissues. Drawbacks of our method
are the modest RCYs and relatively longer time for synthesis; how-
ever, systematic optimization of reaction conditions and other
parameters should lead to a more efficient and streamlined proce-
dure, which will be explored in future studies.
One of the main motivations for site-specific labeling is that it

can provide a more homogeneous product and thereby facilitate
clinical translation. In the conjugation of the prosthetic agent to
the sdAb, a single product was obtained (Supplemental Fig. 2)
whereas products with different levels (and likely sites) of substi-
tution were observed with random lysine modification approaches
(12,14). The other motivation is to avoid conjugation of the pros-
thetic agent on a lysine that could alter binding affinity. With 5F7
sdAb, this is a distinct possibility because 1 of its 5 lysines is
located in CDR2 (20). However, a recent study showed no

difference in binding affinity for radioiodinated 5F7 conjugates
prepared by site-specific and random labeling (19), suggesting
either lack of modification or involvement in HER2 recognition
for the CDR2 lysine. On the other hand, improvements in binding
affinity have been demonstrated for site-specific modification of
other sdAbs (31), making the affinity advantage possible through
this labeling strategy dependent on the characteristics of the partic-
ular sdAb.
In previous work, iso-*I-SGMIB emerged as the residualizing

agent with the best combination of high tumor retention of radio-
activity and low uptake in kidneys (9). Accordingly, iso-125I-
SGMIB-5F7 was selected as the benchmark for use in these
paired-label studies evaluating the HER2-targeting potential of
18F-5F7GGC. In vitro assays demonstrated HER2-specific uptake
of 18F-5F7GGC on HER2-positive BT474M1 cells. Both total
cell-associated and internalized activity for 18F-5F7GGC were not
significantly different (P . 0.05; Fig. 3) from those for coincu-
bated iso-125I-SGMIB-5F7 and increased with time, demonstrating
that the 18F-prosthetic agent is residualizing. Moreover, with the
caveat that assay conditions were not the same, the cellular uptake
and internalization of 18F-5F7GGC were similar to or higher than
that seen previously with 5F7 labeled with 18F using other pros-
thetic agents (7,13,14).
Necropsy and small-animal PET imaging studies demonstrated

rapid, high-level accumulation of 18F-5F7GGC in BT474M1 xeno-
grafts, suggesting that same-day immuno-PET imaging would be
feasible. This is an important practical advantage compared with
intact monoclonal antibodies such as 89Zr-trastuzumab that require
up to 6 d to achieve optimal imaging conditions (32). Tumor uptake
of 18F-5F7GGC was about 20%–25% lower than that of coinjected
iso-125I-SGMIB-5F7, which might reflect the greater residualizing
capacity of the guanidino versus the pyridyl moiety (33) or the pres-
ence of the GK linker (14). Nonetheless, with the caveat that differ-
ent xenograft models were used, 18F-5F7GGC tumor uptake was
higher than uptakes reported for most 18F-labeled anti-HER2 sdAb
conjugates (8,12–14,34,35). A notable exception is the results
obtained with 18F-RL-I-5F7 in the same BT474M1 xenograft (7);
however, even though the less favorable SGMIB isomer (9) was
used for 5F7 labeling, tumor uptake of radioiodine also was almost
2-fold that observed in the current study for iso-125I-SGMIB-5F7.
Differences in mouse strain (NOD/SCID vs. athymic) between the 2
studies could play a role (36), as could individual xenograft proper-
ties such as tumor size (11), emphasizing the importance of perform-
ing experiments in paired-label format when possible.
Importantly, achieving high uptake in tumor with 18F-5F7GGC

was not associated with increased uptake in the kidneys or other
organs, which might hamper repeated use in patients to monitor
HER2 status or interfere with lesion detection. This is an impor-
tant distinction with agents such as 18F-RL-I-5F7, noted above,
that show excellent tumor uptake but at the expense of sustained
kidney activity levels higher than 100 %ID/g (7). Indeed, renal
activity levels for 18F-5F7GGC were about 4–5 times lower than
those for coadministered iso-125I-SGMIB-5F7, possibly the radio-
labeled sdAb exhibiting the most rapid clearance of those investi-
gated to date (1,9,37). It is likely that this behavior reflects both
the presence of an RBBE-cleavable linker and the rapidly clearing
6-18F-fluoronicotinoyl moiety–containing catabolites (13). Finally,
in our recent study evaluating 5F7 iso-125I-SGMIB conjugates
formed by different linkers, use of the maleimido linker as done
herein resulted in significantly decreased kidney uptake compared
with the N-succinimidyl linker (19).
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Compounds with both TCO and Tz moieties, especially Tz, are
known to accumulate in hepatobiliary organs (38,39). For this rea-
son, one of our design considerations was to strategically position
the RBBE-cleavable linker in such a way that likely radiolabeled
catabolites would be devoid of Tz and TCO moieties. We hypothe-
sized that this would reduce uptake of activity levels in hepatobiliary
organs, especially in intestines and gallbladder. Gratifyingly, uptake
of activity from 18F-5F7GGC in the gut was more than 5 times
lower than observed with a similar construct expected to generate
radiolabeled catabolites bearing a Tz moiety (14). Consistent with
this, whereas intense gallbladder uptake was observed in the small-
animal PET images with the previous 18F-labeled sdAb conjugate
(14), intestinal and gallbladder uptake was minimal or not observed
for 18F-5F7GGC (Fig. 6). Importantly, the ratios for activity in
tumor to liver and to bone, 2 frequent sites for HER2-positive tumor
metastases, were 9:1 and 40:1, respectively, at 1 h after injection.

CONCLUSION

A potentially widely applicable site-specific and residualizing
18F-labeling strategy for use with small proteins was validated
using anti-HER2 sdAb 5F7. Strategic positioning of an RBBE-
cleavable linker provided reduced activity levels in the kidneys and
hepatobiliary organs. Moreover, 18F-5F7GGC demonstrated high
potential as a probe for immuno-PET of HER2-expressing cancers.
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KEY POINTS

QUESTION: Can a site-specific linker be devised for 18F labeling
of small proteins that combines tumor-residualizing properties
with rapid clearance of activity from kidneys and other normal
tissues?
PERTINENT FINDINGS: An anti-HER2 sdAb with a C-terminal
cysteine was site-specifically attached with a Tz derivative via
maleimide-thiol conjugation and labeled with 18F by IEDDAR
with a TCO agent attached to an 18F-fluoronicotinoyl moiety via
a linker containing an RBBE-cleavable linker. The new 18F-sdAb
conjugate exhibited high uptake in HER2-positive tumors with lit-
tle activity in kidneys and other normal tissues on serial necropsy
and small-animal PET imaging.
IMPLICATIONS FOR PATIENT CARE: This site-specific and resi-
dualizing 18F-labeling strategy could facilitate clinical translation of
5F7 anti-HER2 sdAb, as well as other sdAbs for immuno-PET.
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In this study, we developed angiotensin-converting enzyme 2
(ACE2)–specific, peptide-derived 68Ga-labeled radiotracers, moti-
vated by the hypotheses that ACE2 is an important determinant of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) sus-
ceptibility and that modulation of ACE2 in coronavirus disease 2019
(COVID-19) drives severe organ injury. Methods: A series of NOTA-
conjugated peptides derived from the known ACE2 inhibitor DX600
were synthesized, with variable linker identity. Since DX600 bears 2
cystine residues, both linear and cyclic peptides were studied. An
ACE2 inhibition assay was used to identify lead compounds, which
were labeled with 68Ga to generate peptide radiotracers (68Ga-NOTA-
PEP). The aminocaproate-derived radiotracer 68Ga-NOTA-PEP4 was
subsequently studied in a humanized ACE2 (hACE2) transgenic
model. Results: Cyclic DX-600–derived peptides had markedly lower
half-maximal inhibitory concentrations than their linear counterparts.
The 3 cyclic peptides with triglycine, aminocaproate, and polyethylene
glycol linkers had calculated half-maximal inhibitory concentrations
similar to or lower than the parent DX600 molecule. Peptides were
readily labeled with 68Ga, and the biodistribution of 68Ga-NOTA-PEP4
was determined in an hACE2 transgenic murine cohort. Pharmaco-
logic concentrations of coadministered NOTA-PEP (blocking) showed
a significant reduction of 68Ga-NOTA-PEP4 signals in the heart, liver,
lungs, and small intestine. Ex vivo hACE2 activity in these organs was
confirmed as a correlate to in vivo results. Conclusion: NOTA-
conjugated cyclic peptides derived from the known ACE2 inhibitor
DX600 retain their activity when N-conjugated for 68Ga chelation. In
vivo studies in a transgenic hACE2murine model using the lead tracer,
68Ga-NOTA-PEP4, showed specific binding in the heart, liver, lungs
and intestine—organs known to be affected in SARS-CoV-2 infection.
These results suggest that 68Ga-NOTA-PEP4 could be used to detect
organ-specific suppression of ACE2 in SARS-CoV-2–infected murine
models and COVID-19 patients.
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The novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has had profound effects on global health,

especially in the United States, the country with the largest num-
ber of confirmed coronavirus disease 2019 (COVID-19) cases and
associated deaths. Many of these patients progress to acute respira-
tory distress syndrome (ARDS) respiratory failure with wide-
spread injury of the lungs. The underlying mechanisms include
diffuse alveolar damage, surfactant dysfunction, and immune cell
activation (1–3). Many pathologic conditions can cause this con-
vergent picture, including both bacterial and viral infections. These
causes of ARDS likely share dysfunction of the renin-angiotensin
system, especially loss of angiotensin-converting enzyme 2
(ACE2) function (4–8). ACE2 is a transmembrane protein that
functions as an angiotensin receptor chaperone. The roles of
ACE2, ACE, and angiotensin II are highlighted in Figure 1A,
which describes dual functions of the renin-angiotensin system
with opposing effects on cardiovascular biology (9). In this path-
way, ACE2 performs an important regulatory role, converting
angiotensin II to angiotensin 1–7, which causes vasodilatation and
has antiinflammatory effect, unlike activation of angiotensin recep-
tor, which will lead to vasoconstriction, higher blood pressure, and
inflammation (potentially ARDS) (10–13).
Although several recent papers suggest that other mammalian

transmembrane proteins (e.g., CD147 and CD26) allow SARS-
CoV-2 to infect different cell types (14,15), ACE2 is the main
point of entry of the virus into host cells (Fig. 1B). This process
depends on this receptor as well as on its spike (S) protein, with
cryogenic electron microscopy structures and x-ray crystal struc-
tures of the complex recently described, as well as characterization
of the complex via atomic force microscopy (Fig. 1C) (16–18).
This protein has 2 subunits: S1, containing receptor-binding
domains, and S2, which is responsible for membrane fusion.
The receptor-binding domains can mimic the ACE2 interaction
with angiotensin receptor (hydrophobic and strong electrostatic
interactions, including p–p, and cation–p) and gain entry via
strong noncovalent attachment to ACE2 in the angiotensin recep-
tor binding site (19). Three recent cryogenic electron microscopy
structure studies demonstrated that SARS-CoV-2 spike protein
binds directly to ACE2 and that the SARS-CoV-2 spike protein
likely recognizes humanized ACE2 (hACE2) with even higher
binding affinity than the spike from SARS-CoV (20–22). This
binding was suggested to alter virus configuration and expose a
cleavage site on S2, resulting in host protease cleavage (mainly
by transmembrane protease/serine subfamily member 2), allowing
the virus to enter the cell (23). This mechanism was recently
supported by a cryogenic electron microscopy structure
postfusion analysis that showed structural and conformational
rearrangements of the S-protein compared with its prefusion struc-
ture (24).
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To investigate SARS-CoV-2 susceptibility, and organ-specific
suppression of ACE2 in COVID-19, new ACE2-specific imaging
methods would be profoundly helpful. A key hypothesis in
COVID-19 is that binding of SARS-CoV-2 to ACE2 results in
downregulation of this beneficial enzyme, as observed for the orig-
inal SARS-CoV virus from 2003, which also depends on ACE2
for viral entry. At that time, researchers in the Penninger lab found
that in preclinical models of acute lung injury, the viral S-protein
itself resulted in loss of normal ACE2 function, contributing to
severe disease (25). After this outbreak, several ACE2-specific
small molecules and peptides were discovered, motivating our
design of active-site–targeted, high-affinity PET tracers. The
reported ACE2-specific ligands, generally characterized by their
ACE2 half-maximal inhibitory concentration (IC50), included the
peptide DX600 discovered via phage display (26–31). The DX600
sequence is shown in Figure 1D. In this article, we report develop-
ment of ACE2-specific PET radiotracers (68Ga-NOTA-PEP)
derived from this sequence. We anticipate that ACE2-specific PET
could help evaluate which systems are most targeted by SARS-
CoV-2 infection, the timing of disease, and how ACE2 modulation
correlates with ARDS susceptibility and other organ injury. Deter-
mining ACE2 expression noninvasively would also help us to bet-
ter understand differential susceptibility to SARS-CoV-2 based on
age, sex, and the use of common antihypertensive medications.
Recent work has also highlighted the role of ACE2 in a large num-
ber of organs beyond the lungs, including the heart, kidneys, and
gastrointestinal system (32–37). These other organ systems are
affected in COVID-19 with devastating consequences. We

therefore believe that the information
gleaned from 68Ga-NOTA-PEP4 or some
other in vivo ACE2 sensor will potentially
be helpful in COVID-19 treatment, via
either exogenous ACE2 (4,38) or some
other therapy.

MATERIALS AND METHODS

Peptides
The DX600-derived peptides studied were

obtained from AnaSpec as a custom synthe-
sis, fully characterized by high-performance
liquid chromatography (HPLC) and mass
spectrometry. These peptides were radiola-
beled without additional modification. Com-
plete documentation is provided in the
supplemental materials (available at http://
jnm.snmjournals.org).

ACE2 Inhibition Assay
Six DX600-derived peptides, named

NOTA-PEP1 to NOTA-PEP6 (cyclic vs. non-
cyclic, with triglycine, aminocaproate, and
polyethylene glycol linkers), were studied
using a commercially available ACE2 inhibi-
tion assay according to the manufacturer’s
instructions (SensoLyte 390 ACE2 Activity
Assay Kit *Fluorimetric*, AS-72086; AnaS-
pec). Each peptide inhibitor was first tested at
4 concentrations. Initial velocities were deter-
mined relative to the inhibitor free reaction.
Subsequently, IC50 values were derived from
nonlinear fits of saturation curves of a 6-point

dilution series of peptide inhibitors.

68Ga-Peptide Synthesis
Full descriptions of radiochemical syntheses, as well as the analytic

techniques used, are provided in the supplemental materials. Unless other-
wise noted, all reagents were obtained commercially and used without fur-
ther purification. 68Ga-gallium chloride was generated in the University of
California, San Francisco (UCSF), radiopharmaceutical facility by elution
from an ITG germanium–gallium generator. To generator-eluted 68Ga-Cl3
in a 4-mL dilute HCl solution was added the indicated NOTA-PEP
precursor (80 mg) in pH 5 sodium acetate buffer solution (160 mL). The
mixture was heated for 15 min at 90�C. The reaction was monitored by
thin-layer chromatography (TLC) performed on cellulose filter paper
developed in phosphate-buffered saline. Free gallium migrates to the sol-
vent front (�90 mm), and bound gallium remains at the origin (�20
mm). Crude TLC data were obtained for all 68Ga-NOTA-PEP peptides to
determine percentage chelation; the lead peptide, 68Ga-NOTA-PEP4, was
purified using a preconditioned C18 Sep-Pak cartridge and characterized
by analytic HPLC. Stability of 68Ga-NOTA-PEP4 was evaluated in
phosphate-buffered saline, mouse serum, and human serum in preparation
for animal studies.

Small-Animal PET/CT Imaging
All animal procedures were approved by the UCSF Institutional

Animal Care and Use Committee, and all studies were performed in
accordance with UCSF guidelines regarding animal housing, pain
management, and euthanasia. hACE2 recombinant mice (B6.Cg-
Tg(K18-ACE2)2Prlmn/J, 034860) were obtained from Jackson Labo-
ratory, aged 6–10 wk (39–41).

FIGURE 1. Role of ACE2 in hypertension and SARS-CoV-2 infection. (A) Renin-angiotensin system,
with role of ACE2 highlighted on right; ACE2 generally counters vasoconstrictive pathway initiated by
formation of angiotensin II. (B) Simplified structure of SARS-CoV-2 virus indicating spike glycoprotein
that interacts with ACE2 and other host proteins. (C) Structural (cryogenic electron microscopy, x-ray
crystallography) and atomic force microscopy elucidating interaction between spike protein S1 subu-
nit and ACE2. S1 binds to ACE2 site remote to its active site, which is targeted by inhibitory peptides
described in this article. (Adapted from (18).) (D) Characteristics of 26-residue DX600 peptide. This
peptide contains 2 cysteine residues, used for cyclization via disulfide bridge formation. DX600 was
discovered via phage display and shown by Huang et al. (30) to be a potent ACE2 inhibitor, with a
calculated dissociation constant of 10.8 nM and specificity for ACE2 vs. ACE and carboxypeptidase
A. KD 5 dissociation constant; Ki 5 inhibition constant; PDB 5 protein data bank; RBD 5 receptor-
binding domain; ssRNA5 single-stranded ribonucleic acid.
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For single-time-point imaging, a tail-vein catheter was placed in mice
(n = 8) under isoflurane anesthesia. Approximately 13 MBq of 68Ga-
NOTA-PEP4 were injected via the tail-vein catheter. The animals were
placed on a heating pad to minimize shivering. They were allowed to
recover and micturate, and at 75 min after injection they were placed
back under isoflurane anesthesia. At 90 min after injection, the animals
were transferred to an Inveon small-animal PET/CT system (Siemens)
and imaged using a single static 25-min PET acquisition followed by a
10-min CT scan for attenuation correction and anatomic coregistration.
No adverse events were observed during or after injection of any com-
pound. Anesthesia was maintained during imaging using isoflurane.

For inhibition (blocking) studies (n = 8), the protocol was identical to
that above but cold NOTA-derived inhibitory cyclic peptide (NOTA-
PEP4) (10 mg/kg dose) was coadministered with 68Ga-NOTA-PEP4 in
buffered saline.

For dynamic imaging, the protocol was similar to that above except
tail-vein administration of 13 MBq of 68Ga-NOTA-PEP4 was per-
formed simultaneously on a cohort of 4 animals positioned on the scan-
ner bed for PET imaging. PET imaging data were collected beginning
at the moment of injection for 90 min followed by a 10-min CT scan.

Ex Vivo Analyses of Mice
On completion of imaging, the mice were sacrificed and biodistri-

bution analysis performed. g-counting of harvested tissues was per-
formed using a Hidex automatic g-counter. Organs were also
harvested from a separate cohort of mice for an ACE2 activity assay.
The tissues were homogenized, and aliquots were used for protein
concentration using a standard Bradford assay. Additional tissue ali-
quots were used as the source of ACE2 in a commercially available
ACE2 assay (AnaSpec). The initial velocities were normalized relative

to muscle tissue. Relative activities are reported as the relative initial
velocity per gram of protein.

Data Analysis and Statistical Considerations
For syntheses, radiochemical yields incorporate decay correction

for 68Ga (half-life, 68 min). All in vivo PET data were viewed
using open-source Amide software (www.amide.sourceforge.net).
Reported static (single-time-point) data reflect g-counting of
harvested tissues. For dynamic data, uptake was quantified by draw-
ing spheric regions of interest (5–8 mm3) over indicated organs on
the CT portion of the exam and expressed as percentage injected
dose per gram. All statistical analysis was performed using
Microsoft Excel. Data were analyzed using an unpaired 2-tailed
Student t test. All graphs are depicted with error bars corresponding
to the SEM.

RESULTS

NOTA-Conjugated, Cyclic Peptides Targeting the ACE2 Active
Site Retain Their Potency Relative to the DX600
Parent Compound
On the basis of our hypothesis that potent peptide-derived

ACE2 inhibitors, modified with linkers/chelating groups, will
retain their activity and specificity, several NOTA-modified pep-
tide-derived ACE2 inhibitors derived from the DX600 sequence
(30) (inhibition constant, 2.8 nM; dissociation constant, 10.8 nM)
were synthesized and screened for ACE2 inhibition. These were
synthesized via Fmoc-protected linkers and N-capping NOTA
reagents (Figs. 2A and 2B). The general structure pursued was a
NOTA-linker peptide with 3 different linkers used, conferring
varying degrees of hydrophobicity and hydrogen bonding:

FIGURE 2. Discovery of DX600-derived, NOTA-conjugated cyclic peptide inhibitors of ACE2 from small library. (A) General 68Ga-peptide structure pur-
sued. Peptides studied had N-terminal NOTA chelating group, triglycine/caproic acid/polyethylene glycol (PEG) linkers with varying degrees of hydro-
phobicity and hydrogen-bonding, and 1/2 cyclization via cysteine residues highlighted in red. (B) Identity of 6 NOTA-conjugated peptides studied. (C)
Cyclic peptides demonstrated greater potency than their linear counterparts, as highlighted by initial ACE2 velocities seen with increasing inhibitor con-
centrations. All cyclic peptides (NOTA-PEP2, NOTA-PEP4, NOTA-PEP6) had similar profiles to parent peptide DX600, in contrast to linear peptide
NOTA-PEP1. (D) ACE2 IC50 values calculated from these data. Of note these IC50 values are significantly higher than inhibition constants reported by
Huang et al. for DX600, likely reflecting differences in assays used. However, NOTA-conjugated cyclic derivatives had no loss of potency relative to
DX600 parent. (E) Effects of cyclization highlighted in separate ACE2 assay using tris(2-carboxyethyl)phosphine (TCEP) to reduce disulfide bridges in
NOTA-PEP6.
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triglycine, polyethylene glycol, or caproic acid. These were syn-
thesized using standard Fmoc solid-phase synthesis (AnaSpec)
(42) with purity and identity confirmed by HPLC and mass spec-
trometry. Because DX600 contains 2 cysteine residues, a cyclized
set of peptides was also synthesized via disulfide bridge formation
(43). When these compounds were compared with the parent
DX600 peptide in a commercially available fluorometric ACE2
inhibition assay (AnaSpec), all 3 cyclic peptides (NOTA-PEP2,
NOTA-PEP4, and NOTA-PEP6) showed ACE2 inhibition nearly
identical to DX600 (Figs. 2C and 2D). In other words, the
N-terminal modification caused no loss of inhibitory activity when
compared with the parent peptide, and in fact the cyclic peptide
NOTA-PEP4 was a slightly better ACE2 inhibitor than DX600. In
contrast, the linear derivatives showed much lower activity, which
may result from a solution confirmation for which the NOTA
interferes with ACE2 active site binding. To further evaluate this
loss of potency, we studied ACE2 inhibition using a cyclic
NOTA-PEP6 with and without addition of the reducing agent
tris(2-carboxyethyl)phosphine, which was confirmed to reduce the
disulfide bridge in the cyclic peptide (producing the linear NOTA-
PEP5) (Fig. 2E; Supplemental Figs. 1 and 2). As anticipated, addi-
tion of tris(2-carboxyethyl)phosphine markedly increased the
observed ACE2 IC50.

Radiosyntheses of 68Ga-NOTA-PEP Peptides Are Efficient
Promising ACE2 inhibition results for NOTA-conjugated

cyclic peptides were followed with radiolabeling of peptides with
68Ga (Supplemental Fig. 3) (44). Crude radiochemical yields of
the desired 68Ga-peptide chelate were more than 80% in all cases
by TLC. Most synthetic efforts focused on optimizing the radio-
synthesis of the lead inhibitor, 68Ga-NOTA-PEP4. 68Ga-NOTA-
PEP4 was synthesized in 30 min from generator-eluted 68Ga-Cl3
in a 4-mL dilute HCl solution. The precursor (80 mg) was added
as a pH 5 acetate buffer solution (160 mL) and heated for 15 min
at 90�C. The crude mixture was purified via a preconditioned
C18 Sep-Pak cartridge, resulting in 68Ga-NOTA-PEP4 with more
than 99% radiochemical purity as determined by radio-TLC
(Fig. 3A) and HPLC (Supplemental Fig. 4). The decay-adjusted
radiochemical yield of 68Ga-NOTA-PEP4 was 63.2% 6 6.4%

(n 5 8), with an approximate molar activity greater than or
equal to 15.6 GBq/mmol. In preparation for animal studies,
stability of 68Ga-NOTA-PEP4 was confirmed in phosphate-
buffered saline, mouse serum, and human serum (Supplemental
Fig. 5).

68Ga-NOTA-PEP4 Signals in the Lungs, Heart, Small Intestine,
and Liver of hACE2 Transgenic Mice Are Attenuated with
Coadministration of Inhibitory Cyclic Peptide
Having developed a radiosynthesis of 68Ga-NOTA-PEP4, we

sought to further validate the tracer in a transgenic, hACE2 murine
model. The K18-hACE2 transgenic mice express hACE2 under the
control of the human keratin 18 promoter, which directs expression
to epithelia, including airway epithelial cells where infections typi-
cally begin (39). Preliminary studies available from The Jackson
Laboratory website, and recently published studies (45), have
shown that K18-hACE2 transgenic mice develop dose-dependent
disease phenotypes when infected intranasally with SARS-CoV-2,
with high doses resulting in ARDS/death analogous to that
observed in some COVID-19 patients. Male Tg(K18-
ACE2)2Prlmn/J hemizygous mice (n 5 4; The Jackson Labora-
tory) were initially injected with 13.0 MBq of 68Ga-NOTA-PEP4,
and dynamic imaging was performed to identify optimum single-
time-point imaging. Region-of-interest analysis of dynamic data
was focused on organs known to be affected in SARS-CoV-2 (Fig.
3B; Supplemental Fig. 6). Region-of-interest analysis of the images
demonstrated prompt clearance from the blood pool with accumu-
lation in the kidneys, as expected for a small-peptide tracer.
Next, we performed an imaging and biodistribution study to

show that 68Ga-NOTA-PEP4 demonstrates specific uptake in tis-
sues with increased expression of ACE2 (Fig. 4). To demonstrate
specificity of uptake, blocking with excess cyclic NOTA-PEP
inhibitory peptide was used. With blocking, significant reductions
in cyclic 68Ga-NOTA-PEP4 were seen in the heart (2.5-fold, P 5
0.0203), lung (2.5-fold, P , 0.0001), liver (2.8-fold, P , 0.0001),
and small intestine (2.4-fold, P 5 0.0002). ACE2 activity in these
organs was subsequently confirmed via harvested organs in a sepa-
rate hACE2 cohort (n 5 3, Supplemental Fig. 7). Taken together,
these data demonstrate that 68Ga-NOTA-PEP4 can specifically

bind to tissues with high ACE2
expression.

DISCUSSION

The novel COVID-19 has spread rap-
idly throughout the world, with the highest
number of confirmed cases and deaths in
the United States. Both biochemical stud-
ies and published cryogenic electron
microscopy structures have shown that the
spike protein (S-protein) of SARS-CoV-2
predominantly uses hACE2 for viral entry,
resulting in suppression of this enzyme as
seen in SARS-CoV (25,46). Additional
recent publications have highlighted the
possibility that the lower ACE2 activity
seen with SARS-CoV-2 infection may be
responsible for the physiologic effects
incurred, analogous to what was seen with
the original SARS-CoV (25). These obser-
vations support recombinant ACE2-
derived therapies as a way to treat

FIGURE 3. Radiosynthesis and in vivo dynamic characterization of 68Ga-NOTA-PEP4. On the basis
of IC50 data, NOTA-PEP4 was chosen for subsequent radiolabeling with 68Ga. (A) Our optimized
radiosynthesis yielded desired 68Ga-NOTA-PEP4 in greater than 95% radiochemical purity. (B)
Dynamic small-animal PET/CT in hACE2 transgenic mice was used to generate organ-specific
time–activity curve, identifying later time points as generating stable 68Ga signals. TLC 5 thin-layer
chromatography.
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COVID-19, via 2 mechanisms: by replenishing protective ACE2
function and by serving as a decoy receptor for the virus. These
therapeutic effects, the differential susceptibility of individuals
(based on age, comorbidities) to COVID-19, and the organ-
specific effects of SARS-CoV-2 are all potentially addressed by an
ACE2-specific imaging method. We therefore sought a PET tracer
derived from known inhibitor structures, via modification of the
known ACE2 inhibitory peptide DX600 with 68Ga.
Because inhibitor-derived structures modified for PET do not

necessarily recapitulate the potency of their parent compounds,

our first efforts were focused on the cold NOTA-conjugated
DX600-derived peptides, derived from triglycine, caproic acid,
and polyethylene glycol linkers. Gratifyingly, the DX600-
derived cyclic peptides that were studied all showed ACE2
activity similar to the parent peptide. In contrast, the linear
versions were relatively inactive, which may reflect conforma-
tional effects. The calculated IC50 of DX600 (standard included
in AnaSpec assay kit) was more than 1 order of magnitude
higher than the inhibition constant reported by Huang et al.
(30), likely reflecting numerous experimental differences (e.g.,

FIGURE 4. In vivo biodistribution studies of 68Ga-NOTA-PEP4 in hACE2 transgenic mice, demonstrating modulation of signals with pharmacologic
dose of ACE2 inhibitor. (A) Small-animal PET/CT image from static acquisition highlighting signal corresponding to lungs, which is of exceptional interest
in SARS-CoV-2 infection. (B) Biodistribution of 68Ga-NOTA-PEP4 in heart, lungs, liver, and small intestine, with and without presence of ACE2 inhibitor.
Significant blocking (unpaired Student t test) of 68Ga-NOTA-PEP4 was seen in heart, lungs, liver, and small intestine, organs implicated in COVID-19. (C)
Full biodistribution studies. Highest signals were observed in kidneys, but observed percentage injected dose (%ID)/g was not significantly lower in pres-
ence of ACE2 inhibitor. Therefore, renal signals are felt to represent primary route of excretion. *P# 0.05. **P# 0.01. ***P# 0.001. ****P# 0.0001.
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enzyme concentration and activity). We therefore considered
the IC50 of the NOTA-derived peptides relative to that of
DX600 to be the most important determinant of successful
PET probe development. Indeed, our lead cyclic peptide,
NOTA-PEP4, had an IC50 lower than that of the DX600 par-
ent, motivating the radiolabeling of NOTA-PEP4 for subse-
quent imaging studies.
A high-yield and efficient synthesis of 68Ga-NOTA-PEP4 was

developed with the tracer applied to an hACE2 transgenic model.
Our studies coinjecting a pharmacologic concentration of NOTA-
PEP inhibitor with 68Ga-NOTA-PEP4 showed significant attenua-
tion of PET signals in the lungs, liver, heart, and small intestine,
suggesting that these signals were related to ACE2 expression.
Consistent with this observation, ex vivo tissue-specific ACE2
activity was observed in these organs, which are affected in
COVID-19 (47,48). Modulation of 68Ga-NOTA-PEP4 using an
ACE2 inhibitor also suggests that changes in ACE2 expression
can be detected noninvasively. Additionally, ex vivo tissue analy-
sis showed metabolically active ACE2 expression in the kidneys
despite the absence of strong blocking. The tissue accumulation of
68Ga-NOTA-PEP4 in the kidneys suggests a dominant renal excre-
tion pathway, complicating our ability to detect hACE2 in this tis-
sue (49). In other words, high background signal due to the
normal excretion pathway of 68Ga-NOTA-PEP4 may represent a
limitation of this method to detect ACE2 activity in the kidney. In
the future, hACE2 expression–specific 68Ga-NOTA-PEP4 signals
versus background excretion need to be further clarified, perhaps
using ACE2 knockout animals (50) in addition to the inhibitory
studies described in this article.
The in vivo studies performed also reflect a limitation of most

academic centers in the United States; specifically, few facilities
have a small-animal PET/CT imaging system compatible with bio-
safety level 3. Future molecular imaging of live SARS-CoV-2 (a
biosafety level 3 organism) and its host effects will therefore
require collaborative work with those few centers able to accom-
modate these studies (51). Given the history of ACE2 with respect
to SARS-CoV (the 2003 SARS coronavirus) and ARDS, we
expect that new ACE2-specific PET tools will be relevant beyond
the current pandemic. We are partially motivated by data indicat-
ing that zoonotic infections, especially coronavirus-related, are on
the rise (52). The incidence of emerging and reemerging zoonotic
disease is increasing in many parts of the world, with animal
viruses able to cross species barriers to infect humans; it appears
likely that ACE2 will be relevant in future pandemics. Better
understanding ACE2 suppression, and differential susceptibility to
SARS-COV-2, will help us better treat COVID-19 and other dis-
eases for which ACE2 plays a critical role.

CONCLUSION

Our study shows that the ACE2 active site–targeted inhibitor
DX600 can be modified for PET via NOTA/linker modification,
without loss of activity for cyclized peptides. All peptides studied
are readily radiolabeled with 68Ga. In an hACE2 transgenic murine
model, the lead radiotracer, 68Ga-NOTA-PEP4, shows dominant
excretion from the kidneys, with attenuated uptake in the lungs,
liver, heart, and small intestine when an ACE2 inhibitor is coadmi-
nistered. These results suggest that modulation of ACE2, as occur-
ring in SARS-CoV-2 infection, can be detected using 68Ga-NOTA-
PEP4 or related approaches. Future studies include application of
68Ga-NOTA-PEP4 to SARS-CoV-2–infected hACE2 mice.
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KEY POINTS

QUESTION: Can ACE2, the main receptor for SARS-CoV-2, be
detected using PET?
PERTINENT FINDINGS: NOTA-conjugated cyclic peptides
derived from the known ACE2 inhibitor DX600 retain their activity
when N-conjugated for 68Ga chelation. In vivo studies in a trans-
genic hACE2 murine model using the lead tracer, 68Ga-NOTA-
PEP4, showed specific binding in the heart, liver, lungs, and intes-
tine—organs known to be affected in SARS-CoV-2 infection.
IMPLICATIONS FOR PATIENT CARE: The spatiotemporal dis-
tribution of ACE2 suppression in COVID-19 will be helpful both
in understanding the disease and in developing future treat-
ments. Specifically, the loss of normal ACE2 activity is implicated
in organ dysfunction (particularly lung dysfunction), a deficit that
may be addressed by recombinant ACE2 administration or some
other therapy.
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Single-Domain Antibody Nuclear Imaging Allows Noninvasive
Quantification of LAG-3 Expression by Tumor-Infiltrating
Leukocytes and Predicts Response of Immune
Checkpoint Blockade

Quentin Lecocq1, Robin Maximilian Awad1, Yannick De Vlaeminck1, Wout de Mey1, Thomas Ertveldt1, Cleo Goyvaerts1,
Geert Raes2,3, Kris Thielemans1, Marleen Keyaerts4,5, Nick Devoogdt*4, and Karine Breckpot*1

1Laboratory for Molecular and Cellular Therapy, Vrije Universiteit Brussel, Brussels, Belgium; 2Myeloid Cell Immunology Lab, VIB
Center for Inflammation Research, Brussels, Belgium; 3Unit of Cellular and Molecular Immunology, Vrije Universiteit Brussel, Brussels,
Belgium; 4In Vivo Cellular and Molecular Imaging Laboratory, Vrije Universiteit Brussel, Brussels, Belgium; and 5Nuclear Medicine
Department, UZ Brussel, Brussels, Belgium

Recentadvances in thefieldof immune-oncology ledto thediscoveryof
next-generation immune checkpoints (ICPs). Lymphocyte activation
gene-3 (LAG-3), being the most widely studied among them, is being
explored as a target for the treatment of cancer patients. Several antag-
onistic anti-LAG-3antibodiesarebeingdevelopedandareprimecandi-
dates for clinical application. Furthermore, validated therapies targeting
cytotoxic T-lymphocyte–associated protein-4, programmed cell-death
protein-1,orprogrammedcell-death ligand-1showed thatonlysubsets
of patients respond. This finding highlights the need for better tools for
patient selection and monitoring. The potential of molecular imaging
to detect ICPs noninvasively in cancer is supported by several preclini-
cal and clinical studies. Here, we report on a single-domain antibody to
evaluate whole-body LAG-3 expression in various syngeneic mouse
cancer models using nuclear imaging. Methods: SPECT/CT scans of
tumor-bearing mice were performed 1 h after injection with radiola-
beled single-domain antibody. Organs and tumors of mice were iso-
lated and evaluated for the presence of the radiolabeled tracer and
LAG-3–expressing immune cells using a g-counter and flow cytometry
respectively. PD-1/LAG-3–blocking antibodies were injected inMC38-
bearing mice. Results: The radiolabeled single-domain antibody
detected LAG-3 expression on tumor-infiltrating lymphocytes (TILs)
as soon as 1 h after injection in MC38, MO4, and TC-1 cancer models.
The single-domain antibody tracer visualized a compensatory upregu-
lation of LAG-3 on TILs in MC38 tumors of mice treated with
PD-1–blocking antibodies. When PD-1 blockade was combined with
LAG-3 blockade, a synergistic effect on tumor growth delay was
observed. Conclusion: These findings consolidate LAG-3 as a next-
generation ICP and support the use of single-domain antibodies as
tools to noninvasively monitor the dynamic evolution of LAG-3 expres-
sion by TILs, which could be exploited to predict therapy outcome.

Key Words: cancer; nuclear imaging; single domain antibody; Nano-
body; immune checkpoint; LAG-3

J Nucl Med 2021; 62:1638–1644
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A frequently exploited immunotherapy strategy in cancer
is blockade of inhibitory immune checkpoints (ICPs) (1). So far,
the Food and Drug Administration has approved 7 antagonistic
monoclonal antibodies (mAbs) against cytotoxic T-lymphocyte-
associated protein-4 (CTLA-4), programmed cell-death protein-1
(PD-1), and its ligand PD-L1 for treatment of cancer (2). Although
groundbreaking and effective in subsets of patients, the response to
CTLA-4 and PD-1/PD-L1 mAbs is not satisfactory, as most patients
show primary or acquired resistance (3). This observation instigated
research into novel ICPs, which could compensate for the loss of the
targeted ICP. Of these, lymphocyte activation gene-3 (LAG-3) is a
promising target with a high probability of clinical success (4,5).
LAG-3 is a CD4-like molecule belonging to the immunoglobulin

superfamily and is expressed on activated CD41 and CD81 T cells
(6), regulatory T cells (7), B cells (8), natural killer cells (9), plasma-
cytoid dendritic cells (10), and myeloid cells such as macrophages
(11). Molecules such as MHC-II (12), galectin-3 (13), LSECtin
(14),a-synuclein (15), and fibrinogenlike protein-1 (16) can interact
with LAG-3, with MHC-II being the canonic ligand. LAG-3 signal-
ing is coopted in the tumor microenvironment (TME) to enable
tumor cell escape.
Relatlimab was the first anti-LAG-3 mAb that entered clinical test-

ing, as a monotherapy or combination therapy with nivolumab, an
anti-PD-1 mAb, in melanoma, renal cell carcinoma, and non–small
cell lung carcinoma (NCT019680109). This phase I trial showed
that LAG-3 and PD-1 blockade is safe and restores T-cell functional-
ity, leading to testing inphase II trials. Today, 7 othermAbs and 3 anti-
body derivatives that target LAG-3 are being evaluated in the clinic in
a variety of malignancies. The high potential of LAG-3 blockade for
cancer therapy is evidenced by the results in melanoma patients, who
progressed despite previous immunotherapy not related to LAG-3 and
who showed an 11% objective response rate when treated with relat-
limab, with 1 complete and 6 partial responders (17). In this study,
LAG-3 expression on nucleated cells within the tumor and invasive

Received Oct. 20, 2020; revision accepted Feb. 3, 2021.
For correspondence or reprints, contact Nick Devoogdt (nick.devoogdt@

vub.be) or Karine Breckpot (karine.breckpot@vub.be).
Published online March 12, 2021.
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� 2021 by the Society of Nuclear Medicine andMolecular Imaging.

1638 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 11 � November 2021

https://doi.org/10.2967/jnumed.120.258871
mailto:nick.devoogdt@vub.be
mailto:nick.devoogdt@vub.be
mailto:karine.breckpot@vub.be
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://jnm.snmjournals.org/site/misc/permission.xhtml
http://jnm.snmjournals.org/site/misc/permission.xhtml


marginwas determined using immunohistochemistry. Itwas observed
that the objective response rate almost doubled in the LAG-3 expres-
sion group, underscoring the need for patient stratification.
Immunohistochemistry has several limitations with respect to ICP

detection and subsequent patient selection (18,19). The need for a
biopsy, the heterogeneous and dynamic expression of ICPs within
the TME, and their role outside the TME are factors that can lead
to incorrect stratification of patients. This could, for instance, explain
why patients with undetectable PD-L1 levels showed beneficial
effects of PD-L1 blockade (20). As opposed to immunohistochem-
istry, nuclear imaging is a noninvasive process that can be performed
repeatedly irrespective of the tumor location (18,19,21). For exam-
ple, imaging of PD-1 or PD-L1 using PET tracers has been per-
formed in clinical trials, showing a better correlation with therapy
outcome than immunohistochemistry (22,23). For the sake of safety
and clinical practicality, nuclear imaging should be fast and generate
high-contrast images, which can be achieved with small, stable, and
soluble antigen-binding moieties.
Single-domain antibodies, the smallest antigen-binding fragment

of camelid heavy-chain–only antibodies, are excellent tools to target
proteins in the TME (18,19). Single-domain antibodies are small and
easy to engineer and produce. Several radiolabeled single-domain
antibodies are currently being evaluated in the clinic, including a
99mTc-radiolabeled single-domain antibody that targets PD-L1,
showing specific uptake in patients with non–small cell lung carci-
noma at 2 h after injection (24–27). Therefore, single-domain anti-
bodies targeting LAG-3 could be interesting diagnostic tools for
noninvasive detection of LAG-3 before and after ICP treatment.
We previously reported the characterization of single-domain

antibodies that target mouse LAG-3, showing that 99mTc-labeled
single-domain antibody 3132 is an excellent SPECT probe to specif-
ically detect LAG-3 on immune cells and on tumor cells that were
engineered to express high levels of LAG-3 (28). In this study,
we assessed the ability of this single-domain antibody to image
LAG-3 on tumor-infiltrating lymphocytes (TILs) in different mouse
cancermodels by SPECT/CT.We show that this single-domain anti-
body can accurately quantify LAG-3 levels in the TIL compartment.
We moreover demonstrate the ability to detect LAG-3 upregulation
on TILs in MC38 tumors of mice that were treated with anti-PD-1
mAbs. The enhanced therapy outcome in MC38-bearing mice
treated with mAbs blocking PD-1 and LAG-3 corroborates the upre-
gulation of LAG-3, as observed by nuclear imaging with the LAG-3
single-domain antibody.

MATERIALS AND METHODS

Mice, Cell Lines, and Reagents
Female, C57BL/6 mice (6–12 wk old) were purchased from Charles

River. The institution’s ethical committee for use of laboratory animals
approved the experiments. These were performed following the Euro-
pean guidelines for animal experimentation. MC38 mouse colorectal
cancer cells and human embryonic kidney 293T cells were obtained
from ATCC. MO4 melanoma cells were provided by Kenneth Rock
(University of Massachusetts Medical School). These cells were cul-
tured in Dulbecco modified Eagle’s medium supplemented with 10%
fetal bovine serum (Tico Europe), 2mM L-glutamine, and 100U/mL
penicillin with 100mg/mL streptomycin. The TC-1 mouse lung cancer
cells were provided by Tzyy-Choou Wu (Johns Hopkins University)
and cultured in RPMI1640 medium, supplemented with 10% fetal clone
I serum (Thermo Fisher Scientific), L-glutamine, 100U/mL penicillin
with 100mg/mL streptomycin, 1mM sodium pyruvate with nonessential
amino acids, 12.5mM D1-glucose, 5mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, and 50mM b-mercaptoethanol. Culture
media and supplements were from Sigma-Aldrich unless noted other-
wise. A LAG-3–specific PerCP-eFluor710 or phycoerythrin-labeled
antibody (clone eBioC9B7W; Biolegend) was used in flow cytometry.
Antibodies from BD Biosciences were used to discriminate immune
cells in flow cytometry: CD45.2-APC-Cy7 (clone 104), CD4-AF700
(clone RM4-5), CD8-V450 (clone 53-67), CD19-AF647 (clone 1D3),
and F4/80-BB700 (clone T452342).

Single-Domain Antibody Production and Quality Control
The LAG-3 single-domain antibody 3132 was selected from a panel

of candidates for its ability to bind to mouse LAG-3 (28). Single-
domain antibody R3B23, binding a multiple myeloma paraprotein
(29), was used as a negative control. Single-domain antibody production
and quality control were performed as previously described (28).

Inoculation of Tumor Cells and Monitoring of Tumor Growth
Micewere subcutaneously injectedwith 33 105MC38,MO4, or TC-1

cells. Body weight, behavior, physical appearance, and tumor ulceration
were examined daily. Tumor dimensions were measured every other
day using a caliper to calculate the tumor volume: (length3 width2)/2.
All procedureswere performed under isoflurane anesthesia (5% for induc-
tion and 2.5% for maintenance, with an oxygen flow of 1 L/min).

ICP Blockade in Tumor-Bearing Mice
MC38-bearing mice were injected intraperitoneally with 10 mg/kg

Ultra-LEAF mAbs (Biolegend) targeting mouse PD-1 (clone RPM1-
14), mouse LAG-3 (clone C9B7W), an isotype-matched control (IC)
for the PD-1 monotherapy (rat IgG2a, clone RTK2758), or a mixture
of IC mAbs for the anti-PD-1/LAG-3 combination therapy (rat IgG1,
clone RTK2071, and rat IgG2a, clone RTK2758).

Single-Domain Antibody 99mTc Labeling, SPECT/CT Imaging,
Image Analysis, and Biodistribution Analysis

One hour before pinhole SPECT/small-animal CT imaging, the mice
were intravenously injected with 5mg of 99mTc-labeled LAG-3 or
control single-domain antibody, with, on average, 68.8 6 6.8 MBq and
88.9 6 5.1 MBq of injected activity, respectively. SPECT/CT imaging
was performed using a VECTor SPECT/PET scanner (MILabs). SPECT
imaging was performed with a 1.5-mm 75-pinhole general-purpose col-
limator, in spiralmodewith 6 bed positions. The SPECT scan time for the
total body was 15min, 150 s per position. The CT scan time was 139 s in
total, set to 60 kV and 615 mA. During all imaging procedures, the mice
were anesthetized by intraperitoneal injection with 75 mg/kg ketamine
hydrochloride and 1 mg/kg medetomidine (Ketamidor; Richter Pharma
AG). Immediately after imaging, the organs of the killed mice were iso-
lated andweighed. The submandibular lymph nodes were selected as rep-
resentative lymph nodes. The organ-specific uptake of each radiotracer
was measured using a Wizard2 g-counter (PerkinElmer). The uptake in
each organ was corrected for decay and calculated as the percentage of
injected activity per gram (%IA/g). Image analysis was performed using
AMIDE (Medical Image Data Examiner software) and HOROS
medical imaging viewer (lesser general public license at https://
horosproject.org/). Isolated organs were kept in MACS tissue storage
solution (Miltenyi Biotec) when flow cytometry analysis was required.

Single-Cell Preparation of Tumor and Spleen
Single-cell suspensions of tumors and spleens were prepared accord-

ing to protocols 130-096-730 and 130-095-926 of Miltenyi Biotec. The
tumors were cut into approximately 3-mm pieces and transferred to gen-
tleMACS C tubes containing 5mL of ice-cold RPMI1640 supplemented
with 1,000 U/mL DNase I and 100mL of collagenase I. Tumors and
whole spleens were homogenized at 37�C for, respectively, 45 and
15min using the gentleMACS Octo Dissociator (programs cus_37C_
mImpTu2 and 37C_m_SDK_1, respectively). The cell suspension was
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filtered through a 70-mm filter (BD Falcon), washed with phosphate-
buffered saline (Sigma-Aldrich), and centrifuged for 5min at
1,500 rpm. Red blood cells were removed by resuspending the cell pellet
with 5mL of lysis buffer (0.16 M NH4Cl, 0.17 M Tris, pH 7.2).
After 2min of incubation, 10mL of phosphate-buffered saline were
added, and the cells were centrifuged, resuspended in cold phosphate-
buffered saline, counted (CasyTon; Innovatis), and prepared for flow
cytometry staining and analysis.

Flow Cytometry
Staining cell-surface markers was previously described (30). Live/dead

staining of the single-cell preparations was performed using ZombieAqua
(BV510; Biolegend). Blockade of FcgII and FcgIII receptors (CD16/32
antibody, clone 93; BioLegend) and staining of
surface makers was performed in phosphate-
buffered saline containing 0.5% bovine serum
albumin and 0.02% NaN3. The cells were
acquired on a FACSCelesta or LSRFortessa
flow cytometer (BD Biosciences). Data were
analyzed using FlowJo X software (Tree Star).

Statistics
Statistical analyses were performed with

GraphPad Prism software (version 7.2). Data
are represented as mean 6 SD. P values were
calculated using Mann–Whitney tests and
Spearman correlation tests for flow cytometry
and single-domain antibody biodistribution
experiments or log rank tests for survival
experiments. The asterisks in the figures indi-
cate statistical significance as follows: *P ,

0.05, **P , 0.01, ***P , 0.001, and ****P
, 0.0001; n.s. indicates not significant.

RESULTS

Radiolabeled LAG-3 Single-Domain Anti-
bodies Allow Imaging of LAG-3 in TME
We radiolabeled LAG-3 or control single-

domain antibodies with 99mTc and compared

their biodistribution in MC38-bearing mice
by performing SPECT/CT at days 11 or 17
of tumor growth (Supplemental Figs.
1A–1C; supplemental materials are available
at http://jnm.snmjournals.org). The average
injected dose and tumor size at the time of
evaluation are shown in Supplemental Figure
1D. Eighty minutes after injection, we
observed signals in kidneys and bladder due
to single-domain antibody clearance, and for
the LAG-3 single-domain antibody tracer we
observed signals in tumors (Fig. 1). After
imaging, organs were dissected and weighed,
and radioactivity levels were measured (Fig.
2A). Analysis of tumor uptake showed that
only radiolabeled LAG-3 single-domain anti-
body accumulated inMC38 tumors, with little
increase in larger tumors (P5 0.0364 and
P5 0.0091 for day 11 and 17 tumors, respec-
tively) (Fig. 2B). We assessed the accuracy of
the radiolabeled single-domain antibodies to
image LAG-3 expression levels in the tumor
by comparing ex vivo g-counts with the activ-

ity that can be measured on SPECT/CT scans using AMIDE software
(Fig. 2C). LAG-3 single-domain antibody tumor uptake was also eval-
uated in mice bearing TC-1 or MO4 tumors. The average tumor size
and the injected single-domain antibody doses are shown in Supple-
mental Figure 2A. Eightyminutes after injection, LAG-3 single-
domain antibody accumulated inTC-1 andMO4 tumors (Supplemental
Fig. 2B). Flow cytometry analysis showed LAG-3 expression on
CD451 immune cells in TC-1 or MO4 tumors (Supplemental Figs.
2C and 2D). In bothmodels, tracer uptake levels andmeanfluorescence
intensity (MFI) of LAG31 TILs correlated positively (Supplemental
Fig. 2D). Representative axial images of both tumor types are shown
in Supplemental Fig. 2E

FIGURE 1. SPECT/CT imaging of LAG-3 using 99mTc-labeled LAG-3 single-domain antibody in
MC38-bearingmice at days 11or 17 of tumor growth. Figure shows representative SPECT/CT images
of MC38-bearingmice intravenously injectedwith 99mTc-labeled LAG-3 or control single-domain anti-
bodies. 3D MIP5 3-dimensional maximum-intensity projection; sdAb5 single-domain antibody.

A B

C

FIGURE 2. Biodistribution of radiolabeled LAG-3 and control single-domain antibodies in MC38-
bearing mice at days 11 or 17 of tumor growth. (A) Ex vivo g-counting of isolated organs from
MC38-bearingmice 80min after injection of LAG-3 or control single-domain antibody tracers. (B) Indi-
vidual tumor uptake levels of LAG-3 and control single-domain antibody tracers as determined by ex
vivo g-counting. (C) Correlation plot of tumor uptakewithin image region of interest (x-axis) and ex vivo
g-countingof tumors (y-axis) forLAG-3single-domainantibody tracer.ROI5 regionof interest; sdAb5
single-domain antibody.
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PD-1 Blockade Causes Upregulation of LAG-3 on TILs
We evaluated whether we could detect LAG-3 upregulation

on TILs during PD-1 blockade in the MC38 model (31,32).
Tumor-bearing mice were treated with anti-PD-1 or control mAbs.
SPECT/CT imaging and ex vivo validations after injection of
99mTc-labeled LAG-3 single-domain antibody were performed
(Supplemental Fig. 3A).
We observed a slower tumor growth when mice were treated with

PD-1–blocking mAbs than when they were treated with IC mAbs
(Supplemental Figs. 3B and 4A; P5 0.0323). We further analyzed

SPECT/CT images using quantification software (Fig. 3A) and cal-
culated activity within the region of interest, assigned over the tumor
mass. These values correlated positively with the g-counts obtained
through ex vivo analysis (Fig. 3B). Ex vivo biodistribution analysis
showed a significantly higher uptake of LAG-3 single-domain anti-
body in lymph nodes (P5 0.0037) and MC38 tumors (P5 0.0022),
but not in spleen, as a result of PD-1 blockade (Supplemental Figs.
4B–4E, 5A, and 5B). LAG-3 single-domain antibody tumor uptake
in mice treated with anti-PD-1 or IC mAbs was also compared with
theMFI of LAG-3 expression on TILs, measured in flow cytometry.
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A positive correlation was found for CD451 total TILs, CD81 T
cells, CD191 B cells, and F4/801 macrophages but not for CD41

T cells (Fig. 4A). We also observed a significantly higher CD81

T-cell infiltration in tumors of PD-1–treated mice relative to IC
(Fig. 4B; P5 0.0350) but no differences in tumor infiltration for
CD41 T cells, CD191 B cells, or F4/801 macrophages (data not
shown). Notably, we observed an increase in LAG-3 expression on
total CD451 TILs in mice treated with anti-PD-1 mAbs
(P5 0.0221) (Fig. 4C). Although not significantly different between
PD-1–treated and IC-treated groups, the proportion of LAG-31CD81

T cells (P5 0.0518), CD191 B cells (P5 0.1807), and F4/801 mac-
rophages (P5 0.1807) tended to be more pronounced in mice treated
with anti-PD-1 mAbs (Fig. 4D). Elevated expression of LAG-3 on
TILs in mice treated with anti-PD-1 mAbs was further corroborated
by an increase in MFI, which was statistically different from the
IC-treated group for CD191 B cells (Fig. 5, P5 0.0140). Interest-
ingly, no significant difference in LAG-3 expression was observed

on spleen-residing immune cells of the PD-1–treated and IC-treated
groups (Fig. 5), as is in line with the spleen uptake values of radiola-
beled LAG-3 single-domain antibody (Supplemental Fig. 4D).

Blockade of LAG-3 in Combination with PD-1 Blockade
Enhances Therapy Outcome
We next assessed whether blockade of LAG-3 and PD-1 in the

MC38 model prolonged the tumor growth delay. Tumor-bearing
mice were treated with anti-PD-1 or anti-LAG-3 mAbs as shown
in Figure 6. Mice treated with a mixture of ICmAbs served as a con-
trol. The delay in tumor growth on treatment with anti-LAG-3mAbs
alone was not significant, whereas a statistical difference was
observed between anti-PD-1–treated and IC mAb–treated mice
(Fig. 6; P5 0.0201). Combined PD-1/LAG-3 blockade further
delayed tumor growth when compared with IC mAbs
(P5 0.0001) or monotherapy with anti-LAG-3 (P5 0.0201) or
anti-PD-1 (P5 0.5257) mAbs. This translated into a significantly

longer time to reach humane endpoints in
mice receiving the combination therapy
than in mice treated with IC (P5 0.0005),
anti-LAG-3 (P5 0.0004), or anti-PD-1
(P5 0.0181) mAbs (Fig. 6).

DISCUSSION

mAbs targeting ICPs such as CTLA-4 and
PD-1/PD-L1 have changed the field of
immune-oncology because of their potent
effects in a diversity of human cancers.
However, there is still a fraction of patients
who do not respond to this therapy. Addi-
tional ICPs such as LAG-3 have been dis-
covered, offering the potential to overcome
resistance in some of these patients by
blocking LAG-3. Its important role in cancer
development has been addressed in numer-
ous preclinical studies (28,32–37). LAG-3
was shown to be expressed on T cells, B
cells, plasmacytoid dendritic cells, natural
killer cells, and macrophages (1,6,11,28).
Its induction is related to the dysfunction
of cancer-specific T cells often associated
with PD-1 coexpression (33,34,38). The lat-
ter could be an explanation of therapeutic
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resistance to single-agent ICP blockade in patients. Subsequently,
efforts have been made to develop anti-LAG-3 mAbs and explore
their anticancer efficacy when used alone or in combination with
anti-PD-1 blockade.
Evaluating the expression of ICPs within the tumor to select

patients and predict their therapy outcome is of interest. Nuclear
imaging using small binding moieties such as single-domain anti-
bodies is a method to quickly detect biomarkers with high contrast
in a noninvasive way (18,21). Moreover, this method can be per-
formed repeatedly in the same patient regardless of the location of
the tumor. Several clinical studies led to the observation that radio-
labeled single-domain antibodies are good candidates to detect
tumor biomarkers with high contrast as soon as 60min after admin-
istration to the patient (19,26,27,39).
To our knowledge, we were the first to report different single-

domain antibodies targeting mouse LAG-3 and to select one of these
single-domain antibodies for detection of LAG-3–engineered tumor
cells (28). In this study, we evaluated this single-domain antibody
for detection of LAG-3–expressing TILs. We performed SPECT/CT
imaging on immunocompetent colon carcinoma–bearing mice using
99mTc-labeled LAG-3 single-domain antibody and compared tumor
uptake values with a radiolabeled control single-domain antibody.
Moreover, we performed imaging at days 11 or 17 of tumor growth
to evaluate whether tumor size alters LAG-3 detection with the
single-domain antibody tracer. Besides the specific signals detected
in organs such as the thymus, spleen, and lymph nodes, we observed
a significantly increased uptake of LAG-3 single-domain antibody in
tumors compared with control single-domain antibody. No difference
in single-domain antibody uptake was observed when comparing
weight-corrected uptake values in the tumors imaged at days 11 or
17. The ex vivo measured tumor activities could be correlated to the
SPECT/CT images. We further extended our SPECT/CT imaging
studies and ex vivo validations to a syngeneicmelanoma and lung can-
cermodel. The LAG3 single-domain antibody tracer also accumulated
in these tumors. Notably, uptake values correlated with the ex
vivo–evaluated LAG-3 expression on CD451 TILs using flow cytom-
etry. Overall, the SPECT/CT images of these scans show the potency
of the single-domain antibody tracer to map LAG-3 in the TME.
LAG-3 expression can act as a compensatory mechanism that

leads to therapeutic resistance of PD-1 blockade in cancer patients
(17,33,34,38). To our knowledge, we are the first to explore the
effects of PD-1 treatment on LAG-3 expression and distribution
using molecular imaging. MC38-bearing mice were treated with
PD-1–blocking mAbs, leading to tumor growth impairment. Non-
invasive imaging revealed elevated uptake of LAG-3 single-
domain antibody tracer in tumor and lymph nodes relative to the
IC treatment group. PD-1–treated mice had more CD81 T cells
in their tumor and more LAG-31 TILs. A positive correlation
was found between the amount of LAG-3 single-domain antibody
tracer in the tumor and the LAG-3 levels on CD81 T cells, CD191

B cells, and F4/801macrophages. However, some individual sam-
ples were inconclusive when we attempted to correlate LAG-3 sin-
gle-domain antibody uptake levels with flow cytometry data.
Intriguingly, previous studies suggest that checkpoint blockade
causes changes in the tumor environment such as a reduction in
tumor interstitial pressure and decompressed tumor blood vessels
(40). Although proven for PD-L1–blocking antibodies, we must
not exclude the possibility of similar anti-PD-1–mediated modifi-
cations that can alter the exposure of tumors to our radiolabeled
LAG-3 single-domain antibody tracer. Nevertheless, the proper

correlation of LAG-3 single-domain antibody uptake levels with
flow cytometry data could have been clarified by also analyzing
tumors using immunohistochemistry, as it would have allowed us
to more accurately quantify the percentage of immune cells per
unit weight of tumor. Taken together, our findings support the idea
of a compensatory upregulation of LAG-3 in the TME after PD-1
blockade. This compensatory LAG-3 expression in tumors on
PD-1 treatment could be reliably captured with high contrast with
the LAG-3 single-domain antibody SPECT/CT tracer.
Because we observed a compensatory upregulation of LAG-3 in

the TME after single-agent PD-1 blockade, we evaluated the anti-
cancer effects of combined LAG-3/PD-1 blockade inMC38 tumors.
Tumor growth was marginally affected by LAG-3 blockade. How-
ever, when combined with PD-1 blockade, its anticancer effect sur-
passes the already significant decrease in tumor growth observed
with PD-1 blockade. This corroborates the compensatory role of
LAG-3 on PD-1 blockade in the MC38 model and underscores the
benefit of combining blockade of multiple ICPs (31,32).
As an increasing number of clinical trials investigate LAG-3

blockade in immunotherapy, most often in combination with PD-1
blockade, a clinical tracer to monitor LAG-3 levels in the tumors
of patients is also of high interest. This study used a single-domain
antibody–binding mouse LAG-3 with no cross-reactivity with
human LAG-3. We developed a single-domain antibody that binds
to human LAG-3 with low-nanomolar affinity for human LAG-3
and a good capacity to visualize human LAG-31 tumors in mice
(Quentin Lecocq, unpublished data, August 2021). Optimally, this
single-domain antibody needs to be labeled with a short-lived PET
isotope such as 68Ga or 18F using new or established radiochemistry
procedures (25,41–43). Extrapolating from our still-ongoing clinical
trials with a 68Ga-labeled anti–human epidermal growth factor
receptor 2 single-domain antibody breast cancer PET tracer (26)
and an anti-CD206 single-domain antibody macrophage PET tracer
(25), we are hopeful that the future clinical anti-LAG-3 single-
domain antibody PET tracer will also be safe and sensitive and
will conveniently provide a whole-body picture of LAG-3 expres-
sion levels in a same-day imaging procedure with acceptable dosim-
etry levels.

CONCLUSION

These findings consolidate LAG-3 as a next-generation ICP and
support the use of single-domain antibodies as tools to noninvasively
monitor the dynamic evolution of LAG-3 expression by TILs, which
could be exploited to predict therapy outcome.
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KEY POINTS

QUESTION: Is detection of LAG-3 using radiolabeled single-domain
antibodies predictive of the therapeutic outcome of cancers treated
with LAG-3–blocking moieties?

PERTINENT FINDINGS: This preclinical study describes the
potential of a radiolabeled single-domain antibody to noninvasively
detect the compensatory upregulation of LAG-3 as a consequence
of PD-1 blockade in cancer. The combination of PD-1 with LAG-3
blockade was able to significantly reduce tumor growth compared
with monotherapy.

IMPLICATIONS FOR PATIENT CARE: Single-domain antibodies,
as tools to noninvasively monitor the dynamic evolution of LAG-3
expression by TILs, could be exploited to select patients and predict
their therapy outcome.

REFERENCES

1. Qin S, Xu L, Yi M, Yu S, Wu K, Luo S. Novel immune checkpoint targets: moving
beyond PD-1 and CTLA-4.Mol Cancer. 2019;18:155.

2. LiZ,SongW,RubinsteinM,LiuD.Recent updates in cancer immunotherapy: a com-
prehensive review and perspective of the 2018 China Cancer ImmunotherapyWork-
shop in Beijing. J Hematol Oncol. 2018;11:142.

3. O’Donnell JS, Long GV, Scolyer RA, Teng MWL, Smyth MJ. Resistance to PD1/
PDL1 checkpoint inhibition. Cancer Treat Rev. 2017;52:71–81.

4. Andrews LP, Marciscano AE, Drake CG, Vignali DAA. LAG3 (CD223) as a cancer
immunotherapy target. Immunol Rev. 2017;276:80–96.

5. Lecocq Q, Keyaerts M, Devoogdt N, Breckpot K. The next-generation immune
checkpoint LAG-3 and its therapeutic potential in oncology: third time’s a charm.
Int J Mol Sci. 2020;22:75.

6. Triebel F, Jitsukawa S, Baixeras E, et al. LAG-3, a novel lymphocyte activation gene
closely related to CD4. J Exp Med. 1990;171:1393–1405.

7. Huang C-T,Workman CJ, Flies D, et al. Role of LAG-3 in regulatory T cells. Immu-
nity. 2004;21:503–513.

8. KisielowM,Kisielow J, Capoferri-SollamiG,KarjalainenK. Expression of lympho-
cyte activation gene 3 (LAG-3) onB cells is induced byT cells.Eur J Immunol. 2005;
35:2081–2088.

9. Huard B, Tournier M, Triebel F. LAG-3 does not define a specific mode of natural
killing in human. Immunol Lett. 1998;61:109–112.

10. Andreae S, Piras F, Burdin N, Triebel F. Maturation and activation of dendritic cells
induced by lymphocyte activation gene-3 (CD223). J Immunol. 2002;168:3874–3880.

11. Keane C, Law SC, Gould C, et al. LAG3: a novel immune checkpoint expressed by
multiple lymphocyte subsets in diffuse large B-cell lymphoma. Blood Adv. 2020;4:
1367–1377.

12. Baixeras E, Huard B,Miossec C, et al. Characterization of the lymphocyte activation
gene 3-encoded protein: a new ligand for human leukocyte antigen class II antigens.
J Exp Med. 1992;176:327–337.

13. Kouo T, Huang L, Pucsek AB, et al. Galectin-3 shapes antitumor immune responses
by suppressing CD81 T cells via LAG-3 and inhibiting expansion of plasmacytoid
dendritic cells. Cancer Immunol Res. 2015;3:412–423.

14. Xu F, Liu J, Liu D, et al. LSECtin expressed onmelanoma cells promotes tumor pro-
gression by inhibiting antitumor T-cell responses. Cancer Res. 2014;74:3418–3428.

15. Mao X, Ou MT, Karuppagounder SS, et al. Pathological a-synuclein transmission
initiated by binding lymphocyte-activation gene 3. Science. 2016;353:aah3374.

16. Wang J, Sanmamed MF, Datar I, et al. Fibrinogen-like protein 1 is a major immune
inhibitory ligand of LAG-3. Cell. 2019;176:334–347.e12.

17. ESMO 2017 congress: 8-12 September 2017—Madrid, Spain. European Society for
Medical Oncology website. https://oncologypro.esmo.org/content/download/126251/
2385263/file/ESMO-2017-Congress-Scientific-Meeting-Report.pdf. Accessed April
28, 2021.

18. Broos K, Lecocq Q, Raes G, Devoogdt N, Keyaerts M, Breckpot K. Noninvasive
imaging of the PD-1:PD-L1 immune checkpoint: embracing nuclear medicine for
the benefit of personalized immunotherapy. Theranostics. 2018;8:3559–3570.

19. Lecocq Q, De Vlaeminck Y, Hanssens H, et al. Theranostics in immuno-oncology
using nanobody derivatives. Theranostics. 2019;9:7772–7791.

20. TengMWL,NgiowSF,RibasA,SmythMJ.Classifying cancers basedonT-cell infil-
tration and PD-L1. Cancer Res. 2015;75:2139–2145.

21. Du Y, Jin Y, Sun W, Fang J, Zheng J, Tian J. Advances in molecular imaging of
immune checkpoint targets in malignancies: current and future prospect.Eur Radiol.
2019;29:4294–4302.

22. BenschF, van derVeenEL,Lub-deHoogeMN, et al. 89Zr-atezolizumab imaging as a
non-invasive approach to assess clinical response to PD-L1 blockade in cancer. Nat
Med. 2018;24:1852–1858.

23. Niemeijer AN, Leung D, HuismanMC, et al.Whole body PD-1 and PD-L1 positron
emission tomography in patients with non-small-cell lung cancer. Nat Commun.
2018;9:4664.

24. Broisat A, Toczek J, Dumas LS, et al. 99mTc-cAbVCAM1-5 imaging is a sensitive
and reproducible tool for the detection of inflamed atherosclerotic lesions in mice.
J Nucl Med. 2014;55:1678–1684.

25. Xavier C, Blykers A, Laoui D, et al. Clinical translation of [68Ga]Ga-NOTA-
anti-MMR-sdAb for PET/CT imaging of protumorigenicmacrophages.Mol Imaging
Biol. 2019;21:898–906.

26. KeyaertsM,Xavier C, Heemskerk J, et al. Phase I study of 68Ga-HER2-nanobody for
PET/CT assessment of HER2 expression in breast carcinoma. J Nucl Med. 2016;57:
27–33.

27. Xing Y, Chand G, Liu C, et al. Early phase I study of a 99mTc-labeled anti-
programmed death ligand-1 (PD-L1) single-domain antibody in SPECT/CT assess-
ment of PD-L1 expression in non-small cell lung cancer. J Nucl Med. 2019;60:
1213–1220.

28. Lecocq Q, Zeven K, De Vlaeminck Y, et al. Noninvasive imaging of the immune
checkpoint LAG-3 using nanobodies, from development to pre-clinical use. Biomo-
lecules. 2019;9:548.

29. Lemaire M, D’Huyvetter M, Lahoutte T, et al. Imaging and radioimmunotherapy of
multiple myeloma with anti-idiotypic Nanobodies. Leukemia. 2014;28:444–447.

30. BreckpotK, DullaersM,Bonehill A, et al. Lentivirally transduced dendritic cells as a
tool for cancer immunotherapy. J Gene Med. 2003;5:654–667.

31. Yu X, Huang X, Chen X, et al. Characterization of a novel anti-human lymphocyte
activation gene 3 (LAG-3) antibody for cancer immunotherapy. MAbs.
2019;11:1139–1148.

32. Burova E, Hermann A, Dai J, et al. Preclinical development of the anti-LAG-3 anti-
body REGN3767: characterization and activity in combination with the anti-PD-1
antibody cemiplimab in human PD-1xLAG-3-knockin mice. Mol Cancer Ther.
2019;18:2051–2062.

33. Huang R-Y, Francois A, McGray AR, Miliotto A, Odunsi K. Compensatory
upregulation of PD-1, LAG-3, and CTLA-4 limits the efficacy of single-agent
checkpoint blockade in metastatic ovarian cancer. OncoImmunology. 2016;6:
e1249561.

34. Huang R-Y, Eppolito C, Lele S, Shrikant P, Matsuzaki J, Odunsi K. LAG3 and
PD1 co-inhibitory molecules collaborate to limit CD81 T cell signaling and
dampen antitumor immunity in a murine ovarian cancer model. Oncotarget. 2015;
6:27359–27377.

35. Woo S-R, TurnisME,GoldbergMV, et al. Immune inhibitorymolecules LAG-3 and
PD-1 synergistically regulate T-cell function to promote tumoral immune escape.
Cancer Res. 2012;72:917–927.

36. Harris-Bookman S,Mathios D,Martin AM, et al. Expression of LAG-3 and efficacy
of combination treatment with anti-LAG-3 and anti-PD-1 monoclonal antibodies in
glioblastoma. Int J Cancer. 2018;143:3201–3208.

37. Matsuzaki J, Gnjatic S, Mhawech-Fauceglia P, et al. Tumor-infiltrating NY-ESO-1-
specificCD81Tcells are negatively regulated byLAG-3andPD-1 inhumanovarian
cancer. Proc Natl Acad Sci USA. 2010;107:7875–7880.

38. Nagasaki J, Togashi Y, Sugawara T, et al. The critical role of CD41 T cells in PD-1
blockade against MHC-II-expressing tumors such as classic Hodgkin lymphoma.
Blood Adv. 2020;4:4069–4082.

39. RashidianM, Ploegh H. Nanobodies as non-invasive imaging tools. Immuno-Oncol-
ogy Technol. 2020;7:2–14.

40. Clift R, Souratha J, Garrovillo SA, Zimmerman S, Blouw B. Remodeling the tumor
microenvironment sensitizes breast tumors to anti-programmed death-ligand 1
immunotherapy. Cancer Res. 2019;79:4149–4159.

41. Bridoux J, BroosK, LecocqQ, et al. Anti-humanPD-L1Nanobody for immuno-PET
imaging: validation of a conjugation strategy for clinical translation. Biomolecules.
2020;10:1388.

42. Cleeren F, Lecina J, AhamedM, et al. Al18F-labeling of heat-sensitive biomolecules
for positron emission tomography imaging. Theranostics. 2017;7:2924–2939.

43. Blykers A, Schoonooghe S, Xavier C, et al. PET imaging of macrophage mannose
receptor-expressing macrophages in tumor stroma using 18F-radiolabeled camelid
single-domain antibody fragments. J Nucl Med. 2015;56:1265–1271.

1644 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 11 � November 2021

https://oncologypro.esmo.org/content/download/126251/2385263/file/ESMO-2017-Congress-Scientific-Meeting-Report.pdf . Accessed April 28
https://oncologypro.esmo.org/content/download/126251/2385263/file/ESMO-2017-Congress-Scientific-Meeting-Report.pdf . Accessed April 28
https://oncologypro.esmo.org/content/download/126251/2385263/file/ESMO-2017-Congress-Scientific-Meeting-Report.pdf . Accessed April 28


Direct Attenuation Correction Using Deep Learning for
Cardiac SPECT: A Feasibility Study

Jaewon Yang1, Luyao Shi2, Rui Wang3,4, Edward J. Miller3,5, Albert J. Sinusas2,3,5, Chi Liu2,3, Grant T. Gullberg1, and
Youngho Seo1

1Physics Research Laboratory, Department of Radiology and Biomedical Imaging, University of California San Francisco, San
Francisco, California; 2Biomedical Engineering, Yale University, New Haven, Connecticut; 3Radiology and Biomedical Imaging, Yale
University, New Haven, Connecticut; 4Department of Engineering Physics, Tsinghua University, Beijing, China; and 5Internal Medicine
(Cardiology), Yale University, New Haven, Connecticut

Dedicated cardiac SPECT scanners with cadmium-zinc-telluride
cameras have shown capabilities for shortened scan times or
reduced radiation doses, as well as improved image quality. Since
most dedicated scanners do not have integrated CT, image quantifi-
cation with attenuation correction (AC) is challenging and artifacts are
routinely encountered in daily clinical practice. In this work, we dem-
onstrated a direct AC technique using deep learning (DL) for myocar-
dial perfusion imaging (MPI). Methods: In an institutional review
board–approved retrospective study, 100 cardiac SPECT/CT data-
sets with 99mTc-tetrofosmin, obtained using a scanner specifically
with a small field of view, were collected at the Yale New Haven Hos-
pital. A convolutional neural network was used for generating
DL-based attenuation-corrected SPECT (SPECTDL) directly from
noncorrected SPECT (SPECTNC) without undergoing an additional
image reconstruction step. The accuracy of SPECTDL was evaluated
by voxelwise and segmentwise analyses against the reference,
CT-based AC (SPECTCTAC), using the 17-segment myocardial model
of the American Heart Association. Polar maps of representative
(best, median, and worst) cases were visually compared to illustrate
potential benefits and pitfalls of the DL approach. Results: The voxel-
wise correlations with SPECTCTAC were 92.2% 6 3.7% (slope, 0.87;
R2 5 0.81) and 97.7% 6 1.8% (slope, 0.94; R2 5 0.91) for SPECTNC
and SPECTDL, respectively. The segmental errors of SPECTNC scat-
tered from 235% to 21% (P , 0.001), whereas the errors of
SPECTDL stayed mostly within 610% (P , 0.001). The average seg-
mental errors (mean 6 SD) were 26.11% 6 8.06% and 0.49% 6

4.35% for SPECTNC and SPECTDL, respectively. The average abso-
lute segmental errors were 7.96% 6 6.23% and 3.31% 6 2.87% for
SPECTNC and SPECTDL, respectively. Review of polar maps revealed
successful reduction of attenuation artifacts; however, the perfor-
mance of SPECTDL was not consistent for all subjects, likely because
of different amounts of attenuation and different uptake patterns.
Conclusion: We demonstrated the feasibility of direct AC using DL
for SPECT MPI. Overall, our DL approach reduced attenuation arti-
facts substantially compared with SPECTNC, justifying further studies
to establish safety and consistency for clinical applications in stand-
alone SPECT systems suffering from attenuation artifacts.

Key Words: cardiac SPECT; MPI; attenuation correction; deep
learning
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SPECT myocardial perfusion imaging (MPI) is the most widely
applied noninvasive method for the detection and risk stratification
of coronary artery disease (1). It is less costly and more widely
available than PET MPI. However, since conventional SPECT
systems are not optimized for cardiac imaging, dedicated cardiac
SPECT scanners with cadmium-zinc-telluride (CZT) cameras
have been developed constraining the entire detector area to imag-
ing just the heart (2). The CZT cameras can achieve 5–10 times
higher count sensitivity and 3–6 times faster scanning times than
conventional sodium iodide SPECT cameras (3), resulting in
higher image quality with lower radiation dose and promoting eas-
ier scheduling and greater patient satisfaction (2).
However, in daily clinical practice, artifacts are commonly

observed for dedicated cardiac SPECT cameras, as they are for con-
ventional SPECT cameras (4). Soft-tissue attenuation is the most
common cause of artifacts and is usually due to the diaphragm,
breast tissue, or obesity (5). Therefore, incorporation of attenuation
correction (AC) into routine clinical practice is encouraged in order
to reduce the artifacts and thus improve diagnostic accuracy (6).
Nevertheless, AC is not performed as routine clinical practice for
most dedicated cardiac SPECT systems not integrated with CT (7).
AC techniques for SPECT are categorized into 3 approaches to

generating attenuation maps. The first approach is to perform
transmission CT scans for generating AC maps—a capability that
is available in integrated SPECT/CT systems but not in stand-
alone SPECT systems, occupying approximately 80% of the mar-
ket share (8). The second approach is to use line sources (most
commonly 153Gd), which may cause low-count AC maps and trun-
cation artifacts (due to obesity) or cross-talk with emission data
(9). The third approach is to estimate AC maps from emission
data—an approach that is also classified as segmentation-based
(10) or model-based (11) but is not practical because of time-
consuming processes or computations.
Recently, it was demonstrated that attenuation maps could be

directly estimated from the emission data using a deep learning
(DL) model (12). In general, DL applications for AC have been
actively investigated in PET/MRI to convert MR images directly
to pseudo-CT images (13,14). Furthermore, a direct DL approach
was proposed to convert noncorrected PET to corrected PET in
image space without any additional reconstruction steps (15,16)—
an approach that has not been applied to SPECT yet. Also, an indi-
rect approach was demonstrated for stand-alone conventional
SPECT scanners (12), requiring the reconstruction of full–field-of-

Received Sep. 4, 2020; revision accepted Feb. 16, 2021.
For correspondence or reprints, contact Jaewon Yang (jaewon.yang@ucsf.edu).
Published online February 26, 2021.
COPYRIGHT� 2021 by the Society of Nuclear Medicine andMolecular Imaging.

DIRECT AC USING DL FOR SPECT MPI � Yang et al. 1645

https://doi.org/10.2967/jnumed.120.256396
mailto:jaewon.yang@ucsf.edu


view (FOV) emission images for generating full-FOV attenuation
maps. For this reason, such indirect approaches to generating
attenuation maps as an intermediate step cannot be directly applied
to dedicated cardiac SPECT scanners such as the Discovery NM
530c (GE Healthcare), whose geometry is unique, with a small
FOV of about 19 cm in diameter (17). Therefore, a direct-
conversion approach such as we present here is needed specifically
for a scanner with a small FOV. It is worth noting that our DL
approach cannot be directly compared with any indirect DL
approach, such as that of Shi et al. (12).
Therefore, in this article we demonstrate a direct DL technique

for CT-less AC in dedicated cardiac SPECT systems. Considering
AC as a computer vision task, we hypothesized that DL can recog-
nize clinically relevant uptake patterns in both noncorrected
(SPECTNC) and DL-corrected (SPECTDL) images for removing
attenuation-involved artifacts in SPECT MPI.

MATERIALS AND METHODS

SPECT Datasets
The institutional review board approved this retrospective study,

and the requirement to obtain informed consent was waived. One hun-
dred datasets (58 male and 42 female) were collected from cardiac

stress-only 99mTc-tetrofosmin SPECT using a Discovery NM/CT 570c
scanner (GE Healthcare) at Yale New Haven Hospital. The character-
istics of subjects are not available because of the deidentification per-
formed for the data transfer to the University of California San
Francisco. CT images (120 kVp, 50 mA, and rotation time of 0.4 s)
were aligned with SPECTNC images in the myocardium region
through the AC quality control package routinely used in clinical prac-
tice. Using the iterative Green’s one-step-late algorithm (18) image
reconstructions (70 3 70 3 50 matrix size with 4-mm voxel size)
were performed with 30 iterations and postfiltering (10th-order Butter-
worth filter, 0.4 cm21 cutoff) for SPECTNC and with 60 iterations and
postfiltering (seventh-order Butterworth filter, 0.37 cm21 cutoff) for
SPECT with CT-based AC (SPECTCTAC). All the reconstruction and
filter parameters are clinically used, but no established scatter correc-
tion is routinely applied for Discovery NM/CT 570c scanners with
CZT detectors at Yale New Haven Hospital.

Deep Convolutional Neural Network (DCNN)
The proposed DL model aims to transform SPECTNC to SPECTCTAC

directly in image space (SPECTDL), without generating m-maps for con-
ventional image reconstruction combined with AC (Fig. 1). The pro-
posed DCNN is an extended 3-dimensional version of our previous
work (15). Different from conventional scanners, dedicated cardiac
SPECT scanners allow a limited FOV to include at least the whole heart,

which enables ideal 3-dimensional model
training without separating the left ventricle
into smaller patches. The original patch size
of 70 3 70 3 50 was reduced to 64 3 64 3

32 by removing the edges of each patch for
enabling downsampling (64 ! 32 !…!
4) in each dimension. Our DCNN consists of
5 encoder–decoder stages symmetrically
concatenated with skip connections. In each
stage, convolution with 3 3 3 3 3 kernels,
batch normalization, and a rectified linear
unit is sequentially performed twice.
Between stages, the downsampling and
upsampling are done by 2 3 2 3 2 maxi-
mum pooling and bilinear interpolation,
respectively. The original design proposed in
our previous work (15) was modified to a
3-dimensional network architecture for this
study.

DCNN Training and Testing
The DCNN was trained and tested with

paired input (SPECTNC) and output
(SPECTCTAC) patches using 10-fold cross
validation without external validation: that
is, the model was trained with 9 groups (10
patches in each group) and tested with the
tenth one, and this process was repeated 10
times. The raw values (absolute counts) of
each patch were normalized by its maximum
to reduce the dynamic range of input/output
values. In the patches, low counts in the
myocardium were considered background
noise and removed by binary masking (15).
Before being fed into the model, 90 input
patches were randomly shuffled, rotated
(#15� in transaxial view), and translated hor-
izontally (#10 pixels), vertically (#10 pix-
els), and axially (#3 pixels) for data
augmentation. A learning rate initialized by

FIGURE 1. Schematic of proposed DCNN-based AC performed in image space (left), compared
with conventional AC performed through system matrix during SPECT image reconstruction (right). BN
5 batch normalization; conv5 convolution; recon5 reconstruction; ReLU5 rectified linear unit.
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0.001 was reduced to three fourths of its current value in the course of
training if the loss did not decrease in 25 epochs. Weights for convolu-
tion were initialized with the He-initializer (19), and all biases were ini-
tialized with zero. Mean squared error (or L2 loss) and RMSprop
optimizer (20) were used for optimizing weights and biases. The loss
was converged in 1,500 epochs, and the training was stopped at that
point, which was empirically determined through loss curves and consis-
tent across all the folds. The hyperparameters empirically chosen in our
previous work (15) were adapted for this study through hyperparameter
tuning.

The proposed model was implemented using TensorFlow (version
1.12.0) and Keras libraries (version 2.2.4). Model training and testing
were performed on an Ubuntu server with a single Tesla V100 (NVI-
DIA) graphics processing unit. The training took approximately 100
min to reach stability. After training the model, it takes only 0.5 s on
average to generate SPECTDL volumetric images (64 3 64 3 32).

Quantitative Analysis
The overall quantitative accuracy of SPECTDL was evaluated and

compared with the reference, SPECTCTAC. For voxelwise analysis, the
normalized root mean square error, peak signal-to-noise ratio, and
structural similarity index were quantified. For segmentwise analysis,
polar maps were generated and compared using the 17-segment myo-
cardial model of the American Heart Association for the left ventricle,
which was adopted from Herzog et al. (21). A measured count of each
segment was normalized by the maximum count of 17 segments. The
relative percentage count of each segment was computed, and an error
(i.e., SPECTDL – SPECTCTAC) was assessed. Additionally, the effects
of sex (58 men vs. 42 women) and hepatic uptake (44 subjects with
high liver uptake [HLU] vs. 56 with low liver uptake [LLU]) were
investigated through the segmentwise analysis separately for each
cohort. Although information on patient weight and height was not
available for computing body mass index, the volume of each patient
was estimated from CT-derived attenuation maps to investigate any
correlation between chest volumes and average segmental errors
across subjects.

Illustration of Representative Cases
Three categories of subjects were selected to illustrate the overall

qualitative assessment of SPECTDL. First, 3 subjects with the smallest

mean segmental error were selected as examples of SPECTDL that
achieved quantitatively the most accurate correction. Second, 3 sub-
jects with the 25th, 50th, and 75th percentiles of absolute mean seg-
mental error were chosen as examples of SPECTDL that achieved
quantitatively median accuracy. Finally, 2 subjects with the highest
and lowest mean segmental errors were selected to display examples
that our DL model was not able to correct accurately.

Statistics
A joint histogram was used to show the distribution of voxelwise

correlation of SPECTDL with the reference. Also, the error distribu-
tions of all segments of all 100 subjects (17 3 100 5 1,700 segments
in total) for SPECTDL were displayed in Bland–Altman and box plots.
A paired t test was performed to compare the segmental uptake values
of SPECTDL with those of the reference. A P value of less than 0.05
was considered to indicate statistical significance.

Polar maps were generated using the Cardiac PET Modeling Tool
(version 3.8; PMOD Technologies). All processing and analyses were
performed in MATLAB (version R2015b; The MathWorks).

RESULTS

For voxelwise analysis, the normalized root mean square errors
were 0.232 6 0.077 and 0.148 6 0.095 for SPECTNC and
SPECTDL, respectively; the respective peak signal-to-noise ratios
were 31.3 6 2.8 and 36.2 6 4.1; and the respective structural sim-
ilarity indices were 0.984 6 0.008 and 0.993 6 0.006. Consis-
tently, the voxelwise correlations were 92.2% 6 3.7% (slope,
0.87; R2 5 0.81) and 97.7% 6 1.8% (slope, 0.94; R2 5 0.91) for
SPECTNC and SPECTDL, respectively (Fig. 2).
For segmentwise analysis, the errors of SPECTNC scattered

from 235% to 21%, whereas those of SPECTDL stayed mostly
within 610% (Fig. 3). Consequently, the average errors (mean 6

SD) were 26.11% 6 8.06% and 0.49% 6 4.35% for SPECTNC

and SPECTDL, respectively, and the respective average absolute
errors were 7.96% 6 6.23% and 3.31% 6 2.87%, which were
consistent with the sex-dependent and hepatic uptake–dependent
results where the average errors of SPECTNC were substantially
reduced through DL (Table 1). All results were statistically

FIGURE 2. Joint histogram of voxels in the myocardium: SPECTNC vs. SPECTCTAC (A) and SPECTDL vs. SPECTCTAC (B). Counts were log-scaled (i.e.,
log10(counts)) to visualize small counts in joint histograms.
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significant, except for the male sex (P 5 0.10) and subjects with
HLU (P 5 0.25).
Figure 4 shows that DL reduced the error distributions of all

segments close to a mean of zero within 610% variation across
all subjects, as was consistent with the corresponding error distri-
butions for the male sex, the female sex, and subjects with HLU
and LLU (Supplemental Fig. 1; supplemental materials are avail-
able at http://jnm.snmjournals.org). Specifically, DL reduced the
average absolute error of SPECTNC by more than 70% for seg-
ments 4, 9, 10, and 15; more than 60% for segments 3, 5, and 11;
more than 50% for segments 8 and 14; more than 40% for seg-
ments 16 and 17; and more than 17% for the rest. The box plot of
each subject across all 17 segments is shown in Supplemental Fig-
ure 2. In analyzing the correlation between patients’ chest volumes
and average segmental errors, no correlation was found for either
SPECTNC (r 5 0.016) or SPECTDL (r 5 0.021), though a moder-
ate nonlinear (affine) correlation (r 5 0.6264) was found between
SPECTNC and SPECTDL (Supplemental Fig. 3).

Three categories of subjects are described in Table 2 to illustrate
the overall performance of our DL approach. Figure 5 illustrates
accurately corrected attenuation artifacts in the right coronary
artery (RCA) territory of SPECTDL. In Figure 6, artifacts were
accurately corrected in the first 2 cases (25th and 50th percentiles)
in the RCA of SPECTDL, though no remarkable visual difference
between SPECTNC and SPECTCTAC was observed for the last case
(75th percentile). Figure 7 illustrates 2 cases with substantially
overestimated SPECTDL in the RCA and left circumflex (LCx)
artery and substantially underestimated SPECTDL in the RCA and
left anterior descending (LAD) artery.

DISCUSSION

We demonstrated that our DL model substantially reduced the
attenuation artifacts of SPECTNC, illustrating its potential benefits
and pitfalls. To our knowledge, this is the first work to demon-
strate a CT-less direct AC in image space, as an accelerated
one-step process for SPECT MPI in a dedicated SPECT system.

FIGURE 3. Bland–Altman plots for percentage segmental errors across all subjects, male and female subjects, and subjects with HLU and LLU:
SPECTNC (A) and SPECTDL (B).
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TABLE 1
Average Error, Average Absolute Error, and Correlation Coefficients of All Segments Across All Subjects

Cohort SPECT type Error (%) |Error| (%) Pearson’s correlation coefficient (%) P

All (n 5 100) NC 26.11 6 8.06 7.96 6 6.23 88.05 ,0.001

DL 0.49 6 4.35 3.31 6 2.87 96.17 ,0.001

Male (n 5 58) NC 26.96 6 8.62 8.80 6 6.72 86.66 ,0.001

DL 0.22 6 4.28 3.19 6 2.85 96.22 0.10

Female (n 5 42) NC 24.95 6 7.05 6.80 6 5.29 90.36 ,0.001

DL 0.85 6 4.44 3.46 6 2.90 96.12 ,0.001

HLU (n 5 44) NC 27.30 6 8.28 8.71 6 6.79 86.72 ,0.001

DL 20.21 6 4.99 3.75 6 3.30 94.75 0.25

LLU (n 5 56) NC 25.18 6 7.75 7.38 6 5.70 89.36 ,0.001

DL 1.03 6 3.69 2.96 6 2.43 97.33 ,0.001

Data are mean 6 SD.

FIGURE 4. Polar map (right) and box plots (left) for percentage segmental errors across all subjects.

TABLE 2
Selected Subjects for Figures 5–7 and Their Average Errors Across 17 Segments for SPECTDL and SPECTNC

Subject no. Figure no. DL error (%) NC error (%) Criteria for DL selection

66 (male, HLU) 5A 0.10 6 4.08 212.61 6 10.04 Smallest |error|

54 (male, HLU) 5B 0.10 6 2.26 28.73 6 8.44 Smallest |error|

93 (male, LLU) 5C 20.10 6 2.99 26.32 6 6.69 Smallest |error|

9 (male, LLU) 6A 1.10 6 2.46 29.04 6 7.49 25th percentile |error|

89 (male, HLL) 6B 1.99 6 3.05 24.59 6 6.85 50th percentile |error|

77 (female, HLL) 6C 3.15 6 4.07 1.17 6 5.25 75th percentile |error|

7 (male, LLU) 7A 9.20 6 4.55 2.65 6 2.63 Most overestimated error

57 (female, HLU) 7B 27.21 6 4.85 212.25 6 7.25 Most underestimated error

Supplemental Figure 1 provides average segmental errors of all subjects through box plots.
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There are several technical and clinical benefits to our DL
approach for SPECT MPI. From a technical perspective, the big-
gest potential advantage is in removing the need to generate an
attenuation map, which is an essential step in conventional image
reconstruction. Most dedicated cardiac SPECT systems (7) and
approximately 80% of SPECT systems in the market are stand-
alone (i.e., not combined with CT) (8), which acknowledges the
potential value of our DL approach. Also, our direct DL approach
is much simpler and faster (,1 s) than conventional approaches
that require an additional reconstruction step with time-consuming
computation. From a clinical perspective, when approaches such
as conventional AC methods or alternative prone imaging are not
possible (5), our DL model could potentially incorporate AC into
routine clinical practice (6) and efficiently improve the accuracy
of diagnosis in existing stand-alone SPECT systems, since attenua-
tion artifacts due to soft tissue are more likely to be misinterpreted
as fixed defects in healthy patients with normal heart function
(22). Also, our model trained with datasets acquired in a conven-
tional SPECT/CT scanner could be applied to different datasets
acquired in a stand-alone scanner if images are reconstructed with
similar parameters and their pixel sizes are consistent across dif-
ferent scanners. For example, it would be feasible to apply our DL
model trained with datasets from a Discovery NM/CT 570c

(combined SPECT/CT) to new datasets acquired in a Discovery
NM 530c (stand-alone) since the geometries and hardware compo-
nents of both scanners are very close and thus their SPECTNC

image qualities are similar. Nevertheless, it is expected that an
indirect DL approach such as generating pseudo-CT scans (12)
would perform more consistently than our direct DL approach,
since the indirect approach keeps every aspect of the conventional
image reconstruction; however, a direct approach such as ours
needs to learn attenuation physics and statistics by a DCNN,
which requires large amounts of normative training data. Another
important clinical merit of our CT-less DL approach is reduction
of the radiation dose from CT, potentially leading to a substantial
decrease in lifetime cancer risk (9), specifically for pediatric
patients who are much more sensitive to radiation (10,11).
The general rules of attenuation in SPECT MPI were derived

from the literature as follows (5): first, in men more often than in
women, the left hemidiaphragm results in potential perfusion arti-
facts in the RCA, and these are more accentuated with abdominal
protuberance, an elevated left hemidiaphragm, or obesity; second,
in women more often than in men, breast attenuation causes poten-
tial perfusion artifacts in the LAD artery or LCx artery; and third,
the high-uptake liver may create artifacts in the inferior wall. Our
result was consistent with these general rules in many respects.

FIGURE 5. Examples of 3 subjects (A, male; B, male; C, male) with smallest absolute mean segmental error in short-axis (SA) and vertical long-axis
(VLA) views and polar maps.

FIGURE 6. Examples of 3 subjects with 25th (A, male), 50th (B, male), and 75th (C, female) percentiles of absolute mean segmental errors in short-axis
(SA) and vertical long-axis (VLA) views and polar maps.
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Overall, Figure 4 confirmed the most important rule—the first
one—in that large errors were found mostly in the RCA of
SPECTNC but were corrected in SPECTDL. Our DL approach sub-
stantially reduced artifacts across all RCA, LAD artery, and LCx
artery territories. The errors of SPECTNC in the LAD and LCx
arteries were relatively much smaller than those in the RCA for
both men and women (Supplemental Fig. 1A), implying that breast
attenuation (the second rule) was not dominant in our datasets. The
slightly higher error of SPECTNC regarding the male sex might be
because men are generally taller and heavier than women (23) but
could not be thoroughly explained because we lacked information
on subject height and weight. The larger average error of SPECTNC

regarding subjects with HLU (Supplemental Fig. 1B) was consis-
tent with the third rule.
There is always a risk that any new DL models may miss

important patterns or generate pseudo patterns when exposed to
new test data with different characteristics (24). Thus, representa-
tive cases were selected according to subject-specific quantitative
results, as was appropriate and desirable for illustrating specific
(best, median, and worst) cases. The visual performance of our
DL approach was not consistent across all subjects, likely because
of different amounts of soft tissue and different uptake patterns, as
was inferred from the literature demonstrating substantially
degraded image quality of SPECTNC for obese patients (5). How-
ever, at least in our dataset, there was no correlation between
patients’ chest volumes and average errors for either SPECTNC or
SPECTDL (Supplemental Fig. 3). From the perspective of model
training, since our DL model was optimized in only our limited
dataset, the current model might not be able to achieve high accu-
racy for such cases (Fig. 7), whose attenuation artifacts might be
unique and very different from the artifacts of other subjects.
Therefore, there is still room to improve the accuracy of our model
toward clinical translation.
Despite the promising results, our study had several limitations.

First, 100 subjects may not be enough to represent all possible

patterns involving attenuation artifacts. For example, the female
population might not contain significant breast attenuation, imply-
ing the need to construct a large dataset with more diverse cases
for future studies. Second, the clinical information (weight, height,
clinical interpretation) was missing because of the deidentification,
and a thorough investigation of the effects of such information on
the current results was beyond the scope of this study. Third, no
observer study or clinical interpretation (e.g., scoring SPECTDL

vs. SPECTCTAC) was performed, though summed perfusion scores
derived from a reference dataset would improve the quality of this
study; however, the uptake distribution of SPECTCTAC (i.e., the
reference standard) was not uniform, as shown in the x-axis of
the Bland–Altman plot (Fig. 3), and thus a reference dataset could
not be derived for the scoring. Fourth, SPECTCTAC might include
unexpected artifacts because of uncorrected scatter produced
by subdiaphragmatic high-uptake organs (25). Unfortunately, con-
ventional scatter correction approaches are not applicable to Dis-
covery NM/CT 570c scanners because of the unique energy
spectrum of pixelated CZT detectors, with a tailing effect caused
by incomplete charger and interdetector scatters. Thus, clinical
adoption of CZT-specific scatter correction methods is needed in
the future (26,27). Finally, the right ventricle was unseen in
SPECTDL because low-count voxels in the myocardium were con-
sidered background noise and removed by binary masking; how-
ever, an advanced network architecture might enable the binary
masking to be skipped.
Therefore, for future work, it would be important to construct a

large normative database with a greater number of diverse and out-
lier cases to investigate the effects of patient characteristics on
model training and evaluation, deleting data with unexpected arti-
facts (e.g., attenuation artifacts due to a misalignment between
SPECT and CT) based on physicians’ interpretation. Also, it
would be of great value to develop a validation program to evalu-
ate large test datasets efficiently using automatic myocardium seg-
mentation (28) and image quality assessment (29), which could

FIGURE 7. Examples of 2 subjects with most overestimated (A, male) and most underestimated (B, female) mean segmental errors in short-axis (SA)
and vertical long-axis (VLA) views and polar maps.
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accelerate quantitative and qualitative analyses. These future
efforts would establish the safety and consistency required for reli-
able interpretation toward clinical translation.

CONCLUSION

We demonstrated the feasibility of direct AC using DL for
SPECT MPI, illustrating potential benefits and pitfalls. Overall,
the DL model reduced attenuation artifacts substantially compared
with SPECTNC, justifying further studies to establish safety and
consistency for clinical applications in stand-alone SPECT sys-
tems suffering from attenuation artifacts.
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KEY POINTS

QUESTION: Is it feasible to use DL for CT-less AC in image
space for MPI in a dedicated cardiac SPECT system?
PERTINENT FINDINGS: In a cohort study evaluating SPECTDL
in 100 patients undergoing SPECT MPI with and without AC, our
DL approach achieved quantitative and qualitative accuracy
comparable to that of conventional SPECTCTAC, reducing the
attenuation artifacts observed in SPECTNC.
IMPLICATIONS FOR PATIENT CARE: This DL technique dem-
onstrated its potential to efficiently reduce the attenuation arti-
facts observed in stand-alone SPECT systems and thus improve
the sensitivity and specificity of clinical interpretation.
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18F-FDG PET/CT Sheds Light on a Case of Hyponatremia
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A 76-y-old man with hypoosmolar hyponatremia of unknown origin
was referred to the nuclear medicine department for 18F-FDG PET/CT
to exclude a malignant cause. Increased 18F-FDG uptake in both
adrenal glands was observed and investigated.
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PART 1

Hyponatremia, defined as a serum sodium concentration below
135mmol/L, is usually caused by a disturbance in the urinary
diluting mechanism. The algorithm for diagnostic assessment of
patients with hyponatremia is well documented. Nevertheless, the
final diagnosis can be challenging because multiple factors can
contribute to hyponatremia.
Here, we present a case of hyponatremia in which nuclear imag-

ing shed light on the differential diagnosis.

Case Report
A 76-y-old man presented to the emergency department after

referral by his family physician due to general discomfort, cogni-
tive impairment, and hypoosmolar hyponatremia (sodium,
112mmol/L; osmolality, 226mmol/kg H2O). He was euvolemic
(blood pressure, 114/65mm Hg; heart rate, 72 beats per minute;
weight, 55 kg; height, 150 cm) and had no severe neurologic
manifestations.
His past medical history revealed chronic hyponatremia. Two

weeks earlier, he had been admitted to the hospital for a subdural
hematoma due to a fall under unclear circumstances. In addition to
a 40-pack-year history of smoking, his medical records included
arterial hypertension and peripheral arterial disease. At presenta-
tion, he was taking amlodipine (5mg/d), metoprolol (50mg/d),
simvastatin (20mg/d), calcium, and vitamin D. Acetylsalicylic
acid (80mg/d) and ramipril (5mg/d) were stopped during his pre-
vious admission.
Additional laboratory findings showed normal renal function

(serum creatinine, 0.59mg/dL) and a normal serum potassium
concentration. Urine sodium (102mmol/L) with high osmolality

(335mmol/kg H2O) was observed. Exclusion of severe hypothy-
roidism and cortisol deficiency was based on a normal level of
thyroid-stimulating hormone and morning cortisol (respectively,
1.15 mIU/L and 10.2 mg/dL). The tentative diagnosis was syn-
drome of inappropriate antidiuretic hormone secretion.
Cranial CT was repeated and showed stable findings concerning

the subdural hematoma. Subsequently, 18F-FDG PET/CT was per-
formed to exclude a malignant cause associated with syndrome of
inappropriate antidiuretic hormone secretion.
To follow up on the increased glucose metabolism of the

adrenal glands, additional hormonal screening was performed
(Table 1).

Discussion
The 18F-FDG PET/CT revealed hypermetabolic adrenal glands

(Fig. 1). On CT, the adrenal glands had an enlarged aspect but were
within the upper limit of the normal size range and showed high-
contrast uptake. A myelolipoma (well-defined mass with lower- and
higher-attenuation areas and no hypermetabolism) was visualized
within the left adrenal gland (Fig. 1E). These lesions are most preva-
lent in patients with endocrine disorders (1). In the lower lobe of the
right lung, a hypermetabolic spiculated lesion was detected (Fig. 2).
Bilateral apical pleural thickening and slightly hypermetabolic hilar
and mediastinal lymph nodes were also observed.
Laboratory findings were concordant with adrenal hyperandro-

genism, hypogonadotropic hypogonadism, and low normal cortisol

TABLE 1
Hormonal Adrenal Testing

Hormone Value Reference range

ACTH (ng/L) 356.0 10.0–60.0

Cortisol (mg/dL) 7.9 6.2–18.0

Transcortin (mg/dL) 51.7 32.0–50.0

DHEAS (mg/dL) 167.0 16.2–123.0

Androstenedione (ng/dL) 578.0 40.0–150.0

17-hydroxy-progesterone (mg/dL) 6.7 0.03–0.33

Testosterone (ng/dL) 192.0 300.0–1,000.0

SHBG (nmol/L) 170 24.0–55.0

Free testosterone (ng/dL) 1.0 5.0–20.0

Luteinizing hormone (IU/L) 4.9 1.7–8.6

ACTH 5 adrenocorticotropic hormone; DHEAS 5 dehydroepi-
androsterone sulphate; SHBG 5 sex hormone–binding globulin.
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levels in the context of a hospitalised patient despite highly
increased adrenocorticotropic hormone (Table 1). The differential
diagnosis was a syndrome of inappropriate antidiuretic hormone
secretion secondary to a subdural hematoma or a primary lung
cancer with adrenal metastases (2), a bilateral adrenal malignancy
(primary or secondary) (3), or a partial primary adrenocortical
insufficiency due to congenital adrenal hyperplasia (CAH).

PART 2

Final Diagnosis
Bilateral symmetric hypermetabolism together with contrast

enhancement and nonnodular enlargement of the adrenal glands
on the CT images was more suggestive of adrenal hyperplasia or
primary adrenal lymphoma. Combined with the clinical history of
the patient, we therefore did not consider adenomas, endothelial
cysts, or pheochromocytomas in our differential diagnosis. The
latter entities usually present as nodular enlargements and often
have an asymmetric or unilateral appearance (3).
Nuclear imaging combined with the clinical presentation and

laboratory findings of the patient led to the final diagnosis of
CAH. This case of CAH presented with an intermediate

phenotype between the salt-wasting form
and the nonclassic form, with increased
adrenocorticotropic hormone–driven adre-
nal androgen production and partial
insufficiency of glucocorticoid and min-
eralocorticoid production.

Genetic testing confirmed the diagnoses
of CAH due to 2 heterozygote-
inactivating mutations in the CYP21A2
gene (pathogenic heterozygous
c.290-13C.G [IVS2-13C.G] mutation and
pathogenic heterozygous c.5151T.A
[p.IIe172Asn] mutation) encoding for
21-hydroxylase. After substitution with
hydrocortisone and fludrocortisone, the
sodium levels normalized. In parallel, the
adrenal hyperandrogenism decreased and
testosterone and luteinizing hormone levels
increased.

A follow-up CT scan revealed a decrease
in volume of the pulmonary lesions,
excluding malignancy and pointing toward

an inflammatory or infectious cause.

Conclusion
CAH is a group of autosomal recessive disorders characterized

by adrenal hyperandrogenism and variably impaired cortisol and
aldosterone synthesis resulting from the deficiency of 1 of the 5
enzymes required for adrenocortical steroid hormone synthesis.
The most common type is 21-hydroxylase deficiency (4). The clas-
sic form is rare but clinically overt. The nonclassic form represents
one of the most common autosomal recessive disorders; it can,
however, remain clinically occult for many years, as patients will
retain some enzyme activity (4).
An 18F-FDG PET/CT study leading to the diagnosis of CAH at

an older age is rare, with only 1 case described in the literature
(5). Our case demonstrates that bilaterally increased glucose
metabolism in the adrenal glands on 18F-FDG PET/CT with asso-
ciated hyponatremia should prompt biochemical screening for
excess adrenal androgens and should raise suspicion of undiag-
nosed CAH, even in older patients.
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FIGURE 1. (A) High 18F-FDG uptake in both adrenal glands on maximum-intensity-projection PET
image. Further findings are physiologic uptake in brain, liver, spleen, kidneys, and urinary bladder,
as well as light uptake in both shoulder joints (degenerative arthropathy), intercostal musculature,
and bilaterally around neck of total hip prostheses (inflammatory reaction). (B and D) Axial 18F-FDG
PET images showing hypermetabolic right (B) and left (D) adrenal glands (arrows). (C and E) Axial CT
images showing high-contrast uptake in right (C) and left (E) adrenal glands. Myelolipoma (arrow) is
observed within left adrenal gland.

FIGURE 2. (A) Axial 18F-FDG PET image showing high uptake in lesion
(large arrow) in apex of right lower lobe of lung, as well as moderate
uptake in intercostal muscles (small arrows) and hilar and mediastinal
lymph nodes. (B) CT image revealing spiculated lesion with diameter of 11
mm (arrow).
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L E T T E R S T O T H E E D I T O R

Effect of COVID-19 Lockdown on Oncologic
Patients Undergoing Treatment at a
Tertiary-Care Hospital in India

TO THE EDITOR: For over a year, we have been witnessing an
unprecedented worldwide event in the coronavirus disease 2019
(COVID-19) pandemic. India has reported around 27.6 million pos-
itive cases and 320,000 deaths to date. The first case of COVID-19 in
India was reported on January 30, 2020. Since then, we have wit-
nessed two waves of infection. The first wave peaked in mid-

September 2020, after which therewas a downturn of cases. The sec-
ond wave started in March 2021, peaked toward mid May 2021, and
is presently on a downslope. India combated this novel COVID-19
infection initially by a nationwide complete lockdown, which started
onMarch 26, 2020. It continued until July 2020, when various relax-
ations were introduced. During this period, outpatient departments
and elective procedures either were performed in a restrictedmanner
or were completely stopped. Most non–COVID-19 patients could
not go to their routine follow-up appointments. Oncologic patients,
despite being a high-risk group, were among the most affected; they
were denied their routine treatments because of this unforestallable
situation.
At our institute, wewere routinely performing PET/CT for around

600–700 patients per month in the pre–COVID-19 era. However,
since the beginning of the pandemic and the subsequent lockdown,
the number of patients undergoing these investigations has dropped
considerably. We analyzed the monthly inflow data on oncologic
patients undergoing PET/CT in our department at 3 different time
points: January 2020, representing the pre–COVID-19 time; Sep-
tember 2020, representing the peak during the first wave; and May
2021, representing the peak during the secondwave (Table 1). There
was a significant drop in the number of patientswho underwent PET/
CT during the pandemic, as compared with before it. We found that
before the pandemic, approximately 62% of oncologic patients who
were undergoing follow-up PET/CT showed disease progression or
stable disease. But as the peak of the first and second waves
approached, the numbers of patients with progressive and stable dis-
ease increased to 69% and 68%, respectively. Even though the dif-
ference was not statistically significant, there was a visible trend
toward an increase in the number of patients showing disease pro-
gression or stable disease.

The lockdownwas no doubt effective in controlling the pandemic
but at the expense of a decrease in care to oncologic patients. There
was a lack of inpatient care due to limited admissions, as many hos-
pitals were converted to COVID-19 hospitals; there was a lack of
routine checkups, as outpatient departments had to be closed
down; and there was a lack of treating physicians, as they were
deputed to become the frontline warriors fighting the pandemic.
Other contributing factors were a lack of transportation, preventing
patients from reaching the hospital, and a lack of income, preventing
patients from purchasing their medications.

Some measures taken at our institution to improve care to this
high-risk group included relaxing restrictions for patients regarding
follow-up appointments (i.e., relaxation in number of follow-up
appointments per day so that more patients could attend the outpa-
tient department), and conducting telemedicine services as an alter-
native to in-person appointments. Despite our efforts, there still will
be some patients who are left out; some setups lack infrastructure,
and some lack staff because they have been deployed to the current
priority, the pandemic. During the pandemic, we should give this
high-risk group adequatemedical care and support rather than focus-
ing entirely onCOVID-19. Otherwise, when this pandemic someday
ends, another will begin—a pandemic of patients with non–COVID-
19 illnesses who either were left untreated or were undertreated dur-
ing the COVID-19 pandemic.
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Not Yet Time to Abandon the Deauville Criteria in
Diffuse Large B-Cell Lymphoma

TO THE EDITOR: We read with interest Rekowski and
colleagues’ article (1), which reported improved response discrim-

TABLE 1
Number of Oncologic Patients Who Underwent PET/CT at Different Time Points During Pandemic

Time point Total patients
Patients who had
follow-up scans

Progressive
disease Stable disease Partial response

Complete metabolic
response

January 2020 630 339 111 (33%) 98 (29%) 89 (26%) 41 (12%)

September 2020 285 159 62 (39%) 44 (30%) 35 (22%) 18 (9%)

May 2021 125 79 27 (34%) 27 (34%) 20 (26%) 5 (6%)
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ination using DSUVmax compared with the Deauville scale (DS) for
interim PET (iPET) in diffuse large B-cell lymphoma but assessed
only complete metabolic response versus no complete metabolic
response considering binary cutoffs of DS-1–DS-3 versus DS-4/
DS-5 and DS-1/DS-2 versus DS-3–DS-5.
In a prospective blinded study on 189 patients with diffuse large

B-cell lymphoma after 2 cycles of rituximab plus cyclophosphamide,
doxorubicin, vincristine, and prednisone (R-CHOP), we reported that
DS-5 was associated with inferior progression-free survival and over-
all survival compared with DS-1–DS-4 whereas no complete meta-
bolic response (DS-4/DS-5) was not (2). DS-5 was defined as an
SUVmax at least 3 times the SUVmax in liver and/or new lesions.
DS-5 and international prognostic index were independent predictors
inmultivariable analysis; a change in SUVmax (DSUVmax) of less than
66%was predictive in univariable analysis only. Eleven of 14 patients
with a DSUVmax of less than 66% had DS-5, suggesting that both
identify an increased risk of treatment failure. Comparable findings
have been reported after 1 (3) and 4 (4) cycles of R-CHOP and in
Hodgkin (5) and primarymediastinal B cell (6) lymphomas, whereby
only the proportion of patients with DS-5 had inferior progression-
free survival and overall survival.
We recently reported a comparative study of reading methods and

timing of iPET in 1,692 patients with diffuse large B-cell lymphoma
(7). iPET after 2 and 4 cycles of R-CHOP significantly discriminated
responders irrespective of reading method using DS-1-DS-3 or DS-1-
DS-4, or aDSUVmax of at least 66% as a good response, with negative
predictive values greater than 80%. This finding is relevant for clinical
practice, inwhichR-CHOP is standard treatment and an early complete
metabolic response usingDS can be reassuring for patients and doctors.
Multivariate hazard ratios at cycle 2 were 4.91 for DS-5 versus 2.93 for
a DSUVmax of less than 66% and at cycle 4 were 6.20 for DS-5 versus
4.65 for a DSUVmax of less than 70%. Two-year progression-free sur-
vival for iPET2-positive patients was 36.7% (95% CI, 26.3%–51.5%)
for DS-5 and 56.3% (95% CI, 48.5%–65.4%) for a DSUVmax of less
than 66%. For iPET4-positive patients, 2-y progression-free survival
was 33.3% (95% CI, 18.9%–58.7%) for DS-5 and 47.2% (95% CI,
33.4%–66.7%) for a DSUVmax of less than 70%. DSUVmax, however,
identified a larger proportion of poor responders than did DS-5, 12.7%
versus 5.6% of the population at cycle 2 and 10.2% versus 5.0% at
cycle 4.
Considering de-escalation in trials, all reading methods detect a

good response at cycle 2. Considering escalation, DS-5 identifies
patients with the worst prognosis at cycles 2 and 4. Cycle 4 is the
optimal timing for detection of a poor response, with more poor
responders identified using a DSUVmax of less than 70%, but car-
ries the disadvantage of later treatment escalation. Regardless of
the method used, the positive predictive value is suboptimal,
and combining baseline metabolic tumor volume (8) and circulat-
ing tumor DNA (9) with early metabolic and molecular response
appears promising.
It is premature to abandon the Deauville criteria in diffuse large

B-cell lymphoma.
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