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In recent years, radiopharmaceutical innovations have greatly improved our

ability to detect and localize prostate cancer. Until recently, conventional

imaging, including bone scan, computed tomography (CT), and magnetic

resonance imaging (MRI), has been the standard of care in prostate cancer

imaging. These conventional imaging modalities have limitations, including

diagnostic performance at low prostate-specific antigen (PSA) levels.1,2

Technological advances have led to the research and development of more

sensitive imaging agents and modalities.1,3 Specifically, positron emission

tomography (PET) radiopharmaceuticals are increasingly being used to

target prostate-specific membrane antigen (PSMA), and a growing body

of scientific evidence supports their favorable imaging performance.1

Blue Earth Diagnostics is exploring a new investigational PSMA targeting

technology with unique potential.4-6

PSMA as a target

PSMA is an obvious target for PET imaging in
prostate cancer. It is a well characterized type II
transmembrane protein with folate hydrolase
activity. Present in normal prostatic tissue, PSMA
is upregulated in the majority of primary and
metastatic prostate cancer lesions.7-9

Several characteristics make PSMA an ideal
target for molecular imaging, including:

• High expression on prostate cancer cells10

• Limited expression on benign prostate tissue
and extraprostatic tissue10

• Well-characterized binding site that can be
targeted by small-molecule ligands10

• Internalization of bound agents, allowing for
concentration within tumor cells10

• PSMA expression can be correlated with
Gleason grade and has been shown to be
enhanced in metastatic and castrate-resistant
prostate cancer9,10

PSMA imaging agents are designed to bind to
the extracellular domain of PSMA to then be
internalized by prostate cancer cells via
endocytosis. When labeled with a ß+ emitting
radioisotope, these agents can detect
extracellular expression of PSMA with PET
imaging.9-11 PSMA-targeting radiopharmaceuticals
are characterized by rapid clearance from
the blood and nontarget tissue, which can
result in low background activity.9
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A novel investigational
PSMA-targeting technology for
prostate cancer imaging

Currently available
PSMA agents are either
labeled with gallium-68
(68Ga) or fluorine-18
(18F), 2 ß+ emitting
radioisotopes. In recent
years, 18F has been
recognized to have certain
advantages over 68Ga.9

While 68Ga can be
produced with either a
cyclotron or generator,
production capacity
via generator is limited
to 2 to 4 patient doses
daily. 68Ga also has a
relatively short half-
life of 68 minutes,
limiting its transportation

to centers.9 18F has an
110-minute half-life
and may be produced
in large batches via a
cyclotron, which
allows for centralized
production and
subsequent broad
distribution to imaging
facilities (see Table 1).12,13

Radioisotope
selection and
labeling



Blue Earth Diagnostics is at the forefront in the
investigation of prostate cancer imaging, with
worldwide exclusive licenses to radiohybrid
PSMA (rhPSMA) technology.

The rhPSMA design features 2 radionuclide
acceptor sites that can be labeled with α or
ß emitting radionuclides (Figure 1). Figure 1A
depicts the rhPSMA molecule for potential
diagnostic use, where one acceptor site is
labeled with a radioactive imaging isotope,
and the other site with a nonradioactive
isotope. Figure 1B depicts the molecule for
potential therapeutic use, where one
acceptor site is labeled with a radioactive
therapeutic isotope and the other site with
a nonradioactive isotope.6

Review the phase 3 clinical studies for
rhPSMA technology4,5:

• Learn more about the LIGHTHOUSE study
in men with newly diagnosed prostate
cancer at clinicaltrials.gov/ct2/show/
NCT04186819

• Learn more about the SPOTLIGHT study
in men with suspected prostate cancer
recurrence at clinicaltrials.gov/ct2/show/
NCT04186845

Blue Earth Diagnostics is committed
to breaking new ground

Blue Earth Diagnostics is an established
leader in the development of novel PET
imaging agents to inform clinical
management decisions with the goal of
positively impacting overall outcomes for
patients with prostate cancer.

Our goals are to:

• Develop cutting-edge technology

• Build innovative solutions

• Enhance access to radiopharmaceuticals and
provide customer and practice support

©2022 Blue Earth Diagnostics, Inc. All rights reserved. MLR22-P003A 08/22

Radiohybrid PSMA technology is investigational and not approved by the US Food and Drug Administration (FDA).

References: 1. Jadvar H, Calais J, Fanti S, et al. J Nucl Med. 2022;63(1):59-68. doi:10.2967/jnumed.121.263262 2. Expert Panel on Urologic Imaging;
Froemming AT, Verma S, Eberhardt SC, et al. J Am Coll Radiol. 2018;15(5S):S132-S149. doi:10.1016/j.jacr.2018.03.019 3. Crawford ED, Koo PJ, Shore N,
et al. J Urol. 2019;201(4):682-692. doi:10.1016/j.juro.2018.05.164 4. Blue Earth Diagnostics. March 17, 2022. Accessed July 27, 2022.
https://clinicaltrials.gov/ct2/show/NCT04186819 5. Blue Earth Diagnostics. March 17, 2022. Accessed July 27, 2022. https://clinicaltrials.gov/ct2/show/
NCT04186845 6. Wurzer A, Di Carlo D, Schmidt A, et al. J Nucl Med. 2020;61(5):735-742. doi:10.2967/jnumed.119.234922 7. Sarkar S, Das S. Biomed
Eng Comput Biol. 2016;7(suppl 1):1-15. doi:10.4137/BECB.S34255 8. Hofman MS, Hicks RJ, Maurer T, Eiber M. Radiographics. 2018;38(1):200-217.
doi:10.1148/rg.2018170108 9. Piron S, Verhoeven J, Vanhove C, De Vos F. Nucl Med Biol. 2022;106-107:29-51. doi:10.1016/j.nucmedbio.2021.12.005
10. Donin NM, Reiter RE. J Nucl Med. 2018;59(2):177-182. doi:10.2967/jnumed.117.191874 11. Tolvanen T, Kalliokoski K, Malaspina S, et al. J Nucl
Med. 2021;62(5):679-684. doi:10.2967/jnumed.120.252114 12. Jacobson O, Kiesewetter DO, Chen X. Bioconjug Chem. 2015;26(1):1-18. doi:10.1021/
bc500475e 13. Gorin MA, Pomper MG, Rowe SP. BJU Int. 2016;117(5):715-716. doi:10.1111/bju.13435 14. Conti M, Eriksson L. EJNMMI Phys. 2016;3(1):8.
doi:10.1186/s40658-016-0144-5

Register at prostatecancer-blueearthdx.com for the latest company news and developments.

Adapted from Wurzer A et al. J Nucl Med. 2020.6

PSMA-
inhibitor

18F

18F-natLu-rhPSMA

natLu PSMA-
inhibitor

19F

19F-177Lu-rhPSMA

177Lu

Figure 1. Example of a radiohybrid structure

A B

Sponsored by Blue Earth Diagnostics, Inc.

In addition, 18F has an
energy profile that may
contribute to a more
favorable spatial resolution,
which may enable 18F to
better detect lesions that
are small and near each
other compared with
68Ga (see Table 1).9,12-14

Table 1. Radioisotope features9,12-14

18F 68Ga

Half-life 110 minutes 68 minutes

Positron decay ratio 97% 89%

Maximum positron energy 0.635 MeV 1.899 MeV

Mean positron range 0.6 mm 3.5 mm

Production method Cyclotron Generator or cyclotron
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genesiscare.com

GenesisCare, Australia has an exciting
opportunity for a Fellowship in Molecular
Imaging and Therapy to join our team in
Western Australia

Experience will be provided across more than one center
in Perth to ensure exposure to a balance of various
management algorithms, imaging protocols and research.
The aim of the fellowship training in Molecular Imaging
and Therapy is to enable a nuclear medicine physician
or dual trained radiologist/nuclear medicine specialist to
expand and develop in their career.

For more information, please contact
Steve Nguyen:

steve.nguyen@genesiscare.com

Fellowship in Molecular Imaging
and Therapy, Oncology Australia
Western Australia
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E D I T O R ' S P A G E

Thank You Drs. Ziessman and Knight for Your Many
Years of Newsline Coverage

Johannes Czernin

David Geffen School of Medicine at UCLA, Los Angeles, California

The observant reader might have noticed the absence of the
Newsline section from the January 2023 issue of The Journal of
Nuclear Medicine. Newsline, the “nonscientific” portion of JNM,
covered leadership and policy updates, meeting information, litera-
ture updates, American Board of Nuclear Medicine news and other
news briefs, and obituaries.
Newsline was created and led by Dr. Stanley Goldsmith from

1987 to 1999, by the late Dr. Conrad Nagle from 1999 to 2012, and
by Dr. Harvey Ziessman from 2012 to 2022. Dr. Nancy Knight
served as consulting editor starting in 1999. We extend our gratitude
to these leaders for their exceptional contributions, for the quality of
their work, and for their dedication to the JNM readership.
Over the last couple of decades, news communications have

accelerated dramatically via Twitter, LinkedIn, Facebook, and
Instagram, among others. A monthly scientific publication simply
cannot keep up with news cycles of a few hours.

Therefore, we are rededicating the
Newsline space to publishing news-
cycle–independent original research, in-
vited perspectives, provocative editorials
and informed commentaries, discussions
with leaders, hot topics, issues and con-
troversies, and letters to the editor and
replies, as well as the transcribed and ed-
ited highlights lectures from the annual
SNMMI meeting. Dr. Knight will con-
tinue as consulting editor to maintain
continuity and high quality.
The entire JNM team thanks Drs.

Harvey Ziessman and Nancy Knight for their valuable contributions.
We are confident that you, the reader, will enjoy the reformatted

front section of The Journal of Nuclear Medicine.

Johannes Czernin

COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.
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H I G H L I G H T S

2022 SNMMI Highlights Lecture: Oncology and Therapy,
Part 2

Heiko Sch€oder

Memorial Sloan Kettering Cancer Center and Weill Cornell Medical College, New York, New York

The Highlights Lecture, presented at the closing session of each
SNMMI Annual Meeting, was originated and presented for more than
30 y by Henry N. Wagner, Jr., MD. Beginning in 2010, the duties of
summarizing selected significant presentations at the meeting were
divided annually among 4 distinguished nuclear and molecular medi-
cine subject matter experts. The 2022 Highlights Lectures were deliv-
ered on June 14 at the SNMMI Annual Meeting in Vancouver, Canada.
This month we feature the second part of the lecture by Heiko
Sch€oder, MD, MBA, Chief of the Molecular Imaging and Therapy Ser-
vice in the Department of Radiology at Memorial Sloan Kettering Can-
cer Center and professor of radiology at Weill Cornell Medical College
(both in New York, NY), who spoke on oncology and therapy topics at
the meeting. Note that in the following presentation summary, numer-
als in brackets represent abstract numbers as published in The Journal
of Nuclear Medicine (2022;63[suppl 2]).

KeyWords: oncology; radionuclide therapy; theranostics

J Nucl Med 2023; 64:2–7
DOI: 10.2967/jnumed.122.265202

In the first part of this lecture, I addressed notable trends seen in
presentations at this year’s SNMMI Annual Meeting and reviewed
clinical diagnostic areas of current interest. Here we look briefly at
clinical radionuclide therapy and experimental studies, with a few
concluding thoughts on oncology and therapy in our field.

CLINICAL RADIONUCLIDE THERAPY

It is important to carefully assess the criteria for inclusion in our
studies and the implications these have across the spectrum of dis-
ease severity and manifestations, including for those who do not
meet treatment criteria. We are all familiar with the promising
results of the VISION trial and its various follow-ups evaluating
68Ga–prostate-specific membrane antigen (PSMA)–11 imaging and
177Lu-PSMA-617 treatment in men with PSMA-expressing meta-
static castration-resistant prostate cancer (mCRPC). The inclusion
criteria for the trial were $ 1 PSMA-positive metastatic lesion and
no PSMA-negative metastatic lesions. These criteria produced a
screen failure rate of 12.6%. PSMA positivity is a prerequisite crite-
rion for most PSMA-targeted radioligand therapies; however, the
definition of this positivity differs among studies. Hotta et al. from
the University of California Los Angeles looked more closely at
groups that would have been excluded from the VISION trial in

their report on “Outcome of patients
with PSMA PET/CT screen failure by
VISION criteria and treated with 177Lu-
PSMA therapy: A multicenter retrospec-
tive analysis” [3039]. They asked whether
the VISION PET criteria are appropriate
to identify patients who will not benefit
from 177Lu-PSMA treatment. The retro-
spective study included 301 patients who
had undergone 177Lu-PSMA-617 treat-
ment, of whom 29 (9.7%) would have
been screen failures (21 with PSMA-
negative lesions and 8 with low PSMA
expression) in the VISION trial. Outcome measures included re-
sponse and survival data. When the authors compared outcomes over a
median 1-y follow-up, they found that patients who would have
been screen failures in the VISION trial had worse prostate-specific
antigen (PSA) response rates and shorter median overall survival (OS).
Screen failure patients with PSMA-negative lesions (n5 21) tended to
have worse responses than those with low PSMA expression (n 5 8).
The conclusion is that patients who do not show sufficient PSMA
uptake or have lesions that do not qualify based on well-defined criteria
are likely to see inferior outcomes. The authors provided a cautionary
note that “not characterizing target expression before PSMA-targeted
treatment appears now nonethical, as a predictive whole-body imaging
biomarker for response to PSMA-targeted therapies is available.”
In this Highlights lecture last year, I was able to only briefly

address therapy with a-emitters, which are receiving more attention
and are the focus of multiple efforts to provide greater availability.
Bal et al. from the All India Institute of Medical Sciences (New
Delhi) reported on a “Long-term outcome study on 225Ac-PSMA-617
targeted a-therapy in mCRPC: A prospective, single-institutional
study” [2546]. The study included 50 patients whose disease was
refractory to other therapy options (including 31 patients refractory to
previous 177Lu-PSMA-617 treatment). Molecular tumor evaluation
after a-therapy showed complete response in 3 (6%), partial response
in 16 (32%), stable disease in 11 (22%), and progressive disease in 20
(40%) patients, for an overall disease control rate of 60% according to
molecular response. Thirty-one patients (62%) died during the treat-
ment period, with an estimated median OS of 14 mo and 12- and
24-mo survival probabilities of 57.6% and 34%, respectively. Esti-
mated median progression-free survival was 11 mo with a 12-mo
progression-free survival probability of 43%. Treatment-related toxici-
ties were minimal. Figure 1 shows very impressive results in a heavily
pretreated patient.
The same group also reported on “A phase II clinical study on

225Ac-DOTATATE therapy in advanced-stage gastroenteropancreatic
neuroendocrine tumor (GEP NET) patients” [2208]. This phase 2

HeikoSch€oder,MD,MBA
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study followed up on earlier work and included 83 patients (49 men,
34 women), 56 of whom had undergone prior 177Lu-DOTATATE
treatment and 27 of whom were 177Lu-DOTATATE naïve. Systemic
225Ac-DOTATATE (100–120 kBq/kg bodyweight) along with a renal
protection protocol were administered intravenously at 8-weekly inter-
vals (median, 4 cycles/patient; range, 1–10 cycles). Over a median
follow-up of 18 mo (range, 2–34 mo), 24 (29%) patients died, with
12- and 24-mo OS of 85.3% and 67.6%, respectively. Seventy-four of
the patients underwent radiographic assessment over a median follow-
up of 18 mo. Of these, (2.7%) had a complete response; 32 (43.2%)
had a partial response, 25 (34%) had stable disease, and 15 (20%) had
progressive disease (Fig. 2). A higher percentage of progressive dis-
ease was observed in prior 177Lu-DOTATATE failure patients (34%)
than in 177Lu-DOTATATE–naïve patients (11%). Side effects were
deemed acceptable. These are encouraging
data that clearly justify further exploration of
225Ac-DOTATATE therapies.
As I noted earlier in this lecture, a grow-

ing challenge in our new therapies is to track
multiple lesions over time, and artificial in-
telligence (AI) is providing novel strategies.
Perk et al. from AIQ Solutions (Madison,
WI) and the University of Wisconsin Madi-
son reported on “Automated evaluation of dis-
ease on 68Ga-DOTATATE PET/CT images
for long-term lesion tracking on 177Lu-DOTA-
TATE therapy” [2580]. The retrospective
study included sequential 68Ga-DOTATATE
PET/CT images from 25 patients with GEP
NETs during 177Lu-DOTATATE therapy.
Total SUV was automatically tracked across
scans, and response was classified into 5 cate-
gories based on change in SUV between serial
scans. Patients were determined to have

heterogeneous response if they had both favorably responding (com-
plete or partial response) and unfavorably responding lesions (progres-
sive disease or new lesions). On the first follow-up scan, 24 of the 25
patients showed heterogeneous response. Across all patients in the
course of the study, 523 lesions completely resolved after the start of
treatment (range, 1–115/patient), and 756 new lesions were detected
(range, 0–185/patient). In the subset of 12 patients who had $ 3 scans,
28 (8%) of 378 completely resolved lesions returned on subsequent
imaging, whereas 159 (45%) of 355 new lesions resolved on subse-
quent scans. At final follow-up scan, patients had a median of 23%
(range, 7%–61%) progressive and 63% (range, 21%–82%) responding
lesions. Figure 3 shows examples of the automated response assessment
classification of heterogeneous changes. Documentation of complex
changes using automated response assessment shows promise for moni-
toring both the heterogeneity of tumor response and evolving tumor
burden during radionuclide therapies, with important implications for
more individualized management. This will enable us to track each
individual lesion over time rather than make a summary statement that
the patient as a whole is responding, which fails to address the entire
biology of the underlying disease and response.
Dosimetry is increasingly important for treatment planning in

radionuclide therapies. Jackson et al. from the Peter MacCallum
Cancer Centre (Melbourne, Australia) and Precision Molecular
Imaging and Theranostics (Melbourne, Australia) reported on
“Real-world lesion and renal dosimetry for peptide receptor radio-
nuclide therapy (PRRT)” [2110]. The purpose of the study was to
assess the feasibility of comprehensive lesion and organ postther-
apy SPECT/CT dosimetry in routine follow-up of 177Lu-DOTA-
TATE PRRT and evaluate the impact of lesional radiation dose on
change in target volume over multiple cycles. The study included
97 patients with a range of neuroendocrine neoplasias in whom
dosimetry for kidneys and index lesions was assessed on quantita-
tive SPECT/CT imaging 24 h after each PRRT cycle. Dose values
were comparable for the different grades of disease, but, remark-
ably, dose to the index lesion decreased by 25.5%, 38.7%, and
45.3% at cycles 2, 3, and 4. Renal doses per GBq increased by
4% 6 19%, 13% 6 24%, and 12% 6 24% at corresponding cycles.
The conclusion was that many patients treated with the current stan-
dard activity are actually undertreated and could receive a higher ini-
tial activity, with subsequent administered activities adjusted “on the
fly” using dosimetry to maximize tumor dose and decrease renal

FIGURE 1. Long-term outcomes in 225Ac-PSMA-617 targeted a-therapy
in metastatic castration-resistant prostate cancer. Example shows results
after 5 cycles of 225Ac-PSMA-617 in a heavily pretreated patient who had
progressed under standard treatment and with disease refractory to
177Lu-PSMA-617.

FIGURE 2. 225Ac-DOTATATE therapy in advanced-stage gastroenteropancreatic neuroendocrine
tumors. Example maximum-intensity projection 68Ga-DOTANOC PET images from a patient at (left
to right) baseline and after 2, 4, and 6 cycles of 225Ac-DOTATATE.
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dose. The authors concluded that “in most cases, this would allow a
significant increase in prescribed activity with potential improvement
in treatment efficacy and preserved safety.”
Kappadath et al. from the University of Texas MD Anderson Can-

cer Center (Houston) reported on “Radioembolization for hepatocel-
lular cancer (HCC) patients with personalized 90Y dosimetry for
curative intent (RAPY90D): An interim analysis” [2375]. This trial
looks at 90Y-glass radioembolization using patient-specific voxel-
dosimetry treatment planning with 99mTc-macroaggregated albumin
(99mTc-MAA) SPECT/CT. The primary goal was a localized objec-
tive response rate (ORR) of . 75% at 6-mo follow-up with a tar-
geted mean tumor dose of 200 Gy to all tumors $ 3 cm. They also
studied concordance between planned and delivered doses. The
researchers were about halfway through enrollment at the time of the
SNMMI Annual Meeting. In 21 patients, they saw ORRs of 56%
and 96% at 3 and 6 mo, with corresponding complete response rates
of 33% and 56%, thus meeting their primary objective. I want to
point out that the study included patients with large lesions (median
diameter, 4.6 cm), much larger than those in the widely cited LEG-
ACY study (median diameter, 2.7 cm) (Fig. 4). In addition, they
found high correlations between the predicted dose from 99mTc-
MAA SPECT/CT treatment planning and the actual dose received.
Their finding that radioembolization treatment plans targeting high
dose to tumors ($200 Gy) and minimizing dose to normal liver had
so far resulted in 100% tumor response rates with no treatment-
related toxicities is encouraging, and we look forward to publication
of the final study results.

EXPERIMENTAL STUDIES

Many promising research studies were presented at this year’s
meeting. I will limit these highlights to only a small selection.

Lee et al. from the University of Pennsylvania (Philadelphia)
reported on “Monitoring therapeutic response to fibroblast-
activation protein (FAP) chimeric antigen receptor (CAR) T-cells
using 18F-AlF-FAP inhibitor (FAPI)-74 PET” [2499]. After the
SNMMI Meeting, this study was published in Clinical Cancer
Research (2022;Aug 16 ahead of print). The authors characterized
the selectivity of the radiotracer in in vitro and xenograft studies
and then conducted a series of investigations with tumor xenograft
models in mouse groups treated with FAP CAR T-cells and with
nontransduced cells. Figure 5 shows intense uptake and a 2-
(SUVmean) to 3-fold (SUVmax) reduction in tumor-to-muscle ratio
from baseline for the FAP CAR T-cell–treated group compared
with continued tumor growth in the nontransduced cell–treated
group. The authors concluded that “this noninvasive imaging
approach to interrogate the tumor microenvironment is the first
pairing of a companion diagnostic for solid tumor CAR T-cell
therapy and has the potential to serve as a predictive and pharma-
codynamic response biomarker geared specifically for FAP CAR

FIGURE 3. Automated evaluation of gastroenteropancreatic neuroendo-
crine tumor status on 68Ga-DOTATATE PET/CT for long-term lesion track-
ing in 177Lu-DOTATATE therapy. Total SUV was automatically tracked
across scans, with responses classified into 5 categories based on
change between serial scans. Documentation of complex changes using
automated response assessment shows promise for monitoring both het-
erogeneity of tumor response and evolving tumor burden during radionu-
clide therapies, with implications for more individualized management.

FIGURE 4. Radioembolization for hepatocellular cancer with personal-
ized 90Y dosimetry for curative intent (RAPY90D.) Patient-specific voxel-
dosimetry treatment planning with 99mTc-macroaggregated albumin
(99mTc-MAA) SPECT/CT. Top block: Example imaging from 2 patients at
baseline (top row), 3 mo (middle row), and 6 mo (bottom row) after radio-
embolization. CR 5 complete response; PR 5 partial response. Bottom
block: Absorbed dose maps (left to right, with 99mTc-MAA SPECT, 90Y
SPECT, and 90Y PET) in a patient treated with 0.710 GBq 90Y to deliver a
mean dose of 316 Gy, with a complete response at 3 and 6 mo. High cor-
relations were noted between predicted dose from 99mTc-MAA
SPECT/CT treatment planning and actual dose received.
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T cell therapy.” Note that FAP CAR T-cell treatment shows a
decrease in but not complete elimination of tumor, leading some
researchers to speculate that FAP-directed CAR T-cells may
address the stroma but not necessarily kill the tumor. This may be
of special relevance in advancing FAP-directed radiotheranostics.
Immunotherapy continues to be the focus of much research in

the nuclear medicine community. Predicting which patients are
likely to benefit from immunotherapies is currently quite challeng-
ing with standard-of-care cancer imaging techniques. Evans et al.
from the University of California, San Francisco, reported on
“Getting a GRIP on antitumor immunity with granzyme-targeted
PET” [2497]. The authors hypothesized that because immune cells
(e.g., cytotoxic T-cells, natural killer cells) secrete serine proteases
called granzymes to impart apoptosis in cancer cells, an imaging
tool capable of detecting biochemically active granzyme B could
be a useful biomarker to distinguish immunoresponsive from
immunoresistant tumors in vivo. In their presentation, they out-
lined an elegant approach using a restricted-interaction peptide,
which they call GRIP B. GRIP B was confirmed in vitro to be a
substrate for granzyme B and was labeled with 64Cu for initial

in vivo studies. Imaging in animals treated 3
times with combined immunotherapy and
then injected with 64Cu-GRIP B showed that
the signal increased over time. Digital autora-
diography in the same mice showed that the
tracer indeed localizes as expected, with an
inverse relationship between the intensity of
uptake and growth inhibition. The authors
concluded that 64Cu-GRIP B provides a holis-
tic view of secreted granzyme B biochemistry
in vivo and that posttreatment changes in
tumor uptake approximate responses to
checkpoint inhibitors. They are currently pre-
paring for first-in-humans studies and investi-
gating potential applications of 64Cu-GRIP B
in other immunomodulatory therapies.
In another interesting study from the

same lab, Chopra et al. from the University
of California, San Francisco, reported that
the “CUB domain-containing protein 1
(CDCP1) is a target for radioligand therapy
in multiple bladder cancer subtypes, includ-
ing Nectin-4 and TROP2 null disease”
[2563]. CDCP1 is a cell surface protein
highly overexpressed in many cancer types,
with low expression in normal tissues. Its
potential for treatment in pancreatic and
prostate cancer has been explored. These
authors wanted to determine whether bladder
cancer overexpresses CDCP1, and whether
CDCP1 can be targeted for treatment with
radiolabeled antibodies. This research is wel-
come, because relatively little work has been
done with radioligand therapy in bladder
cancer, particularly in aggressive forms. In
in vitro and preclinical studies, the research-
ers found that CDCP1 mRNA and protein
levels were expressed in multiple subtypes
of bladder cancer, with a tendency toward
higher expression in the basal subtype of
bladder cancer. Using PET with 89Zr-4A06

(a monoclonal antibody targeting a domain of CDCP1), CDCP1 was
detectable in 6 human bladder cancer tumors. An antitumor assess-
ment in mice showed that fractionated doses of 177Lu-4A06 signifi-
cantly inhibited the growth of tumor xenografts and improved OS. In
a representative cohort, 4 of 8 mice experienced complete responses
and no tumor regrowth was observed over 3 mo of monitoring
(Fig. 6). Of note, CDCP1 expression did not entirely overlap with
Nectin-4 or TROP2, suggesting that CDCP1-directed strategies may
have a role in bladder cancer treatment distinct from current stan-
dards of care.
Feng et al. from Duke University (Durham, NC) reported on

“Therapeutic efficacy of an 211At-labeled anti-HER2 single-domain
antibody fragment (sdAb) in mice: Comparison with its 131I-labeled
analog” [2565], which brings us back to a-emitter therapy, where
we have to ask what designs and radiolabeling approaches are opti-
mal. Astatine is an a-emitter with a 7.2-h half-life. In a series of
investigations they showed high in vivo stability, good radiochemi-
cal yield, rapid normal tissue clearance, and high binding to HER2-
expressing BT474 human breast carcinoma xenografts. When they
applied their 211At-iso-SAGMB-VHH_1028 agent in mice, a single

FIGURE 5. Monitoring therapeutic response to fibroblast-activation protein (FAP) chimeric antigen
receptor (CAR) T-cells using 18F-AlF-FAP inhibitor (FAPI)-74 PET. Top block: Mice at baseline and
after treatment with nontransduced CAR T-cells (left) and FAP CAR T-cells (right), showing intense
uptake and a 2- to 3-fold reduction in tumor-to-muscle ratio from baseline. Bottom block: Corre-
sponding PET/CT images.
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dose increased median survival by . 400% with no observable
signs of normal tissue toxicity and complete absence of tumor
observed in the majority of animals treated at median and high
doses. This compared favorably with results from 3 treatments with
131I-labeled antibody.
Identifying the right chelator is important for the stability of a

radiotherapeutic compound. Abou et al. from Washington Univer-
sity in St. Louis/Washington University School of Medicine (MO)
and the Universit!e d’Avignon et des Pays du Vaucluse (France),
Institut de Chimie de Strasbourg IC-UNISTRA (France), Institut de
Chimie Mol!eculaire de l’Universit!e de Bour-
gogne (Dijon, France), Lumiphore Inc.
(Berkeley, CA), and the Mallinckrodt Insti-
tute of Radiology (St. Louis, MO) reported
on “Comparing 4 chelators of 227Th and
antibody conjugates for a-emitting radio-
immunotherapy” [2568]. They detailed com-
parisons in ease of labeling, in vivo stability,
conservation of immunoreactivity, and tumor
targeting and concluded that their 227Th-
ThL804 immune complex showed the best
characteristics as a chelator in both lym-
phoma and HER2 cancer model studies. In a
HER2-expressing colon cancer mouse model,
227Th-ThL804-trastuzumab treatment led to
positive preliminary results. The L804 agent
can also be labeled with 89Zr for imaging,
supporting development of 227Th theranostic
applications.
Wichmann et al. from the Olivia Newton-

John Cancer Research Institute, the Univer-
sity of Melbourne, and Austin Health/Austin
Hospital (all in Melbourne, Australia) re-
ported on “Conjugation and radiolabeling
of 225Ac-macropa-tzPEG3Sq-ch806, a tumor-
specific anti–epidermal growth factor receptor
(anti-EGFR) antibody, and preclinical eval-
uation in a murine glioma model” [2569].
Inthisveryelegantwork,theauthors described the complex

development of an agent for radioimmu-
notherapy with 225Ac complexed to ch806,
the chimeric form of mAb806, a monoclo-
nal antibody targeting EGFR. They detailed
several experiments proving high purity
and radiochemical yield, as well as exqui-
site tumor targeting in vivo. Biodistribution
and uptake studies in mice were promising,
and in vivo therapy studies in a mouse glioma
model showed marked tumor responses
and prolonged survival in an 225Ac-ch806–
treated cohort compared with controls. This
approach, with fast and efficient labeling of
antibodies resulting in radioimmunoconju-
gates with exceptional stability, addresses
current challenges of 225Ac complexation and
points to expanded applications in multiple
diseases
Liposomal drugs have been in use for

some time, and we are all familiar with pegy-
lated doxorubicin. Hwang et al. from Seoul

National University (Republic of Korea) reported on “Theranostic
gemcitabine-loaded collagenase conjugated liposome (GCL)” [4054].
These researchers used the enhanced-permeability-and-retention effect
to localize the conjugate in the tumor, with collagenase on the surface
of the liposome for degradation of the extracellular matrix enabling
“smart drug delivery.” This may be of particular interest in pancreatic
cancer, where dense stroma prevents penetration of the drug into the
tumor. The GCL agent showed potent collagenase activity, passive
tumor-targeting ability, and enhanced tumor penetration. 68Ga-label-
ing for PET imaging in a CT-26 tumor-bearing mouse model

FIGURE 6. CUB domain-containing protein 1 (CDCP1) as a target for radioligand therapy in blad-
der cancer. 89Zr-4A06 PET detected CDCP1 in 6 human bladder cancer tumors (left to right:
UMUC3, T24, HT1376, UMUC9, and 5637) at 72 h postinjection. Fractionated doses of 177Lu-4A06
significantly inhibited growth of tumor xenografts and improved overall survival, suggesting the
potential for CDCP1-directed theranostic strategies.

FIGURE 7. Theranostic gemcitabine-loaded collagenase conjugated liposome (GCL) for solid
tumor targeting. Top: GCL (left) and unmodified PEGylated liposome (right) were labeled with 68Ga,
injected intravenously in a CT-26 tumor-bearing mouse model, and imaged with PET, showing simi-
lar prominent tumor uptake. Bottom: Collagenase in the GCL agent (left) enhanced tumor penetra-
tion compared with a gemcitabine-only liposome.
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confirmed tumor targeting (Fig. 7), indicating potential as part of a
theranostic pair for solid tumors such as pancreatic cancer.
I began the discussion of new experimental studies with FAP inhi-

bitors and ended with collagen, stroma, and fibroblasts. I want to just
add a small word of caution, however. A recent review article by
Pich et al. in Cancer Cell (2022;40[5]:458–478) noted that the early
promise of precision-based and personalized treatment has not been
fully realized. Many factors, including epigenetic changes, resistance
mechanisms, and others, confound our efforts. Cancer-associated
fibroblasts, for example, can have many roles, including interactions
with the immune environment. The stromal matrix, usually thought
to inhibit chemotherapy in pancreatic cancer, has in fact been shown
in some studies to inhibit cancer progression. In other words, regard-
ing radiolabeled FAPI or any other novel type of agent as a “magic
bullet” may be naïve. Many mechanisms interfere with our some-
times simplistic hopes for how cancer can be treated. A greater
understanding and much more investigation of the tumor microenvi-
ronment, different fibroblast entities, and stroma are needed.

CLOSING THOUGHTS

The more tracers and applications we develop, the more ques-
tions we have. For PSMA, for example, we have to ask how many

more probes are actually needed. We must settle on some subset
of the possible number, but more important is the need to define
the roles of PSMA in specific clinical settings, including at differ-
ent states of disease. We need to design probes for the more
advanced and dedifferentiated prostate cancers that will become of
greater interest as we are more and more successful at treating ear-
lier states of disease that still express PSMA. For FAPI, as I noted
last year, we still need data from large prospective trials and clini-
cal experience, both in diagnosis and therapy. I was encouraged to
see that some of this work is beginning.
Major tasks for the future are numerous. Clinical translation of

new probes to the clinic is crucial. This is difficult, time consum-
ing, and expensive but necessary to make a difference in patients’
lives. We are making progress in defining the role of a-emitters
and a-labeled radiopharmaceuticals, but we must provide
evidence-supported data defining their role and appropriate ap-
plications. We need more data and more focus on dosimetry in
radionuclide therapy, using this to refine and individualize our
treatments. Finally, we must acknowledge and address together a
host of clinical (e.g., treatment resistance, combination therapies)
and professional (e.g., workforce stability, reimbursement, patient
access) challenges.
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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

From Physician to Leader in Global Research and
Development
A Conversation Between Ken Song, Lisa Bodei, and Johannes Czernin

Ken Song1, Lisa Bodei2, and Johannes Czernin3

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

Lisa Bodei, MD, PhD, from Memorial Sloan Kettering Cancer
Center (New York, NY), and Johannes Czernin, MD, from the
David Geffen School of Medicine at the University of California
Los Angeles, talked with Ken Song, MD, about his career as a phy-
sician, venture capitalist, industry CEO, and global research and
commercialization leader. Dr. Song is president and CEO at Rayze-
Bio (San Diego, CA), a targeted radiopharmaceutical company devel-
oping an innovative pipeline against validated solid tumor targets. He
is also the cofounder and chair of the board at Ablaze Pharmaceuticals
(Shanghai, China), which is focused on radiopharmaceutical develop-
ment for the greater Chinamarket. Before RayzeBio, he was president
and CEO of Metacrine, Inc. (La Jolla, CA), where he led the organi-
zation from research to midstage clinical development and also posi-
tioned the company for an IPO. He was a cofounder and, from 2010
to 2016, CEO of Ariosa Diagnostics (San Jose, CA; acquired by
Roche), where he led the organization from early research to global
commercialization of theHarmony prenatal test inmore than 100 coun-
tries. He also served as executive chair of Omniome (San Diego, CA;
acquired by Pacific Biosciences), a sequencing technology company,
helping it mature from basic research to a product development
company.
Dr. Song earned his BS from Massachusetts Institute of Technol-

ogy (MIT; Cambridge, MA) and medical degree from the University
of California San Francisco (UCSF). He trained in internal medicine
at UCSF and specialized in gastroenterology and hepatology at the
University of Washington (Seattle), along with a scientific research
fellowship at the Fred Hutchinson Cancer Center there. Before being
an operator and entrepreneur, he worked as a venture capitalist at
Venrock, as well as a consultant at McKinsey & Co.
Dr. Bodei: Ken, you are currently the president and CEO of

RayzeBio, as well as cofounder and chair of Ablaze Pharma. You
have been president and CEO or chair of other life science com-
panies, including Ariosa Diagnostics, Metacrine, and Omniome.
Intriguingly, you have been a venture capitalist and physician.
Before we delve into more specific questions, could you tell us
more about your career progression?
Dr. Song: My career has been one of serendipity, driven by intel-

lectual curiosity. I like to explore and learn new things within the
discipline of life sciences. When people ask me about my favorite
hobbies, I include work as one of my top interests—because I love
what I’m doing. I started in medicine and had my mind set to pursue

translational research using proteomics.
But then an opportunity to join a venture
capital firm came out of left field.
Although I was hesitant at first to pur-
sue it, I was intrigued by the opportu-
nity to interact with entrepreneurs and
brilliant scientists who were at the
forefront of innovation. Partnering with
them and being able to provide them
the capital to help their ideas blossom
really excited me. While at the venture
capital firm, an opportunity presented
itself to lead a liquid biopsy company,
and I decided to pivot again in my career and take on the challenge.
After several years, the company was acquired by Roche, and then
I had the opportunity to make another pivot into therapeutics and
joined Metacrine as CEO, working on nonalcoholic steatohepatitis,
which was emerging as an epidemic liver disease. Around the same
time, I took on the executive chair role at Omniome, a company that
drove innovation in next-generation sequencing and was ultimately
acquired. In spring 2020, right around the start of the COVID pan-
demic, I was approached to launch a new company focused on
radiopharmaceuticals. At first, I had no appreciation of radiophar-
maceuticals, but, after several months of diligence, I realized the
incredible potential of therapeutic radioisotopes to treat cancer. I was
excited to launch a company that could focus on innovative discov-
ery to propel the radiopharmaceutical field forward.
Dr. Czernin: When you left MIT, where you majored in biology,

you picked UCSF for medical school? Why?
Dr. Song: It was about gaining new experiences. I had never

lived on the West Coast. I grew up in the Midwest and moved to
the east coast for college. When the opportunity to go to a great
medical school on the West Coast presented itself, and I could get
California residency after 1 y to reduce tuition cost, it was a no-
brainer decision. I’ve clearly enjoyed the West Coast, because
I haven’t left since I came out here in 1996.
Dr. Bodei: What did you do after medical school?
Dr. Song: On receiving my MD, I joined McKinsey, a global

management consulting firm. I had been a student all my life, with
no breaks from undergrad to med school. Continuing from med
school to residency and then fellowship seemed to me to be the
same grind. I was attracted to McKinsey, because it presented the
opportunity to work with companies and help them develop strate-
gies. I worked for a couple of years as a management consultant
but realized that consulting just wasn’t for me. I went back to

Ken Song, MD
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medicine for an internal medicine residency and then pursued a
clinical fellowship in gastroenterology and hepatology in conjunc-
tion with a research fellowship.
Dr. Bodei: Do you feel like there is a guiding principle to all

your career decisions, or was it all serendipity?
Dr. Song: I think the common thread through all the things that

I’ve pursued is to be constantly learning and to be curious. By
having been a physician, a researcher, an investor, a management
consultant, and an operator of several companies, I believe I can
leverage all those prior experiences help advance the field of
radiopharmaceuticals.
Dr. Czernin: Would you say that your time in venture capital

was not sufficiently intellectually stimulating?
Dr. Song: My time as a venture capitalist was incredibly stimu-

lating, because I evaluated hundreds of different ideas, ranging
from novel drugs to medical devices, diagnostics, life science
tools, and health-care delivery services. However, as a venture
capitalist, I felt one step removed from actually making things
happen. My experience as a clinician probably shaped my interests
to be an operator, because as a physician—especially as a resi-
dent—you’re on the front lines making the decisions. You create
or shape outcomes directly.
Dr. Bodei: What is your approach to a problem, whether it is

logistic, organizational, economic, or clinical?
Dr. Song: I first try to find out what I know that can help find a

solution. But there is something that I’ve learned over my career:

it is just as important to find out what I don’t know. That’s where
you must invest the most amount of time to find the people or to
educate yourself to fill that gap. I ask myself, “How am I going to
figure this out? Who could I call? Who could I talk to? What can
I read so that I could build that knowledge to help?” You also
have to balance between an ideal solution versus what is practical
and realistic, taking into account limited time or resources. My
time as a venture capitalist allowed me to see how other entrepre-
neurs identified practical, workable, and impactful solutions.
Dr. Czernin: Once you find people who fill the knowledge gap

in certain areas, how do you manage your team? Do you tell them
exactly what to do?
Dr. Song: As a CEO, it’s my job to be a decisive leader. There

are different leadership styles and, although some may lead by del-
egation, I don’t think that is the most effective approach. If you
look at some of the greatest innovations, they came from very
decisive and strong leaders. Think Steve Jobs or Elon Musk or
Bill Gates, etc. Those are very strong personalities who invested
time to dive into the details. They made the decisions. They didn’t
hire a third party to do some market survey or market research.
They took it on themselves to understand, to the best of their abil-
ity, the industry and the opportunities. They had the confidence in
having the information that is necessary to make the decision and
stick with it and then aligning the rest of the organization.
Dr. Czernin: That requires a certain level of exceptionality. If

you are not exceptional, then this model will fail.
Dr. Song: Then you shouldn’t be a leader.

Dr. Czernin: But many leaders are not exceptional.
Dr. Song: Yes. That’s why many companies regress to the mean,

which is average. You can have an effective, intelligent, decisive
leader, but sometimes you also need a tremendous amount of luck.
Career success, relationship success, financial success—a lot of that
is luck and timing. And that may be the biggest determinant of
whether one is successful.
Dr. Bodei: I’m Italian, and I know about conductors. You do

need a leader, a conductor, but you also need an orchestra or (as
we call it nowadays) a team. What are your thoughts about the
team? How do you choose the team members?
Dr. Song: I look for several things. Obviously, there’s compe-

tence and experience. And then there’s personality. And then the
ability to get things done. It really matters that you get along with
the person. If you hire people who are exceptional but you don’t
get along with them, it just doesn’t work as well. If you don’t
want to spend time together to figure stuff out and get things done
together, progress will suffer. I usually make a judgment within
the first 20–30 s whether I’m going to like somebody. So, if I don’t
have that positive feeling, then that’s a big negative. But assuming
I get comfortable with that first interaction, then I am looking for
knowledge/experience and the ability and willingness to just get
things done. You want team members who not only can get stuff
done but can get it done efficiently.
Dr. Bodei: On with theranostics. It was surprising that you were

attracted by this field, because it had a track record of business

failures. Of course, it has a much longer history in Europe, where
it was highly successful but with very limited commercial success.
Dr. Song: Despite the historical business failures, the clinical suc-

cess and potential were clearly evident. What we’re doing with radio-
pharmaceuticals is true precision medicine. There’s no other modality
where you can take your drug and use it as the diagnostic agent to
visualize where the drug is going in the human body to understand
the tumor and normal tissue uptake and then select patients for treat-
ment based on the imaging. This is about as precise as you can get.
The second feature that attracted me was the existing clinical valida-
tion data within neuroendocrine tumors (NETs) and prostate cancer,
two different solid tumor types. It is not a leap of faith to think that
this would be applicable to other solid tumors beyond NETs and
prostate. The third aspect that attracted me to radiopharmaceuticals
was the lack of broad appreciation and thus lack of proper investment
to drive innovation. Academia can only take things so far; whereas
once industry gets involved, the amount of capital and pace at which
things can get done take it to a different level.
Dr. Bodei: Nuclear medicine has been involved with radioac-

tive iodine since the 1940s. To now finally see large randomized
and industry-sponsored studies is gratifying. But in view of all of
the effective therapies that oncologists have for many cancers, do
you think that there is theranostics hype? What is the destiny of
theranostics? What are the threats?
Dr. Song: This is the next major treatment modality for oncology.

I see radiopharmaceuticals today similar to where antibody–drug
conjugates (ADCs) were 15 y ago and cell-based therapies were 10

`̀ Ultimately, the richness of life is in finding that thing that you feel you can put your whole heart into.´́
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y ago, when both those modalities were in their infancy. Today, we
have multiple ADC and cell therapies approved, with hundreds of
companies now pursuing these modalities. We already know radio-
pharmaceuticals work. There is a pretty good road map to discover
and develop novel radiopharmaceuticals if one invests the time and
the energy. So, it’s not hype, because we know it works. Drug dis-
covery is still hard and takes time and commitment. Beyond drug
development, radiopharmaceuticals have more complex supply and
logistics challenges than conventional small-molecule drugs and bio-
logics. I don’t see that as a huge challenge, but it is one about which
we need to be more proactive and mindful to ensure that all this is
worked out. The future success of radiopharmaceuticals is not a
question of if; it’s a question of when for this modality.
Dr. Czernin: There are different approaches to further developing

the field. One would be to intensify the search for new targets. Bril-
liant people have been screening for other theranostic targets for
decades, yet the number of promising targets has remained fairly
limited. How would you approach target discovery and validation
from an industry point of view? And how would you try to improve
current approaches to, let’s say, toxicity associated with some cur-
rent prostate-specific membrane antigen–targeted radioligands?
Dr. Song:My view is that we should not invest in novel target dis-

covery at this time. Several clinically validated targets are already out
there that have never been exploited for theranostics. There’s a laun-
dry list of dozens of targets you can just look up that have yet to be
pursued for radiopharmaceutical therapy. I think the investment needs
to be in finding novel ligands that bind to these known targets. One
area for us to collectively push the field is in the regulatory framework
for radiopharmaceuticals. We are currently wedded to external-beam
radiation therapy–derived dose limits to normal organs, limiting thera-
peutic dosing to an unrealistic toxicity risk threshold. For example,
kidney radiation dose tolerance is about 23 Gy, based on a 5% toxic-
ity risk at 5 y. If we applied this same standard to other drugs, we’d
have no approved drugs available for cancer patients. We need to
look at risk/benefit ratios and use the same standards applied to all
other cancer therapy modalities. Some patients are not going to be
alive at 1 y, so to worry about chronic toxicity in some single-digit
percentage is completely the wrong way to think about administering
radiation to these patients. We may see dramatic efficacy by pushing
the amount of delivered radiation to the tumors. We need to put the
patients first and be data-driven based on clinical outcomes to ensure
we are properly dosing radiopharmaceuticals.
Dr. Bodei:Whenever we see a toxic effect, the spotlight is focused

on radioactivity. Radiation always has a bad image. How do you
think we can go about developing more efficacious treatments, with
the skepticism toward radioactivity and with the skepticism toward
individualized dosimetry?
Dr. Song: It is going to take time to reeducate and reorient the

public image. But if we’re committed to it because we know that the
current way of thinking is incorrect, then we can achieve change.
Look at the gene therapy field and how that has evolved. For the
longest time, everyone was freaked out about gene therapy. It was a
taboo. Yet look at where we are now. People have fully embraced
this modality, and many treatments are now in high demand from
patients. With radiation, people think of exploding nuclear power
plants or nuclear bombs. But if we reeducate people to appreciate
radiation as an effective means to destroy cancer cells selectively,
we can change perceptions. Let’s emphasize the positives and not
try to justify ourselves against the negative perceptions. In terms
of developing more efficacious treatments, we need to develop radio-
pharmaceutical drugs like all other cancer drugs. We should be

driven by clinical data to identify the dose-limiting toxicity. Dosime-
try is a useful tool but should not be used to guide clinical decisions.
Dr. Bodei: We also need to address the supply chain problem.

There are significant infrastructure problems for 177Lu supply,
and these are even more prominent for targeted a-therapy. What
solutions do you see here?
Dr. Song: Isotope supply is clearly a must-have for the industry

and products, and there is still a limited supply, especially 225Ac. The
good news is that many people and companies are now going for-
ward and investing in alternate routes of production. When you see
that amount of activity, it’s likely that it’s going to get figured out.
But it is going to take time, because this is not easy. Sitting here
today, I think 10 y from now the actinium supply problem will have
been completely solved, and in the interim, as various solutions come
forth at varying scales, we will need to prioritize and allocate supply.
Dr. Bodei: Absolutely. That begs the question: given all of the

above, what are your future company plans?
Dr. Song: We currently have our first program using 225Ac in

the clinic, which we think fulfills an unmet need in NETs. NETs
constitute an orphan indication; thus, the required amounts of
actinium are moderate. We are also evaluating our first drug candi-
date in small cell lung cancer. We are continuing to invest in our
discovery pipeline, and we have several initial novel candidates
ready for early clinical evaluation. Most of the therapies that we
develop are likely to be tested initially in advanced-stage cancer
patients. So again, this is a more limited number of patients as it
relates to actinium supply needs. Even if you go after a large indi-
cation such as colon cancer and you’re going into the last-line set-
ting, you’re looking at thousands or tens of thousands of patients,
not hundreds of thousands. Eventually, moving into earlier-line
treatment settings would be pursued. That’s how we’re approach-
ing it, being methodical and realistic in terms of what we think our
addressable patient populations will be for our initial products.
Dr. Bodei: The need is rapidly growing for experts in the

clinical delivery of theranostics. How should we form the new
generation of physicians, entrepreneurs, and scientists to move
theranostics forward?
Dr. Song: When we try do something new, there will always be

that initial scarcity of capital, activity, and talent. How do you fix
that? First, we need to see some companies be successful. As we
see some successes, many others will follow, and we’ll also have
people who have experienced success who will go on to become
the future leaders. It’s like people say in medicine: watch one, do
one, teach one. That principle also applies to industry. We see sev-
eral radiopharmaceutical companies emerging now, and we intend
to lead the charge. So, we need to give a little bit of time for peo-
ple to be able to watch how it’s done. In terms of the care delivery
side, I do believe that close collaboration among specialties across
oncology, radiation oncology, and nuclear medicine is needed. We
need to avoid turf wars. Implementation will vary across countries
and across institutions within the same country. There’s not going
to be a single construct that’s going to work for every institution.
Dr. Czernin: We estimated recently that we will need around

120 theranostic centers in the United States. We don’t currently
have well-trained experts to run these clinics. Yet patients will
demand this highly specialized service. Where it comes from will
be up to the people who have the qualification to deliver it.
Dr. Bodei: What do you think about combination treatments,

how will these treatments be positioned, and what would clinical
trials look like to test combination treatments?
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Dr. Song: Monotherapy is increasingly rare in oncology. For
combination therapy, it is useful to show efficacy with the single
agent first before you do the combination. Combining radiopharma-
ceuticals with immunotherapy is talked about widely and I think
has a lot of merit for further investigation.
Dr. Bodei: What advice do you have for our young colleagues

and people who start their professional careers? What kind of life
advice do you have for them?
Dr. Song: I say this to our employees here at RayzeBio: you

have to love your work. It’s really a shame if you don’t, because
you’re probably not being fully effective in what you can actually
do to contribute to society. And think about the amount of time
that you’re spending doing something that you don’t love to do.
My advice to anyone is just find what it is that you get excited
about and that you really want to do. You can achieve greatness.
You don’t have to be at a biotech company. You don’t have to be

a clinician. If you love glassblowing, you can be an amazing glass
artist. I tell my kids, if you love just being outdoors, then you can
find many opportunities to either improve the environment or be a
tour guide or lead hikes or be a conservator. Ultimately, the rich-
ness of life is in finding that thing that you feel you can put your
whole heart into.
Dr. Czernin: Thank you for sharing your journey from biology

to medicine to industry and back to care delivery. We are grateful
for your time, and our readers will appreciate your insights.
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T H E S T A T E O F T H E A R T

Imaging Biomarkers for Central Nervous System Drug
Development and Future Clinical Utility: Lessons from
Neurodegenerative Disorders

John P. Seibyl

Institute for Neurodegenerative Disorders, New Haven, Connecticut

Diseases of the central nervous system are common and often
chronic conditions associated with significant morbidity. In particular,
neurodegenerative disorders including Alzheimer and Parkinson dis-
ease constitute a major health and socioeconomic challenge, with an
increasing incidence in many industrialized countries with aging popu-
lations. Recent work has established the primary role of abnormal pro-
tein accumulation and the spread of disease-specific deposits in brain
as a factor in neurotoxicity and disruption of functional networks. A
range of therapeutics from small molecules to antibodies targeting
these proteinopathies are now in phase 2 and phase 3 clinical trials.
These studies are methodologically challenging because of difficulty
in accurately diagnosing early disease, the slow and variable rates of
progression between individuals, and efficacy measures that may be
cofounded by symptomatic improvements due to treatment but not
reflecting disease course modification. Further, the ideal candidates
for these treatments would be at-risk, or premanifest, persons in
whom the pathologic process of the neurodegenerative disorder has
begun but who are clinically normal and extremely difficult to identify.
Scintigraphic imaging with PET and SPECT in trials offers the opportu-
nity to interrogate pathophysiologic processes such as protein depo-
sition with high specificity. This review summarizes the current
implementation of these imaging biomarkers and the implications for
future management of neurodegenerative disorders and central ner-
vous system drug development in general.

Key Words: PET; drug development; Alzheimer disease; Parkinson
disease
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Drug development for diseases of the central nervous system has
readily embraced the use of biomarkers as important tools for clinical
therapeutic trials. The prime examples reflecting the most advanced
use of biomarkers in central nervous system drug development, and
of imaging biomarkers in particular, are in neurodegenerative disease.
These represent a wide constellation of clinical syndromes reflecting
for each disorder a characteristic pathophysiology and evolving pat-
tern of changes in the brain. As a group, these disorders are common
and generally encountered in older individuals in countries with aging
populations. In Alzheimer disease (AD), the most common of the
neurodegenerative disorders, prevalence increases incrementally with

advancing age. Data suggest that individuals demonstrating cognitive
impairment consistent with an AD-type dementia range from 5.3% of
those aged 60–74 y to 34.6% of those aged 85 y or older (1). Aging
is the greatest risk factor for developing AD, higher than high-risk
genotypes such as apolipoprotein-E4 (2,3).
With these increasing numbers comes greater demand for residen-

tial care and nursing services and concern about the capacity of
health-care systems to scale up. Costs associated with AD include
nursing home care, physician visits, hospitalizations, and treatment, as
well as costs that are more difficult to account for, such as loss of pro-
ductivity and uncompensated hours of care provided by family mem-
bers (4). Recent health economics studies have focused on the high
economic and social burdens on families caring for their afflicted
member (5). Over the next 30 y, the worldwide costs of caring for
individuals with AD are estimated to increase by a factor of 10 (6).
These observations are no less true for Parkinson disease (PD), the
second most common neurodegenerative disorder. Approximately
1,000,000 people in the United States carry this diagnosis, repre-
senting a prevalence of about 0.3%. Again, the disease is more
common in the elderly, with rising incidence rates in increasingly
older cohorts (7). The estimated total economic costs posed by PD
is expected to increase 52% to $79 billion by 2037 (8).
These increasing social and economic burdens underscore the

urgency to develop interventions that reduce morbidity, delay dis-
ease progression, and maintain viable function and quality of life
for as long as possible. The purpose of this review is to systemati-
cally explore how nuclear imaging supports development of these
interventions, highlighting how the use of imaging has evolved as
a crucial part of this endeavor and informs future clinical nuclear
medicine practice.

THE CHALLENGE OF DEVELOPING DRUGS FOR
NEURODEGENERATIVE DISORDERS

These looming problems notwithstanding, the last 20 y have dem-
onstrated significant progress in understanding the primary changes
in the brain associated with neurodegenerative diseases (9,10), focus-
ing on therapies that may slow, stop, or even reverse the disease
course. Neurodegenerative diseases are primary disorders of protein
deposition and distribution throughout the brain (Table 1). Common
features of proteinopathies include the inexorable spread of aberrant
protein species in intracellular and extracellular deposits, leading to
neuronal or glial cell death, the disabling of functional networks, and
the emergence of clinical signs and symptoms reflecting this pathol-
ogy (11,12).
The etiology of these disorders is largely unknown; however,

significant strides have been made toward characterizing the
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primary proteinopathy and course from the initiation of the disease
process, through a clinically silent phase that is years in duration,
to the first symptoms, and finally to full disease manifestation
(Fig. 1). This knowledge informs therapeutic strategy, including
taking advantage of the long, protracted period before the appear-
ance of overt symptoms as an opportunity to salvage significant
function and potentially delay the onset of symptoms.
There are significant obstacles to translating knowledge of dis-

ease mechanism into effective treatments. Some of the problems
result from the heterogeneity in clinical phenomenology, with var-
iability in symptom expression and progression rates. PD progres-
sion is slow and quite variable between patients. With such a slow
rate of change in motor and nonmotor symptoms, tracking even a
50% slowing of this change rate on a clinical assessment scale or
motor score after a disease-modifying intervention is quite diffi-
cult. This is especially problematic when clinical assessments are
confounded by the salutary effect of symptomatic medications,

making it difficult to assess the baseline disease because of an
inability to completely wash out medications such as L-dopa, even
after a 2-wk withdrawal (13). The presymptomatic phase offers a
potential opportunity to intervene to delay or prevent manifest
symptoms, but the problem is in identifying these presymptomatic
or at-risk individuals.

DEVELOPING IMAGING BIOMARKERS

Both imaging and nonimaging biomarkers may be of some util-
ity in the clinical trial. Scintigraphic biomarkers using PET and
SPECT have played different roles in multicenter clinical treat-
ment trials in AD, PD, and other disorders. These roles include
demonstrating target engagement, aiding dosing determinations
(14), enriching at-risk cohorts (15,16), describing the pathologic
phenotype, serving as a gatekeeper for trial eligibility, assessing
the natural progression of disease (17,18), and evaluating the effi-
cacy of a therapeutic intervention (Table 2) (19).
Review of peer-reviewed articles on AD studies using amyloid

or tau PET shows strong growth in the numbers of papers pub-
lished annually from 2010 through 2021 (Figs. 2A and 2B). These
data demonstrate the rapid development and implementation of
PET b-amyloid (Ab) reflected in the increased number of papers
published early and augmented several years later with the intro-
duction of tau PET. This rise in publications is consistent with clin-
ical trial data for AD studies performed over roughly the past 7 y,
compiled in clinical trials.gov (Figs. 2C and 2D). These data show
the relative proportion of PET targets in AD studies divided into
“completed trials” or “recruiting trials.” For studies with the status
of closed or completed, the primary target was amyloid, whereas
tau and other targets represent a larger component of recruiting
projects. This finding suggests that an evolving and expanding
spectrum of imaging targets is being used in clinical trials.
Preliminary to its use in clinical trials, a biomarker itself needs

to be validated, including understanding the relationship between
the biomarker and the pathology it purports to measure (Table 3).
For imaging biomarkers involving radiopharmaceuticals, this

NOTEWORTHY

! Improved understanding of the basic pathophysiology of
neurodegenerative disorders as brain proteinopathies provides
new targets for treatment and biomarkers supportive of both
clinical trials and clinical treatment.

! The roles of biomarkers are varied, depending on the needs of
the clinical trial, including demonstration of target engagement,
dosing determinations, cohort enrichment, diagnostic
confirmation, disease monitoring, and clinical efficacy
assessments.

! As imaging biomarkers become routine in clinical research use,
they are defining their role in the clinic for routine management
for those at risk for or manifesting neurodegenerative disease.

! Imaging biomarkers are a pathway to precision medicine
supporting appropriate treatment across the spectrum of
central nervous system disease.

TABLE 1
Key Clinical Features and Primary Pathology in Neurodegenerative Disorders

Disease Key clinical features Pathology

AD Progressive memory loss b-amyloid, tau (3R,4R)

PD Tremor, rigidity, bradykinesia, gait
disturbance

a-synuclein

Progressive supranuclear palsy Motor disturbance, gaze palsy Tau (4R)

Multiple-system atrophy Autonomic dysregulation, motor
disturbance

a-synuclein

Dementia with Lewy bodies Memory loss, motor disturbance,
hallucinations

a-synuclein

Chronic traumatic encephalopathy Variable cognitive, behavioral, mood, and
motor changes

Tau (3R,4R)

Corticobasal degeneration Akinesia, rigidity, dystonia, disequilibrium Astroglial plaques and tau (4R)

Huntington disease Affective lability, choreiform movements,
memory loss

Mutated huntingtin protein

Amyotrophic lateral sclerosis Progressive loss of voluntary muscle
control

TDP-43 proteinopathy (SOD1, FUS variants)

Down syndrome Intellectual impairment, subsequent
memory loss

b-amyloid
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process is comparable to standard drug development requirements
for demonstrating safety and efficacy. Indeed, the amyloid and tau
tracers served as biomarkers in multicenter AD trials with investi-
gational therapeutics while concomitantly being developed for clin-
ical use. The result was the unusual circumstance of use of 2
investigational drugs in the same trial, even as both were in early-
to mid-development phases (20). Although issues arose concerning
how to assign adverse events to the appropriate drug, both develop-
ment programs benefited. The safety database of the investigational
imaging agent greatly expanded, as did experience with real-world
use of the radiotracer, informing the best protocols for acquisition
and processing and algorithms for visual reads. For the treating
drug, imaging enhanced the accuracy of the diagnostic cohort by
setting eligibility requirements to a pathophysiology standard.
Radiopharmaceutical development is similar to pharmaceutical

development and subject to the same the pitfalls, scientific chal-
lenges, and regulatory requirements. However, unique to radiophar-
maceutical development is the low mass dose of injected compound
and hence the relative paucity of adverse events. The process of
radiotracer development may be described as occurring in 4 stages:
discovery, assessment, validation, and application (Table 4).
Discovery is the process of investigating promising chemical

structures that have a chance for high affinity and selectivity for the

target. The discovery process also exploits
modifications to create a series of com-
pounds with different pharmacokinetics and
pharmacodynamics. The original 11C-labeled
amyloid compound Pittsburgh compound B
was based on thioflavin-T and modified for
in vivo use as a radiotracer (21). Certain tar-
get criteria regarding affinity, selectivity, and
P-glycoprotein substrate status are initial
goals for successful in vivo use. The intro-
duction of highly efficient screening pro-
cesses have greatly streamlined this aspect
of development (22).
The assessment phase for radiopharma-

ceuticals requires that the labeled compounds
be produced with good yields and high spe-
cific activity; have appropriate lipophilicity
for brain penetration without decreasing sig-
nal-to-noise ratio; have radiochemical stabil-
ity; and, on injection, show high target

uptake, fast washout of background activity, low off-target binding,
and no confounding metabolites, as well as not being a substrate for
P-glycoprotein.
Validation is characterization of in vivo pharmacokinetic proper-

ties evaluated in nonhuman primates or human phase 1 trials (23).
This stage checks the robustness and reproducibility of the outcome
measure and entails kinetic modeling of radiotracer distribution,
development of quantitative measures (e.g., distribution volumes
or nondisplaceable binding potentials), and comparison with simple
tissue ratio methods such as SUV ratios (SUVr) to understand any
bias associated with these ratio methods (24). Validation permits
optimizing the acquisition protocol to minimize patient time in the
camera (25). Radiopharmaceuticals must have a good safety profile,
with chemical toxicity studies, radiation dosimetry studies, and
human studies evaluating adverse responses—all this in the service
of providing an imaging outcome measure that is quantifiable and
reproducible, reflects the pathology, and allows multiple scans over
the course of a clinical trial.
Application refers to the use of the biomarker in clinical research

trials. Specifically, logistic issues arise in getting a high-specific-
activity, good-manufacturing-practice–produced radiotracer to the
imaging site at an adequate injected dose in a timely and consistent
fashion. Distribution networks need to be established that allow the
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FIGURE 1. Model neurodegenerative disease time course. Neurodegenerative process is indicated
in red as starting insidiously and remaining silent for years before clinical symptoms manifest (green
line). Effects of interventions on green curve are indicated by blue curves on right, whereas diagnosis,
prodromal symptoms, and at-risk assessment period tied to pathophysiology suggest that imaging
biomarkers may be changing years before clinical symptoms. (Adapted with permission of (47).)

TABLE 2
Roles of Imaging Biomarkers in Drug Development

Role Study phase Example

Showing target engagement 0 D1 receptor agonists 18F-MNI-800 and 18F-MNI-968

Aiding dosing determinations 1 Displacement (44)

Enriching at-risk cohorts 2, 3 PARS study (17)

Describing pathologic phenotype 2, 3 18F-AV-1451 (Avid Radiopharmaceuticals) (45)

Serving as gatekeeper for trial eligibility 2, 3 Anti-Amyloid Treatment in Asymptomatic Alzheimer
Disease Trial (32)

Assessing natural progression of disease 3 Alzheimer Disease Neuroimaging Initiative, Parkinson
Disease Progression Marker Initiative (46)

Evaluating efficacy of therapeutic
intervention

3 Aducanumab (Biogen)
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greatest number of imaging centers to be supplied by the fewest
production centers and that allow these facilities to scale up to meet
needs when additional imaging centers are being onboarded. From
the standpoint of the imaging, fewer imaging sites are better
because PET technical standardization is easier for creating a
highly reliable pooled dataset across different studies sites. The
need for fewer imaging sites may conflict with the recruitment
needs of the trial, which pushes for more clinical sites. One solution
is to create a spoke-and-hub model in which multiple clinical sites
feed patients into a single imaging center.
Further, the service life of the PET camera must be considered,

given the long duration of these trials. The ideal is to image an indi-
vidual on a single camera at baseline and at follow-up and to acquire
and process those scans in the same fashion and similarly to other
scans in the study. Because of the different technical characteristics
associated with cameras (e.g., reconstructed resolution, attenuation
correction, and sensitivity) there will be differences. Fortunately, the
main outcome measure in most clinical trials is a ratio of target
uptake to background (SUVr) and is forgiving of issues such as

sensitivity drift (26). The protocol for stan-
dardization of PET and MRI biomarkers in
the Alzheimer Disease Neuroimaging Initia-
tive was an early accomplishment of the
study (27). Image quality assurance is man-
aged by a rigorous site setup process in
which phantom studies and proscriptive pro-
tocols for image acquisition and processing
help standardize data.

ISSUES AND CONTROVERSIES

Imaging biomarkers in clinical therapeutic
trials of neurogenerative disease have dynam-
ically changed over the last decade with the
introduction of new radiopharmaceuticals,
technical advances in instrumentation, more
sophisticated image-processing algorithms
and outcome measures, and the thoughtful
integration of different biomarkers into the
clinical trial to achieve multiple ends (e.g.,
eligibility and treatment efficacy). Some
issues that highlight this development are the
identification and optimization of radiotracers
for protein deposition targets; quantitative
and semiquantitative outcome measures; eli-

gibility issues; and correlation, concordance and discordance of imag-
ing with other biomarker and clinical assessments.
Target identification of protein deposition for tau is complicated by

different tau isomers, which create different structural brain deposits
and for which tau radiotracers have different affinities (Table 5). This
issue is an opportunity insofar as some radiotracers have higher affin-
ity for the 4R isoform (28) and may be useful for eligibility assess-
ment of progressive supranuclear palsy in clinical trials (29).

QUANTITATIVE PET OUTCOME MEASURES

For quantitative assessment of PET or SPECT, multicenter trials
have relied on simple target-to-background brain tissue ratios such
as the SUVr or the specific binding ratio. These have the advan-
tage of being tolerant of camera sensitivity drifts, being relatively
easy to obtain, not requiring blood sampling or arterial lines, and
generally having robust test–retest reproducibility. However, the
SUVr is a semiquantitative measure that is affected by factors
beyond the target site binding that its purpose is to measure. These
factors include the hydration state of the patient, differences in

FIGURE 2. (A) Number of papers in neurodegenerative disease published between 2010 and 2021
for which PET imaging was performed. These were largely amyloid and, later, tau studies. (B) Data
showing high percentage of amyloid PET studies with tau PET coming in last 5 y. Source: PubMed.
(C and D) Percentage breakdown of PET radiopharmaceuticals for amyloid and tau in AD for studies
with status “completed” (C) or “recruiting” (D), demonstrating more recent focus on tau in research
activity. Source: clinicaltrials.gov.

TABLE 3
Expected Imaging Findings in Neurodegenerative Disorders

Disease Amyloid Tau a-synuclein DAT

AD Increased Increased Normal uptake Normal uptake

Idiopathic PD Normal uptake Normal uptake Increased Decreased

Dementia with Lewy bodies Normal uptake or increased Normal uptake Increased Decreased

Multiple-system atrophy Normal uptake Normal uptake or increased Increased Decreased

Older healthy volunteer Normal uptake or increased Normal uptake Normal uptake Normal uptake

Progressive supranuclear palsy Normal uptake Increased Normal uptake Decreased

Essential tremor Normal uptake Normal uptake Normal uptake Normal uptake

Drug-induced PD Normal uptake Normal uptake Normal uptake Normal uptake
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metabolism, and parent compound binding to intravascular plasma
proteins—essentially anything that alters blood flow, delivery of
the radiopharmaceutical to the brain, and washout of the radiophar-
maceutical from the brain. Some have strongly argued that brain
tissue ratios are misleading and should not be used for quantitation,
whereas others advocate a compromise solution in which at least
some dynamic data with metabolite-corrected input function are
acquired to assess the level and direction of bias posed by the
SUVr (30). These studies should be both in the targeted population
and in controls to confirm the extent of under- or overestimation of
the ratio. From a practical perspective, many imaging centers can-
not acquire dynamic scan data or sample and analyze arterial blood
to generate an input function for kinetic modeling. Finally, the
direct impact of the treatment on the chosen imaging outcome mea-
sure should be known. Does treatment affect the distribution or
binding of the radiopharmaceutical to the target by means outside
its purported mechanism of action for slowing disease progression?
This question is often addressed by a small study on patients and
controls before initiation of the large multicenter trial, sometimes in
the context of a test–retest reproducibility study, to gauge the
robustness of the chosen outcome measure.

On the basis of regional availability, some large AD clinical tri-
als have used different radiotracers for amyloid and needed a
means to compare SUVr between the different tracers. This com-
parison is accomplished with the centiloid conversion, in which an
SUVr is converted to common centiloid units, which rescale the
original SUVr from 0 to 100 based on the SUVr range from
healthy volunteers to AD participants referenced against the Pitts-
burgh compound B standard (31).

PET VISUAL READS

For each radiopharmaceutical, there is a unique pattern of uptake
and brain distribution that can be understood and applied to an
algorithm for visual interpretation of scans as either positive or neg-
ative or, with even more granularity, by assessing the extent and
brain distribution of radioactivity consistent with an ongoing neuro-
degenerative process. This is best exemplified by the differences
between the visual read methods for the tau PET radiotracers flor-
taucipir and MK-6240, with the former having a highly proscriptive
algorithm for assessing temporal lobe positivity because the adja-
cent off-target uptake obscures mesial temporal structures.

TABLE 5
Some Tauopathies and Their Brain Targets

Disease
Tau

isoform Primary pathology
Brain

localization Regions with highest PET uptake

AD 3R,4R Paired helical filaments Cortical Temporal, postcingulate

Progressive supranuclear palsy 4R Straight filaments Subcortical Globus pallidus, putamen, subthalamic nucleus

Corticobasal degeneration 4R Straight filaments Subcortical Globus pallidus, putamen

Chronic traumatic encephalopathy 3R,4R Paired helical filaments Cortical Frontal, temporal, diencephalon

Down syndrome 3R,4R Paired helical filaments Cortical Temporal, postcingulate

TABLE 4
Development of Imaging Biomarkers for Clinical Trials

Stage Activities Benchmarks

Discovery Identification of candidate structures; in vitro
testing for best compounds; optimization
of radiolabeling

Good yield, high specific activity, stability

Assessment Affinity Postmortem human brain homogenates or
sections, Ki , 1 nM

Selectivity .200-fold selectivity

Lipophilicity Log D7.4 5 2 to 3.5

Stability 4 half-lives

Blood–brain barrier P-glycoprotein substrate (MDR1-MDCK) , 20

Metabolite identification Ex vivo analysis (characterize all major metabolites
with radiolabel)

Validation Correlation and safety High signal-to-noise ratio; correlation with
histopathology; correlation with clinical
dosimetry

Quantitative accuracy Full kinetic modeling, including arterial input
function corrected for metabolites; streamlining
of protocol for clinical use; testing–retesting of
all outcome measures

Application Logistic feasibility Production/distribution network; imaging site
technical standardization
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As with other biomarker measures, a visual read needs to be
validated for accuracy against some gold standard. This was a
clinical diagnosis either by the site or by central expert panel
agreement; because of the logistic difficulty in performing post-
mortem studies, rarely was pathology used for validating the imag-
ing. This validation method changed with the commercial clinical
development of PET amyloid tracers, initially florbetapir and then
florbetaben and flutemetamol, all of which provided confirmatory
postmortem evidence of the veracity of the amyloid PET scan in
end-of-life participants compared with their own histopathology.
This higher truth standard obviates some of the issues with clinical
standards, including the fact that in age-matched healthy volunteer
groups scans may be abnormal in 20%–30% of those aged 65 y or
older. This population is the focus of a large multicenter clinical
trial, the Anti-Amyloid Treatment in Asymptomatic Alzheimer
Disease Study, which suggests that those abnormal scans represent
early AD and reflect the time lag between the onset of brain
pathology and subsequent manifestation of symptoms (32).
Visual reads served as the major assessment for amyloid PET in

a series of AD clinical trials and have been important in identify-
ing potential research participants who do not have amyloid and
are thus unlikely to have the disease targeted by the treatment. The
rate of negative scans for participants sent for evaluation of brain
amyloid burden runs from 10% to 20%, depending on the recruit-
ment cohort, with higher rates of negative scans in participants
earlier in their disease course. This finding means that potential
participants by all other measures are appropriate for enrollment
but that the amyloid PET suggests otherwise.
Ethical issues of appropriate disclosure to the potential research

participant arise in instances of discordance between amyloid PET
and the clinical team’s diagnostic impression. The discordance
falls both ways: clinical impression positive for AD and amyloid
PET–negative, or clinical impression negative for AD and amyloid
PET–positive. The latter raises the delicate question of a potential
AD diagnosis and is addressed in clinical trials with educational
materials, a detailed informed consent, and discussion with the
clinical team during the consent process (33).
Discordant interpretations of scans may also occur between the

central core lab and the nuclear medicine site. Realistically, discor-
dance is low, at approximately 3%–4% of cases reviewed by a
local reader and the core lab readers. All readers are applying the
radiotracer-specific read algorithm to their interpretations, but for
those difficult-to-interpret scans there may be more of a tendency
for biasing of the core lab toward negativity. Sites are under pres-
sure to recruit and may be biased toward positivity and inclusion.
The central core lab and clinical site may run into discordance

around diagnosis and eligibility for enrollment in the trials. Specifi-
cally, the imaging will sometimes show negative studies in a partici-
pant thought by the clinical team to have AD or PD. In PD, the
phenomenon of normal scans in potential participants for a PD trial
was given the name “scans without evidence of dopaminergic deficit,”
designating the participants meeting clinical criteria for PD but having
no reductions of striatal DAT binding on scans without scintigraphic
evidence of PD. When followed up longitudinally, these patients’
scans do not change, medication doses do not increase, and little clini-
cal change occurs (34). The proportion of scans without evidence of
dopaminergic deficit in a trial is related to the duration of symptoms,
with longer durations associated with fewer normal scans in putative
PD subjects (Fig. 3). This finding suggests that the accuracy of the ini-
tial clinical assessment may have been affected more in those with a
shorter disease duration, consistent with other studies of diagnostic

accuracy in clinically uncertain suspected-parkinsonism patients (35).
These trials indicate that clinical diagnosis at enrollment overcalls PD
relative to a 1-y follow-up gold standard, whereas imaging is more
accurate at the baseline assessment (36).

CORRELATION WITH CLINICAL MEASURES

Imaging biomarkers are secondary outcome measures to the
primary clinical measure in therapeutic trials. Complementary infor-
mation from biomarkers may not align with primary clinical assess-
ments, and correlations between imaging biomarker quantitative
outcomes and clinical measures can be modest to poor. For example,
in PD the correlation between specific binding ratios and clinical
measures such as the Movement Disorder Society Unified Parkinson
Disease Rating Scale are poor at the onset of disease and, with pro-
gression, show moderate correlations (r 5 0.30–0.40) (37). This is
because imaging biomarkers interrogate aspects of the central nervous
system different from those interrogated by a clinical measure. The
former provides a high-specificity demonstration of a particular target,
such as amyloid, dopamine transporters, or another physiologic entity.
Clinical outcomes are more downstream and represent the synthesis
of the disease-affected output and compensatory networks. In a very
dynamic system of a neurodegenerating brain, correlation with clinical
outcomes is different depending on when one measures the bio-
marker. This is not a weakness but, rather, the purpose of using com-
plementary outcome measures, which can take advantage of these
differences, such as in using imaging to identify at-risk individuals
before the manifestation of classic symptoms of the disease.

COMPLEMENTARITY AND INTEGRATION OF BIOMARKERS IN
CLINICAL TRIALS

It is not unusual for there to be several biomarkers, both imag-
ing and nonimaging, that interrogate a single target. For example,
one can determine amyloid positivity with amyloid PET, assays of
cerebral spinal fluid or blood, or retinal examination. For trial eli-
gibility, some studies now use hybrid approaches depending on
the availability of amyloid radiopharmaceuticals or cerebrospinal
fluid measures (Ab(1–42)) based on the high concordance rate
between the measures (Fig. 4) (38). Sometimes the biomarker best
suited to the requirements of the study must be identified. These
may be biomarkers within or between modalities. Examples are
selection of an optimal tau PET agent for combined eligibility and

FIGURE 3. Percentage of normal scan results in early PD trials for
patients with clinical diagnosis of PD demonstrate that at earlier time
points after symptom presentation, percentage of dopamine transporter
SPECT scans known as SWEDD increases. Diagnostic certainty improves
with longer duration of illness. (Adapted with permission of (48).)
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disease monitoring or identification of the most sensitive way of
detecting AD progression among PET and MRI measures such as
cortical thickness (39,40).
To address the need for validated imaging biomarkers for clinical

trials, several large multicenter trials were developed to study the
natural progression of disease in both AD and PD. The Alzheimer
Disease Neuroimaging Initiative and the Parkinson Disease Pro-
gression Marker Initiative are examples of such consortia. Both
studies in their respective areas focus on the logistics of conducting
standardized international multicenter multi-imaging modality stud-
ies in ways that provide for the highest standards of technical
sophistication and standardization across not only biomarkers but
also other clinical measures. The success of these trials is measured
by the influence on clinical trial design and the number of studies
that have been developed using these data. Data are open-access so
that the academic and pharmaceutical communities can test hypoth-
eses with data that they would otherwise have had to acquire them-
selves, with less efficiency, a longer time to get results, and greater
expense. From a regulatory perspective, greater standardization of
methods and analyses across different studies, different pharmaceu-
tical companies, and different treatments allows for regulatory effi-
ciency in proving the safety and efficacy of the therapeutic.

FUTURE OUTLOOK AND RELEVANCE TO
CLINICAL PRACTICE

The past 5 years have witnessed the evolution of an infrastruc-
ture and network of sophisticated clinical and imaging sites work-
ing in concert with radiopharmaceutical providers for conducting
trials on imaging biomarkers. Looking forward, one anticipates the
further development of additional tracers with specificity for targets
of interest, extension of many of these techniques to other central
nervous system abnormalities, and, finally, a more intelligent and
efficient use of imaging biomarkers in both future research and
future clinical care. There is a pressing need for biomarkers to
interrogate a-synuclein, the primary proteinopathy in PD (41).
Recent advances include the a-synuclein seed amplification strate-
gies for detection of the protein in cerebrospinal fluid, saliva, and
skin (42) and the preliminary human data in multiple-system-atro-
phy patients with the putative a-syn PET tracer ACI-12589. The
role of other physiologic processes, such as inflammation, mito-
chondrial function, or the density of synaptic receptors, is also of
interest and is undergoing validation as PET radiotracers (43).

Imaging biomarkers have proven useful
in clinical research, and the algorithms and
methods developed in these trials have
potentially significant translatability to the
practice of clinical care and nuclear medi-
cine. Determining eligibility and appropri-
ateness for a disease-modifying therapy in
clinical trials would be not too different
in the clinical world at large. Specifically,
the costs of many of these treatments may
be high enough, and performing an imaging
biomarker study before treatment with the
agent will ensure that the scan is positive
for the disease that the biomarker describes.
In addition, it remains to be demonstrated
whether imaging can be used on an indi-
vidual basis to assess the efficacy of treat-
ment or imaging biomarkers alone or in

combination with other assessments that can predict the rate of
progression.
Even as we look forward to the answers to these questions, the

field has not yet taken advantage of the synergistic use of bio-
markers already in existence. The clever combination of fluid,
genomic, clinical, and imaging and nonimaging biomarkers can
more accurately characterize phenotype, identify at-risk individuals,
and better follow and evaluate the effects of putative neuroprotec-
tive and neurorestorative agents. Of particular promise are efforts
at accurate, early determination of a pathophysiologic process such
as amyloid deposition, which, if proving amenable to a disease-
modifying treatment, would make phrases such as “Alzheimer dis-
ease prevention” a reality and no longer an oxymoron.
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Imaging of mild traumatic brain injury (TBI) using conventional techni-
ques such as CT orMRI often results in no specific imaging correlation
that would explain cognitive and clinical symptoms.Molecular imaging
ofmild TBI suggests that secondary events after injury can be detected
using PET. However, no single specific pattern emerges that can aid in
diagnosing the injury or determining the prognosis of the long-term
behavioral profiles, indicating the heterogeneous and diffuse nature of
TBI. Chronic traumatic encephalopathy, a primary tauopathy, has
been shown to be strongly associated with repetitive TBI. In vivo data
on the available tau PET tracers, however, have produced mixed
results and overall low retention profiles in athletes with a history of
repetitive mild TBI. Here, we emphasize that the lack of a mechanistic
understanding of chronic TBI has posed a challenge when interpreting
the results of molecular imaging biomarkers. We advocate for better
target identification, improved analysis techniques such as machine
learning or artificial intelligence, and novel tracer development.

Key Words: traumatic brain injury; molecular imaging; chronic trau-
matic encephalopathy
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Traumatic brain injury (TBI) is a significant public health prob-
lem worldwide. It is the leading cause of death and disability in
children and young adults in the United States, with variable long-term
outcomes in survivors (1–3). There is increasing evidence that for
some individuals, TBI might be not only an acute and self-limiting
event but also a trigger, which can initiate a chronic, sometimes life-
long degenerative process (4).
Acute brain injuries are traditionally classified clinically by the

Glasgow coma scale (GCS) as mild, moderate, or severe (5). A

detailed summary of TBI levels with the corresponding clinical defi-
nitions and reported symptoms is listed in Table 1.
Incidence rates vary because there is no consensus on a common

or standardized classification system. Evidence from European epi-
demiologic studies calculate a TBI severity ratio of 22:1.5:1 for
mild, moderate, and severe injuries, respectively (6), whereas in the
United States, recent reports suggest that 82.5% of TBIs are mild,
8.3%moderate, and 1.0% severe (7).
The GCS score is a useful method to assess the level of conscious-

ness among trauma victims but can be inaccurate because of levels
of sedation and the need for intubation. More importantly, most TBIs
are mild, including so-called concussions, and the GCS score is not
useful to assess such cases. In addition, GCS scores do not provide
pathophysiologic or mechanical information on the injury.
Imaging can provide valuable in vivo information on the extent

and severity of an acute brain injury. In particular, CT of the head
or MRI is used in the clinical work-up of injuries for GCS scores
of below 13. Unenhanced CT is the imaging modality of choice
for the evaluation of acute moderate to severe TBI. It has many
benefits, which include low cost, wide availability, and high accuracy
for triaging TBI patients in need of surgical intervention. However,
for mild TBI (mTBI), CT may fail to detect more subtle anatomic
findings of acute injury.
For mild injuries with GCS scores of 13–15, specific criteria to

warrant the use of CT or MRI should be present. These include a
GCS of less than 15 at 2 h after trauma, a suspected open or
depressed skull fracture, any sign of skull base fracture, an age of
65 y or older, amnesia for more than 30 min, 2 or more episodes of
vomiting, and a dangerous mechanism of injury (8). However, there
is no consensus on the clinical indications to perform MRI for acute
trauma. MRI may be considered when there are discrepancies
between CT and clinical findings, such as negative CT results and
poor neurologic status, or when there are persistent symptoms.
A typical brain MRI protocol in TBI might include standard

T1-weighted imaging, T2-weighted fast spin-echo imaging, axial
gradient-echo imaging, and fluid-attenuated inversion recovery
imaging. MRI is more sensitive in detecting subtle indications of
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diffuse axonal injury than is CT (Fig. 1). However, one study indi-
cated that the use of MRI for acute mTBI did not result in changes
in patient management (9), and better guidelines are needed.
Over the past decade, the potential long-term consequences of

repeated mTBIs have been recognized. Multiple pathologic pro-
cesses link single TBIs with dementia (3,10), and repeated concus-
sions and subconcussive injuries may trigger pathogenic processes
that later manifest as neurodegenerative disorders (11). In particu-
lar, chronic traumatic encephalopathy (CTE) is the most common
neurodegenerative disorder linked to repeated mTBIs. CTE can
present symptoms and pathologic findings comparable with other

neurologic diseases, including Alzheimer disease (AD), Parkinson
disease, frontotemporal dementia, and amyotrophic lateral sclero-
sis (12). Pathologically, CTE is characterized on postmortem
examination by widespread brain atrophy and microscopic accu-
mulation of neurofibrillary tangles in the superficial neocortical
layers and depths of the sulci. In addition, diffuse gliosis may be
apparent (13). Efforts to establish antemortem clinical diagnostic
criteria for traumatic encephalopathy syndrome (TES), the clinical
disorder associated with pathologically defined CTE, are ongoing.
In the first National Institute of Neurologic Disorders and Stroke
consensus workshop for TES in 2019, panelists agreed that bio-
marker evidence, including imaging, was not sufficiently advanced
to be included as diagnostic criteria at that time (14).
At present, molecular imaging using PET combined with specific

radiotracers such as 18F-FDG for glucosemetabolism and proteomic
specific imaging for amyloid and tau deposition have been applied,
mainly for research of TBI and CTE. This review will present the
current status and challenges of these various imaging modalities
for TBI and suggest future directions that may significantly aid diag-
nosis and treatment.

ACUTE AND SECONDARY FEATURES OF TRAUMATIC
BRAIN INJURY

Microscopically, acute moderate to severe TBIs involve mechan-
ical disruption of ion channels and cellular processes such as axonal
transport, which if not reestablished can result in axonal swelling
and, ultimately, Wallerian degeneration (13). On a global scale,
these injuries result mainly in hematomas, contusions, and what is
termed diffuse axonal or diffuse traumatic injury. Downstreammac-
roscopic features of severe to moderate TBI might include cerebral
edema, ischemia, and herniation, as well as blood–brain barrier
impairment and neuroinflammation (15).
Mild TBIs may also involve acute dysregulation of ion channels

and axonal injury, including loss of cytoskeletal integrity. White
matter shearing by mechanical impact occurs primarily in transition

FIGURE 1. MRI vs. CT for imaging acute mTBI: Example from mTBI
patient inwhichCTwas readas normal. However, subsequentMRI showed
multiple small, elliptic lesions in white matter on gradient-echo image and
callosal hyperintensity on fluid-attenuated inversion recovery image, indi-
cating diffuse axonal injury. FLAIR 5 fluid-attenuated inversion recovery;
GRE5 gradient echo.

TABLE 1
Terminology for Head Trauma in TBI

GCS Terminology
Clinical definitions and

background Most reported symptoms

#8 Severe brain injury LOC . 6 h, PTA . 24 h Mobility problems, spasticity,
weakness or paralysis, ataxia,
sensory impairment, fatigue,
speech difficulties, epilepsy

9–12 Moderate brain injury LOC between 15 min and 6 h
or PTA for up to 24 h

Tiredness; headaches; dizziness;
difficulties with thinking, planning,
organizing, memory, concentration,
and word finding; irritability; anxiety

13–15 Mild brain injury (concussion) LOC , 15 min PTA , 1 h Dizziness, nausea, confusion,
inability to process or retain
information, sensitivity to light,
vision distortion

Subconcussive impacts Short LOC or no LOC, Short
PTA, or no PTA

Asymptomatic

LOC 5 loss of consciousness; PTA 5 posttraumatic amnesia.
Adapted from “Advanced Trauma Life Support: Course for Physicians,” American College of Surgeons, 1993. There is no overall

consensus on optimal definitions for brain injury with varying levels of severity. Most studies integrated in this review adhered to listed
definitions.
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regions between different tissue densities or structural rigidities,
such as white matter/gray matter boundaries (13). In addition, neu-
rons with longer axons, such as corticocortical projection neurons,
are more susceptible. Even mild impacts can interrupt axonal trans-
port and other homeostatic processes such as blood–brain barrier
permeability and can result in a prolonged inflammatory response
(16). Postconcussive symptoms can range from none to one or more,
including headache, dizziness, loss of concentration, blurry vision,
anxiety, fatigue, and insomnia, which may persist over time (15).
In addition to blunt force trauma, TBIs from exposure to explosive

blasts can occur. Blast-related hazards are not restricted to collisions
with objects or a violent impact with something such as the wall of a
vehicle. By itself, primary blast overpressure can damage the brain.
In war, soldiers and civilians can be exposed to repeated subconcus-
sive blast overpressure events (17). Many features of impact TBI
overlap with blast-related TBI; however, there are additional aspects
such as a vascular surge, which add to the pathophysiology of the
injury (18). How these differences may alter the eventual risk for
later-life neurodegenerative disorders, including CTE, is not known
but remains an active area of research for military institutions.
In both acute and chronic phases, it can be challenging to detect

subtle, diffuse white matter injuries and microhemorrhages in indi-
vidual patients by clinical imaging modalities. Research is ongoing
to develop new methods, including imaging, to serve as bio-
markers of mild injuries. The subsequent sections of this article
present such investigations with a goal of characterizing the patho-
physiology of chronic mTBIs and of identifying biomarkers that
may represent incipient neurodegenerative processes.

IMAGING IN TBI RESEARCH

MRI of Brain Injury
MRI may be used clinically for acute mTBI to detect diffuse ax-

onal injury and other subtle indications of tissue injury. However, in
research, various MRI modalities have been used to investigate
alterations in a chronic TBI, which may be associated with poor
long-term outcomes, including neurodegenerative diseases (Fig. 1).
Since the primary focus of this review is molecular imaging, we
will briefly summarize such MRI modalities, which have been
described in more detail elsewhere (19).
Trifan et al. retrospectively investigatedMRI correlates of persis-

tent symptoms in young adults (,45 y old, n 5 180) with a variety
of single injury mechanisms and severity, but most were diagnosed
as mild (20). MRI included T1-weighted, fluid-attenuated inversion
recovery, and susceptibility-weighted imaging, which is sensitive to
iron deposition. Fluid-attenuated inversion recovery imaging was
most sensitive in detecting mild abnormalities such as white matter
hyperintensities, and susceptibility-weighted imaging became more
sensitive as the injury severity and likelihood of microhemorrhages
increased. However, the authors concluded that although abnormal-
ities on MRI can explain persistent symptoms in TBI, in many of
the mild cases (38%) no such abnormalities could be detected.
Diffusion tensor imaging is a quantitative measure of structural

integrity, which assesses the direction of water diffusion within
white matter tracts. The approximate ratio of axial to radial diffusiv-
ity within a tract is calculated as the fractional anisotropy, in which
values approaching 1 represent more intact white matter. This is
because myelin and other axonal components restrict water diffu-
sion primarily in the radial direction, whereas diffusion in the axial
direction is relatively unrestricted. Diffusion tensor imaging has
been widely applied to TBI research (21). In chronic mTBI,

reductions in fractional anisotropy have been reported (22) that may
indicate the presence of neurodegeneration in the brain. However,
the findings are somewhat contradictory because the fractional
anisotropy value may be affected by transient alterations in cellular-
ity, such as gliosis, which can also restrict diffusion in the radial
direction, thereby altering the overall ratio (23). In addition, frac-
tional anisotropy values in white matter can change in chronic TBI
and are fairly nonspecific to a particular pathologic process. Be-
cause of these limitations, diffusion tensor imaging may not be suit-
able as a clinical biomarker of mTBI or a diagnostic indication of
incipient neurodegenerative disease.
Other MR modalities are more sensitive to specific pathologic

processes and have been used to investigate chronic TBI. MR spec-
troscopy can measure small alterations in cortical metabolites such
as choline for axonal injury and inflammation, N-acetyl-aspartate
for neuronal viability, lactate for hypoxia, glutamate and glutamine
for excitatory neurotransmission, creatine for cerebral energetics,
and myoinositol for glia activation and inflammation (24). Numer-
ous studies have indicated alterations in these metabolites in acute
and chronic TBI and have been summarized elsewhere (24). How-
ever, MRS acquisition and analyses can be challenging to perform
and interpret (25). More research is needed to determine its potential
value as a biomarker of injury and neurodegeneration in TBI.
Resting-state functional MRI is a measure of the functional con-

nectivity in the brain and has been used to evaluate consciousness
in acutely brain-injured patients (26). However, a systematic re-
view of more than 45 peer-reviewed articles found no consistent
changes or convergent findings to reflect a relationship between
postconcussive symptoms and resting-state functional MRI. The
authors suggest this may be due to heterogeneity in both injury
patterns and long-term behavioral profiles in patients.
Other advanced MRI modalities such as MR elastography, which

assesses stiffness and elastic properties of tissue, and magnetization
transfer imaging, which correlates with myelin integrity, have been
used to investigate particular features of TBI that may be relevant to
long-term outcomes. Changes in MR elastography are thought to
reflect neuroinflammation, demyelination, and neurodegeneration
as markers of a chronic degenerative state in the brain. Limited stud-
ies, primarily in preclinical models, have indicated promising
results to sensitively detect injured brain tissue (27). Although this
lack of specificity for a particular mechanism related to post-trauma
degeneration does not provide information on the injured brain,
there may be diagnostic utility as a sensitive biomarker of incipient
irreversible brain damage to guide patient management decisions.
More research is needed to determine whether MR elastography
can detect the onset of a chronic degenerative condition. Magnetiza-
tion transfer imaging techniques such as macromolecular proton
fraction imaging have been shown to be associated with myelin
integrity (28). Macromolecular proton fraction was used to investi-
gate chronic changes associated with repeated mTBI from blasts in
veterans (22). Voxelwise analyses demonstrated that macromolecu-
lar proton fraction values were 6.8%–24.7% lower in blast mTBI
than in non–blast-exposed veterans in multiple white matter tracts,
indicating a sensitive measure of chronic white matter injury. How-
ever, more research is needed to determine the clinical utility of
these more esoteric modalities.

PET Imaging
18F-FDG. Chronic mTBI can be difficult to characterize using

conventional MRI or CT. Imaging of glucose metabolism using
18F-FDG PETmay be better suited to examining functional alterations
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related not only to the metabolic activity of any given brain region
but also to additional neurovascular changes, which may be linked to
symptomatology.
Previous studies of metabolic patterns in patients with mTBIs

have found much heterogeneity, including no change in glucose
metabolism (29), and hypometabolism in the parietal regions (22)
or the amygdala. Many of these studies, however, were character-
ized by a low sample size and a mixed patient population with or
without clinical or cognitive symptoms, which may in part contrib-
ute to the heterogeneity in the observed findings. A recent study
with a larger sample size (n 5 89, with a single blunt mTBI from a
vehicle accident and without visible lesions on MRI/CT, vs. 93 age-
matched controls) found both hypermetabolism (parahippocampal
gyrus, middle temporal gyrus, cingulate, precuneus, and brain stem)
and concurrent hypometabolism (angular gyrus, calcarine cortex,
and middle/superior frontal brain regions) (30). In addition, the
study found that the hypometabolism in frontal brain regions was
associated with decreased cognitive scores.
Such a finding provides evidence for the sen-
sitivity of 18F-FDG PET to relate changes in
glucose metabolism with reduced cognitive
function. Further evaluation is needed to
determine whether 18F-FDG PET can be
used as a diagnostic marker of specific long-
term effects in mTBI, as the underlying cause
for alterations in the 18F-FDG PET signal
can be difficult to determine. Formal testing
of the sensitivity of 18FDG PET to track
longitudinal changes in glucose patterns
indicative of long-term cognitive and clinical
impairments are needed to establish a role
for glucose metabolism in diagnosing and
treating chronic mTBI symptoms. For exam-
ple, 18F-FDG PET in AD aids the diagnosis
and is suitable to evaluate disease progres-
sion (31). In contrast, there is no clear pattern
of 18F-FDG specific to TBI compared with
other neurodegenerative diseases such as AD
or dementia with Lewy bodies (Figs. 2A and
2B) (32). In addition to heterogeneity in the
hypometabolic patterns, research on individ-
uals with multiple blast exposures indicated
that metabolic patterns may change over time
in the same individuals. This finding suggests
a degree of functional reorganization in the
chronic rTBI patients and hampers efforts
to use 18F-FDG PET to assess whether the
brain injury is improving or declining longi-
tudinally (Fig. 3).
These limitations and overall lack of spe-

cificity for 18F-FDG PET to discriminate
the long-term sequelae of mTBI may dimin-
ish its utility as a diagnostic biomarker of
trauma-associated brain injury and progres-
sion to a neurodegenerative condition in
individual patients. Therefore, PET imaging
using radionuclideswith protein-specific bind-
ing are also under investigation.
Tau PET. Pathologically, after a single

TBI only one third of subjects showed abun-
dant neurofibrillary tangles at autopsy years

after injury (33). Although the mechanistic pathway by which a sin-
gle impact triggers tangle formation is not well understood, it is
thought that axonal injury leads to tau hyperphosphorylation and
subsequent aggregation (34). In recent years, extensive develop-
ment of tau-selective radiotracers of the first generation (i.e., 18F-
T807 [18F-AV-1451], 18F-T808, 18F-THK-5351, 18F-THK-5105,
and 18F-THK-5117) and second generation (i.e., 18F-RO-948, 18F-
MK-6240, 18F-PI-2620, 18F-JNJ-311, and 18F-GTP1) has offered a
unique opportunity to image tau pathology in patients with TBI
(35). The most widely used tau PET tracer, 18F-AV-1451 (18F-flor-
taucipir), was recently evaluated in a cohort of 21 patients with a
history of a single moderate to severe TBI and a median follow-up
of 32 y after injury (36). The spatial extent of the 18F-flortaucipir
signal in gray and white matter was greater in the TBI group than in
age-matched controls and was most pronounced in the right lateral
occipital area, whereas the medial temporal lobes did not show sig-
nificant differences (36). A multimodal imaging study using both an

FIGURE 2. In patients with AD and dementia with Lewy bodies, typical hypometabolic patterns vs.
randomly selected cases of repeated mTBI from exposure to blasts. (A) Representative 3-dimen-
sional stereotactic surface projection (3D-SSP) z score map from patient clinically diagnosed with
AD shows typical AD pattern of hypometabolism in posterior cingulate cortex and in parietal, tempo-
ral, and frontal lobes, with relative sparing of sensorimotor cortex. Diffuse Lewy body dementia is
generally characterized by hypometabolism in occipital regions on 18F-FDG PET imaging. (B)
Selected examples of 3D-SSP maps from veterans with multiple blast TBI exposures indicate pat-
tern heterogeneity across subjects. Rows are single-subject 3D-SSP z score maps of hypometabolic
voxels compared with reference database of age-matched community controls (n5 9). ANT5 ante-
rior; DLB5 dementia with Lewy bodies; INF5 inferior; LT. LAT 5 left lateral; LT. MED5 left medial;
POST5 posterior; RT. LAT5 right lateral; RT. MED5 right medial; SUP5 superior.
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inflammatory PET radioligand (i.e., 11C-PK11195) and 18F-THK5317
as a tau selective tracer in 6 moderate-to severe TBI patients observed
tau deposition in the thalami, temporal white matter, and midbrain
regions in conjunction with evidence of widespread neuroinflamma-
tion (37). A larger cohort of 27 moderate to severe TBI patients was
imaged using 11C-PBB3 as the tau-targeting tracer, and uptake was
most pronounced in the temporal and occipital gray and white mat-
ter, in addition to frontal white matter (38). Importantly, the authors
separately analyzed patients with repeated TBIs (i.e., potential TES)
versus those with a single TBI and found that the white matter signal
retention was enhanced in the repeated-TBI patients. Interestingly,
the binding of 11C-PBB3 correlated with psychosis severity in the
TBI cohort. The authors suggest that TBI presents a unique pattern
of tau pathology distinguishable from the spatial distribution of
other tauopathies such as AD or progressive supranuclear palsy.
The development of tau pathology in chronic TBI and how it relates
to the severity of persistent clinical symptoms remains a critically
important area of research.
Among the current tau tracers used for TBI research, some het-

erogeneity in the binding patterns has emerged. In some cases, sub-
cortical but not cortical gray matter was involved, whereas in
others, white matter but not gray matter was most significantly asso-
ciated with clinical symptoms. The origin of such disparate findings
could be tracer- or cohort-dependent. For example, the amplitude of
the signal retention for tau PET tracers for a single moderate to
severe TBI is relatively low compared with AD. It is possible that
the accumulation of tau pathology increases in a chronic phase and
is therefore not as evident in the acute phase of a single TBI.

Alternatively, the affinity of the tau tracers may be less sensitive to
isoforms of tau pathology from TBI (39), resulting in lower tracer
retention. Therefore, the target sensitivity of the currently available
tau PET tracers for TBI needs further investigation.

Amyloid Imaging
Several radiotracers are used to visualize b-amyloid in the

brain, including the Food and Drug Administration/European
Medicines Agency–approved 18F-florbetapir, 18F-florbetaben, 18F-
flutemetamol, 18F-florbetapir, and others such as 18F-NAV4694 and
the first b-amyloid tracer, 11C-Pittsburgh compound B. Case reports
using 18F-florbetapir at 1, 12, and 24 mo after TBI found an increase
in b-amyloid deposition initially, which was cleared by 1 and 12 mo
in the left hippocampus and caudate nucleus, whereas regions such
as the right hippocampus and left anterior putamen showed a
steady increase to the 24-mo time point (40). In one study, 15 patients
with moderate to severe TBI were scanned between 1 and 365d after
injury using 11C-Pittsburgh compound B and showed increased bind-
ing in cortical gray matter and the striatum (41). The elevated bind-
ing in gray matter regions (i.e., frontal, parietal, occipital, and
lateral temporal) was ubiquitous except in the hippocampus,
where no significant differences from controls were observed.
Interestingly, the effect of a history of mTBI on b-amyloid burden
in clinically normal older adults was investigated (42) in a cross-
sectional and longitudinal study design. The authors observed trend-
level increases in b-amyloid aggregation over time in individuals
with (n 5 11) or without (n 5 19) a history of TBI, and no differ-
ences in b-amyloid burden between groups or interactions with

FIGURE 3. Longitudinal 18F-FDG PET in individuals with repeated mTBI from blast. Subjectively, one can appreciate that 18F-FDG PET from case 1
appears to be recovering; that is, there are fewer apparent hypometabolic pixels in scan 2 than in scan 1 (arrows indicate some regional differences). This
subject had 44% decrease in number of hypometabolic voxels globally from scan 1 to scan 2. However case 2 indicates the opposite, with 46% increase
in number of hypometabolic voxels globally. Not all cases are this clear-cut; some showed clear evidence of reorganization, with some regions increasing
and others decreasing in total number of hypometabolic pixels (Fig. 4). Initial scans were 3–5 y after last blast, with 1–2 y interval between scans. ANT 5

anterior; INF5 inferior; LT. LAT5 left lateral; LT. MED5 left medial; POST5 posterior; RT. LAT5 right lateral; RT. MED5 right medial; SUP5 superior.
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cognitive performance were observed (42). Research comparing
older adults with (n5 81) and without (n5 240) prior TBI showed
significantly increased orbitofrontal, prefrontal, superior frontal, and
posterior cingulate SUV ratios using 18F-florbetapir (43). Although
b-amyloid deposition can be initially elevated after brain injury, in
chronic phases the b-amyloid deposition may be cleared. Different
factors may impact clearance mechanisms in patients after a single
TBI, which may alter the aggregation of b-amyloid in a chronic
phase. For example, it was shown that amyloid-precursor protein se-
cretase has a detrimental role in the initiation of secondary injury
after TBI in mice (44). Decreasing secretase activity was shown
to block secondary injury, suggesting that the level of amyloid-
precursor protein secretase after injury influences differential out-
comes after mTBI. Other known risk factors and comorbidities for
b-amyloid deposition such as age, genetic risk, or vascular factors
may contribute to observed differences and need to be carefully con-
trolled for in future studies.

Imaging of Neuroinflammation in Brain Trauma
Inflammation in the central nervous system is associated with

many psychiatric and neurodegenerative diseases. In TBI, the
mechanical impact initiates a host of secondary events, including
free radical generation and an inflammatory response via infiltrating
microglia, activated astrocytes, and the endothelial cells of the
blood–brain barrier. PET imaging using radiotracers such as 11C-
PK11195, which binds to the translocator protein, have been used to
evaluate the inflammatory response after mTBI. Translocator pro-
tein is a protein expressed in high levels in activated microglia, as
well as in peripheral monocytes and astrocytes. At various times
after TBI (i.e., 11 mo to 17 y), in a small number of patients (n 5
10) with moderate to severe injury, significantly higher 11C-
PK11195 binding was observed in the thalamus, putamen, occipital
cortices, and posterior region of the internal capsule (45). Even
shorter follow-up scans at only 6 mo after injury found enhanced
11C-PK11195 signal in 8 patients with moderate to severe mTBI.
Another translocator protein marker, 11C-DPA-713, was imaged in
active and retired football players (7–42 y after the last self-reported
concussion), and increased signal retention was found in many brain
regions (46). These results suggest that activated microglia remain
present in patients with a remote history of TBI. One major limita-
tion with 11C-DPA-713 is different binding potentials based on the
rs6971 genotypes, in which a polymorphism results in reduced
binding affinity. PET analysis of DPA-713 needs to be corrected for
this polymorphism for accurate interpretation of findings.
An experimental study on patients after moderate to severe TBI

targeted chronic microglia activation after 12 wks of treatment
with minocycline, an tetracycline antibiotic that inhibits microglia
activation (47). Plasma neurofilament light levels, white matter
injury by MRI, and 11C-PBR28 PET were assessed before and
after treatment. The authors reported a significant 25% reduction
in 11C-PBR28 PET signal in both white matter and gray matter, as
well as the thalamus, in the treated versus nontreated subjects.
Interestingly, plasma neurofilament light levels increased after
treatment but returned to baseline at 6 mo after drug discontinua-
tion. The authors interpreted their results as evidence for therapeu-
tic benefit of inhibition of microglia activation after mTBI (47).
These studies indicate that persistent neuroinflammation is a

characteristic feature of chronic TBI. Importantly, translocator
protein radiotracers detect not only activated microglia but also
astrocytic activation and peripheral monocytes, suggesting that
multiple mechanisms contribute to signal retention. Although current

evidence suggests targeting inflammation as a potential therapeutic
strategy, additional well-powered studies are needed. Moreover, the
long-term consequences of chronic inflammation on neurodegenera-
tive processes are not well understood.

Other Molecular Imaging Tracers for TBI Research
Because g-aminobutyric acid is the principal inhibitory neuro-

transmitter in the brain, efforts to develop a sensitive tracer to mea-
sure g-aminobutyric acid concentration has applications to many
neurologic (e.g., epilepsy) and psychiatric (e.g., posttraumatic stress
disorder) clinical syndromes. The tracer, 11C-flumazenil, is sensitive
to g-aminobutyric acid A-type benzodiazepine receptor binding and
has been investigated in small cohorts ofmTBI. In 1 study, 8 patients
with diffuse axonal injury showed regionally low 11C-flumazenil
uptake bilaterally in the medial frontal gyri, anterior cingulate gyri,
and thalamus compared with controls (48). In another study,
decreased uptake of 11C-flumazenil was observed in 60% of a cohort
compromising 10 TBI patients and partially coincided with hypo-
metabolism assessed by the cerebral metabolic rate of oxygen (49).
Additionally, some regions did not show reduced binding of 11C-
flumazenil, despite significant hypometabolism. The authors sug-
gested that 11C-flumazenil binding may indicate regions where loss
of neuronal integrity may be the underlying molecular correlate of
the hypometabolic regions in mTBI (49). These studies indicate that
abnormalities in g-aminobutyric acid may play a role in chronic TBI,
but neurotransmission is dependent on several factors affecting excit-
atory and inhibitory processes (50). Therefore, multimodal imaging,
including imaging of neurotransmitter integrity, may unravel the
contribution of neurotransmitter alterations in chronic TBI.
Synaptic vesicles store neurotransmitters within neurons and

mediate release into the synaptic cleft via voltage-dependent cal-
cium channels. The synaptic vesicle protein 2A is an integral 12-
transmembrane domain glycoprotein present in neurons and is
widely expressed in the brain. Currently used radiotracers for syn-
aptic density are 11C-UCB-J and the fluorine-labeled analog 18F-
SynVesT-1, and the pharmacokinetic characteristics have been
described elsewhere (51). To date, no research on synaptic density
in mTBI patients has been published; however, this tracer may
prove valuable to link alterations in synaptic density with long-term
clinical and cognitive consequences in mTBI.

Molecular Imaging of CTE and TES
CTE is a neurodegenerative condition most commonly associated

with a history of repetitive TBI (rTBI), which often occurs in athletes
or military personnel. CTE is a neuropathologic diagnosis character-
ized by phosphorylated tau protein aggregates in the depths of the cor-
tical sulci, in neurons, and around blood vessels (52). It has been
debated whether additional features such as brain stem pathology,
b-amyloid deposition, a-synuclein Lewy bodies, TDP-43 pathology,
vascular degeneration, or gliosis should be considered core features of
CTE (53) or whether they are not distinctive enough to uniquely iden-
tify CTE at autopsy (53). To classify the clinical syndrome associated
with rTBI, new criteria were proposed for the associated cognitive,
clinical, neurologic, and psychiatric symptoms representing TES (54).
The potential detrimental effects of rTBIs have been actively dis-
cussed in the research community as more evidence accumulates to
link rTBIs to CTE and other neurodegenerative diseases, including
AD (55), Parkinson disease (56), and amyotrophic lateral sclerosis
(57). Therefore, it is important to stress that histopathologically
defined CTE is causally related to rTBI but that not all rTBI leads to a
histopathologic diagnosis of CTE (58).
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Because phosphorylated tau is a key pathophysiologic feature of
CTE, the advent of tau PET tracers was initially thought to present
an opportunity to image the spatial distribution of tau in living
rTBI patients. A study comparing 18F-flortaucipir signal in retired
amyloid-negative professional football athletes (n5 26) with controls
(n 5 31) found elevated binding in the medial temporal, parietal,
and superior frontal brain regions, which correlated with years of
active play but not with cognitive performance (59). A study using
the TES research criteria to classify individuals who had a history
of contact sports (n 5 11; mostly American football players) and
were exhibiting objective and subjective cognitive impairments
compared 18F-flortaucipir uptake with amyloid-negative controls
and AD patients and validated the proposed TES criteria (60). The
authors observed only minute differences in increased uptake of
18F-flortaucipir in the medial frontal regions compared with con-
trols but no significant differences in uptake compared with the AD
cohort (60). Somewhat dampening the enthusiasm for 18F-flortauci-
pir to image tau pathology in CTE were autoradiographic studies
showing only limited binding affinity for autopsy-confirmed cases
of CTE with abundant tau inclusions (61,62). Potential differences
in the binding affinity of 18F-flortaucipir could be due to fibril-fold-
ing differences recently revealed to be distinct between AD and CTE
brains (39). Other tracers selective to tau pathology, such as 11C-
PBB3, have indicated increased white-matter signal congruent with
CTE criteria (38). However in a case report (63), 18F-MK6240 bind-
ing bilaterally in the superior frontal and medial temporal lobe
regions did not correspond to autoradio-
graphy, suggesting low binding affinity of
this tracer to CTE pathology (64). Together,
these studies using currently available PET
tracers for the in vivo depiction of phos-
phorylated tau have provided limited and
inconsistent results. To move tau PET into
the clinical realm for TES, more sensitive
ligands need to be developed—ligands that
incorporate specific binding characteristics
for the fibril-folding structures of CTE tau
pathology.
Other molecular targets have been inves-

tigated in cohorts of rTBI and probable
CTE. In small cohorts of boxers (n5 5 (65)
and n 5 19 (66)), hypometabolism using
18F-FDG PET in the frontal, parietooccipi-
tal, cerebellar, and cingulate regions was
observed, whereas in former football play-
ers, hypometabolism in the frontotemporal
regions was most pronounced (60). The
presence of b-amyloid burden has been sug-
gested as an exclusion criterion for underly-
ing CTE pathology with cognitive deficits
(52), and most research evidence is confir-
matory and indicates a lack of association
with b-amyloid burden and previous history
of rTBI (67,68).
Despite evidence of a relationship be-

tween postmortem CTE pathology and rTBI,
current research studies using tau PET trac-
ers in rTBI cohorts have not identified a
universal pattern of tau deposition that is
characteristic of rTBI. Newly outlined re-
search criteria for TES will hopefully assist

in identifying individuals at high risk for the pathophysiologic cas-
cade of CTE. The advancement of novel tau and other protein- or
mechanism-specific PET tracers may help unravel any distinct pat-
terns of protein deposition. In addition, other tracers, such as 18F-
FDG or neuroinflammation ligands, may help characterize brain
alterations indicative of incipient neurodegenerative processes after
rTBI.

IMAGE ANALYSIS AND CHALLENGES

A key challenge in imaging of acute and chronic TBI, rTBI, and
TES/probable CTE is that research across all modalities explored to
date has not revealed a cohesive pattern of structural or functional
deficits—or of protein- or mechanism-specific uptake—that is com-
mon to most patients within a particular study cohort (Fig. 2). This
lack of a cohesive pattern is due primarily to the unique profile of the
underlying substrate for the condition—that is, brain “injuries”—as
well as individual differences in the longitudinal response and recov-
ery after injury. Figure 3 shows examples of 2 veterans who experi-
enced multiple mild blast exposures, with the initial 18F-FDG PET
acquired 3–5 y after the last exposure and follow-up scans acquired
approximately 2 y later. Characteristic patterns of both recovery of
glucose metabolism and reduction of glucose metabolism are visible.
Such regional reorganization in combination with regions of pro-
longed hypometabolism (Fig. 4) need to be further evaluated in the
context of clinical decline for rTBI patients.

FIGURE 4. Three-dimensional stereotactic surface projection maps showing example of reorgani-
zation in single mTBI subject from scan 1 to scan 2. Casual visual inspection may conclude that sub-
ject’s scans have improved because severely hypometabolic region of inferior medial frontal lobe on
scan 1 has improved subjectively by scan 2. This was supported in thresholding analysis (second
and bottom rows), which indicated 40% decrease in number of voxels with z score$ 1.64 (hypome-
tabolic voxels) for that region. However, analysis of 26 regions covering entire brain indicated that
other regions, such as right lateral frontal region, actually became more hypometabolic (50%
increase in hypometabolic voxels)—likely a result of reorganization and compensation over time.
This subject also showed an 8% increase in hypometabolic voxels globally from scan 1 to scan 2.
ANT 5 anterior; INF 5 inferior; LT. LAT 5 left lateral; LT. MED 5 left medial; POST 5 posterior;
RT. LAT5 right lateral; RT. MED5 right medial; SUP5 superior.
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Regardless of modality, most imaging research and clinical stud-
ies to date have used groupwise analytic techniques to investigate
the common features of acute and chronic TBI, rTBI, and probable
TES/CTE. However, these studies, taken collectively, have failed to
converge on such common features, which could have diagnostic or
discriminatory utility in a clinical setting for individual patients.
There is a distinct and critical need for new quantitative biomarkers
of either protein or mechanism-specific tracers combined with novel
image analysis methods, which may not depend on a specific
regional pattern to sensitively detect and classify TBI and related
neurodegenerative processes.
Supervised learning techniques such as scaled subprofile model

principal-component analysis may improve the information
inferred from PET imaging by capitalizing both on abnormal pat-
terns of tracer retention and on the covariance across regional
uptake (69). Such methods have identified distinct and reliable
patterns in tau PET imaging between primary and secondary tauo-
pathies (70) and metabolic brain patterns selective for Parkinson
disease, progressive supranuclear palsy, and multiple-system
atrophy (69). This approach in TBI may reveal some important
regional covariance patterns from which quantitative thresholds
can be derived.
Other approaches have focused on improving the measurement

of PET imaging itself. For example, the estimation of glucose
metabolism in 18F-FDG PET can be improved by assessing plasma
tracer concentrations during the imaging time window. There was
25%–33% increased hypometabolism in TBI patients when plasma
tracer concentration was included in the quantification (71). Impor-
tantly, this improved quantification of glucose metabolism corre-
lated with level of consciousness.
These studies emphasize that novel quantitative and qualitative

approaches may overcome current challenges in imaging of brain
trauma and may enhance the utility of PET for the heterogeneous
disease phenotypes commonly observed in TBI.

FUTURE DIRECTIONS

A lack of a mechanistic understanding of chronic TBI has posed
challenges with interpreting the results of any single molecular
imaging biomarker. We believe that future research should address
the following issues: better target identification, improved analysis
techniques using machine learning and artificial intelligence algo-
rithms, and novel tracer development.

Better Target Identification
Multiple neural and molecular events follow TBI, such as ax-

onal injury, energy crises, vascular impairments, blood–brain bar-
rier disruptions, and inflammation via activation of microglia and
astrocytes. It is not well understood which of these changes persist
in a chronic phase and are subsequently associated with, or causal
to, clinical symptoms. First, more consistent samples of individu-
als with and without clinical symptoms are needed, along with a
detailed definition of the TBI itself. Then, a detailed program of
imaging and nonimaging biomarkers that assess the differential
processes triggered by TBI should be investigated to identify the
biomarker most imperative for relating long-term consequences to
brain injury. We believe that a better understanding of such sub-
strates that underlie the cognitive and clinical phenotypes is neces-
sary to advance disease understanding, infer potential long-term
sequalae, and identify new and appropriate targets for molecular
imaging.

Improved Analysis Techniques Using Machine Learning and
Artificial Intelligence Algorithms

Heterogeneous variations in observed patterns have challenged
the distinct identification of a one-fits-all approach in TBI. Data-
driven approaches such as machine-learning and artificial intelli-
gence algorithms may improve quantification and determine which
aspects most contribute to the distinction of TBI patients with and
without long-term cognitive and clinical consequences. We specu-
late that such outcome measures may be best expressed in a thresh-
old or ratio combining different biomarker information that gives
rise to persistent neural, vascular, or molecular injury. Such meth-
ods require the development of large, well-characterized imaging
databases, such as the TRACK-TBI (Transforming Research and
Clinical Knowledge in Traumatic Brain Injury) study (72). How-
ever, that particular study has limited the imaging database to
CT/MRI and, thus, does not include PET imaging modalities at
this time.

Novel Tracer Development
It may be necessary to shift research efforts from established

imaging biomarkers toward the development of novel tracers spe-
cific to TBI, TES, and CTE. One promising avenue that could
potentially inform tracer development is the application of cryo-
genic electron microscopy. The imaging of the macromolecular
structure of biomolecules has identified the common structure of
tau pathology in different disease populations (39,73). Such tech-
niques could potentially improve the definition of tau protein
strains after TBI or in CTE and, subsequently, the development
of tracers more specific to such targets. Another direction would
be to develop tracers that can specifically and sensitively image
cytoskeletal alterations. More subtle mechanisms such as deficits in
axonal transport or microtubule stabilization, alterations in neuro-
plasticity, or disruption of cerebrovascular reactivity may underlie
the observed heterogeneity in post-mTBI recovery. Such cyto-
skeletal characteristics might be important targets for future
tracer development.

CONCLUSION

Brain trauma imaging is a diverse field that ranges from the clini-
cal criteria for imaging in the assessment of acute TBI to research of
biomarkers underlying the presence of symptoms in chronic mTBI,
as well as the diagnosis of TES/CTE. The role of molecular imaging
is not well established within these areas. The multitude of recent
studies has indicated some common findings but also contradic-
tory and disparate results with regard to imaging of TBI. In fact,
no specific biomarker has emerged to aid in diagnosing injury
or determining the prognosis of long-term behavioral profiles.
Lastly, with respect to the development of future treatments for
TBI, it is critical to establish such validated biomarkers, which
can be implemented to evaluate treatment response and improve-
ment in brain health.
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The adaptive immune response plays a critical role in detecting, elimi-
nating, and creating a memory toward foreign pathogens and malig-
nant cells. Demonstration of the specific and effective target killing of
T cells in cancer has reignited interest in the study and therapeutic
manipulation of the interaction between tumor and immune system.
To both improve therapeutic efficacy and reduce adverse events,
accurate monitoring of the activation of T cells is required. Several
approaches to monitoring not just the presence, but importantly the
activation, of T cells have been developed. Here, we review the recent
advances in T-cell activation imaging and future directions for poten-
tial implementation into clinical utility.
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T cells represent the target of many immunotherapies, including
checkpoint inhibitors, bispecific T-cell engagers, and immune ago-
nists (1). Additionally, T cells themselves have been investigated as
therapies using either chimeric antigen receptor addition or autolo-
gous adoptive transfer in hematologic malignancies (2). In solid
tumors, although some success has been achieved by checkpoint
inhibitors targeting programmed death protein 1 (PD-1), cytotoxic
lymphocyte antigen 4, and lymphocyte activation gene 3, most
approaches have not increased overall survival (3,4). Furthermore,
approaches to activate T cells to kill cancer can induce severe
immune-related adverse events and, in some cases, lead to death (5).
The dynamic and spatially heterogeneous nature of immune

responses makes predicting and monitoring immune activation difficult
in vivo. Currently, imaging approaches to monitoring response include
quantifying therapeutic targets (i.e., programmed death ligand 1), the
presence of immune cells (i.e., CD8), or T-cell activation. Although
the presence of a therapeutic target and T cells are necessary, they
alone are not sufficient, as other immunosuppressive factors may
abrogate antitumor response. T-cell activation ultimately represents
the integral of the pro- and antitumoral signaling within a tumor, pro-
viding a simplified readout of a complex process, including antigen

presentation, T-cell priming, antigen recognition, and appropriate
costimulatory signal transduction (Fig. 1) (6). Given the whole-body,
noninvasive, and quantitative nature of PET imaging, many groups
have developed novel imaging agents for interrogating various
aspects of the T-cell response. In this review, we cover the recent
advances in imaging of activated T cells. In general, the approaches
to monitoring activated T cells have focused on several differentiat-
ing aspects of activated T cells, including metabolism, secreted mole-
cules, and surface receptors. The strengths and weaknesses of each
target, as well as current imaging agents and approaches, will be
reviewed. Finally, future directions and potential next-generation tar-
gets will be examined.

METABOLISM

Arabinosylguanosine (AraG), a nucleoside analog, has been
shown to exert selective killing against T lymphoblasts (7). The
nucleoside analog undergoes phosphorylation by deoxyguanosine
kinase, in particular when there are lower concentrations of the sub-
strate in the mitochondria and the cytoplasm (8). Namavari et al. (9)
first synthesized the tracer 29-deoxy-29-18F-fluoro-9-b-D-arabinofura-
nosylguanine (18F-AraG) and demonstrated uptake in activated T
cells; however, Levi et al. (10) were the first to evaluate immune
checkpoint blockade (ICB)–related changes in immune response
using the tracer. In the study of Levi et al., longitudinal 18F-AraG
imaging in a murine sarcoma virus-moloney leukemia virus–induced
rhabdomyosarcoma model from weeks 1–3 followed the course of
immune activation, with a stable increase in tumor and draining
lymph node signal over time. 18F-FDG tumor signal, however, fol-
lowed the pattern of tumor growth, starting from an initial increase
to a decline from weeks 1–3. Furthermore, 18F-AraG PET imaging
of MC38-bearing mice showed a significant difference in tumor
uptake between baseline and only 2 d after initiation of treatment
with anti-PD-1 therapy, with a nonsignificant increase in nonrespon-
ders. Overall, the tracer predicted the response to anti-PD-1 therapy
early in the course of the disease. In a separate study (11), Levi et al.
attempted to characterize crucial anticancer immune cell infiltration
in the tumor microenvironment by PET imaging with 18F-AraG and
changes associated with chemotherapy. Murine syngeneic tumors
with varied immune infiltration profiles had differing tracer uptake in
both tumors and tumor-draining lymph nodes. A significant positive
correlation was reported between tracer uptake and the number of
CD8-positive, PD-1–positive cells. Furthermore, the PET signal was
significantly higher after the introduction of immunogenic cell
death–inducing chemotherapy than at baseline in both MC38 and
A9F1 murine tumor models (11). Outside cancer immunotherapy,
Levi et al. (12) demonstrated the capability of the tracer to detect
sites of early T-cell activation in a tested mouse model of acute
graft-versus-host disease. The significant preclinical evidence for this
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tracer has led to clinical investigation in several ongoing trials
focused on non–small cell lung cancer; however, to date only biodis-
tribution and safety in healthy volunteers (NCT02323893) have been
published.

SECRETED MOLECULES

Granzyme B
Granzyme B, a serine protease that induces apoptosis in target

cells, is released by activated CD8-positive T cells and natural killer
cells, in addition to some immunosuppressive cells (13). Granzyme
B peptide (GZP) was the first probe used to image the serine prote-
ase, by Larimer et al. (14). After injection of the radiolabeled tracer
68Ga-NOTA-GZP into mice, PET imaging was able to predict
response to ICBs before divergence into responders and nonrespond-
ers based on tumor volumes, with the former having higher GZP
uptake (14). In addition, further studies were performed to evaluate
the ability of GZP to predict the response to combination therapy
with both ICBs and chemotherapy (15). In an effort to explore cancer
immunotherapy–driven adverse events, Ferreira et al. (16) investi-
gated the role of GZP PET imaging in a regulatory T-cell–depleted
model of immunotherapy-induced adverse events. The model mice
demonstrated significantly increased uptake of the tracer in the colon
in comparison to appropriate controls, and this increase was reversed
by the addition of steroids, supporting the potential translational
capability of GZP to monitor immune-related adverse events.
Granzyme B proteolytic activity has also recently been imaged by

Zhao et al. (17) using the multidomain tracer granzyme targeting
restricted interaction peptide specific to family member B. On cleav-
age of a granzyme B–specific domain in the center of a peptide, a
radiolabeled ubiquitous cell-binding domain is unmasked and binds
irreversibly to the nearby phospholipid bilayer. The granzyme B–
specific activation of binding allows measurement of granzyme B
activity over prolonged periods on radiolabeling with 64Cu. The

tracer accumulated in tumors both more
quickly and with higher uptake in ICB-treated
than vehicle-treated mice. Furthermore, spleen
uptake of the tracer was higher with ICB
treatment. To show utility in noncancer T-cell
activation applications, increased granzyme B
activity in the lungs, thymus, and spleen of
mice was demonstrated after intratracheal
instillation of lipopolysaccharides.
Clinically, PET imaging of granzyme B

has had an early clinical readout from Zhou
et al. (18) using a 68Ga-labeled peptidomi-
metic. Two patients, one with lung adeno-
carcinoma and another with sarcomatoid
carcinoma of the lung undergoing check-
point blockade, were imaged after treatment
initiation. The lung adenocarcinoma, a par-
tial metabolic responder, had a granzyme B
PET tumor SUVmax of 4.1 and a tumor-to-
blood ratio of 1.2, whereas the sarcomatoid
carcinoma was determined to be a partial
nonresponder, with a tumor SUVmax of 2.0
and a tumor-to-blood ratio of 0.8. These
data are preliminary but consistent with pre-
clinical studies demonstrating the predictive
capabilities of granzyme B PET imaging.

Interferon-g (IFN-g)
IFN-g is a cytokine released by a myriad of cells, including cyto-

toxic T lymphocytes, T-helper 1 cells, natural killer T cells, B cells,
and natural killer cells. The downstream effects of the cytokine are
pleiotropic and can either promote or inhibit inflammation (19).
Gibson et al. (20) first investigated the role of IFN-g PET imaging
in predicting response to anticancer immunotherapy. An anti-IFN-g
monoclonal antibody radiolabeled with 89Zr was used in several
cancer models. Increased localized tracer uptake in the spleen of
mice that received CpG-oligodeoxynucleotide to induce IFN-g
release was observed by PET imaging 72 h after injection of the
tracer. In another experiment, the tracer was injected in mice bear-
ing neu-positive TUBO cancer cells to uncover active immune
response after administration of 2 doses of human epidermal
growth factor receptor 2 (HER2)/neu DNA vaccines. Mice that
received the vaccine started to respond after the second dose and
had tumors with significantly higher uptake of the tracer than con-
trol mice. Furthermore, higher uptake of the tracer after HER2/neu
DNA vaccination and subsequent Treg depletion was shown in a
spontaneous model of cancer using neu transgenic mice. An inverse
relationship between tracer uptake and tumor volume was observed
in TUBO tumors implanted in BALB/c mice that received the vac-
cine. Taking the findings together, the study proposed a role for
IFN-g PET imaging in evaluating active T-cell–mediated antican-
cer immunity in situ.

Interleukin-2 (IL-2) Receptor
IL-2 is a cytokine that affects the development and differentia-

tion of several T-cell subsets, such as CD8-positive T cells, natural
T-regulatory cells, and CD4-positive T-helper cells, with resultant
either pro- or antiinflammatory downstream effects depending on
the subset of the target cell. The cytokine, however, is particularly
essential for the proliferation, effector function, and memory devel-
opment of CD8-positive T cells (21). The cytokine binds to its

FIGURE 1. Graphical representation of T-cell activation and corresponding PET imaging agents.
Cross-priming of naïve T cells (top left) leads to activation (top right). On recognition of cognate anti-
gen, functional release of granzyme B and IFN-g is induced (bottom). GRIP 5 granzyme targeting
restricted interaction peptide specific to family member B; mAb 5 monoclonal antibody; MHCI 5
major histocompatibility complex I; TCR5 T-cell receptor.
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receptor (IL-2R), which is a complex formed by 3 different sub-
units in its high-affinity form, namely IL-R2a, IL-2Rb, and IL-2Rg
(22). For PET imaging of IL-2R, IL-2 was radiolabeled with 18F by
forming the tracer N-(4-18F-fluorobenzoyl)IL-2 (18F-FB-IL2) (23).
Later, van der Veen et al. (24) synthesized 2 IL-2–radiolabeled
tracers, 68Ga-Ga-NODAGA-IL2 and 18F-fluoride-(restrained com-
plexing agent)-IL2 (18F-AlF-RESCA-IL2), to compare them with
the former one and to overcome the hurdles associated with its syn-
thesis. The authors demonstrated that activated human peripheral
blood mononuclear cells had higher uptake in vitro of 18F-AlF-
RESCA-IL2 than of the other IL-2–labeled tracers. A similar trend
by the bone marrow and spleen was observed in ex vivo biodistribu-
tion experiments. In addition, PET imaging revealed higher uptake
of the 3 tracers by subcutaneously inoculated activated human
peripheral blood mononuclear cells in severe combined immu-
nodeficient mice than in control counterparts. The study pro-
posed 18F-AlF-RESCA-IL2 as a potential candidate for PET
imaging of IL-2R–expressing cells.
In a nonrandomized, open-label clinical trial (25), a small sample

of patients with stage IV metastatic melanoma was transfused with
18F-FB-IL2 before and through treatment with ICBs in either com-
bination therapy or monotherapy to assess changes in immune
response by PET imaging (NCT02922283). The SUVmax was low
for tumors and dropped slightly from 1.8 at baseline to 1.7 at later
time points while on therapy for patients who had both scans. No
correlation between response and changes in uptake were observed.
The SUVmean in the bone marrow and spleen was reported to be
2.5 and 10.9, respectively. However, the authors did not determine
the exact cause behind the inability of their imaging study to detect
changes in immune response in tumors after treatment.

SURFACE RECEPTORS

In addition to changes in T-cell metabolism, T cells also undergo
changes in the surface expression of specific molecules. Although
some of these cell surface proteins indeed function to attenuate activa-
tion, their presence nonetheless indicates activation of immune cells.
Cell surface receptors, in comparison to secreted molecules, represent
an attractive imaging target as they remain tethered to the cell surface
and can be expressed in high concentrations, whereas secreted mar-
kers may be diffuse and limit maximal signal concentration.

PD-1
PD-1 is a checkpoint receptor that is upregulated in T cells after

T-cell receptor stimulation (26). Inhibition of PD-1 and its cognate
ligand programmed death ligand 1 have revolutionized cancer
therapy, as reinvigoration of activated T cells by PD-1/pro-
grammed death ligand 1 blockade can generate durable remission
of metastatic disease (27,28). PD-1 imaging was first performed in
the Gambhir lab using a 64Cu-labeled antimouse IgG (29). In this
seminal work, Natarajan et al. demonstrated persistent accumula-
tion in the lymphoid organs and tumors of transgenic mice bearing
B16-F10 melanoma tumors. Subsequent approaches to PET im-
aging of PD-1 have included using therapeutic antibodies, includ-
ing 89Zr-df-pembrolizumab and 89Zr-nivolumab, in humanized
mouse models and 89Zr-nivolumab in nonhuman primates (30–32).
Clinical PD-1 PET imaging was first reported by Niemeijer et al.

(33) in 2018 using 89Zr-nivolumab. Like preclinical studies, high
uptake was visualized in the spleen, liver, and tumor over time.
Tumors with immunohistochemical confirmation of PD-1 presence
had statistically significant increases in the SUVpeak signal of 89Zr-
nivolumab, and subsequent responding tumors also had significantly

higher levels of tracer accumulation. In addition to 89Zr-nivolumab,
89Zr-pembrolizumab has been investigated clinically (34). Eighteen
patients, 11 with melanoma and 7 with non–small cell lung cancer,
were imaged on days 2, 4, and 7 after injection of 0.37 MBq of 89Zr-
pembrolizumab plus 2.5 or 7.5 mg of unlabeled pembrolizumab. The
results were similar to those for 89Zr-nivolumab, with marked uptake
in the spleen, lymph nodes, tumor, and liver. Overall, uptake corre-
lated significantly with both progression-free and overall survival. To
date, PD-1 represents the most advanced PET imaging marker.
Although the pharmacokinetics of antibody-based imaging make rou-
tine clinical practice challenging, the results of these studies demon-
strate significant potential for PD-1 as a predictive biomarker.

OX-40 and Inducible T-Cell Costimulator
OX-40 (CD134) is a member of the tumor necrosis factor receptor

superfamily and has been reported to be restricted to antigen-specific
activated T cells. The first report (35) of OX-40 PET imaging used a
64Cu-DOTA–
conjugated murine antimouse OX-40 monoclonal antibody. In this
study, mice bearing dual A20 tumors were administered an in situ
CpG oligonucleotide vaccine and imaged 2 and 9 d after therapy. Sig-
nificant differences in uptake were quantified between treated and
vehicle tumors at 2 d after injection, and unsupervised hierarchic clus-
tering indicated that uptake was predictive of response. A similar
approach has been used for glioblastoma; however, interestingly,
tumor demonstrated higher accumulation in the vehicle-treated mice
than in the vaccinated mice (36). Lymph node and spleen values were
higher in the vaccinated mice, suggesting greater involvement of the
peripheral lymphatic system in the efficacy of an intramuscular tumor
vaccination approach. The differences demonstrate the varied roles
and importance of spatial localization in monitoring activated T cells.
Outside cancer, OX-40 PET imaging has also been used to diagnosis
acute graft-versus-host disease, with significant increases in the lungs
and liver of mice transplanted with human peripheral blood mononu-
clear cells (37). Similar to OX-40, an 89Zr-deferoxamine–inducible
T-cell costimulator antibody has been developed to track T-cell acti-
vation after introduction of a stimulator-of-interferon-gene agonist and
checkpoint blockade (38). In a syngeneic lung cancer model, PET
imaging revealed rapid and persistent upregulation after stimulator-of-
interferon-gene agonist administration that correlated with changes in
tumor volume.

CD69
CD69 is an early cell surface marker of activated T cells. It func-

tions as a signal transducer to promote proliferation but can also be
found on monocytes, neutrophils, and eosinophils, in addition to con-
stitutive expression on mature thymocytes and platelets. The first tar-
geted imaging agent for CD69 was an Affibody (Affibody AB),
ZCD69:2, that bound to both murine and human CD69 (39). The Affi-
body was conjugated to DOTA and radiolabeled with 111In for
SPECT imaging. The tracer cleared rapidly from the blood through
renal excretion and accumulated in a lymph node of a healthy rat and
at the site of allograft rejection in a mouse model. More recently, an
89Zr-labeled antibody was used for PET imaging of CD69 (40). The
authors examined the ability of the tracer to differentiate responding
from nonresponding syngeneic CT26 tumors during checkpoint
blockade and demonstrated significant differences in the blood,
spleen, and tumor between treated responders and nonresponders.
Furthermore, the authors confirmed target specificity using autoradio-
graphy and immunohistochemistry, providing a robust correlation
between PET signal and tissue protein expression.
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FUTURE DIRECTIONS

To date, a significant amount of preclinical evidence has been
generated to support imaging of activated T cells to predict
response to checkpoint blockade in tumors or to monitor the devel-
opment of autoimmune disease. Early clinical trial results have
been mixed, with PD-1 PET imaging correlating with response
and IL-2 PET imaging demonstrating no correlation. In addition,
some agents, including 18F-AraG (NCT04726215, NCT05096234)
and NOTA-human GZP (NCT04169321), are currently under
investigation in clinical trials. One current limitation of several
preclinical targets (IFN-g, OX-40, CD69) is the lack of human-
specific probes for translation to clinical trials. The temporal
dynamics of the immune system may make antibody imaging
challenging because of the extended timelines between injection
and image collection. Ideally, high-affinity ligands for these targets
with rapid pharmacokinetics would allow for robust implementa-
tion into a clinical imaging paradigm.
The opportunity for one or more of the current imaging approaches

to impact cancer immunotherapy remains high. Approaches that strat-
ify early response in individual patients or provide quantitative assess-
ments of novel single-agent or combination immunotherapies in
early-phase clinical trials would provide the greatest immediate
impact on cancer treatment. Continued testing of probes in clinical
trials, in addition to translation of promising targets, is necessary to
advance the field.

DISCLOSURE

Benjamin Larimer is a consultant for and shareholder in Cyto-
site Biopharma Inc. No other potential conflict of interest relevant
to this article was reported.

REFERENCES

1. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat
Rev Cancer. 2012;12:252–264.

2. June CH, O’Connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR T cell
immunotherapy for human cancer. Science. 2018;359:1361–1365.

3. Postow MA, Chesney J, Pavlick AC, et al. Nivolumab and ipilimumab versus ipili-
mumab in untreated melanoma. N Engl J Med. 2015;372:2006–2017.

4. Chocarro L, Blanco E, Arasanz H, et al. Clinical landscape of LAG-3-targeted ther-
apy. Immunooncol Technol. 2022;14:100079.

5. Marrone KA, Ying W, Naidoo J. Immune-related adverse events from immune
checkpoint inhibitors. Clin Pharmacol Ther. 2016;100:242–251.

6. Obst R. The timing of T cell priming and cycling. Front Immunol. 2015;6:563.
7. Shewach DS, Mitchell BS. Differential metabolism of 9-b-D-arabinofuranosylguanine

in human leukemic cells. Cancer Res. 1989;49:6498–6502.
8. Carlos O. Rodriguez J, Mitchell BS, Ayres M, Eriksson S, Gandhi V. Arabinosyl-

guanine is phosphorylated by both cytoplasmic deoxycytidine kinase and mito-
chondrial deoxyguanosine kinase. Cancer Res. 2002;62:3100–3105.

9. Namavari M, Chang YF, Kusler B, Yaghoubi S, Mitchell BS, Gambhir SS. Synthe-
sis of 29-deoxy-29-[18F]fluoro-9-beta-D-arabinofuranosylguanine: a novel agent for
imaging T-cell activation with PET.Mol Imaging Biol. 2011;13:812–818.

10. Levi J, Lam T, Goth SR, et al. Imaging of activated T cells as an early predictor of
immune response to anti-PD-1 therapy. Cancer Res. 2019;79:3455–3465.

11. Levi J, Goth S, Huynh L, et al. 18F-AraG PET for CD8 profiling of tumors and assess-
ment of immunomodulation by chemotherapy. J Nucl Med. 2021;62:802–807.

12. Levi J, Duan H, Yaghoubi S, et al. Biodistribution of a mitochondrial metabolic tracer,
[18F]F-AraG, in healthy volunteers.Molecular Imaging. 2022;2022:3667417.

13. Wang W, Zou R, Qiu Y, et al. Interaction networks converging on immunosup-
pressive roles of granzyme B: special niches within the tumor microenvironment.
Front Immunol. 2021;12:670324.

14. Larimer BM,Wehrenberg-Klee E, Dubois F, et al. Granzyme B PET imaging as a pre-
dictive biomarker of immunotherapy response. Cancer Res. 2017;77:2318–2327.

15. Goggi JL, Hartimath SV, Xuan TY, et al. Granzyme B PET imaging of combined
chemotherapy and immune checkpoint inhibitor therapy in colon cancer. Mol
Imaging Biol. 2021;23:714–723.

16. Ferreira CA, Heidari P, Ataeinia B, et al. Non-invasive detection of immunotherapy-
induced adverse events. Clin Cancer Res. 2021;27:5353–5364.

17. Zhao N, Bardine C, Lourenco AL, et al. In vivo measurement of granzyme proteol-
ysis from activated immune cells with PET. ACS Cent Sci. 2021;7:1638–1649.

18. Zhou H, Wang Y, Xu H, et al. Noninvasive interrogation of CD81 T cell effector
function for monitoring early tumor responses to immunotherapy. J Clin Invest.
2022;132:e161065.

19. Kelchtermans H, Billiau A, Matthys P. How interferon-gamma keeps autoimmune
diseases in check. Trends Immunol. 2008;29:479–486.

20. Gibson HM, McKnight BN, Malysa A, et al. IFNg PET imaging as a predictive tool
for monitoring response to tumor immunotherapy. Cancer Res. 2018;78:5706–5717.

21. Ross SH, Cantrell DA. Signaling and function of interleukin-2 in T lymphocytes.
Annu Rev Immunol. 2018;36:411–433.

22. Smith KA. The structure of IL2 bound to the three chains of the IL2 receptor and
how signaling occurs.Med Immunol. 2006;5:3.

23. Di Gialleonardo V, Signore A, Glaudemans AW, Dierckx RA, De Vries EFN.
N-(4-18F-fluorobenzoyl)interleukin-2 for PET of human-activated T lymphocytes.
J Nucl Med. 2012;53:679–686.

24. van der Veen EL, Suurs FV, Cleeren F, et al. Development and evaluation of
interleukin-2-derived radiotracers for PET imaging of T cells in mice. J Nucl Med.
2020;61:1355–1360.

25. van de Donk PP, Wind TT, Hooiveld-Noeken JS, et al. Interleukin-2 PET imaging
in patients with metastatic melanoma before and during immune checkpoint inhibi-
tor therapy. Eur J Nucl Med Mol Imaging. 2021;48:4369–4376.

26. Riella LV, Paterson AM, Sharpe AH, Chandraker A. Role of the PD-1 pathway in
the immune response. Am J Transplant. 2012;12:2575–2587.

27. Garon EB, Rizvi NA, Hui R, et al. Pembrolizumab for the treatment of non-
small-cell lung cancer. N Engl J Med. 2015;372:2018–2028.

28. Fehrenbacher L, Spira A, Ballinger M, et al. Atezolizumab versus docetaxel for
patients with previously treated non-small-cell lung cancer (POPLAR): a multicen-
tre, open-label, phase 2 randomised controlled trial. Lancet. 2016;387:1837–1846.

29. Natarajan A, Mayer AT, Xu L, Reeves RE, Gano J, Gambhir SS. Novel radiotracer
for immunoPET imaging of PD-1 checkpoint expression on tumor infiltrating lym-
phocytes. Bioconjug Chem. 2015;26:2062–2069.

30. England CG, Jiang D, Ehlerding EB, et al. 89Zr-labeled nivolumab for imaging of
T-cell infiltration in a humanized murine model of lung cancer. Eur J Nucl Med
Mol Imaging. 2018;45:110–120.

31. England CG, Ehlerding EB, Hernandez R, et al. Preclinical pharmacokinetics
and biodistribution studies of 89Zr-labeled pembrolizumab. J Nucl Med. 2017;58:
162–168.

32. Cole EL, Kim J, Donnelly DJ, et al. Radiosynthesis and preclinical PET evaluation
of 89Zr-nivolumab (BMS-936558) in healthy non-human primates. Bioorg Med
Chem. 2017;25:5407–5414.

33. Niemeijer AN, Leung D, Huisman MC, 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.

34. Niemeijer AN, Oprea-Lager DE, Huisman MC, et al. Study of 89Zr-pembrolizu-
mab PET/CT in patients with advanced-stage non–small cell lung cancer. J Nucl
Med. 2022;63:362–367.

35. Alam IS, Mayer AT, Sagiv-Barfi I, et al. Imaging activated T cells predicts
response to cancer vaccines. J Clin Invest. 2018;128:2569–2580.

36. Nobashi TW, Mayer AT, Xiao Z, et al. Whole-body PET imaging of T-cell
response to glioblastoma PET imaging of T-cell response to glioblastoma. Clin
Cancer Res. 2021;27:6445–6456.

37. Alam IS, Simonetta F, Scheller L, et al. Visualization of activated T cells by
OX40-immunoPET as a strategy for diagnosis of acute graft-versus-host disease.
Cancer Res. 2020;80:4780–4790.

38. Xiao Z, Mayer AT, Nobashi TW, Gambhir SS. ICOS is an indicator of
T-cell–mediated response to cancer immunotherapy. Cancer Res. 2020;80:3023–3032.

39. Persson J, Puuvuori E, Zhang B, et al. Discovery, optimization and biodistribution
of an Affibody molecule for imaging of CD69. Sci Rep. 2021;11:19151.

40. Edwards KJ, Chang BY, Babazada H, et al. Using CD69 PET imaging to moni-
tor immunotherapy-induced immune activation. Cancer Immunol Res. 2022;10:
1084–1094.

IMAGING ACTIVATED T CELLS ! Sako and Larimer 33



F E A T U R E D A R T I C L E O F T H E M O N T H

C-X-C Motif Chemokine Receptor 4–Targeted Radioligand
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C-X-Cmotif chemokine receptor 4 (CXCR4)–targeted radioligand therapy
(RLT) hasalreadybeenapplied to advancedbloodcancers, suchasmulti-
ple myeloma or diffuse large B-cell lymphoma. We present a series of
patients with advanced T-cell lymphoma (TCL) who were scheduled for
CXCR4-directed therapy as a conditioning regimen, followed by hemato-
poietic stem cell transplantation (HSCT). Methods: Four patients with
advanced, heavily pretreated, and relapsed TCL (2 men, 2 women;
median age, 50 y) without suitable alternative therapeutic options under-
went CXCR4-directed PET and pretherapeutic dosimetry. We then con-
ductedCXCR4-targetedRLT in combinationwith allogeneic (3/4, 75%) or
autologous (1/4, 25%) HSCT. One patient also underwent radioimmuno-
therapy targeting CD66 to enhance therapeutic efficacy. We investigated
safety, best response, progression-free survival, and overall survival.
Results: Pretherapeutic dosimetry indicated lymphoma-absorbed doses
of up to 33.2 Gy from CXCR4-targeted RLT. Except for 1 patient who
developed tumor lysis syndrome along with transient grade 3 kidney fail-
ure, no acute toxicity, allergic reactions, or other adverse events were
recorded during therapy. One patient developed septicemia and subse-
quently died 16 d after RLT, whereas engraftment was achieved in the
remaining 3 patients (75%). During follow-up, a partial response was
recorded in 1 of 3 patients (33.3%) and a completemetabolic response in
the other two (66.7%, with 1 patient also receiving additional radioimmu-
notherapy). Median progression-free survival was 7mo (range, 4–25mo).
After a median follow-up of 54 mo (range, 4–56 mo), 3 patients were still
alive at the date of censoring. Conclusion: For advanced, heavily pre-
treated TCL, CXCR4-directed RLTmay serve as an effective conditioning
therapy before HSCT and can cause substantial antilymphoma activity,
leading to a remarkable response in selected cases.

Key Words: C-X-C motif chemokine receptor 4; CXCR4; chemokine
receptor; theranostics; radioligand therapy; T-cell lymphoma
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As an orphan disease, peripheral T-cell lymphoma (TCL)
accounts for up to 10% of all cases of non-Hodgkin lymphoma (1).

The current World Health Organization classification of lymphoid
neoplasms lists 29 different subtypes (2), and the 5-y survival rate is
estimated to be 25.4%–80.2% (3,4). First-line treatment consists of
cyclophosphamide, doxorubicin, vincristine, etoposide, and predniso-
lone (5–7), whereas more effective regimens such as brentuximab
vedotin, cyclophosphamide, doxorubicin, and prednisone can be
administered primarily to patients exhibiting CD30-positive peripheral
TCLs (8). In advanced, relapsed, or refractory stages, however, thera-
peutic options are limited and include myeloablative conditioning
high-dose chemotherapeutic regimens, followed by hematopoietic
stem cell transplantation (HSCT) (4).
Recent ex vivo analyses reported a substantial overexpression of

the C-X-C motif chemokine receptor 4 (CXCR4) on specimens
from lymphoma patients (9), including peripheral TCL (10). Thus,
the CXCR4-targeting PET agent 68Ga-pentixafor has been adminis-
tered to patients with various subtypes of lymphomas (11,12). Such
initial reports showed an intense radiotracer accumulation in dis-
ease manifestations, in particular for TCL (11,12), thereby allowing
identification of patients who can be treated with the therapeutic
CXCR4-targeting radiotracer 90Y/177Lu-pentixather. The feasibility
of treatment with these b-emitting agents has already been demon-
strated, such as in patients with multiple myeloma, acute leukemia,
or diffuse large B-cell lymphoma (13–16). In the present report, we
describe our initial experience with CXCR4-directed radioligand
therapy (RLT) as a conditioning therapy for patients with advanced
TCL before HSCT in a theranostic setting. We also report on the
antilymphoma activity of radiolabeled CXCR4-targeted treatment.

MATERIALS AND METHODS

We offered experimental CXCR4-targeted RLT as a conditioning
regimen and to achieve antilymphoma activity based on the German
Pharmaceutical Act (§13.2b). Patients gave written informed consent
to all diagnostic and therapeutic procedures. The local ethical commit-
tee of the University W€urzburg waived the need for approval because
this was a retrospective investigation (waiver no. 20220103 01). The
patients were partly investigated in a previous study (17), without assess-
ment of the clinical course or the achieved doses to tumor or normal
organs. Table 1 provides an overview of the investigated patients.

CXCR4-Directed 68Ga-Pentixafor PET
To assess the retention capacities in vivo, we conducted prethera-

peutic CXCR4-directed PET/CT using 68Ga-pentixafor, which was
prepared in-house as described previously (12). CXCR4 expression
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was visualized 60 min after intravenous administration of 68Ga-pentix-
afor (median injected activity, 136.5 MBq; range, 85–157 MBq) using
a Biograph mCT 64 or 128 PET/CT system. Expert readers confirmed
CXCR4 expression in sites of disease (12).

CXCR4-Directed Dosimetry and RLT
Before RLT, all patients underwent dosimetry using 177Lu-pentix-

ather (18), thereby allowing us to provide the exact amount of admin-
istrable activity to minimize off-target effects and to calculate the
tumor dose at sites of disease. For therapy, we administered 4.8 GBq
of 90Y-pentixather (range, 4.2–5.1 GBq; Table 2). Radiotracer synthe-
sis was described previously (14). Relative to 177Lu (half-life, 160.8 h),
the physical half-life of 90Y is only 64 h and thus allows substantial
shortening of the time until HSCT (16). The administrable activity of
90Y-pentixather was based on the individual kinetics derived from pre-
therapeutic dosimetry (with the assumption of a maximum tolerable
dose to the kidneys of 23 Gy) (16). We then performed RLT a median
of 8 d after pretherapeutic dosimetry (range, 3–14 d). As described previ-
ously (16), we also administered a nephroprotective solution consisting
of 25 g/L solutions of arginine and lysine (overall, 2 L), following a
current practical guidance on receptor-targeted radionuclide therapies
(19). As per our routine protocol, we also assessed vital signs and labora-
tory values (routine hematology and blood chemistry).

We also treated 1 patient (patient 3) with a CD66-targeting radioim-
munotherapy, thereby increasing antilymphoma effects. 188Re was
attached to the murine anti-CD66 monoclonal antibody BW 250/183
(antigranulocyte; Scintec Diagnostics) (16). Anti-CD66 radioimmuno-
therapy using 13.5 GBq was then performed 2 d after CXCR4 RLT
using 90Y-pentixather.

Conditioning Chemotherapy/High-Dose Therapy and HSCT
Three (75%) patients received allogeneic HSCT, using an additional

conditioning regimen, whereas 1 patient was treated with high-dose
therapy followed by autologous HSCT (Supplemental Table 1; supple-
mental materials are available at http://jnm.snmjournals.org).

Assessment of Adverse Events and Outcome
We applied the Common Terminology Criteria for Adverse Events,

version 5.0 (20). To assess short-term response to CXCR4-targeted
RLT, we measured lactate dehydrogenase (in U/L) in all patients. A
low-dose CT scan on patient 4, which had been conducted directly
before conditioning therapy to rule out pulmonary infections, was also
assessed for a short-term antilymphoma effect by CXCR4-directed
RLT. The image-based best response was determined using the current
Lugano criteria (21). Progression-free survival was defined as the time
between initiation of RLT and progressive disease on imaging or the
onset of novel therapy (16). Overall survival was determined as the
time from initiation of RLT until the date of death or censoring.

RESULTS

Patient Characteristics
Between November 2015 and December 2021, we included 4

patients with relapsed, refractory TCL (2 women, 2 men); their
median age was 50 y (range, 43–53 y). The investigated patients
had a median of 3 previous treatment lines (range, 2–3; Supple-
mental Table 1). At the time of CXCR4 RLT, multiple manifesta-
tions in lymph nodes (n 5 4 patients) and bone (n 5 2), as well as
in kidneys, pleura, spleen, skin, ovary, and abdominal bulk (n 5 1
each), were recorded.

Pretherapeutic Dosimetry
Respective 177Lu-pentixather activities for pretherapeutic dosime-

try are shown in Table 2, along with the specific absorbed dose to
the kidneys, liver, spleen, bone marrow, and tumor (with the kidneys
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as the dose-limiting organs). We expected absorbed doses of up to
33.2 Gy to lymphoma from RLT.

CXCR4-Targeted RLT and Adverse Events
We administered a median of 4.8 GBq of 90Y-pentixather. Table 2

shows the estimated absorbed doses to the kidneys (assuming a 40%
reduction by coinfusion of amino acids). During RLT, vital signs
were normal and did not show any alterations in any patients. No
acute toxicity, allergic reactions, or adverse events were recorded in 3
(75%) patients. In patient 4, however, an extensive CXCR4-positive
tumor burden caused tumor lysis syndrome with transient grade 3
acute kidney failure 2 d after RLT (Fig. 1). In all patients, CXCR4-
directed RLT (and additional radioimmunotherapy in 1 patient)
caused the expected myeloablation, including neutropenia (,500/mL)
a median of 11 d after therapy (range, 11–14 d). HSCT was then per-
formed after a median of 14.5 d in all patients (range, 14–16 d). We
observed successful engraftment with an absolute neutrophil recovery
in 3 patients, whereas 1 patient (patient 1) died before reaching neu-
trophil reconstitution. Patients 3 and 4 reached engraftment after 12 d.
In Patient 2, however, neutrophil reconstitution was not immediately
successful after autologous HSCT but was reached after another con-
ditioning therapy and allogeneic HSCT (2 mo after CXCR4 RLT,
Supplemental Table 1).

Response Assessment
Assessing short-term response, we observed a continuous decrease

in lactate dehydrogenase right after CXCR4-targeted RLT in patient

1 (Fig. 2A). For patients 2 (Fig. 2B) and 4 (Fig. 2D), a substantial
increase in lactate dehydrogenase right after CXCR4-targeted RLT
was noted, which substantially declined before the next therapeutic
steps. Further supporting the notion of a substantial antilymphoma
effect exclusively due to CXCR4-directed RLT, low-dose CT in
patient 4 (directly before conditioning therapy) also demonstrated a
decrease in lymph node manifestations (Supplemental Fig. 1). Patient
1 died from sepsis caused by diffuse peritonitis 16 d after RLT (with-
out any further available image-based follow-up). Of the 3 patients
available for assessing the best response, we observed a partial
response in 1 patient (patient 2; 33.3%) and a complete metabolic
response in 2 patients (66.7%; patients 3 and 4).

Further Long-Term Follow-up
Of those 3 patients available for further long-term follow-up,

median progression-free survival was 7 mo (range, 4–25 mo),
whereas for the entire cohort the median was 5.5 mo. Patient 2 exhib-
ited progressive disease after 7 mo and received further regimens of
chemotherapy and radiation therapy of inguinal lymph nodes. Patient
3 had progression after 25 mo; thus, a donor leukocyte infusion as
adoptive immunotherapy was administered. Neither patient showed
any signs of progression during further long-term follow-up. For
patient 4, no further follow-up was available after complete response
was recorded after 4 mo (as the date of censoring had been reached).
All 3 patients (patients 2–4) were still alive at the time of censoring
(respective median survival, 54 mo; range, 4–56 mo; entire cohort,
median overall survival, 29 mo).

TABLE 2
Administered Activities and Doses to Organs and Lymphoma

Parameter Site

Patient

1 2 3* 4

Pretherapeutic dosimetry

Activity (MBq of 177Lu-pentixather) 200 225 205 210

Specific absorbed dose (Gy/GBq 177Lu) Kidneys 1.1 1.1 0.8 1.6

Liver 0.5 0.4 0.3 0.5

Spleen 1.0 0.8 0.3 0.5

Bone marrow 0.6 0.6 0.4 0.3

Extramedullary lesion 1.6 1.4 1.9

Kinetics converted to 90Y† (Gy/GBq 90Y) Kidneys 4.5 4.8 3.7 5.8

Liver 1.6 1.4 0.9 1.3

Spleen 2.7 3.3 0.9 1.3

Bone marrow 1.4 1.5 1.3 1.0

Extramedullary lesion 4.2 4.6 7.3

RLT

Activity (GBq 90Y-pentixather) 4.2 4.9 5.1 4.6

Absorbed dose† (Gy) Kidneys‡ 11.2 14.0 11.3 15.9

Liver 6.6 6.6 4.4 5.9

Spleen 11.2 16.4 4.6 6.2

Bone marrow 5.6 7.2 6.5 4.8

Extramedullary lesion 17.4 22.4 33.2

*Patient 3 received 13.5 GBq of 188Re-anti-CD66 2 d after 90Y-pentixather.
†Estimate based on kinetics of 177Lu-pentixather in pretherapeutic dosimetry.
‡Assumed 40% reduction by coinfusion of amino acids (arginine/lysine).
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DISCUSSION

In the present case series, we demonstrated the feasibility of
CXCR4-directed RLT in patients with heavily pretreated and relapsed
or refractory TCL without suitable treatment options. Except for 1

patient experiencing tumor lysis syndrome
(not life-threatening) along with transient
grade 3 kidney failure, therapy was well toler-
ated, without any acute allergic reactions or
toxicity. Although 1 patient died from neutro-
penia 16 d after RLT, engraftment was ac-
hieved in the remaining 3 patients (with 1
patient receiving additional radioimmunother-
apy). Those patients demonstrated either a
partial or a complete metabolic response
(Fig. 1) and were alive at the date of censor-
ing (median survival, 54 mo). Thus, our
CXCR4-targeting theranostic approach may
serve as an effective part of conditioning ther-
apy before HSCT and can cause substantial
antilymphoma activity, leading to remarkable
responses in selected cases. Prospective phase
I and II studies are now urgently needed to
further corroborate our initial findings.
Similar to previous reports, we observed

no acute adverse events during therapy, ex-
cept for 1 case of tumor lysis syndrome
causing a transient and non–life-threaten-
ing grade 3 kidney failure (17). However,
given the increased CXCR4 expression in
hematopoietic stem and progenitor cells

within the bone marrow compartment (22), CXCR4 therapy led to
the desired cytopenia, whereas patients were also at increased risk
for infectious disease during follow-up. In our cohort, 1 patient
succumbed to sepsis (caused by Enterococcus faecium and Escheri-

chia coli) 16 d after RLT (patient 1). Such
lethal infections, however, are not uncom-
mon in the early posttransplantation phase
(23). In the remaining 3 patients, successful
engraftment could be achieved, along with
remarkable outcome benefits. In those pa-
tients demonstrating a complete metabolic
response (patients 3 and 4), no delay in
treatment plan occurred and all needed ther-
apeutic steps were performed as scheduled
(including CXCR4-directed RLT, complete
myeloablation, allogeneic HSCT, and suc-
cessful engraftment). Patient 2, however,
did not reach immediate successful neutrophil
reconstitution after CXCR4 therapy and autol-
ogous HSCT and had to undergo another con-
ditioning therapy with consecutive allogeneic
HSCT. However, an additional CD66-directed
188Re radioimmunotherapy may have been
used, as previously reported for diffuse large
B-cell lymphoma (16). As such, in patients
with an inadequate response to 90Y-pentix-
ather alone, such CD66-targeting radioimmu-
notherapies or treatment with a-emitters
(225Ac) could also be envisioned (24).
In lymphoma patients treated with total-

body irradiation, increasing doses are tightly
linked to improved response rates and sur-
vival (25,26). Such a trend was also
observed in the present investigation, such
as in patient 4, showing a lymphoma dose of

FIGURE 2. Time course of lactate dehydrogenase (LDH) (in U/L) as indicator of early response to
CXCR4-directed RLT. Dotted lines indicate RLT, start of conditioning therapy (CON), start of high-
dose therapy (HDT), or start of HSCT. Patient 1 (A) showed rapid and continuous decline in LDH after
CXCR4-RLT. Before next therapeutic steps, patient 2 (B) and patient 4 (D) exhibited remarkable
increase in LDH, followed by massive decline, supporting notion of immediate response to CXCR4-
directed RLT in those 3 patients. Patient 3 (C), however, demonstrated modest LDH fluctuations
between RLT and CON.

FIGURE 1. Complete metabolic response after CXCR4-directed RLT as conditioning regimen
before allogeneic HSCT (patient 4). Maximum-intensity projections and transaxial CXCR4-directed
68Ga-pentixafor PET/CT before (left) and 4 mo after (right) CXCR4-directed RLT using 90Y-pentix-
ather. Before therapy, patient demonstrated multiple CXCR4-positive sites of disease, including
nodal, peritoneal, and osseous manifestations, whereas posttherapy imaging revealed complete
response. Timeline of treatment is also displayed.
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up to 33.2 Gy and a complete response. This is in line with a previ-
ous investigation applying CXCR4-directed RLT for diffuse large
B-cell lymphoma, also reporting doses of 40 Gy in selected cases
(16). Although the critical renal dose of 23 Gy was not reached in
any of our patients, patient 4 developed tumor lysis syndrome along
with transient grade 3 kidney failure. Baseline 68Ga-pentixafor PET
had already revealed an extensive CXCR4-positive tumor load with
an SUVmax of up to 38.1 in selected target lesions (Fig. 1, PET quan-
tification not shown). Thus, despite all precautions due to prethera-
peutic dosimetry, those high-risk individuals with an extremely high
tumor burden and intense 68Ga-pentixafor signal should be closely
monitored. In this regard, future studies should also elucidate
whether PET-based quantification, such as of the SUVs or CXCR4-
avid tumor volumes, may hold potential to identify patients prone to
an increased risk of developing relevant off-target effects, includ-
ing tumor lysis syndrome. Such a quantification of pretherapeutic
PET may also allow estimation of tumor doses without the need
for time-consuming dosimetry or may even allow detection of
patients who are most likely to benefit from treatment, as recently
shown in the context of prostate-specific membrane antigen–tar-
geted RLT for prostate cancer (27). On the other hand, a recent
study did not observe a relevant tumor sink effect in oncologic
patients scheduled for CXCR4-directed 68Ga-pentixafor PET
(28). As such, in patients with advanced disease exhibiting a high
tumor load, no decreased uptake in normal organs was noted,
supporting the notion that tumor or normal-organ doses may be
better calculated from pretherapeutic dosimetry as performed in
the present study (28).
Our findings have to be interpreted with caution. In our cohort,

substantial overall survival was noted during long-term follow-up,
but CXCR4-directed treatment is part of a therapeutic algorithm
also including HSCT; thus, the effects of pentixather are difficult
to decipher from those of other concomitant therapies. Nonethe-
less, we observed either a continuous lactate dehydrogenase
decline or an increase followed by a rapid decrease in this blood
marker right after CXCR4-directed RLT, indicating a short-term
response to pentixather. Further ruling out the effects of concomi-
tant therapies is that patient 4 also demonstrated a reduction in
lymph node manifestations on CT before conditioning therapy
(Supplemental Fig. 1). The retrospective character and small num-
ber of patients should trigger future prospective studies. For
instance, the COLPRIT phase I and II trial aims to provide further
evidence on the impact of the theranostic concept using 68Ga-pen-
tixafor and 177Lu/90Y-pentixather in advanced blood cancers.

CONCLUSION

For relapsed, refractory TCL, CXCR4-directed RLT may serve
as an effective part of the conditioning regimen before HSCT and
can cause substantial antilymphoma activity, leading to a remark-
able response in selected cases. This feasibility study demonstrated
that further prospective phase I and II studies are needed, which
will define the role of implementing CXCR4-directed RLT in the
treatment algorithm of TCL patients.
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KEY POINTS

QUESTION: Can CXCR4-directed RLT exhibit substantial
antilymphoma activity and serve as a conditioning regimen before
HSCT in patients with refractory, relapsed TCL?

PERTINENT FINDINGS: Although 1 patient died from sepsis 16 d
after RLT, engraftment was achieved in the remaining 3 patients.
Those patients demonstrated either a partial or a complete
metabolic response and were alive at the date of censoring, with
a median survival of 54 mo.

IMPLICATIONS FOR PATIENT CARE: Our CXCR4-targeting
theranostic approach may serve as an effective conditioning
regimen before HSCT and can exhibit substantial antilymphoma
activity, leading to a remarkable response in selected cases.
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In the literature, up to 45% of neuroendocrine tumor (NET) patients
who are treated with 177Lu-DOTATATE peptide receptor radionuclide
therapy (PRRT) do not receive the intended cumulative activity of 29.6
GBq (800 mCi). The aim of this study was to analyze the efficacy of
submaximal activities of PRRT in patients who discontinued treatment
for non–disease-related reasons. Methods: We retrospectively in-
cluded patients with well-differentiated and advanced NETs who
underwent PRRT from 2000 until 2019 and did not receive 29.6 GBq
of 177Lu-DOTATATE. For comparison, we selected control NET
patients who received the intended cumulative activity of 29.6 GBq of
177Lu-DOTATATE between 2000 and 2012. Primary outcomes were
progression-free survival (PFS) and tumor response, and the second-
ary outcome was overall survival (OS). Results: In total, 243 patients
received 3.7–27.8 GBq. In 130 patients, the submaximal activity was
unrelated to disease (e.g., bone marrow and renal toxicity in 48% and
maximal renal absorbed dose in 23%), and they were included.
Patients receiving a reduced activity had more bone metastases, a
lower body mass index and albumin level, a higher alkaline phospha-
tase level, and fewer grade 1 tumors than the 350 patients included in
the control group. The disease control rate in the reduced-activity
group was 85%, compared with 93% for the control group
(P5 0.011). The median PFS (95% CI) was 23 mo (range, 21–26 mo)
for the reduced-activity group and 31 mo (range, 27–35 mo) for the
control group (P50.001), and the median OS (95% CI) was 34 mo
(range, 28–40 mo) and 60 mo (range, 53–67 mo), respectively (P ,

0.0001). With adjustment for relevant confounders in the multivariable
Cox regression analyses, cumulative activity was an independent pre-
dictor of both PFS and OS. Conclusion: In NET patients treated with
a cumulative activity of less than 29.6 GBq of 177Lu-DOTATATE,
PRRT was less efficacious in tumor response and survival than in
patients who received 29.6 GBq.

Key Words: cumulative activity; peptide receptor radionuclide ther-
apy; neuroendocrine tumor
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Neuroendocrine tumors (NETs) originate predominantly
from neuroendocrine cells in the bronchopulmonary system, the

gastrointestinal tract, and the pancreas (1). For patients with meta-
static disease, peptide receptor radionuclide therapy (PRRT) is an
established treatment option (2). PRRT with radiolabeled somato-
statin analogs targets somatostatin receptors that are frequently
present on the NET cell membrane. Currently, PRRT with [177Lu-
DOTA0,Tyr3]octreotate (177Lu-DOTATATE) is approved for well-
differentiated, progressive, or advanced gastroenteropancreatic
NETs (by the European Medicines Agency and the U.S. Food and
Drug Administration) and other foregut NETs (by the Food and
Drug Administration only).

177Lu-DOTATATE induced an objective response (complete
response or partial response) in 39% and disease control (objective
response or stable disease) in 83% of the patients with gastroentero-
pancreatic, bronchial, other foregut, and unknown primary NETs
who were treated with 22.2–29.6 GBq (3). The NETTER-1 trial on
patients with well-differentiated advanced midgut NETs showed
that 177Lu-DOTATATE plus long-acting octreotide results in a lon-
ger progression-free survival (PFS) than treatment with high-dose
octreotide. The dosing schedule of 177Lu-DOTATATE consisted
of 4 cycles of 7.4 GBq each, for a total cumulative activity of
29.6GBq. However, 23% of the patients did not complete these 4
cycles. Activity reductions were required in 7% of the patients
because of dose-limiting toxicities, but other causes for not complet-
ing the treatment and the outcomes in this subgroup have not been
reported (4). Other studies have reported that 5%–45% of patients
do not reach their intended full cumulative activity of PRRT (5–9).
Most often, PRRT is discontinued because of progressive dis-

ease or death (5,7–9), which evidently influences the response and
survival outcomes. The aim of this study was to analyze the treat-
ment response, PFS, and overall survival (OS) in patients who did
not receive the full cumulative PRRT activity for reasons unrelated
to the behavior of the tumor.

MATERIALS AND METHODS

Patients
For this retrospective analysis, we selected all Dutch patients with

gastroenteropancreatic and other foregut NETs who were treated
between 2000 and March 2019 with 177Lu-DOTATATE at Erasmus
MC and did not receive 29.6 GBq (800 mCi). Patients were excluded if
they had a grade 3 NET or neuroendocrine carcinoma or if PRRT was
administered in a neoadjuvant setting for local disease or in an adjuvant
setting. Patient files were searched for the reason for activity adjustment
and the clinical and tumor characteristics. Follow-up scans after PRRT
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were assessed for the treatment response according to RECIST, version
1.1. A subselection was made for patients in whom the activity reduc-
tion was not related to death, disease progression, or other reasons
directly related to their tumor burden. A group of patients who received
the maximum PRRT dosage was collected for comparison. For that
group, we selected prospectively characterized Dutch NET patients
who were enrolled in our phase 2 trial (3) from 2000 until May 2012,
for a follow-up of at least 3 y for PFS, and received 29.6 GBq of 177Lu-
DOTATATE. The same inclusion and exclusion criteria were applied
as for the patients who received less than 29.6 GBq. The tumor grade
before PRRT was retrospectively assessed for all patients by retrieving
the mitotic index or Ki-67% from pathology reports, applying the
WHO 2019 classification (10). Our local institutional review board
approved the phase 2 study, and all subjects signed an informed-consent
form; for patients treated after 2015, the need for written informed con-
sent was waived by the institutional review board.

PRRT
All inclusion and exclusion criteria and details of the preparation and

administration of 177Lu-DOTATATE were previously described (3).
The intended cumulative activity of 177Lu-DOTATATE was 29.6 GBq,
administered in 4 cycles with an interval of 6–10 wk between cycles. In
cases of dose-limiting toxicity, other adverse events, or precautions, the
administered radioactivity per cycle could be halved and the number of

cycles could be adjusted. PRRT was discontinued, and the intended
cumulative activity of 29.6 GBq was not reached, when dose-limiting
toxicities recurred or persisted longer than 16 wk. In patients treated
before 2008, the maximum cumulative activity was also reduced if the
calculated renal dose exceeded 23 Gy.

Follow-up visits were scheduled at 4–6 wk after each cycle and at
6 wk, 3 mo, 6 mo, and thereafter at 6-mo intervals after the last treat-
ment cycle. These visits included laboratory measurements (hemato-
logic, hepatic, and renal function tests) and imaging (CT or MRI).

Outcomes
Primary endpoints were PFS and tumor response for patients who

received the reduced activity for non–disease-related reasons compared
with patients who received the full PRRT activity. PFS was calculated
from the start of PRRT until disease progression or death from any
cause. PFS was censored when patients were lost to follow-up. Tumor
response was assessed according to RECIST, version 1.1 (11). The sec-
ondary endpoint was OS, calculated from the start of PRRT until death
from any cause. The survival status was updated until June 2021.

Statistics
The full-activity and reduced-activity groups were compared using

the x2 or Fisher exact test for categoric variables and the Mann–Whitney
U test or the t test for continuous variables. PFS and OS were analyzed

TABLE 1
Reasons for Submaximal Activity for All Patients Who Received , 29.6 GBq (n5243)

Reason n No. of cycles Cumulative activity (GBq)

Death between cycles 52 (21%) 1 (1–4) 7.4 (3.7–25.9)

Bone marrow toxicity 49 (20%) 3 (1–6) 22.2 (3.7–25.9)

Maximum kidney dose 30 (12%) 3 (3–4) 22.2 (18.5–27.8)

Intervening medical problems* 28 (12%) 2.5 (1–4) 16.7 (3.7–25.9)

Renal toxicity 14 (6%) 3 (1–5) 22.2 (7.4–22.2)

Progressive disease during PRRT 14 (6%) 2.5 (2–3) 16.7 (14.8–22.2)

Previous radionuclide therapy 9 (4%) 3 (2–3) 22.2 (14.8–22.2)

Protocol of 5 cycles of 5.55 GBq 7 (3%) 5 (5–5) 27.8 (25.9–27.8)

Reduced dose for safety† 6 (2%) 4 (4–7) 25.9 (22.2–25.9)

Clinical deterioration 5 (2%) 2 (2–5) 14.8 (11.1–25.9)

Patient request 5 (2%) 3 (1–3) 22.2 (7.4–22.2)

Low uptake on 111In-DTPA-octreotide scan 4 (2%) 1 (1–2) 7.4 (7.4–14.8)

Cognitive deterioration 3 (1%) 2 (1–2) 14.8 (7.4–14.8)

Other adverse events‡ 3 (1%) 3 (2–4) 22.2 (11.1–25.9)

External-beam radiotherapy 1 (0.4%) 3 22.2

Loss to follow-up 1 (0.4%) 2 14.8

Other§ 4 (2%) 1 (1–2) 7.4 (7.4–14.8)

Unknown 8 (3%) 4 (4–6) 25.9 (22.2–25.9)

*Ileus (n56), infections (n5 5), cardiac valve surgery (n5 4), myocardial infarction (n5 2), hypercalcemia due to PTHrp production
(n51), carcinoid crisis (n5 1), carcinoid heart disease (n5 1), analysis of pulmonary nodule (n5 1), breast carcinoma (n51),
gastrointestinal bleeding (n51), cerebrovascular event (n5 1), edema due to hypoalbuminemia (n5 1), admission elsewhere (n51),
multiple problems (n52).

†Reasons include prevention of carcinoid crisis (n52), prevention of tumor lysis (n5 1), large tumor load in liver (n5 1), or baseline
thrombocytopenia (n5 1) or were unknown (n51).

‡Increased abdominal pain (n52) or nausea and hair loss (n5 1).
§Unsafe administration due to radioactive contamination (n52), incompliance regarding planned visits (n5 1), or aim of treatment was

biochemical stabilization (n51).
Data are number and percentage or median and range.
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with the Kaplan–Meier method and the log-rank test. Cox proportional-
hazards analysis was used to calculate the adjusted hazard ratio of cumu-
lative activity for PFS and OS. We included the following known
prognostic variables in the multivariable analyses with a full model
approach (12): age, sex, body mass index, tumor origin (bronchial, pan-
creatic, gastrointestinal, or unknown primary), tumor grade (grade 1,
grade 2, or unknown), Karnofsky index, months since diagnosis, prior
treatments (somatostatin analogs, surgery, or chemotherapy), progres-
sion before PRRT, liver metastases, bone metastases, tumor uptake on
111In-diethylenetriaminepentaacetic acid (DTPA)–octreotide scintigra-
phy higher than kidney or spleen uptake, extent of disease (moderate,
limited, or extensive), albumin level, alkaline phosphatase level, and
year of treatment with PRRT. A 2-sided P value of less than 0.05 was
considered statistically significant. All analyses were performed with
SPSS Statistics (version 25, IBM Corp.) for Microsoft Windows.

RESULTS

Between 2000 and 2019, 243 NET patients received a cumulative
PRRT activity of less than 29.6 GBq. The median administered
activity was 18.5 GBq (range 3.7–27.8 GBq) administered in a
median of 3 cycles (range, 1–7). The main causes for discontinuing
PRRT included bone marrow toxicity, death in the course of PRRT
cycles, and reaching the maximum calculated renal absorbed dose
(Table 1). Patients who received a reduced activity because of pro-
gression, death, and other reasons related to their tumor burden
were excluded from further analysis, resulting in 130 patients with
reduced administered activity due to non–disease-related causes
(Fig. 1). The control group receiving the full PRRT activity of
29.6GBq numbered 350 patients.

Patient Characteristics
Table 2 shows the baseline characteristics of the reduced- and

full-activity groups. The subjects in the reduced-activity group

received an average of 3 cycles with a median cumulative activity
of 22.2 GBq (interquartile range, 18.5–25.9 GBq). The patients in
the reduced-activity group had a significantly lower median body
mass index and albumin level, a lower proportion of cases of
unknown primary tumor origin, more frequent bone metastases,
and a higher alkaline phosphatase level than the patients in the full-
activity group. In the reduced-activity group, a significantly lower
proportion of grade 1 tumors was also observed, although grade
was not available in half the subjects. In the reduced-activity group,
PFS and OS did not significantly differ between patients treated
before and after 2013.

PFS
The median PFS for the reduced-activity group (23 mo [95% CI,

21–26 mo]) was significantly shorter than for the full-activity group
(31 mo [95% CI, 27–35 mo]) (P5 0.001). PFS was further strati-
fied according to number of cycles. PFS increased with each higher
cumulative activity subgroup, from 19 mo (95% CI, 10–29 mo) for
14.8 GBq or less to 23 mo (95% CI, 20–26 mo) for 16.7–22.2 GBq
to 28 mo (95% CI, 18–38 mo) for 25.9–27.8 GBq (P5 0.038,
Fig. 2A). Cumulative activity was an independent predictor of PFS
in the multivariable Cox regression analysis, with a hazard ratio
(per 3.7 GBq) of 0.84 (95% CI, 0.76–0.93; P5 0.001).

Treatment Response
An objective response was reached in 39 (34%) patients in the

reduced-activity group and 141 (43%) patients in the full-activity
group (P5 0.100). Disease control was observed in 97 (85%)
patients in the reduced-activity group, compared with 305 (93%)
in the full-activity group (P5 0.011, Table 3).

OS
During follow-up, 115 (88%) patients in the reduced-activity

group and 287 (82%) patients in the full-activity group died (P5

0.088). The patients in the reduced-activity group had a median OS
of 34 mo (95% CI, 28–40 mo), which ranged from 25 mo (95% CI,
20–30 mo) for 3.7–14.8 GBq to 34 mo (95% CI, 29–40 mo) for
16.7–22.2 GBq to 51 mo (95% CI, 35–68 mo) for 25.9–27.8 GBq
(P5 0.018), and was shorter than in the full-activity group (60 mo
[95% CI, 53–67 mo]) (P , 0.0001, Fig. 2B). The adjusted hazard
ratio for all-cause death per 3.7 GBq of cumulative activity was
0.80 (95% CI, 0.73–0.87, P , 0.0001) in the multivariable Cox
regression.

DISCUSSION

177Lu-DOTATATE is a systemic treatment option for advanced-
NET patients (2). This treatment has been shown to induce disease
control in most patients (3) and—compared with treatment with
high-dose somatostatin analog—to prolong PFS (4). However, 23%
of patients in the NETTER-1 trial (4) and up to 45% of patients
in other studies (6) did not receive the optimum activity of 177Lu-
DOTATATE. To our knowledge, ours has been the only large
analysis of the efficacy of submaximal doses of PRRT with 177Lu-
DOTATATE as a result of PRRT toxicity and other non–NET-
related causes.
As described previously (5,7–9), death or progressive disease

(27%) and toxicity (26%) were the most prevalent reasons for a
submaximal PRRT dose in our cohort of 243 NET patients. Since
progression, death, and other NET-related adverse events influence
the treatment outcome, we selected patients who received a lower
activity for non–NET-related reasons for the efficacy analysis.

FIGURE 1. Inclusion and exclusion criteria for patients in the reduced-
activity group. SSTR5 somatostatin receptor.
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TABLE 2
Baseline Characteristics of All Included Patients

Variable Reduced activity (n 5 130) Full activity (n 5 350) P

Cumulative activity (GBq)

3.7–7.4 8 (6%) 0 ,0.0001

11.1–14.8 20 (15%) 0

16.7–22.2 69 (53%) 0

25.9–27.8 33 (25%) 0

29.6 0 350 (100%)

Number of cycles 3 (3–4) 4 (4–4) ,0.0001

Age (y) 60.6 6 11.6 60.0 6 10.3 0.562

Female 72 (55%) 163 (47%) 0.086

Body mass index, kg/m2 23.4 (20.9–25.9) 24.7 (22.3–27.3) 0.001

Tumor origin

Bronchial and thymus 11 (8%) 19 (5%) 0.131

Pancreatic 43 (33%) 98 (28%)

Gastrointestinal 63 (48%) 172 (49%)

Unknown 13 (10%) 61 (17%)

Tumor grade

Grade 1 NET 20 (16%) 91 (26%) 0.048

Grade 2 NET 39 (30%) 86 (25%)

Unknown 70 (54%) 173 (49%)

Karnofsky performance score 90 (80–95) 90 (80–100) 0.078

Time since diagnosis (mo) 22.8 (6.3–48.1) 14.9 (5.7–43.6) 0.253

Previous treatments

Somatostatin analogs 75 (58%) 205 (59%) 0.862

Surgery 59 (45%) 151 (43%) 0.660

External-beam radiotherapy 14 (11%) 24 (7%) 0.158

Chemotherapy 6 (5%) 27 (8%) 0.233

Progression before PRRT

Yes 68 (52%) 202 (58%) 0.113

No 28 (22%) 48 (14%)

Unknown 34 (26%) 100 (29%)

Liver metastases 114 (88%) 318 (91%) 0.304

Bone metastases 38 (29%) 61 (17%) 0.005

Uptake on 111In-DTPA-octreotide scan*

Lower than liver 1 (1%) 3 (1%) 0.803

Equal to liver 7 (6%) 23 (7%)

Higher than liver 79 (67%) 216 (62%)

Higher than kidneys/spleen 31 (26%) 108 (31%)

Extent of disease†

Limited 13 (11%) 37 (11%) 0.861

Moderate 83 (71%) 257 (73%)

Extensive 21 (18%) 56 (16%)

Creatinine (mmol/L) 73 (61–90) 74 (63–85) 0.861

Albumin (g/L) 42 (40–45) 43 (40–46) 0.001

Alkaline phosphatase () 136 (87–214) 105 (77–160) 0.001

Chromogranin A (mg/L) 445 (166–1,859) 491 (143–2,349) 0.972

*In 12 patients of reduced-activity group, 68Ga-DOTATATE PET/CT was performed.
†Scored on 111In-DTPA-octreotide scintigraphy: limited 5 up to 5 sites in 1 part of body (head/neck, chest, upper abdomen, lower

abdomen); moderate 5 multiple sites in up to 2 parts of body; extensive 5 multiple tumor sites in more than 2 parts of body.
Data are number and percentage, median and interquartile range, or mean 6 SD.
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The most prevalent causes for the patients included in the reduced-
activity group were bone marrow toxicity, reaching the maximum
calculated renal dose, and renal impairment, indicating that the
bone marrow and kidneys are the dose-limiting organs (13).
Although the treatment response and PFS of patients treated with

a submaximal activity of PRRT were lower than in the full-activity
group, a disease control rate (DCR) of 85% and a median PFS of

23mo were still observed. The median OS of 34 mo, however, was
significantly shorter than in the full-activity group (60 mo). This
substantial difference could potentially be explained by the obser-
vation that patients with presumably more severe disease (i.e., more
grade 2 tumors and bone metastases, increased alkaline phosphatase
level, and lower body mass index and albumin) seemed to be at risk
for discontinuing PRRT. In the literature, a higher tumor grade (14)
and, possibly, the presence of bone metastases (5,15–17) and a
lower body mass index or worse nutritional status (18) negatively
influence prognosis. There is no clear evidence of an association
between bone metastases and the risk of PRRT-induced bone mar-
row toxicity (19,20). Furthermore, because no scoring system for
the extent of bone metastases was implemented, there might be a
large variability in the extent of bone metastases. Nonetheless, the
cumulative activity had a dose-dependent effect on PFS and OS,
which in the multivariable Cox regression analyses was confirmed
to be independent from other important confounders that potentially
influence the cumulative activity and the outcomes. Therefore, our
study indicates an independent, incremental, and causal relationship
between prognosis and cumulative activity.
Tumor response after PRRT has been shown to correlate with

administered radioactivity (5,21). Hamiditabar et al. (6) reported a
DCR of 59% in the total group of 132 patients who had at least 1
cycle (7–44 GBq) and a follow-up scan, and a DCR of 86% in the
subgroup of 28 patients who completed at least 4 cycles (29–44
GBq). Patients who died or voluntarily withdrew during PRRT
were excluded from their analysis, but it is unclear what the reasons
were for not completing PRRT. In the phase II studies of Sansovini
et al. (22) and Paganelli (23) et al., administration of a cumulative
activity of 18.5 or 25.9 GBq was based on the presence of potential
risk factors for renal or hematologic toxicity. In the 32 pancreatic
NET patients treated with a reduced activity, a DCR of 78%, a
median PFS of 22 mo, and a median OS of 64 mo were observed,
compared with a DCR of 86%, a PFS of 53 mo (P5 0.353), and a
median OS not reached (P5 0.007) in the 28 patients in the full-
activity group (22). The treatment response after 18.5 GBq was
comparable to our observations in the reduced-activity group,
although the OS of 64 mo was much longer than the 34 mo in our
cohort. However, in the 43 gastrointestinal NET patients aimed for
treatment with 18.5 GBq, both the median PFS and the median OS
were not reached after a median follow-up of 38 mo, and the treat-
ment response and OS were equal between the 18.5- and 25.9-GBq
groups (23). In our study, power was insufficient to calculate differ-
ences stratified for primary tumor site. These studies are not fully
comparable to our study because the different administered cumula-
tive activities were intentional before the start of PRRT and patients
who stopped PRRT for reasons other than progressive disease were
excluded from efficacy analyses.
Given the clear dose response observed until the current maximal

activity, PRRT using higher activities should be investigated in
future trials. In 2 prospective trials, the efficacy of increasing the
individual cumulative activities was studied. In the study of Del
Prete et al. (24), in which the activity per cycle was based on renal
function and body surface area for the first cycle and subsequently
on renal dosimetry, the activity was increased in 85% of the patients
completing at least 3 cycles. A median 1.26-fold increase in ab-
sorbed tumor dose was observed, without increased toxicity rates.
Garske et al. (25) based the number of cycles on the bone marrow
and renal doses. Half the study population received 5–10 cycles,
and the treatment response was better when the renal dose of 23 Gy
was reached. However, in 22% of the patients, PRRT was stopped

FIGURE 2. PFS (A) and OS (B) of full-activity group (29.6 GBq) com-
pared with reduced-activity group (3.7–27.8 GBq), stratified for different
cumulative-activity categories. P values were calculated with log-rank
test.

TABLE 3
Radiologic Tumor Response According to RECIST 1.1

Variable*
Reduced activity

(n 5 130)
Full activity
(n 5 350) P

Complete response 3 (3%) 9 (3%) 0.061

Partial response 36 (32%) 132 (40%)

Stable disease 58 (51%) 164 (50%)

Progressive disease 17 (15%) 23 (7%)

*Best response was not evaluable in 16 patients from reduced-
activity group and 22 patients from full-activity group.

Data are number and percentage.
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because of bone marrow toxicity. These personalized dosing strate-
gies may help optimize the efficacy of PRRT, but future research
should also focus on preventing PRRT-related toxicities that are
dose-limiting. A further interesting possibility emerging from the
present analysis could be that after some recovery from toxicity, an
increased activity might prognostically be of benefit in selected
patients. However, this possibility should be the subject of future
research.
Although the present findings are compelling, as with any retro-

spective study there may be other, not immediately evident or
unknown, confounding issues that could not be adequately con-
trolled for. One particular limitation of our study is the lack of
tumor grade in half the subjects, because until 2007 it was not
common practice to consistently report the Ki-67% or mitotic
count. Moreover, although most patients were participants in the
prospective phase II trial that included the main outcomes of this
study, we retrospectively selected the patients and included pa-
tients for the reduced-activity group who had PRRT after the
phase II trial to increase the sample size. As a consequence, there
might have been a selection of patients with different characteris-
tics, because alternative treatment options for PRRT became avail-
able (26–30) and the availability of 68Ga-DOTATATE PET/CT
could have influenced the detection of metastases (31). We tried to
correct for this possibility by adding the year of treatment with
PRRT to the regression analyses. Furthermore, regarding another
limitation caused by the retrospective nature of the present work,
it would have been interesting to perform an explanatory dosimet-
ric analysis in this patient group to clarify the influence of cumula-
tive activity in more detail. Unfortunately, in most patients, only a
single posttherapy scan was acquired, thus precluding accurate
dosimetric evaluations.
Despite the limitations of this study, the data compellingly

show that patients are likely to benefit from striving toward com-
pleting a full 29.6-GBq PRRT regimen. In the light of these find-
ings, it appears that only serious medical complications of PRRT
or unwillingness of the patient to undergo further cycles would
constitute appropriate grounds for discontinuation of PRRT.
Whether such medical reasons can be expressed in a discrete or
continuous classifier may be an interesting direction for future
research.

CONCLUSION

The cumulative administered activity of 177Lu-DOTATATE
may have an important, incremental, and independent effect on the
response to and survival after PRRT. Therefore, it appears emi-
nently sensible to strive for achieving a cumulative therapeutic
activity of 29.6 GBq of 177Lu-DOTATATE if medically possible.
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KEY POINTS

QUESTION: What is the efficacy of submaximal doses of
177Lu-DOTATATE given for non–NET-related reasons?

PERTINENT FINDINGS: In this retrospective analysis of 350 NET
patients who received 29.6 GBq, compared with 130 NET patients
who received 3.7–27.8 GBq for non–NET-related adverse
events (mainly bone marrow and renal toxicity), we observed a
statistically significant lower PFS, DCR, and OS for the patients
receiving submaximal activities.

IMPLICATIONS FOR PATIENT CARE: Clinical practice and future
research should focus on preventing PRRT-related dose-limiting
toxicities in order to administer the optimal dose.
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Growing interest in PSMA imaging using [68Ga]- or [18F]-labeled ligands
and PSMA-based radioligand therapy (RLT) of prostate cancer (PCa)
prompted us to survey the global community on their experiences and
expectations. Methods: A web-based survey was composed to inter-
rogate areas specific to PET imaging, the clinical value chain, and RLT
applications. International responses were collected in early 2022. In
total, over 300 valid responses were received and evaluated. Results:
Most responses (83%) were given by nuclear medicine specialists
with extensive experience in PET. At 22% of sites, PCa ranked “top” in
cancer-type–specific PET indications, with an average and median of
15% and 10% of all cases, respectively. The most frequently used
PSMA PET tracers were [68Ga]PSMA (32%) and [18F]PSMA-1007
(31%). Users reported a steady growth in PSMA PET and RLT over the
past 5 y, averaging 50% and 82%, respectively, with a further 100%
median growth projected over the next 5 y. Of note, more respondents
indicated cognizance of personalized dosimetry than actually used it
routinely. The most commonly identified barriers to future growth in
PCa theranostics were radiopharmaceutical supply, reimbursement,
staff availability, and buy-in of medical oncologists. Conclusion:
Despite enthusiasm, this survey indicates variable adoption of PSMA
imaging and RLT globally. Several challenges need to be addressed by
the medical community, authorities, and patient advocacy groups in
integrating PSMA-targeted theranostics into personalizedmedicine.
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Theranostics, diagnostic radiopharmaceuticals guiding radioli-
gand therapy (RLT) (1), has long been embedded in nuclear medi-
cine in the form of radioiodine imaging and therapy. Whole-body
evaluation of target expression using PET of highly specific tracers
identifies patients likely to benefit from RLT (2). Theranostics para-
digms have generated broad interest among health-care providers

(3,4) and led to substantial investments by the pharmaceutical
industry.
RLT targeting the prostate-specific membrane antigen (PSMA RLT)

has attracted particular attention (5). Diagnostically, this theranostic par-
adigm has been facilitated by the emergence of PSMA PET ligands
that enable highly sensitive detection of metastatic disease (6), which is
a major cause of morbidity and premature death from prostate cancer
(PCa) that has become castration-resistant (7). In prospective studies,
PSMA PET is superior to conventional staging procedures at both ini-
tial diagnosis (8,9) and in the setting of biochemical recurrence (BCR)
(10) and has been included in the recently revised National Comprehen-
sive Cancer Network (NCCN) guidelines and approved for reimburse-
ment by U.S. Medicare. Accordingly, PSMA-based PET, combined
predominantly with CT (PET/CT) but also, due to more restricted avail-
ability, with MRI (PET/MRI), is becoming a standard of care for the
evaluation of high-risk PCa (11,12).
The high PSMA expression in most metastatic, castration-resis-

tant prostate cancer (mCRPCa) has encouraged the development of
agents with suitable pharmacokinetics for RLT, typically labeled
with 177Lu but also with other radionuclides including the a-particle
emitter 225Ac (13). Prospective trials have demonstrated safety and
efficacy in heavily pretreated and often refractory disease settings
(14,15) and have been further reinforced by the results of the TheraP
(16) and the more recent VISION (17) trials. These studies have
recently led to regulatory approval of PSMA-617 (Pluvicto;
Novartis) by the Food and Drug Administration (FDA), represent-
ing the first targeted RLT for treatment of progressive, PSMA-
positive mCRPCa. With FDA approval of [68Ga]-PSMA-11,
which is now available as a cold kit formulation (Illuccix; Telix),
and [18F]-Pyl, both diagnostic and therapeutic arms are now acces-
sible for clinical use.
As these studies have captured the attention of the urologic com-

munity (18–20), the authors felt it was timely to investigate the status
of PCa theranostics globally and to assess perceptions regarding
future evolution and define barriers to its broader clinical application.

MATERIALS AND METHODS

Survey
The survey comprised 46 questions, including multiple-choice and

free-text formats (Supplemental Appendix 1; supplemental materials
are available at http://jnm.snmjournals.org) prepared in SurveyMonkey
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(https://www.surveymonkey.de/r/psma-pet_2022) and launched in early
2022 via an email distribution list by the German Association of Nuclear
Medicine (DGN) and European Association of Nuclear Medicine (EANM)
Newsletters in early January. The invitation to participate in the survey
came with introductory text explaining the objective of this survey and
seeking participation. The survey invitation was extended to key contacts
in Australia and, at the suggestion of the International Atomic Energy
Agency (IAEA), to Japan, Korea, South Africa, and Chile later in January.
Invitees were asked to disseminate the link among their professional net-
works. The survey was closed in late February without reminders being
issued. All data entries were stored in xls-format and transferred to the
authors for data analysis.

Survey Structure
The survey had 5 categories: Section A (General PET imaging)

detailing routine PET experience; Section B (Prostate cancer–specific
PET imaging) interrogating PSMA PET; Section C (Reporting and
clinical value chain) surveying operational aspects of diagnostic work-
up of PCa; Section D (Theranostics and dosimetry), regarding inte-
grated theranostics; and, finally, Section E (Demographics), collecting
information regarding the respondent’s professional background and
geographical location.

Data, Data Entry, and Extraction
Overall, 384 independent surveys were submitted. As this survey

was targeted at an audience familiar with, and active in, providing
PSMA PET imaging in routine clinical scenarios, we assumed that
either questions 6 (Annual PET studies for PCa) and 7 (Annual PET
studies for all other cancers), or question 8 (Fraction of annual PET
for PCa?) should have elicited a positive response (Supplemental
Appendix 1). Forty-five entries did not contain that information and
were removed before analysis. Further, multiple entries from the same
site were reduced to 1 entry per site using a random number generator
to deselect 11 of 22 entries with identical IP addresses. On the basis of
these assumptions, 328 completed forms were analyzed.

Reporting Results
We report average values of numeric entries per category and pres-

ent key results in graphical format. Entries that permitted for free-text
entry were summarized in commentaries highlighting key phrases.

RESULTS

Demographics (Fig. 1)
The highest number of valid responses was from Europe (66%)

followed by Asia-Pacific (APAC) (15%) and the Americas (9%).
About half of all responses originated in university hospitals
(52%); the remainder were from private practice (20%), academic
centers (8%), community hospitals (15%), and other (5%). Over
80% of respondents were nuclear medicine specialists, with 11%
from dual-certified specialists, 4% from radiologists, and 2% from
others (medical physicists, technologists, radiopharmacists).

General PET Imaging
Three hundred thirteen of 328 (95%) of respondents were actively

involved in clinical PET, with up to 35 y (mean 6 SD, 14 67 y;
median, 7 y) of experience. An overwhelming majority (322/328,
98%) indicated oncology to be the primary focus of their program,
with key indications being staging (51%), restaging (30%), and ther-
apy monitoring (19%).
At the time of the survey, sites were acquiring an average of

3,000 PET scans per year (maximum, 25,000) with 15 615% for
PCa evaluation. PET throughput for PCa was variable but most
sites reported acquiring fewer than 300 Pca PET scans per year

(Fig. 2). On average, sites obtained 15 614% of their annual PET
workload for PCa diagnosis (range [0–100]%), with 22% sites
reporting this to be the highest cancer-specific clinical indication,
whereas 39% reported it to be lowest tier.

Prostate Cancer and PET Imaging
Of those using PSMA PET imaging routinely, one quarter each

used it for staging and BCR. Between 13% and 16% of sites used
PSMA PET for patient selection for RLT and for monitoring
response to systemic therapy (Fig. 3A). A very small number of
sites (4%) reported other-use cases, such as increase of prostate-
specific antigen levels greater than 20% and follow-up after cura-
tive intent radiotherapy (21).

FIGURE 1. Demographics: most valid responses came from Europe
(66%) (A), originated from university hospitals (52%) (B), and were given
by nuclear medicine (NM) specialists (83%) (C).
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Sites used mainly [68Ga]PSMA ligands (32%) and [18F]-PSMA-
1007 (31%), with the remainder using [18F]choline (7%) and
[18F]DCFPyl (2%). Only 1 site was routinely using fluciclovine.
Less than 9% reported use of other tracers or combinations thereof.
Unfortunately, 19% reported no tracer specifically, even though
they claimed a significant portion of PET scans being obtained for
PCa patients. A small number of sites (7%) reported additional use
of [18F]FDG PET, whereas 26% never perform separate [18F]FDG
examinations; 41% and 26% reported an add-on [18F]FDG scan to
be obtained rarely or sometimes, respectively.
One third of the users stated that they did not have sufficient PET

imaging capacity to address patient needs; the remainder reported
sufficient capacity. Figure 4A illustrates the wide range of waiting
times across responding sites (1 to 120 d, with a mean of 17 6 16 d;

median, 10 d). Of note, the median waiting
time varied considerably between 7 and 21 d
across geographic regions, with the longest
waiting time at sites in Africa (Fig. 4B).
Most (60%) respondents reported a change

in tracer use over the past 5 y. This included a
shift from [18F]-choline to PSMA (both, 68Ga-
and 18F-labeled), the adoption of [18F]PSMA-
1007, and occasional use of [99mTc]PSMA
(4 sites). Three sites reported a change from
[18F]-labeled PSMA to [68Ga]PSMA.
Growth rates over the past year were esti-

mated to be between 10% (Europe) and
25% (Americas) for PET imaging in general
and similar for PSMA PET imaging, with
the exception of higher growth in the Middle

East and Africa (30% each). Midterm growth of PSMA PET imag-
ing is anticipated to increase substantially: Europe (50%), Middle
East (45%), APAC (60%), Africa (100%), and Americas (85%).

Reporting and Clinical Value Chain
About 50% of respondents stated that reporting times for PSMA

PET were similar to those of [18F]FDG PET, whereas 45% and 5%
stated it to be shorter and longer, respectively. For more complex sit-
uations, such as for treatment selection and response assessment,
44% stated that reporting time did not change significantly, whereas
45% and 11% reported on moderately and significantly increased
times, respectively. The key factors leading to increased reporting
times included “unspecific PSMA expression in bone,” “unspecific
uptake in lymph nodes,” “inflammatory processes,” “interpreting low

grade uptake in prostate s/p treatment,” and
“liver metastases.”Additionally, teaching gaps
(“using new guidelines on reporting on PSMA
PET”) and structural inefficiencies (“lack of
clinical information”) were described.
Standardized reporting is used by 37%

sites, whereas 30% plan to do so shortly; the
remaining third (32%) do not use standard-
ized reporting. When standardized reporting
is used, 49% suggested the use of a local, in-
house standard, whereas 51% used published
standards, most frequently: PROMISE (22)
and E-PSMA (23). Very few responders re-
ferred to the use of miRADS criteria (24).
With respect to CT acquisition parameters of
the PSMA PET/CT imaging protocols, most
sites (77%) use a low-dose CT only, whereas
only 15% of the sites reported the use of
contrast-enhanced CT in urogram phase as
part of their standard CT acquisition protocol.
Most responses on capacity limitations

centered on expansion of imaging infrastruc-
ture (PET/CT and PET/MRI), radiopharma-
ceutical availability, and adequate staffing
(physicians, technologists, or radiographers)
to meet demands. For RLT, access to 177Lu-
PSMA was a constraint. Of note, 1 response
said “… By far the most important [require-
ment] will be the education of referring physi-
cians about PSMA PET/CT imaging.”

FIGURE 2. (A) Logarithmic display of annual PET scan numbers for PCa versus all PET; each dot
represents 1 reporting site. (B) Most sites (105) obtain up to 100 scans for PCa per year with only
very few (18) sites obtaining more than 1,000 PET scans for PCa. The number of PET scanners per
site was unknown.

FIGURE 3. (A) Key indications for PSMA-PET imaging in [%]sites. (B) Use of PET imaging tracer
portfolio across valid responses. dx5 diagnosed; pats5 patients; pls5 please.
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Participants in this survey appeared hesitant to adopt 99mTc-
PSMA, considering it appropriate only for image-guided radiosur-
gery and requiring wider availability at lower costs.

Theranostics and Dosimetry
Forty-eight percent of respondents performed 177Lu-PSMA

RLT. Of these, 44% believed personalized dosimetry to be poten-
tially “valuable,” but only one third (36%) of these respondents
actually do it, with 20% thinking it not useful and 36% not being
sure. Only 1 site reported that RLT would be adjusted if advised
by the dosimetry calculation.
Figure 5 shows that of sites providing RLT, most used 177Lu-

PSMA-617 (52%) or 177Lu-PSMA-I&T (31%). A small fraction
also reported using 225Ac-labeled PSMA-617 (10%) and I&T
(7%). There was variable throughput across sites, with an average
of 134 6 333 cycles per year (median, 50). One site each in South
Africa, India, and Germany reported 1,000 or more therapy cycles
annually. Figure 6 indicates that anticipated short-term growth
rates of PSMA-based therapies were more variable than midterm
growth rates, which are expected to double.
Close to 60% sites receive PSMA RLT agents from external sup-

pliers, the remainder compounding on-site. On average, two thirds of
the respondents performed PSMA-based therapy for a VISION- (17)
or TheraP- (16) like population, a quarter for mCRPCa patients before
chemotherapy, and 20% each for castration-sensitive metastatic dis-
ease and other indications (Fig. 7). The medians were 43%, 14%,
25%, and 25%, respectively. Almost all theranostic users performed
posttreatment imaging (85%). When done, 38% used that information

to abbreviate treatment and 18% for treatment extension, but 42%
were “not sure” why. Most responses (60%) stated that there will
likely be other radionuclides, particularly a-emitting 225Ac, that will
compete clinically with 177Lu.
Regarding key challenges to clinical theranostics in PCa, most

responses commented on the high costs of the radiopharmaceuticals
and limited reimbursement. Equally important, people voiced con-
cerns over their interaction with oncologists and urologists (e.g.,
“referral by oncologists who prefer multiple lines of chemo,”
“attitude of the oncologists,” “Integration with oncologist and urol-
ogist in the indications and management of patients,” “Convince
medical oncologists to refer the cases earlier than after trying multi-
ple chemotherapies,” “…When we treat when patient is almost
bed ridden the results are not better and we cannot assess the
survival”). There was frequent mention of the need for broader edu-
cation and training. Another frequently highlighted challenge is
that of “heterogeneous response” of patients and that of “toxicity”
of treatment. Less frequently mentioned challenges included the
paucity of randomized controlled trials, the wish for combination
therapies, the need for clearer instructions on patient selection for
RLT, industry support, and capacity building.

FIGURE 4. (A) Typical waiting times for prostate cancer patients to
undergo a PSMA PET imaging examination across all responding sites
(valid responses only). Waiting times range from 1 to 120 d, with a median
of 10 d. (B) Median waiting times varied across continents between 7 d
(APAC and Middle East) and 21 d (Africa).

FIGURE 5. Reported frequencies (%) of radiopharmaceuticals for RLT.

FIGURE 6. Median growth rates (%) for Lu-PSMA RLT for 2021 (21 y)
and 2023 (11 y) across responses from 5 continental regions. Growth
rates were expected highest for Africa and Middle East.
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DISCUSSION

This survey gathered a significant number of responses from
around the globe. Most responses were provided by nuclear medi-
cine specialists who were primarily based at academic centers,
particularly in Europe (Fig. 1), and generally from well-established
clinical PET programs (Fig. 2). With favorable compassionate
access regulations allowing use of these PSMA ligands in Ger-
many and Australia in particular, the current responses are likely
to have been somewhat biased by “early adopters” of these agents.
Experience elsewhere, particularly the broader European and
North American nuclear medicine communities, for which access
only became more recently available primarily through industry-
sponsored trials, may be less well represented.

Despite this potential limitation, this survey provides a useful
snapshot of the current status of PSMA-based theranostics globally
and, importantly, suggests high expectations of growth (Fig. 6). This
optimistic perspective notwithstanding, the surveyed parties identi-
fied the need for increasing staffing resources, wider reimbursement,
the adoption of standardized protocols, and expanded training—to
name a few—as challenges confronting their clinical practices.
The most frequent indications for PSMA PET (Fig. 3A) were BCR

and initial staging, primarily for the detection of otherwise occult me-
tastatic disease in intermediate- to high-risk primary disease rather
than diagnosis per se. The tracers reported to be most routinely in use
were [18F]-PSMA-1007 (25) and [68Ga]PSMA-11 (26) (Fig. 3B).
Despite being available in several European jurisdictions for some
time before access to PSMA ligands, choline-based PET (7%) has
been largely replaced by PSMA due to evidence of enhanced sensitiv-
ity (27). Interestingly, only 1.5% of the surveyed sites reported the
use of [18F]-DCFPyL (28), which is not yet widely available in
Europe. After FDA approval, DCFPyl is now finding penetration in
North America and Australia. In Europe, the ability to source [18F]-
labeled agents made under good-manufacturing-practice conditions
may have affected the pattern of use of PSMA-1007 versus [68Ga]-
PSMA-11 and I&T. The reduced urinary excretion of PSMA-1007
has been promoted as one of the advantages of this agent over other
PSMA ligands, but this is somewhat offset by higher liver paren-
chyma activity, potentially limiting detection of hepatic metastases,
and concerns regarding its specificity for bone metastasis (29). Ir-
respective of the PET tracer in use, waiting times for patients were on
the order of 10 to 20 d (range, 1–120) (Fig. 4A).
Respondents recognized a need for approved indications of

PSMA imaging to be broadened, especially for therapeutic guid-
ance in advanced PCa, including selection of patients for PSMA
RLT, which, in turn, would necessitate a corresponding increase
in imaging capability. This also could imply an increasing role for
[99mTc]-labeled PSMA tracers, which are currently mainly advo-
cated for radioguided surgery (30). The focus on use of PSMA
imaging for treatment selection was, perhaps, driven by the obser-
vation that about half of the responses came from sites with com-
prehensive theranostics programs.
When considering issues of service delivery, these were again

probably influenced by the nature of nuclear medicine practice in
Europe, where PET and therapeutic nuclear medicine are substan-
tially delivered by physicians in hospitals with academic affiliations
rather than by radiologists working in the private sector. This may
account for contrast-enhanced (ceCT) in urogram phase being per-
formed at only 15% of sites surveyed and standard contrast-enhanced
ceCT in just over half of sites. By differentiating between ureteric
and adjacent nodal uptake (31), ceCT in the urogram phase is more
likely to assist the interpretation of [68Ga]PSMA-11 or [18F]-DCFPyL
PET images for the higher renal excretion of these tracers than that
with [18F]-PSMA-1007. Further, delayed CT imaging after urinary
clearance may, however, assist with such agents. These nuances of
CT protocols were not further interrogated in this survey. Neither was
query done with regard to the use of PET/CT versus PET/MR in
bespoke clinical indications. It is anticipated that as PSMA PET/CT
and PSMA PET/MRI become more widely available in the United
States, where most nuclear medicine specialists are also radiologists,
and RLT is also adopted by radiation oncologists, the patterns of use
and imaging protocols adopted may well change. A follow-up survey
will be useful to document changing practice.
Considering therapy, growth rates in Lu-PSMA RLT over the

short term were highest in the Americas (.60%), possibly because

FIGURE 7. Key indications for 177Lu-PSMA therapies at sites engaged
in RLT: (category 1) VISION- or TheraP-like population, (category 2) cas-
tration-resistant patient prechemotherapy, (category 3) castration-sensi-
tive metastatic disease, and other. The majority (42%) caters to VISION
trial– or TheraP-like populations (blue bars, category 1).
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they are coming off a relatively low base with previously limited but
now expanding accessibility (Fig. 6). Annualized growth is expected
to stay as high as 100% over the next 5 y, with slight variations
across the globe. Nonetheless, to sustain such impressive growth,
even if estimated solely from throughput numbers on site, costs for
RLT must be brought down or effectively buffered by reimburse-
ment schemes in countries with high gross domestic products and
universal health-care coverage. Barriers to reimbursement were per-
ceived to include the generation of prospective data demonstrating
the efficacy of theranostic approaches in impacting PCa manage-
ment and improving patient-important outcomes. Further obstacles
in full implementation of PSMA theranostics were noted to be a
need for broader training and education as well as a closer and
respectful cooperation with urologists and oncologists (32).
Although almost half of the responding sites (48%) commented

that they are currently performing Lu-PSMA therapy onsite, the
use of posttreatment dosimetry for adjusting administered activity
appears to be limited. Just over 40% thought of personalized
dosimetry as being of great use. However, only one third (36%) of
those who do perform Lu-PSMA therapy and indicated personalized
dosimetry as being important, performed it routinely (Fig. 5A).
The reasons for this could not be deduced from this survey.
Surveys are generally limited by the relatively small response

rates. Here, the rate was estimated to be around 3% of the size of
the targeted participants. Although low, this is similar to surveys
conducted previously by some of the contributing authors (33,34).
As noted above, there seems to have been a predilection for
responses being received from sites with established and relatively
high-volume PET programs in academic centers in Europe and
with substantial experience already in PSMA theranostics. Never-
theless, the experience and perspectives of these early adopters is
likely to be helpful in informing the broader nuclear medicine
community and new entrants into the field. Should this survey
be repeated in 2–3 y, urologists and radiation oncology experts
should be included as a target audience given their rising interest
in engaging in the application of therapeutic radioligands. In this
regard, the nuclear medicine community is encouraged to continue
considering publication of original research and reviews in urol-
ogy and oncology journals to increase awareness and broaden edu-
cation of both providers and users of these technologies.

CONCLUSION

This international survey attests wide global interest in PET-
based diagnosis and RLT for PCa. Currently, most sites use [18F]-
PSMA-1007 or [68Ga]PSMA-11 for BCR and staging primary
PCa. Respondents expected a median growth in PSMA PET imag-
ing of 50%–100% across the globe. Half of the responses came
from sites that also engage in RLT, but many fewer sites use
dosimetry. Results from this survey call for capacity building and
engagement of urologists and oncologists while ensuring wider
availability of radiopharmaceuticals at lower costs and with broader
reimbursement.
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KEY POINTS

QUESTION: What is the current global status of PSMA
theranostics in management of prostate cancer?

PERTINENT FINDINGS: With some regional variations, PET
imaging and PSMA-based RLT are gaining momentum globally
but face several obstacles to widespread accessibility.

IMPLICATIONS FOR PATIENT CARE: Capacity building, training,
user-friendly quantitative imaging, and improved treatment
protocols to address heterogeneity of response are required for
sustained growth of PSMA-theranostics.
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B R I E F C O M M U N I C A T I O N

177Lu-PSMA for Extended Treatment of Metastatic
Castration-Resistant Prostate Cancer

Thorsten Derlin, Liam Widjaja, Rudolf A. Werner, and Frank M. Bengel

Department of Nuclear Medicine, Hannover Medical School, Hannover, Germany

Our objective was to evaluate the feasibility, additional benefit, and
toxicity of extending prostate-specific membrane antigen (PSMA)–
targeted radioligand therapy in patients with metastatic castration-
resistant prostate cancer. Methods: From 208 patients treated with
177Lu-PSMA every 6–8 wk, 26 who had not progressed and not expe-
rienced grade 3 or higher toxicity after 6 cycles continued to receive
177Lu-PSMA until disease progression, complete remission, or removal
from treatment because of toxicity or patient preference. Response
rates, the additional benefit of treatment extension, and toxicity were
assessed. Results: During treatment extension (#13 cycles), 50%
of patients achieved an additional prostate-specific antigen decline
(252%6 34%; range,21% to2100%), with 8% of patients achieving
a congruent prostate-specific antigen–based and imaging-based com-
plete response. Median progression-free survival was 450 d. Acute tox-
icity, including myelosuppression, was mild (#grade 2). Xerostomia
and chronic kidney disease becamemore common with repetitive dos-
ing. Conclusion: Extension of 177Lu-PSMA treatment is feasible and
effective in metastatic castration-resistant prostate cancer.

KeyWords: prostate-specificmembrane antigen; PSMA; 177Lu-PSMA;
duration; treatment extension; therapy
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Prostate-specific membrane antigen (PSMA)–targeted radioli-
gand therapy (RLT) has been shown to induce high prostate-specific
antigen (PSA) response rates and to prolong imaging-based progres-
sion-free survival and overall survival when added to standard care
in patients with advanced metastatic castration-resistant prostate can-
cer (mCRPC) (1,2). The standard RLT regimen consists of intrave-
nous infusions of 177Lu-PSMA for 4 cycles, with 2 additional cycles
(#6 cycles in total) administered to patients having evidence of
response (1,3). This standard 4-cycle regimen was chosen empiri-
cally, on the basis of limited experience and in the absence of indi-
vidual dosimetry (4,5).
In a post hoc analysis of the Mainsail study, the total number of

delivered docetaxel cycles was an independent factor for overall sur-
vival. Patients who received more than 10 cycles of docetaxel had a
higher median overall survival (6). In other therapies for mCRPC,
such as second-line hormonal therapy, reasons for any treatment dis-
continuation pertain either to disease progression or to unacceptable
adverse events (7). Moreover, the safety and efficacy of extended

treatment with 177Lu-DOTATATE in other entities has recently
been reported (8).

To our knowledge, there are limited data evaluating whether
extended treatment beyond 6 cycles is feasible and can enhance PSA
response rates. Here, we retrospectively analyzed the feasibility, addi-
tional benefit, and toxicity of extended treatment in all patients who
had undergone extended 177Lu-PSMA therapy at our institution.

MATERIALS AND METHODS

The full version of the materials and methods is provided as a sup-
plemental file at http://jnm.snmjournals.org.

Study Population
Twenty-six patients with advanced mCRPC and referred for 177Lu-

PSMA RLT between November 2016 and May 2021 were included in
this retrospective analysis (Table 1). Before the start of 177Lu-PSMA
RLT, all patients had demonstrated progression after standard systemic
therapies (2). 177Lu-PSMA-617 was administered in compliance with the
Declaration of Helsinki, §37, and the German Medicinal Products Act,
AMG §13.2b. The institutional review board at Hannover Medical School
approved this study (approval 9182_BO_S_2020). All patients provided
written informed consent to the data analysis.

Assessment of 177Lu-PSMA RLT Treatment Response
and Toxicity

Patients received 6.0–7.4 GBq of a 177Lu-PSMA ligand every 6–8 wk
(2,9). They proceeded to the next cycle if they did not show PSA pro-
gression at about 2 wk before the next administration, and they contin-
ued to receive 177Lu-PSMA until disease progression or death; complete
remission; or removal from treatment because of toxicity, deterioration
in performance status, or patient preference. Of 208 mCRPC patients, 26
continued to receive 177Lu-PSMA beyond 6 cycles. These patients
received 177Lu-PSMA-617 (n5 8) (2,9), 177Lu-PSMA I&T (n 5 7) (10),
or both ligands (n5 11). PSA levels and additional laboratory parameters
(including full blood count, liver function parameters, and serum creati-
nine levels) were reevaluated every 2 wk. Treatment response was defined
as PSA response rate according to the criteria of Prostate Cancer Clinical
Trials Working group 2 (11), in conjunction with PSMA-targeted PET/
CT. Toxicity was assessed according to the Common Terminology Cri-
teria for Adverse Events (version 5.0).

Statistical Analysis
Continuous variables are expressed as mean6 SD and range. Waterfall

plots were used to visualize PSA response. Survival curves were created
using the Kaplan–Meier method. Statistical significance was established
for P values of 0.05 or less. Statistical analysis was performed using Prism
(version 9.0 for Microsoft Windows; GraphPad Software).

RESULTS

Twenty-six (12.5%) of 208 patients continued to receive 177Lu-
PSMA after 6 cycles. Supplemental Figure 1 shows the reasons
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for treatment discontinuation in the other patients. Patients received
up to 13 cycles of 177Lu-PSMA (9 6 2; range, 7–13). Patients were
treated until disease progression (n5 18), complete remission (n5 2),
or removal from treatment because of toxicity (n 5 1) or patient
preference (2 in near-complete response [CR], 1 after stroke, and
1 after radiation of cerebral metastases). Treatment was ongoing in
1 patient at the time of analysis.

Extended Treatment May Deepen the Response to
177Lu-PSMA, but Only in a Subset of Patients

Efficacy of 6 Cycles. After 6 cycles of 177Lu-PSMA (Fig. 1A),
PSA at cycle 7, day 1, had declined in all patients (286% 6 24%;
range, 24% to 2100%), and 23 (88%) of 26 patients had demon-
strated a PSA response. The best PSA decline until cycle 7, day 1,
was 288% 6 22% (range, 211% to 2100%), and 24 (92%) of

TABLE 1
Characteristics of Study Population (n 5 26)

Characteristic Data

Number (n) 26 (100%)

Age (y) 74.6 6 6.5 (61.9–84.6)

Gleason grade

Median 8

Range 7–9

Laboratory values at C1D1

PSA (ng/mL) 413 6 719 (7 to 3,341)

Hemoglobin (g/dL) 12.3 6 1.0 (10.5 to 14.5)

Leukocyte count (103/mL) 7.0 6 1.9 (3.4 to 10.2)

Platelets (103/mL) 247 6 81 (131 to 480)

eGFR (mL/min/1.72 m2) 76 6 17 (44 to 105)

AST (U/L) 29 6 20 (13 to 97)

Alkaline phosphatase (U/L) 149 6 120 (40 to 543)

LDH (U/L) 222 6 59 (61 to 332)

Laboratory values at cycle 7, day 1

PSA (ng/mL) 30 6 48 (0 to 184)

Hemoglobin (g/dL) 11.0 6 1.0 (8.7 to 12.8)

Leukocyte count (103/mL) 5.4 6 1.1 (3.2 to 7.5)

Platelets (103/mL) 183 6 52 (94 to 305)

eGFR (mL/min/1.72m2) 72 6 17 (45 to 96)

AST (U/L) 26 6 9 (16 to 51)

Alkaline phosphatase (U/L) 91 6 55 (41 to 314)

LDH (U/L) 214 6 51 (150 to 338)

Site of disease

Prostate bed 9 (35%)

Bone 21 (81%)

Lymph nodes 20 (77%)

Liver 2 (8%)

Other 2 (8%)

Previous therapies

Androgen-deprivation therapy 26 (100%)

Abiraterone acetate 16 (62%)

Enzalutamide 17 (65%)

Chemotherapy 19 (73%)

Docetaxel (first line) 19 (73%)

Cabazitaxel (second line) 8 (31%)

External radiation therapy 17 (65%)

eGFR 5 estimated glomerular filtration rate; AST 5 aspartate transaminase; LDH 5 lactate dehydrogenase.
Qualitative data are number of patients and percentage; continuous data are mean 6 SD and range, except for Gleason grade.
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26 patients demonstrated a PSA response.
PSA declined by more than 90% in 19 (73%)
patients (Fig. 1B).
Efficacy of Additional Cycles. During

treatment extension (Fig. 1C), 50% of patients
achieved an additional PSA decline (252%6
34%; range,21% to2100%). Two patients
who had already achieved biochemical CR
(1 during the first 6 cycles, 1 during treat-
ment extension) but still had PSMA-positive
disease also achieved imaging-based CR
during treatment extension (Fig. 2). How-
ever, the PSA nadir was reached within the
first 6 cycles in 11 (42%) of 26 patients.
Median progression-free survival was

450 d (range, 276–1,742 d; time from first
RLT cycle to progression, Fig. 3). With treat-
ment extension, 42% of patients had stable
disease for at least 6 additional months after
the end of the standard regimen (in patients
with CR [n5 2], 1,126 and 931 d).

Extended Treatment Was Generally
Well Tolerated
After 6 cycles and during extended treat-

ment, toxicities did not exceed grade 2.
Acute toxicity, including myelosuppression,
was mild. Chronic kidney disease and xero-
stomia (Table 2) became more common
with repetitive dosing, and became aggra-
vated over time, although these side effects
did not exceed grade 2. Dose reductions were
made for 2 patients, exclusively because of
hematotoxicity. One patient discontinued RLT
because of aggravating grade2 nephrotoxicity.

FIGURE 1. Efficacy of PSMA-targeted RLT. (A) After 6 cycles of PSMA-targeted RLT, PSA had
declined in all patients (286% 6 24%; range, 24% to 2100%), and 88% of patients had demon-
strated PSA response. (B) Best PSA response within first 6 cycles was 288% 6 22% (range,211%
to 2100%), and 92% of patients demonstrated PSA response. (C) During treatment extension, 13
patients achieved additional PSA decline compared with nadir, whereas PSA increased in 12 patients.
(D) Heat map shows percentage PSA reduction between individual cycles in patients receiving
extended treatment. Most patients had progressed at cycle 9, day 1, or discontinued treatment.
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FIGURE 2. Efficacy of extended 177Lu-PSMA treatment in 75-y-old man with mCRPC. Postherapeutic scintigraphic images at cycle 1, day 2, showing
widespread osseous and lymph node metastases (A, left panel). After 6 cycles, there was PSA response, but PSA was still measurable and residual
PSMA-expressing metastases could be noted (A, middle panel, arrow). At cycle 11, day 2, there was both PSA-based and imaging-based complete
remission (A, right panel), confirmed by targeted PET (B).
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DISCUSSION

Extended PSMA RLT is feasible and may contribute to deeper
responses. Both an additional PSA response and a further PSA
decline could be induced in patients undergoing extended treatment.
Nevertheless, only 12.5% of all patients proceeded to treatment
extension, and an even smaller number of all patients will actually
benefit from such an approach. For most patients, the standard regi-
men of 4 1 2 cycles may therefore be the maximum amount
of treatment (1,4). In pursuing such a more aggressive treatment
regimen, we nevertheless demonstrated that even consistent
PSA-based and imaging-based complete remission may be induced
in patients having shown a partial response after 6 cycles. In the
VISION trial, imaging-based progression-free survival was 8.7 mo
(1). Progression-free survival in our extended treatment cohort was
15 mo. Although these cohorts cannot be directly compared, these

findings support the potential of maintaining treatment success in
selected patients through additional RLT cycles. However, even
patients with CR ultimately relapsed, underlining that even the best
PSA response may not be durable, although remarkable progres-
sion-free survival of up to 1,742 d could be achieved.
Toxicity was generally mild, as reported before for fewer cycles

(1–3). However, xerostomia became more frequent as the number
of treatment cycles increased. Likewise, kidney function declined,
and we had to discontinue RLT in 1 patient with a significant increase
in creatinine levels. Nevertheless, we did not observe grade 3 or 4 tox-
icities. However, as some sequelae of high organ doses may develop
with temporal delay, one cannot rule out that there are late toxicities
of which we did not became aware during follow-up if patients con-
tinued care elsewhere. In addition, many patients prone to develop-
ment of relevant toxicity likely already discontinued treatment
before a decision for extended treatment was made (1). Renal and
salivary gland toxicity may become particularly relevant if patients
receive PSMA-targeted RLT earlier after diagnosis, such as at the
first biochemical recurrence.
Limitations of this study include its retrospective, single-center

nature and limited patient number. Patients received 2 different com-
pounds, that is, 177Lu-PSMA-617 and 177Lu-PSMA I&T. However,
a recent study showed that both radiopharmaceuticals are similarly
effective in patients with mCRPC, with very low rates of clinically
relevant toxicities (12). The study concept comes along with an
inherent selection bias toward patients with an exceptional PSA
response and mild toxicity. The selection bias, along with the lim-
ited patient number, prevented a reasonable analysis of predictors
for actual benefit of extended treatment. Future work should there-
fore put effort into identifying those patients who will have deeper
responses through extended treatment.

CONCLUSION

We demonstrated that extension of 177Lu-PSMA treatment is
feasible and effective in selected patients with mCRPC. However,
only a small fraction of all treated patients may proceed to and
benefit from extended treatment.
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KEY POINTS

QUESTION: Is extended treatment with PSMA-targeted RLT
feasible and active in patients with mCRPC?

PERTINENT FINDINGS: In a retrospective study on patients
receiving up to 13 177Lu-PSMA cycles every 6–8 wk until disease
progression, complete remission, or removal from treatment because
of toxicity, death, or patient preference, 50% of patients achieved an
additional PSA decline or CR, but xerostomia and chronic kidney
disease became more common with repetitive dosing.

IMPLICATIONS FOR PATIENT CARE: Extended treatment to
deepen responses is feasible and active.
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B R I E F C O M M U N I C A T I O N

Feasibility of 99mTc-MIP-1404 for SPECT/CT Imaging and
Subsequent PSMA-Radioguided Surgery in Early
Biochemically Recurrent Prostate Cancer: A Case Series
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This case series evaluated the feasibility of prostate-specificmembrane
antigen (PSMA)–radioguided surgery (RGS) with 99mTc-MIP-1404 in
recurrent prostate cancer.Methods: Nine patients with PSMA-positive
lesions on PET/CT received 99mTc-MIP-1404 (median, 747 MBq; inter-
quartile range [IQR], 710–764 MBq) 17.2 h (IQR, 16.9–17.5 h) before
SPECT/CT and 22.3 h (IQR, 20.8–24.0 h) before RGS. Results: Sev-
enteen PSMA-positive lesions were detected on PET/CT (median
short-axis diameter, 4 mm; IQR, 3–6 mm; median SUVmax, 8.9; IQR,
5.2–12.6). Nine of 17 (52.9%) were visible on SPECT/CT (median
SUVmax, 13.8; IQR, 8.0–17.9). Except for 2 foci, all PET/CT-positive
findings demonstrated intraoperative count rates above the back-
ground level (median count, 31; IQR, 17–89) and were lymph node
metastases. Moreover, PSMA-RGS identified 2 additional metastases
compared with PET/CT. Prostate-specific antigen values decreased
after RGS in 6 of 9 patients (67%). Conclusion: PSMA-RGS with
99mTc-MIP-1404 identified lymph node metastases in all patients,
including 2 additional lesions compared with PET/CT.

KeyWords: prostate cancer; biochemical recurrence; PSMA; salvage
therapy
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Prostate-specific membrane antigen (PSMA)–targeted PET/CT
has proven to be a highly sensitive and accurate diagnostic tool for
the localization of recurrent prostate cancer (PCa), with a signifi-
cant impact on clinical decision making (1–3). In locally confined
recurrent disease, there are various options for salvage therapy (4).
PSMA-radioguided surgery (RGS) is a novel technique in which
g-emitting radiotracers are used to identify metastatic soft-tissue
lesions intraoperatively with a g-probe (5,6). 99mTc-MIP-1404, a
small-molecule PSMA inhibitor, was introduced for SPECT/CT
imaging (7,8). Studies evaluating its use in RGS are lacking. The
presented case series examines the feasibility of PSMA-RGS with

99mTc-MIP-1404 in patients with positive nodal disease on PSMA
PET/CT in early recurrent PCa.

MATERIALS AND METHODS

Between June and September 2021, 9 patients (median age, 62 y;
interquartile range [IQR], 61–67 y) received 99mTc-MIP-1404 before
RGS in recurrent PCa with PSMA PET/CT–positive lymph nodes exclu-
sively within the pelvis (median prostate-specific antigen [PSA] level,
0.74 ng/mL; IQR, 0.41–1.54 ng/mL; Supplemental Table 1 [supplemental
materials are available at http://jnm.snmjournals.org]). Biochemical recur-
rence was defined as a PSA level of at least 0.2 ng/mL in 2 or more sepa-
rate measurements at least 6 wk after prostatectomy or at least 2 ng/mL
above the PSA nadir after radiotherapy. Except for patient 7 (PSA nadir,
0.3 ng/mL after radiotherapy), all individuals had undergone prostatec-
tomy (interval from primary treatment to RGS: median, 36 mo; IQR,
15–42 mo) (interval from PSMA PET/CT to RGS: median, 36 d; IQR,
26–54 d). The local institutional review board approved this retrospective
analysis (2019-PS-09). All patients were informed about the experimental
nature of PSMA-RGS and the associated administration of 99mTc-MIP-
1404 and provided written informed consent for the procedure.

PSMA PET/CT Imaging and Analysis
PET/CT scans were performed at different institutions (Supplemen-

tal Table 2). Short- and long-axis diameters were measured for each
lesion in the axial plane. The SUVmean of the background was calcu-
lated from a 10-cm3 spheric region of interest in the gluteus muscle.
The SUVmax and SUVmean of each lesion were determined with iso-
contours set at 40% of the maximum. All lesions were analyzed visu-
ally using a 4-point scale according to the PROMISE criteria (9).

PSMA SPECT/CT Imaging and Analysis
99mTc-MIP-1404 (ROTOP Pharmaka GmbH) was produced under

the conditions of §13 (2b) of the Arzneimittelgesetz (German Medicinal
Products Act; median radioactivity concentration, 212 MBq/mL; IQR,
199–228 MBq/mL; median purity, 95%; IQR, 95.0%–95.5%). Patients
received a median dose of 747 MBq (IQR, 710–764 MBq) 17.2 h (IQR,
16.9–17.5 h) before SPECT/CT. Scans were obtained with an AnyScan
Trio (Mediso Medical Imaging Systems: patients 1–4 and 6–9) or a
Symbia Intevo Bold (Siemens Healthineers: patient 5) (Supplemental
Table 3). All lesions encountered on PET/CT were evaluated semiquan-
titatively on SPECT/CT corresponding to the description for PET/CT.
Moreover, a visual 4-point scale according to uptake was applied (none,
0; minimal, 1; moderate, 2; strong, 3).
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PSMA-RGS and Specimen Preparation
After the injection of 99mTc-MIP-1404 (22.3 h [IQR, 20.8–24.0 h]),

RGS was conducted using a g-probe (Crystal Probe CXS-SG603; sen-
sitivity maximum, 13,500 cps/MBq; resolution, 14 mm; energy range,
50–511 keV [Crystal Photonics]), and count rates were considered
positive if they were at least double the rate of the background as
reported previously (6). The template of dissection was based on the
preoperative PSMA PET/CT findings, resulting in either a unilateral
or a bilateral lymph node dissection. The pathologic work-up of speci-
mens was performed separately according to their region of origin.
Also, adjacent tissue without elevated count rates was dissected,
resulting in a complete template-based surgical resection. PSA values
were determined 1 mo after PSMA-RGS (median, 31 d; IQR, 30–35 d).
A complete biochemical response was defined as a PSA decrease below
the threshold for biochemical recurrence.

Statistical Analysis
Continuous variables are described with median and IQR. Statistical

analyses were conducted with STATA, version 17.0 (STATA Corp.).

RESULTS

Patient-Based Results
Figure 1 shows representative images of positive lesions on pre-

operative PSMA PET/CT and PSMA SPECT/CT. 99mTc-MIP-1404
SPECT/CT demonstrated correlates for PET/CT-positive lesions in
6 patients (67%). Lymph node metastases with count rates above
the background level were found in all cases. PSA decreased in 6 of
9 patients (67%), meeting the definition of a complete biochemical
response in 5 of 9 (56%).

Lesion-Based Imaging Results
Lesion-based information is provided in Table 1. The median

short-axis diameter of all lesions was 4 mm (IQR, 3–6 mm), and
the median SUVmax was 8.9 (IQR, 5.2–12.6). Of 17 findings

identified on PET/CT, 9 (52.9%) were visible on SPECT/CT
(median SUVmax, 13.8; IQR, 8–17.9). These SPECT/CT-positive
lesions showed an increased median SUVmax-to-background ratio
on PET/CT compared with SPECT/CT-negative lesions (30.8
[IQR, 19.6–42.2] and 13.7 [IQR 9.4–17.2], respectively).

RGS Results and Histologic Correlation
Except for 2 foci (patient 2, proximal left common iliac and

intermediate left internal iliac), all PET/CT-positive lesions dem-
onstrated count rates above the background level regardless of
their visualization on SPECT/CT (88.2% positive; median count,
31; IQR, 17–89; median count-to-background ratio, 17; IQR,
10–30). The 2 RGS-negative lesions could also not be identified in
the histologic workup of the resected tissue. The remaining 15
lesions were PCa-related lymph node metastases, including 3
lymph node conglomerates (patient 1, distal right internal iliac, 3
lymph nodes; patient 4, left internal iliac, 2 lymph nodes; patient
8, distal left internal iliac, 2 lymph nodes). In addition to the PET/
CT-positive lesions, 2 additional lymph node metastases were
identified during RGS (patient 3: left external iliac; count, 8;
count-to-background ratio, 3; long-axis diameter, 6 mm) (patient
6: left external iliac artery; count, 11; count-to-background ratio,
4; long-axis diameter, 2 mm). Three lymph node metastases were
positive neither on PSMA imaging nor during RGS and could be
identified only on histology (patient 1: right external iliac; 2 lymph
nodes; long-axis diameter, 3 mm) (patient 6: left common iliac;
1 lymph node; long-axis diameter; 2 mm). No tissue specimen with
negative histology showed an elevated count (specificity, 100%).
To summarize, 24 of 154 resected lymph nodes were PCa

metastases. Nineteen were correctly identified on PET/CT (79.2%)
and 12 on SPECT/CT (50%). Twenty-one lymph node metastases
were localized during RGS (sensitivity, 87.5%).

DISCUSSION

PSMA-RGS with 99mTc-MIP-1404 was able to identify lymph
node metastases in all patients regardless of visualization on SPECT/
CT, including lesions with a long-axis diameter of only 2 mm.
Comparable to the results in the presented group, detection rates

of 99mTc-MIP-1404 SPECT/CT in recurrent PCa have been
reported to be 50%–60% per patient in cases with low PSA values
of less than 1 ng/mL (7,10). Data directly comparing PSMA PET/
CT with PSMA SPECT/CT are lacking for 99mTc-MIP-1404.
Detection rates are expected to be lower for SPECT than for PET
because of the inferior spatial resolution. Lawal et al. reported that
99mTc-HYNIC PSMA SPECT/CT was able to identify 62.5% of
nodal lesions that were seen on PSMA PET/CT in patients admit-
ted for primary staging or biochemical recurrence (median PSA,
45.2 ng/mL) (11). In the presented case series, 99mTc-MIP-1404
SPECT/CT detected 52.9% of all PET/CT-positive lesions. The
low median PSA of 0.74 ng/mL in the investigated group and the
overall small lesion size may be assumed to be the major causes.
However, RGS about 22 h after the injection of 99mTc-MIP-1404
identified lymph node metastases in all cases and could detect 2
additional lesions compared with preoperative PSMA PET/CT.
These results are similar to data on RGS with 111In-PSMA-I&T
(5) and 99mTc-PSMA-I&S (6), indicating that PSMA-RGS with
99mTc-MIP-1404 is feasible using a comparable uptake time. The
additional lymph node metastases found during RGS demonstrated
lower count rates than most other lesions. A positive correlation of
PSMA expression and tumor volume with lesion uptake has been
described (12), and a similar relationship may be assumed for the

FIGURE 1. 68Ga-PSMA I&T PET/CT (A and C) and 99mTc-MIP-1404
SPECT/CT (B and D) images of patient 8 (maximum-intensity projections
[A and B] and coronal fusion images [C and D]; slice thickness, 3 mm) with
PSMA-positive lymph node metastases adjacent to left internal iliac artery
(arrows).
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intraoperative count rates. This assumption implies a lower PSMA
expression/tumor volume in these lymph nodes, which may have
led to their missed visualization on imaging.
Two PET/CT-positive foci with slight tracer uptake in patient 2

could not be found during RGS and were not identified on histopa-
thology. The elevated PSA value after RGS may indicate that the
lesions were missed. Alternatively, false-positive results on PET/CT
and occult metastases at a different location are possible. Likewise,
the PSA values did not decrease in patients 4 and 9 although the
PET/CT-positive lymph node metastases were resected successfully.
Thus, tumor deposits at other sites that were not detected by preopera-
tive imaging are likely. Follow-up examinations were not available,
limiting the interpretation of these cases. Other limitations are the ret-
rospective design, small cohort, and inconsistent PET/CT imaging
protocols. Moreover, PSMA-RGS is still an experimental method in
which thresholds of intraoperative count rates to differentiate benign
from malignant tissues are unclear. As in other metastasis-directed
therapies, the clinical utility of PSMA-RGS still has to be determined.
Especially, the task of reliably identifying tumor burden in patients
with biochemical recurrence to reduce the chance of PSA failure after
surgery should be addressed in future studies. However, the large
number of correctly identified lymph node metastases by 99mTc-MIP-
1404 RGS is encouraging and should be explored further.

CONCLUSION

PSMA-RGS using 99mTc-MIP-1404 identified lymph node metas-
tases in all patients with early recurrent PCa regardless of their

visualization on prior SPECT/CT imaging. Thus, 99mTc-MIP-1404
represents a promising radiotracer for RGS.
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KEY POINTS

QUESTION: Is RGS with 99mTc-MIP-1404 feasible in patients with
early recurrent PCa?

PERTINENT FINDINGS: RGS with 99mTc-MIP-1404 discovered
PCa-related lymph node metastases in all patients, including 2
additional lesions compared with PET/CT.

IMPLICATIONS FOR PATIENT CARE: RGS with 99mTc-MIP-1404
is feasible and may represent an alternative to PSMA-RGS with
other radiotracers.
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68Ga-labeled prostate-specific membrane antigen (PSMA) is often
produced on-site, where usually a fixed amount of peptide is conju-
gated to the generator eluate. However, fluctuations in specific activity
might influence tracer distribution and tumor accumulation. Therefore,
our aim was to investigate the potential effect of varying the adminis-
tered peptide amount on 68Ga-PSMA-11 uptake in tumors using PET/
CT in patients with primary prostate cancer (PCa). Additionally, the
impact of tumor volume on this potential effect and on accumulation
in reference organs was assessed.Methods: The imaging data of 362
men with primary PCa who underwent 68Ga-PSMA-11 PET/CT were
retrospectively included. Scans were quantified for normal tissue and
primary tumors. Patients were divided into 3 groups based on their
tumor volume. Correlation andmultivariable linear regression analyses
were performed. Results: The median index lesion volume was
9.50 cm3 (range, 0.064–174 cm3). Groups were based on quartiles of
prostatic lesion volume: #4.11 cm3 (group 1), 4.11–20.6 cm3 (group
2), and $20.6 cm3 (group 3). No correlation was found between
administered peptide amount and tumor uptake (SUVmean or SUVpeak)
for any group, except for a significant correlation for SUVmean in the
first group (P 5 0.008). Linear regression analysis supported these
findings. Conclusion: The amount of administered peptide had no
evident effect on 68Ga-PSMA-11 uptake in tumors, except for a signif-
icant positive correlation between administered peptide amount and
tumor SUVmean for group 1. The findings imply that no receptor satura-
tion occurs in men with primary PCa at peptide levels of about 2.5 mg.

Key Words: PSMA; prostate cancer; peptide amount; receptor satu-
ration; specific activity
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Prostate-specific membrane antigen (PSMA) ligands target the
PSMA receptor, which is significantly overexpressed on the surface
of prostate cancer (PCa) cells (1). Radiolabeled PSMA-directed
ligands are increasingly used for both diagnosis and therapy in
PSMA-positive PCa. The first clinical PSMA-directed tracer, 68Ga-
labeled PSMA, is a highly tumor-specific biomarker that is used

today for diagnosis and staging of both primary and metastatic or oli-
gometastatic PCa (2–4). The commercial availability of 68Ge/68Ga
generators and PSMA ligands has ensured that this development is
now firmly embedded in many clinics.
The on-site labeling procedure for 68Ga-PSMA-11 involves conju-

gation of a usually fixed amount of peptide to the generator eluate,
since whole vials that hold a fixed amount PSMA peptide are gener-
ally used during labeling procedures. The administered amount of
radioactivity is often standardized between patients to ensure compa-
rable inter- and intrapatient image quality. However, radioactivity lev-
els in the 68Ge/68Ga generator decrease over its lifetime, resulting in
variable elution efficiencies, whereas the amount of peptide added
to this generator eluate is kept constant. Because patients receive
approximately equal radioactivity doses, total peptide amounts per
injection will vary. In receptor-based imaging and therapy, inconstant
specific activities can lead to altered tumor accumulation profiles due
to varying levels of receptor occupancy in target and nontarget tis-
sues. Though this effect has been demonstrated before in pharmacoki-
netic models for therapeutic doses of 90Y-labeled DOTATATE (5)
and in clinical cases for 89Zr-labeled antibodies (6), it has not yet
been demonstrated for 68Ga-PSMA-11.
Previously, our group showed variable 68Ga-PSMA-11 uptake pro-

files in primary PCa lesions using dynamic PET/CT in a small popu-
lation of men with localized PCa (7). It was hypothesized that this
might be explained by different receptor saturation states of intrapro-
static PCa lesions. After all, an uptake plateau could correspond to a
small tumor that has a limited total receptor amount and thus reaches
the total occupancy of available receptors, whereas such a total occu-
pancy of receptors will probably not occur in larger tumors or in met-
astatic or oligometastatic PCa that tends to have a larger amount of
PSMA receptors. The presence of tumor receptor saturation may
potentially be relevant in PSMA-based radionuclide therapy, as usu-
ally much larger peptide amounts are administered (e.g., %250 mg
using 177Lu-PSMA) than in imaging with 68Ga-PSMA-11 (%5 mg).
In addition, interpatient variability in administered 68Ga-PSMA-11
peptide amounts could lead to differences in tumor and organ distri-
bution if receptor saturation were to take place.
For this reason, there is an urgent need to define whether recep-

tor saturation occurs in 68Ga-PSMA-11 distribution in primary PCa
and whether this occurrence is dependent on lesion volume. Our
research aims were to assess these uncertainties by quantitatively
investigating the potential effect of varying administered peptide
amounts on 68Ga-PSMA-11 uptake in tumor lesions using PET/CT
in patients with primary PCa and to assess the impact of tumor
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volume on this potential effect and on accumulation in reference
tissue.

MATERIALS AND METHODS

Study Population
This retrospective data analysis study was approved by the Institutional

Review Board (IRBd20-201) of The Netherlands Cancer Institute. All
patients had given informed consent for use of data clinically obtained
during routine care via institutional procedures. Data on men with inter-
mediate- or high-risk ($cT3, Gleason score$ 7, or prostate-specific anti-
gen $ 20 ng/mL) primary PCa who underwent 68Ga-PSMA-11 PET/CT
before treatment between January 2016 and May 2020 were included.
Patients were excluded from analysis if no PSMA-positive lesion was
visualized on 68Ga-PSMA-11 PET/CT (defined as no intraprostatic accu-
mulation higher than prostate background). Patients did not receive any
hormone therapy before their scan.

Image Acquisition and Analysis
68Ga-Glu-urea-Lys(Ahx)-HBED-CC (68Ga-PSMA-11) was produced

in-house using a fully automated system (Scintomics GmbH) by combin-
ing 10 mg of PSMA-11 with the generator eluate. Patients were prepared
and images acquired according to standard clinical protocols. An intrave-
nous bolus of approximately 100 MBq (2016 until September 2019)
or approximately 150 MBq (from September 2019 onward) of 68Ga-
PSMA-11 was injected approximately 60 min before the start of the
scan. Whole-body (mid thigh to skull base) scans were acquired on
a Gemini TF, Gemini TF BigBore, or Vereos digital PET/CT system
(Philips) using harmonized scan and reconstruction protocols (4 3 4mm
voxel sizes). In addition, a low-dose CT scan was acquired for attenua-
tion correction and anatomic correlation.

Quantitative evaluations of imaging data were performed using 3D
Slicer (slicer.org, version 4.11) (8). Since there is no gold standard for
prostate tumor segmentation on PSMA PET, 2 segmentation methods
(i.e., standardized manual vs. threshold-based) were compared. On the
basis of these results, provided in the supplemental materials (available
at http://jnm.snmjournals.org), further analysis was performed by stan-
dardized manual segmentation of all lesions on PET/CT. Mean abso-
lute uptake (MBq/cm3), SUVmean, and SUVpeak were used to express
68Ga-PSMA-11 uptake. SUVpeak was defined as the 1 cm3 that showed
the highest activity concentration within the volumes of interest.

In all scans, spheric volumes of interest of 2.0 cm diameter were
drawn to obtain normal-tissue uptake in the parotid gland, aortic arch,
liver (diameter, 5.0 cm), kidney cortex, and gluteal muscle. Normal-tissue
SUVmean and SUVpeak were normalized to the uptake in the aortic arch
(referred to as blood pool), and these ratios were then compared among
patient groups. In cases of multifocal intraprostatic disease, both lesions
were segmented, but the most profound or largest lesion (referred to as
the index lesion) was used for initial analysis.

Statistical Analysis
Statistical analyses were performed in R (version 3.6.3) (9). Patients

were categorized into 3 quartile (Q) groups based on index lesion volume
(group 1: #Q1, group 2: Q1 to Q3, and group 3: $Q3). Differences in
patient characteristics among these groups were evaluated using ANOVA
or, in cases of nonnormal distribution, a Kruskal–Wallis test with Bonfer-
roni adjustments to account for multiple testing. Spearman correlation
coefficient tests were performed to investigate potential associations
between administered PSMA peptide amount and observed organ and
tumor uptake on PET per group. A linear regression analysis was per-
formed to assess a potential interaction effect between administered pep-
tide amount and index lesion volume on 68Ga-PSMA-11 tumor uptake.
In addition, a multivariable regression analysis was performed to identify
other potential variables that impact 68Ga-PSMA-11 tumor uptake

and, thus, could complicate interpretation and comparison of the results
among groups. Parameters that were tested as covariates were age, body
mass index, estimated glomerular filtration rate, injection-to-acquisition
interval, scanner type, furosemide administration during scan, risk of
PCa recurrence, and disease spread. Risk of PCa recurrence was based on
the D’Amico risk classification (10). The spread of disease, and thus also
the presence or absence of metastases, was categorized into 4 groups:
local, locally advanced, oligometastatic, and metastatic. The definition of
locally advanced was staging with either T3 or T4, or with N1 indepen-
dent of T (11). Oligometastatic disease was defined as no more than
5 metastatic tumors, excluding 4 or fewer synchronous pelvic lymph
nodes (12,13). A P value of less than 0.05 was considered statistically
significant.

RESULTS

Initially, 391 patients were retrieved for inclusion. Of these, 29
were excluded from further analysis: 15 because no PSMA-
positive tumor was detected and 14 because the PET or CT scan
was missing. Finally, imaging data from 362 men with PCa were
used for analysis. The median injected activity was 98.7 MBq
(range, 71.2–184 MBq) over the entire population, with a median
total administered peptide amount of 2.49 mg (range, 1.06–5.91 mg).
Furosemide (10 mg) was administered to 71.5% of the patients, and
iodinated contrast medium was used in none of the cases. The
median volume of the prostatic index lesions was 9.50 cm3, with an
interquartile range of 4.11–20.6 cm3; the 3 groups were therefore
defined as #4.11 cm3 (group 1), 4.11–20.6 cm3 (group 2), and
$20.6 cm3 (group 3). Patient characteristics and demographics over
the 3 groups are shown in Table 1.
For parotid, liver, and gluteus, no significant differences in

tissue-to-blood ratios were observed for either SUVmean or SUVpeak

over the groups. However, the kidney-to-blood ratio of group 3 was
significantly lower than that of group 1 for SUVmean and SUVpeak,
though the absolute differences between the groups were quite
small. The results are shown in Figure 1. Median SUVmean and
SUVpeak for index lesions were 5.09 (range, 1.39–15.9) and 7.53
(range, 2.19–44.7) over all patients, respectively. However, 71
patients had more than 1 PCa lesion, and when taking into account
all PCa lesions, median SUVmean and SUVpeak were 4.78 (range,
1.39–15.9) and 7.54 (range, 2.19–44.7), respectively. Index lesion
volume correlated with lesion SUVmean and SUVpeak (both P ,

0.001; Supplemental Fig. 1), and accordingly, tumor SUVmean and
SUVpeak significantly differed between the patient groups as is
shown in Figure 2.

Uptake vs. PSMA Peptide Amount
The effect of administered peptide amount on 68Ga-PSMA-11

tumor uptake per group was assessed using correlation plots and an
interaction linear regression model. The results of Spearman correla-
tion, based on index lesions only, are presented in Figure 3. No sig-
nificant correlation between peptide amount and lesion SUVmean or
SUVpeak was observed, except for a significant positive low correla-
tion (P 5 0.008) for SUVmean in patients with small index lesion
volumes (group 1). Similar results were observed while taking into
account all PCa lesions (Supplemental Fig. 2). In addition, potential
correlations of administered peptide amount on organ uptake per
group were assessed (Supplemental Fig. 3).
Linear regression model results confirmed these findings and

showed that, for both SUVmean and SUVpeak, there was no interac-
tion effect between administered peptide amount and tumor vol-
ume. In other words, the effect of administered peptide amount on
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the SUVmean and SUVpeak of tumors was not modified by tumor
volume. On the basis of these results, receptor saturation was not
deemed likely to occur in any of the groups or, thus, in patients
with low tumor volumes, as hypothesized.
For the multivariable analysis, SUVs were log-transformed to

correct for the nonnormal distribution. The results of this multivari-
able analysis showed that, after exclusion of variables that appeared
not significant, the variable “body mass index” had a significant
positive impact on both SUVmean (P 5 0.0123) and SUVpeak (P 5

0.0300). Variables such as age, estimated glomerular filtration rate,
injection-to-acquisition interval, furosemide administration during
scan, type of scanner, risk of PCa recurrence, and disease spread
did not prove relevant.

DISCUSSION

This study assessed the effect of peptide amount and index lesion
volume on 68Ga-PSMA-11 uptake on PET/CT in 362 primary PCa
patients. Analyses showed that a larger lesion volume was indeed
related to a higher tumor uptake on 68Ga-PSMA-11 PET/CT,
whereas the administered peptide amount did not show such an evi-
dent relation. In addition, a linear regression analysis demonstrated
no interaction effect between administered peptide amount and
lesion volume on tumor uptake (SUVmean and SUVpeak), meaning
that index lesion volume did not modify the effect of administered
peptide amount on tumor uptake. Though these results were

calculated for index lesions only, the outcomes did not change
when all lesions per patient were considered in the correlation anal-
ysis (Supplemental Fig. 2). Differences in index lesion volume also
did not result in relevant variations in normal-tissue accumulation
(organ-to-blood ratios for parotid, liver, or gluteal muscle), except
for kidney uptake.
The group with the smallest index lesions (volume of#4.11 cm3)

did reveal a significant positive low correlation between peptide
amount and SUVmean; however, this finding did not imply receptor
saturation. In fact, if receptor saturation had played any role, a nega-
tive correlation would have been hypothesized since smaller tumors
are assumed to have fewer receptors and, hence, less capability to
bind the 68Ga-PSMA-11. Therefore, it was concluded that receptor
saturation did not occur in our population with primary disease
(,174 cm3 index lesion volume) at peptide amounts between 1.06
and 5.91 mg. Substantial uptake differences might not have been
expected beforehand, because of low peptide amounts with relatively
small ranges in cases of 68Ga-PSMA-11 administration. Labeling with
18F would possibly result in even greater ranges in administered pep-
tide amounts, since its longer half-life enables use over longer periods
after production. Recently, preclinical analyses have been performed
regarding such 18F-labeled PSMA ligands to assess potential effects
of administered peptide amounts on accumulation in tumors and
organs (14,15). In those studies, both with approximately 100-fold dif-
ferences in administered molar activities, lower injected molar act-
ivities resulted in reduced uptake in PSMA-expressing tissues.

TABLE 1
Patient Demographics and Characteristics for Patients Receiving 68Ga-PSMA-11 per Group Based on Lesion Volume

Characteristic Group 1 Group 2 Group 3 P

n 91 180 91

Age (y) 67 6 6 69 6 7 68 6 8 0.044

Body mass index (kg/m2) 26.6 6 3.50 26.0 6 3.30 26.8 6 3.81 0.151

eGFR (mL/min/1.73 m2) 76.6 6 13.1 76.5 6 16.1 76.5 6 20.8 0.999

Injection-to-acquisition interval (min) 58 6 11 59 6 11 60 6 9 0.379

Administered peptide amount (mg) 2.83 6 0.88 2.58 6 0.76 2.52 6 0.66 0.015

Injected radioactivity (MBq) 111.0 6 24.9 101.1 6 17.9 98.6 6 11.0 ,0.001

Furosemide during scan 51 (56%) 138 (77%) 70 (77%) 0.001

Scanner type ,0.001

Gemini TF Big Bore 37 (41%) 92 (51%) 55 (60%)

Gemini TF 21 (23%) 56 (31%) 25 (28%)

Vereos PET/CT 33 (36%) 32 (18%) 11 (12%)

Risk of recurrence ,0.001

Intermediate 35 (39%) 22 (12%) 3 (3%)

High 56 (61%) 158 (87%) 88 (97%)

Disease spread ,0.001

Local 64 (70%) 71 (39%) 9 (10%)

Locally advanced 26 (29%) 82 (46%) 45 (50%)

Oligometastatic 1 (1%) 24 (13%) 28 (31%)

Metastatic 0 (0%) 3 (2%) 9 (10%)

eGFR 5 estimated glomerular filtration rate.
Group 1 is #4.11 cm3 (#Q1), group 2 is 4.11–20.6 cm3, and group 3 is $20.6 cm3 ($Q3). Continuous variables are shown as mean 6

SD; categoric variables are shown as number and percentage.
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Unfortunately, direct translation of these results to the clinical setting
remains challenging. In PSMA-based radionuclide therapy, the pep-
tide amounts can easily be 50 times higher than for diagnostic

imaging; in the metastatic setting also, tumor volumes can be far more
profound than those in the current study. Extrapolation of the current
results to these settings is difficult, but there nevertheless are some
studies that underline the relevance of peptide amounts in these set-
tings (16,17). Still, our results regarding 68Ga-PSMA-11 remain
important since no occurrence of receptor saturation in the diagnostic
setting was confirmed.
The evaluations of 68Ga-PSMA-11 accumulation in normal tissues

showed that groups 1 and 2 had a significantly higher kidney-to-
blood ratio than group 3 for SUVmean and SUVpeak. It is hypothesized
that the higher tumor uptake with increasing lesion size resulted in a
lower kidney uptake or renal excretion. Such a tumor sink effect was
indeed previously described for 68Ga-PSMA-11, although these stud-
ies included PCa patients with much larger tumor volumes (18,19).
In these studies, a tumor sink effect was also observed for organs
other than kidney, such as salivary glands, spleen, and liver,
whereas such was not the case in this study. Probably, tumor volumes
were too low in these primary PCa patients to achieve a decrease in
normal-tissue uptake. Future research is needed to evaluate these
observations for 177Lu-PSMA also. However, for therapy with 177Lu-
PSMA I&T in metastatic castration-resistant PCa patients, a simula-
tion study by Begum et al. showed that increasing total tumor
volumes (up to 3,000 cm3) resulted in a decrease in tumor and organ
uptake (kidney, parotid glands, and submandibular glands) (17).
In the current study, definition of PSMA-positive tumor lesion

volume within the prostate was one of the important challenges.
Though the use of 2 different strategies has been presented in the
supplemental materials, only the manual instead of semiautomatic
segmentation was chosen to quantify uptake in tumors. For lesions
with relatively low SUVs, segmentation thresholds were set at an
SUV of approximately 1, resulting in volumes that consisted of
benign prostate as well as tumor tissue. Compared with manual seg-
mentation, these automatically generated volumes overestimated the
actual tumor volume, a finding that has been addressed before by
other groups (20). Manual segmentation, on the other hand, is inher-
ently observer-dependent but did result in a rather good Dice similar-
ity coefficient of 0.73 (21).

FIGURE 1. Ratios of normal tissue vs. blood (SUVmean and SUVpeak) for
68Ga-PSMA-11 per patient group (based on volume of prostatic index
lesion: #4.11 cm3 (#Q1) (1), 4.11–20.6 cm3 (2), and$20.6 cm3 ($Q3) (3)).
*P, 0.05. ***P, 0.001.

FIGURE 2. Box plots of tumor 68Ga-PSMA-11 uptake per patient group
(based on volume of prostatic index lesion: #4.11 cm3 (#Q1) (1),
4.11–20.6 cm3 (2), and$20.6 cm3 ($Q3) (3)). ****P, 0.0001.

FIGURE 3. Correlation plots of tumor SUVpeak or SUVmean vs. adminis-
tered peptide amount (mg) per patient group (based on volume of prostatic
index lesion: #4.11 cm3 (#Q1) (1), 4.11–20.6 cm3 (2), and $20.6 cm3

($Q3) (3)).
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All patients were categorized into 3 groups based on their intra-
prostatic lesion volume to assess its relation to peptide amount.
Some patient characteristics significantly differed among those
groups, such as age, administered peptide amount, administered
radioactivity, scanner type, risk of recurrence, and disease spread
(Table 1). It was hypothesized that the higher age and classifica-
tion observed with increasing lesion volume can be explained by
the larger and thus more aggressive tumors (22). Such a similar
trend of higher Gleason score and increasing age resulting in
higher tumor loads was previously described by Gaertner et al.
(19). For administered peptide amount, the analyses focused on a
trend within ranges of this peptide amount instead of the mean differ-
ences among groups, and therefore, this significant difference among
groups probably did not cause any bias. Differences in administered
radioactivity were also considered, since SUV measures inherently
correct for injected activity and patient weight. Though these
significant variables were not likely to impact the conclusions, a
multivariable analysis was performed to assess whether these
individual parameters potentially could impact tumor uptake.
Body mass index had a positive impact on tumor uptake (SUVmean

and SUVpeak), which was expected since SUVs are corrected for
weight. In addition, this result was not expected to impact our con-
clusions regarding the effect of peptide amount on tumor uptake
compared among groups, since body mass index did not signifi-
cantly differ among groups.
Technical factors such as acquisition parameters (including

type of scanner and acquisition time) and postprocessing can
also have a major impact on the quantitative indices derived from
PET images. Accordingly, harmonization of imaging protocols is
highly important in studies with multiple scanner types. This led
to the limitation that partial-volume effect (PVE) correction could
not be applied, as this functionality is available only on the Vereos
PET/CT scanner. PVE corrections generally improve quantitative
accuracy, implying that counts are recovered, especially in areas
of heterogeneous uptake or in small lesions (diameter, ,2 cm).
However, since PVE possibly impacted uptake differences
among groups, it is unlikely that the observed correlation trends
within 1 group were affected. This is of major importance, since
one may expect the PVE to play a part, especially in all lesions
of group 1 (#4.11 cm3). In addition, since tumor volumes were
distributed throughout administered peptide amounts in this
group, correlation trends were not affected. Still, even without
PVE correction, the digital Vereos PET/CT scanner performs better
than the 2 Gemini scanners, and a better quantitative performance
is known to have a larger impact on smaller lesions (i.e., group 1).
This positive effect could have biased the positive correlation that
was observed in this group, since a significantly larger percentage
of patients in group 1 was imaged using the Vereos PET/CT than
in groups 2 and 3.
The results of this study do not have direct implications on current

clinical care. There is no need to adjust the current on-site production
procedures of 68Ga-PSMA-11; interpatient differences in adminis-
tered peptide amount do not affect 68Ga-PSMA-11 tumor uptake,
because PSMA saturation does not occur in a population of primary
PCa patients with small administered peptide amounts (,5.91 mg).
Unfortunately, this result is not directly translatable to therapy, since
it is unknown whether administrations of larger peptide amounts
(%250 mg) will result in full occupation of tumor PSMA receptors.
Future research is essential to investigate this peptide saturation
threshold to determine the potential impact on PSMA radioligand
therapy. Still, this study underlined a safe administration of PSMA-11,

regarding receptor saturation, at doses lower than 5.91 mg. This
finding supports the European Association of Nuclear Medicine
guideline with suggested maximum peptide doses of 6 mg regard-
ing toxicity (23).

CONCLUSION

Overall, the administered peptide amount had no evident effect on
68Ga-PSMA-11 uptake in prostatic tumors in patients with primary
PCa, and this finding was also not dependent on lesion volume.
Only for patients with small tumor lesion volumes the administered
peptide amount showed a significant positive correlation with tumor
SUVmean. Still, these findings imply that no receptor saturation
occurs in men with primary PCa after administration of peptide lev-
els of approximately 2.5 mg of PSMA-11.
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KEY POINTS

QUESTION: Can the administered peptide amount affect
68Ga-PSMA-11 tumor uptake, and is this potential effect
dependent on tumor volume?

PERTINENT FINDINGS: The administered peptide amount did not
significantly affect tumor uptake, except for a significant positive
low correlation for patients with the smallest index lesions, and
lesion volume did not modify the effect of administered peptide
amount on tumor uptake. These findings imply that no receptor
saturation occurred in this population of primary PCa patients with
small administered peptide amounts (%2.5 mg).

IMPLICATIONS FOR PATIENT CARE: Since PSMA saturation
does not occur after administration of small peptide amounts,
there is no need to adjust current on-site production procedures
for 68Ga-PSMA-11.
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177Lu-PSMA-617 therapy has shown high prostate-specific antigen
(PSA) response rates in men with metastatic castration-resistant pros-
tate cancer. However, early treatment resistance is common. This LuPIN
substudy aimed to determine the prognostic value of posttreatment
quantitative PET for PSA progression-free survival (PFS) and overall
survival (OS) with 177Lu-PSMA-617 therapy. Methods: Fifty-six men
with progressive metastatic castration-resistant prostate cancer were
enrolled in the LuPIN trial and received up to 6 doses of 177Lu-PSMA-
617 and a radiation sensitizer (NOX66). 68Ga-PSMA-11 and 18F-FDG
PET/CT, diagnostic CT, and bone scanning were performed at study
entry and exit. Quantitative analysis tracked change in total tumor vol-
ume (TTV) and SUV. Univariable and multivariable analyses were con-
ducted to examine the association of change in TTV (continuous and
.30%), SUVmax, PSA, and radiographic progression with PSA PFS and
OS. Results: All men (37/56) who underwent both screening and post-
treatment molecular imaging were analyzed; 70% (26/37) had a PSA
response of more than 50%. Median PSA PFS was 8.6 mo, andmedian
OS was 22 mo. Clinical progression had occurred at trial exit in 54%
(20/37). In response to treatment, a reduced PSMASUVmaxwas demon-
strated in 95% (35/37) and a reduced PSMA TTV in 68% (25/37). An
increase in PSMA TTV by at least 30% was associated with worse OS
(median, 10.2 vs. 23.6 mo; P 5 0.002). Change in PSMA SUVmax was
not associated with PSA PFS or OS. 18F-FDG SUVmax was reduced in
51% (18/35) and 18F-FDG TTV in 67% (22/35). An increased 18F-FDG
SUVmax was associated with worse OS (median, 20.7 vs. 25.7 mo; P ,

0.01). An 18F-FDG TTV increase by more than 30% was associated with
a short PSA PFS (median, 3.5 vs. 8.6 mo; P , 0.001) but not OS. Both
PSA and radiographic progression were associated with shorter OS
(median, 14.5 vs. 25.7 mo [P , 0.001] and 12.2 vs. 23.6 mo [P 5

0.002]). On multivariable analysis, only increased PSMA TTV and PSA
progression remained independently prognostic of OS (hazard ratio, 5.1
[95% CI, 1.5–17.1; P 5 0.008] and 3.5 [95% CI, 1.1–10.9; P 5 0.03],
respectively).Conclusion:Change in quantitative PSMA TTV has strong
potential as a prognostic biomarker with 177Lu-PSMA-617 therapy,

independent of 18F-FDGPET parameters, PSA, or radiographic progres-
sion. Further research into the value of posttreatment PET as an imaging
biomarker is warranted.

Key Words: metastatic prostate cancer; theranostics; lutetium-PSMA;
prognosis; therapy response
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In the VISION trial, 177Lu-PSMA-617–targeted therapy improved
overall survival (OS) and progression-free survival (PFS) in meta-
static castration-resistant prostate cancer when compared with the
standard of care, and in the TheraP trial it yielded a higher prostate-
specific antigen (PSA) response rate and PSA PFS than second-line
chemotherapy with cabazitaxel (1,2). However, further work is
needed to deepen treatment response and prolong survival. 68Ga-
PSMA-11 PET/CT (68Ga-PSMA PET) and 18F-FDG PET/CT (18F-
FDG PET) have been used as screening tools in prospective trials to
select patients most likely to respond to 177Lu-PSMA-617–targeted
treatments (1–4). Less work has been done using molecular imaging
to monitor treatment response to 177Lu-PSMA-617 therapy (5–8).
Preclinical studies have confirmed that there is considerable interpa-
tient and intrapatient heterogeneity of PSMA expression (9,10). We
hypothesized that an increase in uptake or tumor volume on 68Ga-
PSMA PET or 18F-FDG PET might have potential as a prognostic
biomarker in men being treated with 177Lu-PSMA-617.
In this study, we aimed to determine whether changes in total

tumor volume (TTV) and SUV on both 68Ga-PSMA PET and 18F-
FDG PET correlate with clinical outcomes in a prospective trial of
treatment with 177Lu-PSMA-617.

MATERIALS AND METHODS

This was an imaging substudy of the LuPIN trial. The LuPIN trial is a
prospective single center, phase I/II dose escalation and expansion trial of
combining 177Lu-PSMA-617 with NOX66. The study enrolled men with
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metastatic castration-resistant prostate cancer previously treated with both
at least 1 line of taxane chemotherapy and an androgen signaling inhibitor.
The clinical results have been previously published (11,12). St. Vincent’s
Hospital institutional review board approved the study protocol (HREC/
17/SVH/19 ACTRN12618001073291), and all participants provided writ-
ten informed consent.

Screening
Men with progressive metastatic castration-resistant prostate cancer,

based on either conventional imaging (CT and bone scanning) or a rising
serum concentration of PSA based on Prostate Cancer Working Group 3
criteria (13), were eligible for screening. The men underwent screening
with 18F-FDG PET and 68Ga-PSMA PET, bone scanning, and CT of the
chest, abdomen, and pelvis. Patients were eligible if they had an SUVmax

of more than 15 on 68Ga-PSMA PET at 1 or more sites, an SUVmax of
more than 10 at all measurable sites, and no 18F-FDG PET avidity with-
out corresponding PSMA uptake. All men with 68Ga-PSMA PET and
18F-FDG PET at both baseline and after treatment were included in this
substudy.

Study Treatment
All men received up to 6 doses of 177Lu-PSMA-617 at 6-wk inter-

vals, with 3 dose-escalated cohorts of NOX66. NOX66 was provided
as a dose-appropriate suppository taken from days 1 to 10 after each
177Lu-PSMA-617 injection. All cohorts were administered 7.5 GBq of
177Lu-PSMA-617 on day 1 via a slow intravenous injection. The
PSMA-617 precursor (AAA Novartis) was radiolabeled to no-carrier-
added 177Lu-chloride according to the manufacturer’s instructions.
Quality control tests for radionuclide and radiochemical purity were
performed using high-pressure liquid chromatography and thin-layer
chromatography. NOX66 suppositories were administered at 400-,
800-, and 1,200-mg doses per a dose escalation protocol (11).

Imaging Procedures and Acquisition
68Ga-PSMA PET and 18F-FDG PET were performed at baseline

(screening) and after treatment (6 wk after completing all 6 cycles or
when treatment ceased earlier because of clinical progression). 68Ga-
HBEDD-CC PSMA-11 was produced on-site in a manner compliant with
good-laboratory-practice procedures using a TRASIS automated radio-
pharmacy cassette. 18F-FDG was produced off-site commercially under
good-manufacturing-practice–compliant conditions. Radiopharmacy qual-
ity control was undertaken using a high-pressure liquid chromatography
method. Patients were injected with a 2.0 MBq/kg dose of 68GaPSMA-11
and a 3.5 MBq/kg dose of 18F-FDG, with matched imaging parameters
(dose, time after injection, and imaging protocols) for each patient. All
PET/CT imaging was undertaken using a Phillips Ingenuity time-of-flight
PET/64-slice CT scanner. An unenhanced low-dose CT scan was per-
formed 60 min after tracer injection. Immediately after CT scanning, a
whole-body PET scan was acquired for 2 min per bed position. The emis-
sion data were corrected for randoms, scatter, and decay.

Diagnostic contrast-enhanced CT of the chest, abdomen, and pelvis,
and a whole-body bone scan, were performed at baseline and after
treatment.

Imaging Analysis
All 68Ga-PSMA and 18F-FDG PET scans (screening and after treat-

ment) were analyzed semiquantitatively by a nuclear medicine physician
using MIM Software and a standardized semiautomated workflow to
delineate regions of interest with a minimum SUV cutoff of 3 for 68Ga-
PSMA PET and an SUV cutoff equal to the blood pool mean intensity
plus 1.5 SDs for 18F-FDG PET. All lesions identified quantitatively were
manually reviewed and physiologic uptake or scatter removed. Whole-
body quantitation derived total metabolic tumor volume, SUVmax, and
SUVmean for both

18F-FDG PET and 68Ga-PSMA PET (MIM Software)
(14). A nuclear medicine physician visually assessed both the quantified

and the nonquantified PET images to identify potential sites of 18F-FDG
PET–positive/68Ga-PSMA PET–negative progressive disease between the
screening and posttreatment scans.

Statistical Analyses
We measured PSA declines from baseline (absolute and $50%) at

any time point, PSA PFS as defined by Prostate Cancer Working
Group 3 criteria, radiographic progression defined by RECIST 1.1 and
Prostate Cancer Working Group 3 criteria, and OS (13,15). Time-to-
event endpoints (PSA PFS and OS) were defined as the interval from
the date of enrolment to the event date, or the date last known to be
event-free (at which point the observation was censored).

A 2-sided exact binomial 95% CI was calculated for PSA response
rates. The Kaplan–Meier method was used to characterize time-to-event
endpoints and estimate medians (presented with 95% CIs). We corre-
lated changes in TTV, SUVmax, and SUVmean for

68Ga-PSMA PET and
18F-FDG PET with time-to-event outcomes, using univariable and mul-
tivariable Cox proportional-hazards regression models. P values below
5% were considered significant. Analyses were performed using R (ver-
sion 4.0.5) and SPSS (version 25).

RESULTS

Patient Characteristics
Patient characteristics are summarized in Table 1. Thirty-seven of

56 (66%) men on the LuPIN trial had both baseline screening and
posttreatment imaging (6 wk after completion of 6 cycles of treat-
ment, or earlier if the trial was exited because of clinical progression).
Of these, 68% (25/37) had posttreatment imaging after completing all
6 cycles of 177Lu-PSMA-617 plus NOX66, 3% (1/37) after 5 cycles,
14% (5/37) after 4 cycles, 14% (5/37) after 3 cycles, and 3% (1/37)

TABLE 1
Patient Characteristics

Characteristic Substudy data

Age (y) 68 (65–74)

Eastern Cooperative Oncology Group
performance status

0 or 1 32 (86%)

2 5 (14%)

PSA at screening (mg/L) 91 (41.3–380)

Hemoglobin (reference range,
130–180 g/L)

122 (112–131)

Alkaline phosphatase (reference range,
30–100 U/L)

124 (83–359)

Prior systemic treatments

Luteinizing hormone-releasing hormone
agonist/antagonist

37 (100%)

Chemotherapy 37 (100%)

Docetaxel 37 (100%)

Cabazitaxel 34 (92%)

Androgen signaling inhibitor 37 (100%)

Cycles of 177Lu-PSMA-617
administered

6 (4–6)

Exit diagnostic CT and bone scan 34 (92%)

Qualitative data are absolute counts and percentage;
continuous data are median and interquartile range.
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after 2 cycles. Nineteen of 56 (34%) did not have exit imaging
because of illness (12/19), travel restrictions (3/19), or unknown rea-
sons (3/19).

Clinical Outcomes
The median reduction in PSA was 77% (interquartile range,

34%–92%), and 70% (26/37) of patients had a PSA response of
more than 50%. With a median follow-up of 26 mo, the median
PSA PFS was 8.6 mo (95% CI, 5.6–11.6) and the median OS was
22 mo (95% CI, 18.6–25.6). PSA or clinical progression had
occurred in 54% (20/37) at the time of exit imaging, whereas 46%
(17/37) had no PSA progression after the full 6 cycles of treat-
ment. At exit, 92% (34/37) had conventional imaging (CT and
bone scanning). Radiographic progression at the time of exit imag-
ing was identified in 18% (6/34). On univariable analysis, PSA
progression and radiographic progression at trial exit were also
associated with significantly worse PSA PFS and OS (Table 2).

68Ga-PSMA PET Quantitation
Quantitative 68Ga-PSMA PET SUVmax and SUVmeanwere reduced

in 95% of men independently of whether they had PSA progression
at the time of exit imaging (absolute change in PSMA SUVmax:
median, 226 [interquartile range, 240 to 213]; absolute change in
PSMA SUVmean: median,23 [interquartile range,25 to22]). There
was no correlation between an increase in PSMA SUVmax and either
PSA PFS or OS (Table 2).
The median change in PSMA TTV was 20.64 liters (interquartile

range, 20.29 to 10.07). PSMA TTV was increased in 32% (12/37).
Any increase in PSMA TTV was associated with shorter PSA PFS
(hazard ratio [HR], 2.9 [95% CI, 1.4–6.1]; P 5 0.01) and OS
(median, 12.2 vs. 25.5 mo; HR, 6.2 [95% CI, 2.0–19.2]; P , 0.01)
(Fig. 1). An increase in PSMA TTV by at least 30% was significantly
associated with worse OS (HR, 6.0 [95% CI, 1.9–19.2]; P 5 0.002),
whereas association with PSA PFS was not significant (Fig. 2).
All 12 patients with an increasing PSMA TTV had an SUVmax

of more than 15 at trial exit (above trial entry criteria), compared
with 52% (13/25) of those with a reduced PSMA TTV.

18F-FDG PET Quantitation
Analysis of screening and posttreatment 18F-FDG PET demon-

strated that 51% (18/35) had a reduced 18F-FDG SUVmax (median
absolute change, 0.1; interquartile range, 24 to 11) and that 66%
(23/35) had a reduced 18F-FDG SUVmean (median absolute
change, 20.4; interquartile range, 21 to 10.4) in response to
treatment. An increase in 18F-FDG SUVmax was associated with

worse PSA PFS (HR, 3.0 [95% CI, 1.4–6.4]; P 5 0.01) and OS
(HR, 3.0 [95% CI, 1.2–7.3]; P 5 0.02).

The median change in 18F-FDG TTV was 20.01 liters (inter-
quartile range, 20.05 to 10.02). 18F-FDG TTV was increased in

TABLE 2
Univariable Cox Regression Analysis for Association with PSA PFS and OS

Variable

OS PSA PFS

HR 95% CI P HR 95% CI P

Increase in PSMA TTV (L) 6.2 2.0–19.2 0.002 2.9 1.4–6.1 0.01

Increase in PSMA SUVmax at trial exit 1.9 0.2–14.4 0.56 1.3 0.3–5.6 0.71

Increase in 18F-FDG TTV (L) 2.7 1.1–6.2 0.02 3.1 1.4–6.8 0.005

Increase in 18F-FDG SUVmax at trial exit 3.0 1.2–7.3 0.02 3.0 1.4–6.4 0.01

PSA progression at trial exit 5.8 2.1–16.1 ,0.001 5.0 2.3–10.7 ,0.001

Radiographic progression at trial exit 5.4 1.8–16 0.003 4.4 1.6–12 0.004

FIGURE 1. (A and B) Quantitative analysis for patient with reduced
PSMA TTV between baseline (A) and after treatment (B). (C and D) Quanti-
tative analysis for progressing patient at baseline (C) and after treatment
(D). In patients with high-volume disease, it can be difficult to visually iden-
tify extent of volume change. In this second case, volume increase is 25%.
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37% (13/35) at trial exit. Any increase in 18F-FDG TTV was associ-
ated with worse PSA PFS (HR, 3.1 [95% CI, 1.4–6.8]; P 5 0.005)
and OS (median, 16.2 vs. 23.1 mo; HR, 2.7 [95% CI, 1.1–6.2];
P5 0.02). An increase in 18F-FDG TTV by at least 30% was signif-
icantly associated with worse PSA PFS (HR, 2.7 [95% CI, 1.2–6.0];
P5 0.01) but was not significantly associated with OS (Fig. 2).
No 18F-FDG–positive/68Ga-PSMA PET–negative progressive

sites were identified in this cohort at the time of exit imaging. One
patient had a significant increase in 18F-FDG–avid volume at 1 site,
whereas PSMA tumor volume and SUVmax were reduced (Fig. 3).

Molecular Response Patterns and Patient Outcomes
Multivariable analysis including change in PSMA TTV, 18F-

FDG TTV, and 18F-FDG SUVmax, as well as PSA progression and
radiographic progression, found that only PSMA TTV and PSA
progression remained independently prognostic of OS (HR, 5.1
[95% CI, 1.5–17.1; P 5 0.008] and 3.5 [95% CI, 1.1–10.9; P 5
0.03], respectively) (Table 3).

DISCUSSION

This study has found that increasing TTV on posttreatment
68Ga-PSMA PET identifies early disease progression and shorter
OS independently of PSA, raising its potential for use as a prog-
nostic biomarker. Metastatic castration-resistant prostate cancer is
characterized by phenotypic and molecular heterogeneity, with
marked PSMA heterogeneity previously demonstrated at both an
imaging and a cellular level (9,10). Although the VISION and
TheraP trials have found high treatment responses and improved
quality-of-life parameters, the duration of treatment responses
with 177Lu-PSMA-617 remains limited. Identifying effective pre-
dictive and prognostic biomarkers is critical to deepening and pro-
longing responses to PSMA-targeted treatments with appropriate
combinations and judicious treatment sequencing.

A second key finding in this study is that
in contrast to 18F-FDG PET, reduced PSMA
SUVmax or SUVmean occurred in almost all
patients in response to 177Lu-PSMA-617
therapy and was not predictive of either
treatment response or OS. This lack of corre-
lation between change in PSMA SUVmax or
SUVmean and treatment outcomes has previ-
ously been shown. Kurth et al. found that
PSMA intensity decreased in both clinically
responding and progressing patients (7,16).
Grubm€uller et al. also found no correlation
between change in whole-body PSMA
SUVmean and OS in an analysis of posttreat-
ment 68Ga-PSMA PET after 177Lu-PSMA-
617 therapy. This lack of prognostic value
of change in PSMA SUVmean and SUVmax

with PSMA-targeted therapy is not unex-
pected. 177Lu-PSMA-617 preferentially tar-
gets highly PSMA-expressing cells, leading
to persistent populations of low-PSMA-
expression disease that may be less respon-
sive to treatment. The lack of predictive or
prognostic value for change in PSMA
SUVmean and SUVmax is important to high-
light, as we intuitively use reduction in
intensity (18F-FDG PET) to denote treat-
ment response with systemic therapy (17).

We need to think differently when developing 68Ga-PSMA PET
response criteria for PSMA-targeted therapy.
Increasing PSMA TTV was an independent predictor of PSA

PFS and OS in this study. Similar to Gafita et al. and Grubm€uller
et al., we confirmed that an increase in quantitative PSMA TTV is a
poor prognostic factor for OS (6,7). An increase in PSMA TTV by
at least 30% was associated with poor OS, supporting the inclusion
of this metric in the 68Ga-PSMA PET progression criteria (18).
However, accurate assessment of change in TTV visually can be dif-
ficult, especially in high-volume disease, and quantitative PET anal-
ysis may become an important tool in PSMA-targeted therapy.
We found that patients with an increase in PSMA TTV at trial exit

had a PSMA SUVmax of more than 15, significantly higher than in
patients without progressive disease, and above a range at which
PSMA-targeted therapy is expected to be effective. This finding may
indicate that radiation resistance is an important mechanism of treat-
ment failure. Further evaluation in conjunction with genetic analysis
may help identify optimal treatment combinations in patients who cur-
rently have a limited treatment response to 177Lu-PSMA-617 alone.

18F-FDG PET was undertaken both at screening and at trial exit,
with 18F-FDG PET screening parameters previously shown to be
predictive of OS in this study cohort and other 177Lu-PSMA-617 tri-
als (1,12,19). Although we found that an increase in 18F-FDG SUV-

max and
18F-FDG TTV was associated with poor OS in univariable

analysis, they did not remain significant on multivariate analysis.
Further, the incidence of discordant progressive lesions (18F-FDG
PET–positive/68Ga-PSMA PET–negative) was low, with only 1
patient having a significant increase in 18F-FDG–avid volume at 1
site, whereas PSMA TTV was reduced.
RECIST progression is the standard of care for identifying pro-

gressive disease on imaging and has a strong correlation with OS in
prostate cancer (20). However, RECIST progression was less prog-
nostic than change in either PSMA TTV or PSA progression at

FIGURE 2. Kaplan–Meier curves for OS stratified by increase in PSMA TTV $ 30% from baseline
(A), increase in 18F-FDG TTV $ 30% from baseline (B), increase in PSMA SUVmax from baseline (C),
and increase in 18F-FDG SUVmax from baseline (D).

72 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 1 ! January 2023



study exit. The promising prognostic value for molecular imaging
parameters suggests that more work needs to be done validating
PET for treatment response in metastatic castration-resistant prostate
cancer, potentially as an alternative to CT and bone scanning cur-
rently used in Prostate Cancer Working Group 3 criteria.
This study had several limitations. Its small sample size made it

purely exploratory, and the findings will need to be validated in
larger trials. The sample size also did not allow for a multivariable
analysis incorporating other known prognostic factors.

Additionally, selection of patients for this analysis was biased to-
ward those well enough to complete posttreatment imaging, explaining
the higher rate of at least 50% PSA decline and longer OS in this sub-
set of patients than previously published for the trial. The interval
between screening and posttreatment imaging was variable, with 32%
exiting the trial early because of clinical progression.
Finally, PET quantitation software remains of limited availabil-

ity and time-intensive to achieve accurate results. Further automa-
tion in quantitation is required to minimize the time required to
derive reproducible results, in addition to harmonization and vali-
dation of quantitative methods. Nevertheless, the prognostic value
of quantified PSMA TTV in this study suggests that investment in
PET quantitation will yield significant clinical benefit.

CONCLUSION

Change in quantitative PSMA TTV has strong potential as a
prognostic biomarker with 177Lu-PSMA-617 therapy, indepen-
dently of 18F-FDG parameters, PSA, or radiographic progression.
Further research into the value of posttreatment PET as an imaging
biomarker is warranted.
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KEY POINTS

QUESTION: What are the imaging findings on 68Ga-PSMA PET
and 18F-FDG PET after 177Lu-PSMA-617 therapy, and do changes
in tumor volume, SUVmax, or SUVmean correlate with clinical
outcomes?

PERTINENT FINDINGS: In this LuPIN substudy, any increase in
PSMA TTV and PSA progression at study exit were independently
prognostic of OS.

IMPLICATIONS FOR PATIENT CARE: Change in tumor volume
on 68Ga-PSMA PET after 177Lu-PSMA-617 therapy provides
information for clinicians on patient survival and may help them
make clinical decisions on timing and type of next treatments.
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Lung cancer is the leading cause of cancer death within the United
States, yet prior studies have shown a lack of adherence to imaging
and treatment guidelines in patients with lung cancer. This study eval-
uated the use of 18F-FDG PET/CT imaging before subsequent radia-
tion therapy (RT) in patients with non–small cell lung cancer (NSCLC),
as recommended by National Comprehensive Cancer Network guide-
lines, and whether the use of this imaging modality impacts cancer-
specific survival. Methods: This was a retrospective study of the
National Cancer Institute’s Surveillance, Epidemiology, and End
Results program of Medicare-linked data in patients with NSCLC.
Hazard ratios and 95% CIs for overall and cancer-specific survival
were estimated for patients diagnosed between 2006 and 2015 who
underwent either 18F-FDG PET/CT–based or CT-based imaging
before subsequent RT. Results: Significant improvement in cancer-
specific survival was found in patients who underwent 18F-FDG PET/
CT imaging before subsequent RT, compared with those who under-
went CT (hazard ratio, 1.43 [95%CI, 1.32–1.55;P, 0.0001]). Although
the National Comprehensive Cancer Network recommends 18F-FDG
PET/CT before subsequent RT, 43.6% of patients were imaged with
CT alone. Conclusion: Many patients with NSCLC are not being
imaged according to national guidelines before subsequent RT, and
this omission is associated with a lower cancer-specific survival.

Key Words: PET/CT; surveillance; radiation therapy; non–small cell
lung cancer; guidelines
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Lung cancer remains the leading cause of cancer-related death
within the United States. The most recent data from 2020 found
that lung cancer caused more deaths than breast, prostate, and colo-
rectal cancers combined, accounting for almost 1 in 4 cancer deaths
(1). Despite this statistic, there is reason for optimism: during
2016–2017, there was a 2.2% decrease in overall cancer mortality,
the largest decline recorded in a single year, with persistent
declines in lung cancer mortality (1). Management of non–small

cell lung cancer (NSCLC) is becoming more nuanced with molec-
ular testing to guide therapy based on the patients’ underlying
mutations (2). This has led to the idea of limited metastatic burden
at the time of diagnosis, also known as oligometastatic disease, and
limited progressive disease of a few metastatic sites on systemic
therapy, also known as oligoprogressive disease. Either form of
limited baseline or progressive metastatic disease can potentially
be treated with definitive local ablative therapy, such as minimally
invasive surgery, radiation therapy (RT), radiofrequency ablation,
or cryoablation. Local ablative therapy has been shown to improve
patient outcomes and has the potential to decrease invasive surger-
ies (3).
Imaging with 18F-FDG PET/CT can provide additional informa-

tion to guide treatment for patients with oligoprogressive disease.
Multiple prior studies have established the superiority of PET/CT
over CT alone for NSCLC staging and treatment planning. Specifi-
cally, PET/CT has high sensitivity for tumor, nodal, and metastatic
staging (4); can differentiate between recurrent disease and RT
changes (5); increases detection of oligoprogressive disease outside
the central nervous system (6); improves selection of patients for
thoracotomy (7–9); and can change treatment decisions for up to
72% of patients with NSCLC (10). PET/CT also provides prognos-
tic information pertinent to treatment planning. Patients with a
higher SUVmax on pretreatment PET/CT have decreased overall
survival and increased recurrence (11–13), and use of baseline 18F-
FDG PET/CT at the time of diagnosis is associated with improved
cancer-specific survival (14).
Given these benefits, the National Comprehensive Cancer Net-

work (NCCN) currently recommends that all patients, regardless of
stage, be routinely screened for recurrence using CT of the chest,
with or without contrast enhancement. If there is evidence of recur-
rence, 18F-FDG PET/CT is recommended to evaluate for locore-
gional recurrence versus distant metastases (15). Prior studies of
various cancers, including colon cancer, soft-tissue sarcoma, epi-
thelial ovarian cancer, pancreatic cancer, and NSCLC, have shown
that improved adherence to NCCN guidelines leads to improved
outcomes in survival (16–20). Research has demonstrated a lack of
compliance of imaging and treatment recommendations in patients
with lung cancer (14,21,22). We hypothesized that in the case of
NSCLC that is being treated with subsequent RT, many patients are
not undergoing guideline-recommended imaging and that this lack
of adherence is associated with lower patient survival.
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MATERIALS AND METHODS

Data Sources
This was a retrospective study of patients with NSCLC in the Sur-

veillance, Epidemiology, and End Results (SEER) Medicare-linked
database. We compared the outcomes of patients who underwent RT

for oligoprogressive or recurrent disease based on whether their most
recent imaging was CT or 18F-FDG PET/CT. SEER, a program of the
National Cancer Institute, includes information on patient demo-
graphics, tumor characteristics at diagnosis, and treatment information
from 18 population-based tumor registries that cover approximately

TABLE 1
Characteristics by Imaging Modality Before Subsequent RT of NSCLC Patients

Characteristic Total CT/CTA alone Any PET P

All patients 5,017 2,188 2,829

Race/ethnicity category

White NH 4,223 (84.2) 1,786 (81.6) 2,437 (86.1) ,0.0001*

Black NH 337 (6.7) 183 (8.4) 154 (5.4)

Hispanic 179 (3.6) 80 (3.7) 99 (3.5)

Other/unknown 278 (5.5) 139 (6.4) 139 (4.9)

Patient region at diagnosis

East 1,061 (21.1) 493 (22.5) 568 (20.1) 0.0215*

Midwest 617 (12.3) 285 (13.0) 332 (11.7)

South 1,510 (30.1) 618 (28.2) 892 (31.5)

West 1,829 (36.5) 792 (36.2) 1,037 (36.7)

Facility type

National Cancer Institute center 605 (12.1) 296 (13.5) 309 (10.9) 0.0179*

Teaching hospital 2,021 (40.3) 873 (39.9) 1,148 (40.6)

Other/no hospital 2,391 (47.7) 1,019 (46.6) 1,372 (48.5)

Derived AJCC stage group, sixth edition

Stage I 1,597 (31.8) 518 (23.7) 1,079 (38.1) ,0.0001*

Stage II 472 (9.4) 160 (7.3) 312 (11.0)

Stage III 1,511 (30.1) 675 (30.9) 836 (29.6)

Stage IVA 1,437 (28.6) 835 (38.2) 602 (21.3)

Initial treatment

RT 943 (18.8) 385 (17.6) 558 (19.7) ,0.0001*

Surgery 1,217 (24.3) 421 (19.2) 796 (28.1)

Chemotherapy 659 (13.1) 402 (18.4) 257 (9.1)

Surgery and RT 112 (2.2) 39 (1.8) 73 (2.6)

Chemotherapy and RT 1,348 (26.9) 676 (30.9) 672 (23.8)

Chemotherapy and surgery 488 (9.7) 158 (7.2) 330 (11.7)

Chemotherapy, surgery, and RT 250 (5.0) 107 (4.9) 143 (5.1)

Diagnostic imaging category

CT/CTA alone 531 (10.6) 285 (13.0) 246 (8.7) ,0.0001*

Any PET 4,440 (88.5) 1,885 (86.2) 2,555 (90.3)

No related imaging 46 (0.9) 18 (0.8) 28 (1.0)

Histologic subtype of NSCLC

Adenocarcinoma 2,546 (50.7) 1,157 (52.9) 1,389 (49.1) ,0.0001*

Adenosquamous 120 (2.4) 47 (2.1) 73 (2.6)

Large cell carcinoma 117 (2.3) 54 (2.5) 63 (2.2)

Neuroendocrine 89 (1.8) 57 (2.6) 32 (1.1)

Squamous cell carcinoma 1,542 (30.7) 601 (27.5) 941 (33.3)

Other/not specified 603 (12.0) 272 (12.4) 331 (11.7)

*Statistically significant (P , 0.05).
NH 5 non-Hispanic; AJCC 5 American Joint Committee on Cancer.
Data are n followed by percentage in parentheses.
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28% of the U.S. population. Medicare claims provide information on
the health services received and on the facility where they were
received, and census information is linked to the SEER data for addi-
tional geographically based sociodemographic factors (23,24).

Cohort Selection
We selected patients aged 66 y or older at diagnosis, whose first

primary tumor was NSCLC, diagnosed from 2007 through 2015.
Patients were included at this age so there would be at least 1 y of
data to identify patients who had cancer before enrolling in Medicare.

We excluded patients who were diagnosed via death certificate or at
autopsy, as well as patients who had an unknown diagnosis date. We
required continuous enrollment in fee-for-service Medicare parts A and
B from 12 mo before through 12 mo after the month of diagnosis (or
until death if it occurred within 12 mo) to ensure a complete claims his-
tory for comorbidities before diagnosis and for services received after
diagnosis. We also excluded patients who had no paid claims in the
12 mo after diagnosis, patients who were stage 0, patients who were
missing the census tract, and patients who had an unknown stage, rural
measure, or race.

TABLE 2
Logistic Regression Predicting Whether Patients Received PET

Characteristic OR P Global P

Race/ethnicity category

White NH (ref) 0.0044*

Black NH vs. White NH 0.688 (0.54–0.88) 0.0023*

Hispanic vs. White NH 0.958 (0.70–1.32) 0.7944

Other/unknown vs. White NH 0.752 (0.58–0.98) 0.0336*

Patient region at diagnosis

West (ref) 0.0374*

East vs. west 0.799 (0.67–0.95) 0.0111*

Midwest vs. west 0.856 (0.70–1.05) 0.1390

South vs. west 0.996 (0.85–1.17) 0.9655

Derived AJCC stage group, sixth edition

Stage I (ref) ,0.0001*

Stage II vs. stage I 0.880 (0.70–1.11) 0.2769

Stage III vs. stage I 0.695 (0.58–0.83) ,0.0001*

Stage IVA vs. stage I 0.455 (0.38–0.55) ,0.0001*

Initial treatment

RT (ref) ,0.0001*

Chemotherapy vs. RT 0.625 (0.50–0.78) ,0.0001*

Chemotherapy and RT vs. RT 0.827 (0.69–1.00) 0.0464*

Chemotherapy and surgery vs. RT 1.337 (1.04–1.72) 0.0223*

Chemotherapy, surgery, and RT vs. RT 0.969 (0.72–1.31) 0.8356

Surgery vs. RT 1.093 (0.90–1.33) 0.3676

Surgery and RT vs. RT 1.259 (0.83–1.92) 0.2843

Diagnostic imaging category

Any PET (ref) 0.0002*

CT/CTA alone vs. any PET 0.673 (0.56–0.81) ,0.0001*

No related imaging vs. any PET 1.178 (0.64–2.18) 0.6019

Histologic subtype of NSCLC

Adenocarcinoma (ref) 0.0183*

Adenosquamous vs. adenocarcinoma 1.065 (0.72–1.57) 0.7528

Large cell carcinoma vs. adenocarcinoma 0.920 (0.62–1.35) 0.6718

Neuroendocrine vs. adenocarcinoma 0.576 (0.36–0.91) 0.0187*

Squamous cell carcinoma vs. adenocarcinoma 1.176 (1.02–1.35) 0.0212*

Other/not specified vs. adenocarcinoma 1.148 (0.95–1.39) 0.1537

*Statistically significant (P , 0.05).
NH 5 non-Hispanic; AJCC 5 American Joint Committee on Cancer.
Data in parentheses are 95% CIs.
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To best identify patients with disease requiring subsequent RT, we
required a specific sequence of events to have occurred after diagnosis.
From the cohort, we identified anyone who received initial treatment
within 6 mo of diagnosis and had subsequent RT within 36 mo of com-
pletion of the initial treatment. A gap of 90 d or more was required to
distinguish the initial treatment and subsequent treatment. As we were
interested in outcomes by modality of imaging for oligoprogressive dis-
ease, we further limited our sample to patients with imaging occurring
within 60 d before the subsequent RT. Our final sample with qualifying
treatment and imaging included 5,017 patients. All inclusion and exclu-
sion criteria are outlined in Supplemental Figure 1 (supplemental mate-
rials are available at http://jnm.snmjournals.org). Per NCCN guidelines
regarding treatment, this sample could include patients with local or
metastatic recurrent disease or patients with progression at a limited
number of sites (oligoprogressive disease).

We used the International Classification of Diseases, ninth and 10th
revisions; clinical modification codes; current procedural terminology
codes; and Healthcare Common Procedure Coding System codes to
identify the diagnoses and procedures.

Treatment Identification
Initial treatment was defined as chemotherapy, RT, or surgery for

NSCLC within 6 mo after diagnosis. We categorized initial treatment
as surgery alone, RT alone, chemotherapy alone, surgery and RT, sur-
gery and chemotherapy, chemoradiotherapy, or surgery and chemora-
diotherapy. We required at least 90 d to define separate treatment
periods; subsequent RT after the initial treatment period was defined as
having occurred at least 90 d after initial treatment. We also required
this subsequent RT to have occurred within 36 mo of initial treatment.
Codes used to identify initial treatment and subsequent RT can be found
in Supplemental Table 1.

Imaging Identification
Imaging procedures of interest were defined as imaging occurring

after initial treatment and within 60 d before subsequent RT. These were
categorized into 2 groups: CT or CT angiography (CTA) of the abdo-
men, chest, and pelvis, and any 18F-FDG PET either with or without CT/
CTA. Initial imaging at the time of diagnosis was also assessed. The
imaging codes used in this study can be found in Supplemental Table 1.

Statistical Analysis
For comparing baseline characteristics of demographic and diagnos-

tic information, x2 testing was performed to test statistically significant
differences in each categoric variable by imaging modality. The catego-
ries tested were year of diagnosis, age at diagnosis (66–69, 70–74, or
$75 y), race (White, Black, Hispanic, or other/unknown), sex (male
or female), marital status (married/partner or single), region, residence
(in an urban area or not), socioeconomic status (poverty level and

percentage of individuals with a high school
education or less), comorbidities before diag-
nosis, facility type (National Cancer Institute–
designated center, teaching hospital, or other/
no hospital), initial derived American Joint
Committee on Cancer Stage Group (sixth edi-
tion), initial imaging results, histology subtype,
and type of initial treatment. The reason for ana-
lyzing race is that multiple prior studies have
shown that racial and ethnic minorities are not
receiving the recommended imaging for their
disease. We used Medicare claims from the
year before diagnosis to estimate the Charlson
comorbidity index according to the National
Cancer Institute’s adaptation of the algorithm of
Klabundle et al. (25).

Logistic regression was performed to identify predictors of imaging type,
adjusting for the covariates included in the univariate table, and odds ratios
(ORs) between groupswere compared.

Overall survival and cancer-specific survival between imaging
modalities was estimated at 36 mo after diagnosis. Overall survival
was determined using Medicare-reported dates of death, which are
reported through December 2018. However, cancer-specific survival
was determined using SEER-reported dates of death, which include
cause of death and are through December 2016. Patients living longer
than 36 mo were censored at 36 mo.

The Kaplan–Meier method and unadjusted Cox proportional hazards
were used for univariate survival analyses. Multivariate cancer-specific
survival analyses were completed using Cox proportional-hazards mod-
els, adjusting for covariates. The proportional-hazards assumption was
evaluated using Schoenfeld residuals, and violations were addressed
using time-dependent interaction terms in multivariable models. A forward-
stepwise analysis was completed. The base model included demographic
characteristics; the stratified model added stage, initial treatment, and
facility type to the base model; and the full model included all previous
covariates and the imaging modality.

All statistical analyses were performed with SAS, version 9.4 (SAS
Institute), and evaluated at a critical a of 0.05. The study was reviewed
and approved by the University of Colorado Institutional Review
Board. It was conducted under a data use agreement with the National
Cancer Institute.

RESULTS

We identified a total of 5,017 patients who underwent subsequent
RT for oligoprogressive or recurrent NSCLC after completing ini-
tial therapy. Of these patients, 84.2% were non-Hispanic White,
6.7% were Black, 3.6% were Hispanic, and 5.5% were other/
unknown. In total, 2,829 (56.3%) patients underwent 18F-FDG
PET/CT before subsequent RT, whereas 2,188 (43.6%) patients
had imaging with CT/CTA alone (Table 1). Of note, patients with
an initial treatment of surgery demonstrated increased PET/CT use
(65.4% had a PET/CT) whereas patients with an initial treatment of
chemotherapy had decreased PET/CT use (38.9% had PET/CT)
(Table 1; Supplemental Table 2). There was no difference in imag-
ing use between National Cancer Institute centers, teaching hospi-
tals, or other/no hospital (Supplemental Table 3).
There was a significant difference in PET/CT use depending on

initial patient stage and initial treatment regimen. Stages III and IV
were less likely to be imaged with 18F-FDG PET/CT than stages I
and II (OR, 0.695 [95% CI, 0.58–0.83; P , 0.0001] and 0.455
[95% CI, 0.38–0.55; P , 0.0001], respectively). Overall, patients

FIGURE 1. Impact of imaging modality (CT/CTA alone vs. any PET) on 3-y overall (left) and cancer-
specific (right) survival in patients with NSCLC, according to SEER, 2007–1015.
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who received initial treatment with chemotherapy or chemotherapy
and RT were less likely to undergo imaging with 18F-FDG PET/CT
than with RT alone (OR, 0.625 [95% CI, 0.50–0.78; P , 0.0001]
and 0.827 [95% CI, 0.69–1.00; P 5 0.0464], respectively).

Conversely, patients who received initial treatment with chemother-
apy plus surgery were more likely to have imaging with 18F-FDG
PET/CT (OR, 1.337 [95% CI, 1.04–1.72; P5 0.0223]). Patients of
Black or other/unknown ethnicity were less likely to have imaging

TABLE 3
Multivariate Analysis of Survival at 3-Year Follow-Up

Overall survival Cancer-specific survival

Characteristic Hazard ratio P Global P Hazard ratio P Global P

Age category (y)

66–69 (ref) 0.0066* 0.0079*

70–74 0.988 (0.90–1.08) 0.7992 0.940 (0.85–1.04) 0.2436

$75 1.115 (1.02–1.22) 0.0157* 1.089 (0.99–1.20) 0.0901

Sex

Male (ref) 0.0012* 0.0008*

Female 0.886 (0.82–0.95) 0.0012* 0.869 (0.80–0.94) 0.0008*

Facility type

National Cancer Institute center (ref) 0.0174* 0.0191*

Other/no hospital 1.151 (1.02–1.30) 0.0205* 1.164 (1.02–1.33) 0.0280*

Teaching hospital 1.050 (0.93–1.18) 0.4213 1.047 (0.91– 0.20) 0.5064

Derived AJCC stage group, sixth edition

Stage I (ref) ,0.0001* ,0.0001*

Stage II 1.906 (1.62–2.25) ,0.0001* 1.920 (1.59–2.31) ,0.0001*

Stage III 2.057 (1.67–2.54) ,0.0001* 2.135 (1.70–2.69) ,0.0001*

Stage IVA 2.810 (2.11–3.74) ,0.0001* 2.846 (2.08–3.89) ,0.0001*

Initial treatment

Radiation (ref) ,0.0001* ,0.0001*

Chemotherapy 0.681 (0.58–0.80) ,0.0001* 0.696 (0.58–0.83) ,0.0001*

Chemotherapy and RT 0.533 (0.42–0.67) ,0.0001* 0.537 (0.42–0.69) ,0.0001*

Chemotherapy and surgery 0.278 (0.20–0.38) ,0.0001* 0.272 (0.19–0.38) ,0.0001*

Chemotherapy, surgery, and RT 0.337 (0.23–0.49) ,0.0001* 0.330 (0.22–0.50) ,0.0001*

Surgery 0.673 (0.59–0.76) ,0.0001* 0.675 (0.58–0.78) ,0.0001*

Surgery and RT 0.466 (0.34–0.63) ,0.0001* 0.415 (0.29–0.59) ,0.0001*

Histologic subtype of NSCLC

Adenocarcinoma (ref) ,0.0001* 0.0005*

Adenosquamous 1.471 (1.17–1.85) 0.0010* 1.392 (1.07–1.81) 0.0138*

Large cell carcinoma 1.416 (1.11–1.81) 0.0059* 1.315 (1.00–1.72) 0.0470*

Neuroendocrine 1.375 (1.02–1.85) 0.0342* 1.455 (1.05–2.01) 0.0232*

Squamous cell carcinoma 1.719 (1.40–2.11) ,0.0001* 1.644 (1.32–2.05) ,0.0001*

Other/not specified 1.728 (1.34–2.23) ,0.0001* 1.687 (1.28–2.22) 0.0002*

Diagnostic imaging category

Any PET (ref) ,0.0001* 0.0001*

CT/CTA alone 2.089 (1.55–2.81) ,0.0001* 1.986 (1.45–2.73) ,0.0001*

No related imaging 0.438 (0.27–0.72) 0.0011* 0.448 (0.26–0.77) 0.0039*

Imaging category before subsequent RT

Any PET (ref) ,0.0001* ,0.0001*

CT/CTA alone 1.417 (1.32–1.52) ,0.0001* 1.430 (1.32–1.55) ,0.0001*

*Statistically significant (P , 0.05).
AJCC 5 American Joint Committee on Cancer.
Hazard ratios are lower confidence limit to upper confidence limit.
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with PET/CT than White non-Hispanic patients (OR, 0.688 [95%
CI, 0.54–0.88; P 5 0.0023] and 0.752 [95% CI, 0.58–0.98;
P 5 0.0336], respectively). Patients initially imaged with CT/CTA
alone were also less likely to have subsequent imaging with PET
(OR, 0.673 [95% CI, 0.56–0.81; P, 0.0001]) (Table 2).
When survival was compared over a 3-y follow-up period, patients

who had undergone CT/CTA alone rather than 18F-FDG PET/CT
before subsequent RT had a lower overall survival (hazard ratio, 1.417
[95% CI, 1.32–1.52; P, 0.0001]) and cancer-specific survival (hazard
ratio, 1.430 [95% CI, 1.32–1.55; P , 0.0001]) (Fig. 1; Table 3) when
controlling for initial stage, initial diagnostic imaging, and histologic
subtype. Other factors associated with decreased survival included
being male, being older, having a histologic subtype other than adeno-
carcinoma, undergoing initial diagnostic imaging with CT/CTA alone,
and having stages II, III, or IV (Table 3, Supplemental Table 4). Over-
all and cancer-specific survival was increased in the other/unknown
race category (hazard ratio, 0.823 [95% CI, 0.70–0.97; P 5 0.0195]
and 0.799 [95% CI, 0.67–0.96; P5 0.0162], respectively).

DISCUSSION

This study demonstrated a significant lack of adherence to guide-
line-based imaging recommendations, which negatively impacts
the survival of patients with NSCLC. Approximately 1 of every 2
patients who undergo subsequent RT does not undergo the recom-
mended pre-RT 18F-FDG PET/CT examination. This lack of adher-
ence is present throughout all institutions, regardless of patient
volume or the frequency of patient encounters.
In general, patients with higher stages of disease, especially stage

III or IVA, were less likely to undergo 18F-FDG PET/CT before
subsequent RT. Patients who initially received treatment with che-
motherapy or chemotherapy and RT were less likely to be imaged
with PET/CT. Patients who initially received chemotherapy with or
without RT instead of surgery likely had a higher stage of disease at
initial diagnosis. This disparity in the lack of 18F-FDG PET/CT in
patients with higher stages of disease could be a result of provider
bias against patients with advanced disease, for whom CT or CTA
is considered adequate for monitoring rather than the more sensitive
18F-FDG PET/CT imaging, which is used more for lower-stage dis-
ease that is more carefully evaluated for recurrence. These trends
suggest specific areas for improvement in practice patterns, with
focused efforts to increase adherence to NCCN guidelines.
The advantage of PET/CT lies in its superior ability to detect

metabolically active target sites for RT, which improves disease
control and, in turn, survival. Prior studies have suggested that
PET/CT improves detection of sites in oligoprogressive disease (6).
The survival benefit associated with hybrid imaging was again dem-
onstrated in this study, regardless of disease stage. Patients who
underwent 18F-FDG PET/CT for either initial or subsequent imag-
ing experienced improved overall and cancer-specific survival over
a 3-y period compared with CT/CTA alone or other imaging.
Greater adherence to NCCN guidelines was associated with
improved survival for NSCLC patients.
In addition to institutional practices that may influence PET/CT

use, insurance denials are a common barrier to use of advanced
diagnostic imaging. Although exact clinical circumstances vary
between patients, in general, PET/CT scans are covered under
Medicare for the diagnosis, staging, and restaging of NSCLC (26).
The population in our study should have met PET/CT insurance
coverage criteria for purposes of restaging after recurrence or pro-
gression and before subsequent RT.

Our findings are relevant because they support the importance of fol-
lowing current clinical NCCN guidelines and show a lack of guideline
adherence in many circumstances. There is an opportunity to improve
PET/CT use and possibly cancer-specific survival through increased
provider awareness and an active intent to change. Prior studies have
suggested routine chart review and audits (27) or the use of a tumor
board with a dedicated oncology nurse navigator to improve adherence
to NCCN guidelines (28). Our findings suggest that substantial effort is
still required to improve adherence on a national scale.
There are several limitations to our study. Our analyses were based

on SEER registry data in a Medicare fee-for-service population, with
required coverage 12 mo before and after diagnosis, decreasing our
sample size and limiting generalizability to all Medicare patients.
Application to younger patients or patients with other forms of insur-
ance (or uninsured) requires further study. The SEER data available
for analysis include patients treated between 2005 and 2014, which
limits our staging analysis to the American Joint Committee on Can-
cer sixth edition rather than the more recently updated eighth edition.
Because the SEER data also include only initial stage, we cannot
account for extent of disease at the time of subsequent RT. SEER reg-
istries are reported to have a greater economic disadvantage, and
greater racial and ethnic diversity, which may limit the generalizability
of results to the national population (29). Although our multivariable
analysis controlled for numerous independent variables such as age,
stage, sex, and facility, there may be unobservable characteristics that
also impact the disparate use of imaging (30).

CONCLUSION

Nearly half of Medicare patients with NSCLC who undergo subse-
quent RT are not being staged according to NCCN guidelines. There
is decreased overall and cancer-specific survival for patients who
undergo imaging with CT/CTA alone rather than 18F-FDG PET/CT.
Further research is needed to identify additional factors that contribute
to overall survival, causes of current disparities in PET/CT use, and
interventions to improve adherence to NCCN guidelines.
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KEY POINTS

QUESTION: Are patients with recurrent NSCLC being imaged
according to national guidelines, and if not, is this affecting
mortality outcomes?

PERTINENT FINDINGS: This retrospective analysis of NSCLC
patients in the SEER-Medicare database found that 43.6% of
patients did not undergo the guideline-recommended imaging
with PET/CT, and patients with CT/CTA alone had a statistically
significant decreased overall and cancer-specific survival.

IMPLICATIONS FOR PATIENT CARE: The lack of guideline-
recommended PET/CT imaging for NSCLC patients affects
survival rates.
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Tumor visualization with near-infrared fluorescence (NIRF) imaging
might aid exploration and resection of pancreatic cancer by visualizing
the tumor in real time. Conjugation of the near-infrared fluorophore
IRDye800CW to the monoclonal antibody bevacizumab enables target-
ing of vascular endothelial growth factor A. The aim of this study was to
determine whether intraoperative tumor-specific imaging of pancreatic
cancer with the fluorescent tracer bevacizumab-800CW is feasible and
safe.Methods: In this multicenter dose-escalation phase I trial, patients
in whom pancreatic ductal adenocarcinoma (PDAC) was suspected
were administered bevacizumab-800CW (4.5, 10, or 25 mg) 3 d before
surgery. Safety monitoring encompassed allergic or anaphylactic reac-
tions and serious adverse events attributed to bevacizumab-800CW.
Intraoperative NIRF imaging was performed immediately after laparot-
omy, just before and after resection of the specimen. Postoperatively,
fluorescence signals on the axial slices and formalin-fixed paraffin-
embedded tissue blocks from the resected specimens were correlated
with histology. Subsequently, tumor-to-background ratios (TBR) were
calculated. Results: Ten patients with clinically suspected PDAC were
enrolled in the study. Four of the resected specimens were confirmed
PDACs; other malignancies were distal cholangiocarcinoma, ampullary
carcinoma, and neuroendocrine tumors. No serious adverse events
were related to bevacizumab-800CW. In vivo tumor visualization with
NIRF imaging differed per tumor type and was nonconclusive. Ex vivo
TBRswere 1.3, 1.5, and 2.5 for the 4.5-, 10-, and 25-mg groups, respec-
tively. Conclusion: NIRF-guided surgery in patients with suspected
PDAC using bevacizumab-IRDye800CW is feasible and safe. However,
suboptimal TBRs were obtained because no clear distinction between
pancreatic cancer from normal or inflamed pancreatic tissue was
achieved. Therefore, a more tumor-specific tracer than bevacizumab-
IRDye800CW for PDAC is preferred.

Key Words: near-infrared fluorescence imaging; molecular fluores-
cence imaging; pancreatic cancer
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Currently, the only curative treatment for pancreatic cancer is radi-
cal surgery (R0 resection). However, a radical resection is achieved in
only a minority of the patients. Surgery with curative intent may be
aborted during the procedure when exploratory laparotomy reveals
locally advanced disease (e.g., arterial encasement) or distant metastases
(1,2). Because of the quick spread of pancreatic cancer cells via perineu-
ral and perivascular pathways, occult metastases and tumor growth in
resectionmargins can easily bemissed (3). Besides intraoperative frozen
section analysis and ultrasonography, surgeons typically rely on visual
inspection and palpation alone to distinguish between tumorous and
benign tissue and to detect remaining small tumor deposits or locore-
gional metastases. Because of these limitations, positive resection mar-
gin rates are reported to be as high as 50%–75% (4).
Improved visualization of resection margins and detection of small

tumor deposits is highly desirable in pancreatic cancer surgery to pre-
vent under- or overtreatment. A relatively new technique that can fulfill
this unmet need is intraoperative near-infrared fluorescence (NIRF)
imaging (5). The main advantages of NIRF imaging are the real-time
and ideally tumor-specific visual feedback to the surgeon, thereby
enabling differentiation between benign and malignant tissue during
surgery and enhancing visualization of small tumor deposits (6). A
tumor-specific fluorescent tracer will accumulate in or bind to the
tumor after intravenous administration. Subsequently, fluorescence
signals can be detected using dedicated imaging systems. Recent stud-
ies showed promising results using tumor-specific NIRF imaging for
the visualization of several cancer types (7–10). However, successful
and tumor-specific visualization of pancreatic cancer using NIRF
imaging remains challenging because of several factors, such as the
frequent presence of the desmoplastic stroma reaction or periinflam-
matory tissue reaction.
Vascular endothelial growth factor (VEGF) is involved in tumor-

induced angiogenesis and lymph angiogenesis in most solid tumors
(11). Several studies report an overexpression of VEGF in pancreatic
cancer tissue compared with normal pancreatic tissue (12,13). Beva-
cizumab is an antibody directed toward VEGF-A–overexpressing
tumors, and by coupling the antibody to the organic fluorophore
IRDye800CW, a tumor-specific NIRF tracer (bevacizumab-800CW)
was developed. Bevacizumab-800CW has already been shown to be
a valid and safe tracer for molecular imaging in several solid cancer
types (8,9,14,15).
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The aim of this study was to determine whether intraoperative
tumor-specific imaging of pancreatic cancer is feasible and safe
using the fluorescent tracer bevacizumab-800CW.

MATERIALS AND METHODS

Patient Population
This study was approved by the certified medical ethics review board

of the University Medical Center Groningen and Leiden University Med-
ical Center (clinicaltrials.gov identifier NCT02743975). The study was
performed in accordance with the ethical principles of Helsinki (adapted
version; Fortaleza, Brazil, 2013) and the laws and regulations of The
Netherlands. All patients provided written informed consent before par-
ticipation in the study. A safety monitoring board was appointed before
the start of the clinical trial. All serious adverse events during or after sur-
gery were reported immediately to the investigational review board of the
University Medical Center Groningen, the data safety monitoring board,

and the Dutch Central Committee on Research
Involving Human Subjects.

Patients older than 18 y with a clinical suspi-
cion of pancreatic ductal adenocarcinoma
(PDAC) and scheduled to undergo surgery with
curative intent were included in this single-arm,
open-label multicenter study. All patients had a
World Health Organization performance score
of 0–2. Patients who underwent neoadjuvant
treatment or had a concurrent invasive malig-
nancy were excluded. Other exclusion criteria
were medical or psychiatric conditions compr-
omising the patient’s ability to give informed
consent, pregnancy or lactation, a history of infu-
sion reactions to bevacizumab, inadequately con-
trolled hypertension or a history of myocardial
infarction, transient ischemic attack, cerebrovas-
cular accidents, pulmonary embolism, uncon-
trolled chronic hepatic failure, or unstable angina
pectoris 6 mo before inclusion.

Study Design
The primary objective was to identify the

optimal dose for visualization of tumor tissue.
The secondary objective was to determine whether bevacizumab-
800CW could safely be used to identify PDAC with NIRF imaging.

Therefore, a 2-part 4 3 3 dose-finding study design was used. Part I
consisted of 4 intravenously administered ascending doses of 4.5 mg,
10 mg, 25 mg, and 50 mg of bevacizumab-800CW 3 d before the
planned surgery to 3 patients each. In part II, the defined optimal dose
group would be increased to 10 patients to obtain sufficient data points.
The optimal dose group would be chosen on the basis of ex vivo tumor-
to-background ratio (TBR). Interim analyses were performed after com-
pletion of each cohort for the evaluation of intraoperative fluorescence
signals, analyses of the ex vivo TBRs, and safety outcomes.

Bevacizumab-IRDye800CW
Bevacizumab-IRDye800CW was produced in the good-manufacturing-

practice–certified facility of the University Medical Center Groningen
Hospital Pharmacy by conjugating bevacizumab (Roche AG) and IRDye-
800CW-NHS (LI-COR Biosciences Inc.) under regulated conditions (16).

FIGURE 1. Workflow from intraoperative to FFPE blocks enabling correlation of intraoperative fluo-
rescence signals with histopathology. Intraoperative color images and corresponding fluorescence
images are obtained in vivo during surgery. Then, imaging of fresh surgical specimen followed by
serial slicing is performed. Imaging of fresh tissue slices is followed by paraffin embedding. Imaging
of FFPE blocks is done to determine TBR. Arrows show tumor area.

TABLE 1
Patient and Tumor Characteristics

Patient Tumor

Dose n Age (y) Sex WHO score Histology TNM stage Radicality

4.5 mg 1 64 F 0 Distal cholangiocarcinoma pT3N1 R0

2 67 M 1 PDAC pT3N1 R0

3 75 M 0 PDAC pT3N0 R0

4 69 M 1 Autoimmune pancreatitis — —

10 mg 5 56 M 1 Ampullary carcinoma pT3N1 R0

6 73 F 0 PDAC pT3N1 R1

7 74 F 0 Intrapapillary mucinous neoplasm — R0

25 mg 8 47 F 0 PDAC pT3N2 R0

9 74 F 0 Ampullary carcinoma pT3N1 R1

10 67 M 0 Neuroendocrine tumor pT3N0 R0

WHO 5 World Health Organization; R0 5 radical resection; R1 5 not radical.
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IRDye800CW has excitation and emission maxima at 774 and 789 nm,
respectively.

Imaging Systems
Intraoperative imaging was done with a fluorescence camera dedicated

to the detection of IRDye-800CW-NHS (SurgVision BV). The system
was configured with 2 light-emitting diode lights for 800nm of illumina-
tion and 1 light-emitting diode light for white-light illumination. Real-
time color and NIRF images were simultaneously collected. The imaging
device was approved for intraoperative application in humans by the
technical departments of the University Medical Center Groningen and
Leiden University Medical Center. Ex vivo imaging was performed using
the Blackbox (SurgVision BV) or the Pearl Imager (LI-COR Biosciences
Inc.). For detection of fluorescence in formalin-fixed paraffin-embedded
(FFPE) blocks, the Odyssey CLX fluorescence flatbed scanning system
(LI-COR Biosciences Inc.) was used.

Procedures
Figure 1 shows the NIRF imaging workflow as based on a proposed

standardization protocol (9). Before surgery, all patients underwent stag-
ing laparoscopy to exclude the possibility that the disease was locally
advanced or metastatic. Patients received bevacizumab-800CW 3 d
before surgery as an intravenous bolus injection. Tolerability assessments
(electrocardiography, blood pressure, pulse, peripheral oxygen saturation,
respiratory rate, and temperature) were performed just before tracer injec-
tion, shortly after tracer injection, and 1 h after tracer injection.

Surgery was performed according to standard practice. Surgeons
were not allowed to excise additional tissue exclusively on the basis of
fluorescence signals detected intraoperatively. NIRF imaging was per-
formed at 3 predefined time points: the first was after laparotomy, dur-
ing which all surrounding organs were imaged and fluorescence
intensity was determined (if nonspecific background fluorescence sig-
nals were present, these were noted); the second was after full prepara-
tion of the specimen just before resection (the fluorescence intensity of
the expected tumor and the normal pancreatic tissue was noted); and
the third was after resection of the specimen, during which the remain-
ing tissue was imaged. If the near-infrared camera detected additional

lesions that were not part of the intended
resection, the surgeon was allowed to perform
a biopsy for postoperative pathologic analysis.

After resection, the gross specimen was
imaged. After formalin fixation, the specimen
was sliced in 0.3- to 0.5-cm-thick slices ac-
cording to the preferred protocol (4,17). All sli-
ces were macroscopically examined and
imaged. Those slices considered relevant for
the pathologist were processed for histologic
assessment. The selection of tissue for embed-
ding in FFPE blocks was not altered by fluo-
rescence signal. However, after the pathologist
selected slices for diagnostic purposes, an addi-
tional slice with high fluorescence signal that
was not initially selected by the pathologist as
relevant could be embedded apart from the
standard of care. We did VEGF staining on 4-
mm tissue slides of FFPE tissue blocks con-
taining both tumor and background tissue in
all patients (described in the supplemental
materials, available at http://jnm.snmjournals.
org). After microscopic evaluation and the
final pathology report, regions of interest were
correlated on the corresponding histologic
slice, the FFPE blocks were imaged, and the

TBRs were determined on the fluorescence images of the FFPE blocks.
Additional information about the tracer, imaging procedures, and patho-
logic processing is provided in the supplemental materials.

FIGURE 2. TBR and fluorescence intensity (FI). In first row, TBRs of all PDACs distributed per
dose group and fluorescence intensity of different tissue types in patients with PDAC are shown. In
second row, mean TBR per tumor type distributed per dose group and mean TBRs of all types of
tumors distributed per dose group are shown. Chol 5 distal cholangiocarcinoma; IPMN 5 intraduc-
tal papillary mucinous neoplasm; NET5 neuroendocrine tumor; Papil5 ampullary carcinoma.

FIGURE 3. Representative images per dose group of PDAC. In first row
are white-light image and, below, corresponding representative fluores-
cence image. Third row contains hematoxylin and eosin sections and,
below, corresponding representative fluorescence image. Tumor tissue is
delineated with dashed lines.
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Fluorescence Quantification
Ex vivo TBRs were calculated on fresh serially sliced tissues (so-called

bread-loaf slices). The tumor and the surrounding nontumor tissue were
precisely delineated on standard hematoxylin and eosin histopathologic
slides by a pathologist masked to fluorescence. An overlay with fluores-
cent tissue slices was based on anatomic landmarks. Afterward, the ex
vivo TBR was calculated as the mean fluorescence intensity (MFI, arbi-
trary unit) of pancreatic cancer tissue divided by the MFI of the back-
ground. The background MFI was calculated on all nontumor tissue for
every tissue slice.

Statistics
Descriptive statistics were reported as mean with SD, whereas

median with range was used when there was a skewed distribution.
Fluorescence signals in tumor and normal tissue were compared using
the Mann–Whitney test. A P value of less than 0.05 was considered
statistically significant. For descriptive statistics, SPSS (version 23.0)
was used; graphs were designed with GraphPad Prism (version 7.0).

RESULTS

Patient and Safety Data
Between December 1, 2016, and February 26, 2018, 10 patients

were enrolledwith suspected pancreatic ductal carcinoma. Table 1 pro-
vides an overview of patient characteristics and tumor characteristics
per patient (patients 1–10). After completion of the 4.5-, 10-, and
25-mg dose groups in part I of the study, the investigational review

board mandated termination of the study because of low TBRs. In 9
patients, the tracer was administered 3 d before surgery. In patient 3,
imaging was performed 10 d after administration of 4.5 mg of tracer
because of a postponed exploration due to an adverse event the day
before surgery. Therefore, 1 additional patient was included in the first
dose group (4.5 mg). No allergic or anaphylactic reactions related to
bevacizumab-IRDye800CW were noted. Two serious adverse events
were reported, both ofwhich developed in patient 5 andwere attributed
to the pancreatoduodenectomy. These included a pancreatic fistula re-
quiring percutaneous drainage and antibiotic treatment and, 27 d after
surgery, bleeding of the gastroduodenal artery stump requiring radio-
logic coiling. All safety data are provided in Supplemental Table 1. On
the basis of the final histology of the resected specimens, various
malignancies were found in the study: PDAC (n 5 4), distal cholan-
giocarcinoma (n 5 1), carcinoma of the ampullary region (n 5 2),
well-differentiated grade 3 neuroendocrine tumor of the pancreas
(n 5 1), and a low-grade intraductal papillary mucinous neoplasm
(n 5 1). In patient 4, an autoimmune pancreatitis instead of malig-
nancywas diagnosed on histology.

In Vivo and Ex Vivo Imaging per Tumor Type
PDAC. The approximate location of the expected primary tumor

could be visualized with NIRF imaging in vivo with all tested doses
of the tracer. However, the primary tumor was difficult to distinguish
from normal or fibrotic pancreatic tissue. After resection of the pan-
creatic head (in patient 6), the pancreatic tail remnant was clinically

FIGURE 4. In 4.5-mg cohort, representative fluorescence images of bread loaf slice, hematoxylin and eosin staining of bread loaf slice, and VEGF-A
staining of bread loaf slice, along with close-ups of hematoxylin and eosin staining and VEGF-A staining. Tumor tissue is delineated, when possible, with
black dashed line. H&E5 hematoxylin and eosin; N5 normal pancreatic tissue; T5 tumor.
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suspected of harboring residual tumor and also showed high fluores-
cence. The suspicion of malignancy was confirmed by intraoperative
ultrasound, and the pancreatic tail was therefore resected. Histologic
assessment showed a poorly differentiated tumor in the head, body,
and tail of the pancreas, with the tail involvement not being diag-
nosed during the preoperative work-up. In the other PDAC patients,
nonspecific fluorescence signals remained visible after resection of
the pancreatic head. Histologic assessment confirmed radical resec-
tion. The MFI increased with each dose group, resulting in TBRs of
1.4 (n 5 2), 1.7 (n 5 1), and 2.1 (n 5 1) in the 4.5-, 10-, and
25-mg dose groups, respectively (Fig. 2). Figure 2 demonstrates the
contrast between tumorous and other types of tissue based on differ-
ence in fluorescence intensity. Representative fluorescence images
of specimen slices and FFPE blocks of PDAC per dose group are
shown in Figure 3. VEGF staining of the tissue slides showed mod-
erate VEGF expression of normal pancreatic tissue and moderate to
strong VEGF expression in tumor tissue of well-differentiated or
moderately differentiated cancers. In poorly differentiated tumor tis-
sue, the VEGF expression was weak (Figs. 4–6).
Distal Cholangiocarcinoma. We could not visualize fluores-

cence signals at the site where the tumor was expected in vivo
(patient 1, 4.5 mg). On the specimen slices and FFPE blocks, the
MFI was similar between tumor and normal tissue, resulting in a
TBR of 1.0 (Fig. 2). VEGF staining of the tissue slides showed
moderate VEGF expression of both tumor tissue and normal pan-
creatic tissue (Fig. 4).

Carcinoma of Ampullary Region. The location of the expected
primary tumor could be visualized with NIRF imaging in 2 patients
administered either 10 or 25 mg of the tracer in vivo. In patient 8,
tumor invasion in the superior mesenteric vein was clinically sus-
pected, and therefore, a wedge resection of the superior mesenteric
vein was performed. NIRF imaging of the wedge was positive for
tumor. Histologic assessment of the wedge confirmed ingrowth of
malignant cells in the vascular wall. On the specimen slices and FFPE
blocks, the MFI was similar between tumor and normal tissue, result-
ing in a TBR of 1.1 and 1.7 for 10 and 25 mg, respectively (Fig. 2).
VEGF staining of the tissue slides showed moderate VEGF expression
of normal pancreatic tissue and moderate to weak VEGF expression
of tumor tissue (Figs. 5 and 6).
Neuroendocrine Neoplasm. The expected location of the tumor

was clearly visible with NIRF imaging in vivo; after resection,
fluorescence signals diminished strongly. On the specimen slices
and FFPE blocks, the MFI significantly differed between tumor
and normal tissue (27.6 vs. 7.8, P 5 0.04), resulting in a TBR of
3.6 (Fig. 2). VEGF staining of the tissue slides showed weak
VEGF expression of tumor tissue and moderate VEGF expression
of normal pancreatic tissue (Fig. 6).
Intraductal Papillary Mucinous Neoplasm. The location of the

expected primary tumor could be visualized with NIRF imaging
in vivo (patient 7; 10 mg), although a clear distinction between
pancreatic and tumorous tissue could not be made. On the speci-
men slices and FFPE blocks, the MFI did not significantly differ

FIGURE 5. In 10-mg cohort, representative fluorescence images of bread loaf slice, hematoxylin and eosin staining of bread loaf slice, and VEGF-A
staining of bread loaf slice, along with close-ups of hematoxylin and eosin staining and VEGF-A staining. Tumor tissue is delineated, when possible, with
black dashed line. H&E5 hematoxylin and eosin; IPMN5 intraductal papillary mucinous neoplasm; N5 normal pancreatic tissue; T5 tumor.

86 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 1 ! January 2023



between intraductal papillary mucinous neoplasm and normal tis-
sue (84.5 vs. 56.7, P 5 0.40, resulting in a TBR of 1.5) (Fig. 2).
VEGF staining of the tissue slides showed moderate to strong
VEGF expression of both intraductal papillary mucinous neoplasm
tissue and pancreatic tissue (Fig. 5).
Autoimmune Pancreatitis. In patient 4, the location of the ex-

pected tumor could be visualized with fluorescence imaging (4.5mg).
With ex vivo histology, extensive fibrotic and inflammatory tissue
was seen and no normal pancreatic tissue was found. Therefore, there
was no difference in fluorescence intensity in the resected specimen
of the patient with autoimmune pancreatitis (MFI, 50.7). VEGF stain-
ing of the tissue slides showed weak VEGF expression in the exten-
sive fibrotic and inflammatory tissue (Fig. 4).
The ex vivo TBRs of all types of tumors together, divided per dose

group, are demonstrated in Figure 2. TBRs were 1.3, 1.5, and 2.5 for
4.5, 10, and 25 mg, respectively. Finally, we looked into additional
immunohistochemical staining with hypoxia-inducible factor 1-a and
added 2 representative slides to Supplemental Figure 1. Hypoxia-
inducible factor 1-a staining showed a pattern similar to VEGF-A
staining, although expression of hypoxia-inducible factor 1-a was less
strong than VEGF-A.

DISCUSSION

In this study, the feasibility and safety of visualizing pancreatic
cancer tissue with bevacizumab-800CW were assessed. Intravenous

administration of bevacizumab-800CW (i.e., a flat dose of 4.5, 10,
and 25 mg) 3 d before surgery appeared safe, as no changes in safety
parameters (including vital signs and electrocardiography) occurred,
nor did any related adverse events. Both in vivo and ex vivo NIRF
imaging of pancreatic cancer tissue was feasible with bevacizumab-
800CW, as fluorescence signals could be detected in tumor tissue.
However, suboptimal TBRs were obtained, and pancreatic cancer tis-
sue could not reliably be distinguished from normal pancreatic tissue.
NIRF imaging with other tracers in previous clinical trials had

similar results. The feasibility of SGM-101, a monoclonal antibody
against carcinoembryonic antigen labeled with 700-nm fluorophore,
was assessed for intraoperative NIRF imaging of PDAC. SGM-101
could reach and bind carcinoembryonic antigen–expressing tumor
cells, but with modest in vivo TBRs (1.6 for primary tumors) (18).
With cetuximab-IRDye800, detection of pancreatic cancer tissue
and tumor-bearing lymph nodes was feasible. Studies with larger
patient numbers must show whether this tracer is indeed suitable
for in vivo NIRF imaging of pancreatic cancer (19).
Limited success rates for treating PDAC with systemically admin-

istered agents are commonly attributed to the desmoplastic stroma of
PDAC, which is thought to severely reduce the delivery of these
therapies by an increased intratumoral pressure gradient and the pres-
ence of fibrotic tissue. However, cetuximab, bevacizumab, and the
carcinoembryonic antigen–targeting antibody are full-sized monoclo-
nal antibodies and managed to penetrate the dense desmoplastic
stroma and bind pancreatic cancer cells and endothelial cells.

FIGURE 6. In 25-mg cohort, representative fluorescence images of bread loaf slice, hematoxylin and eosin staining of bread loaf slice, and VEGF-A
staining of bread loaf slice, along with close-ups of hematoxylin and eosin staining and VEGF-A staining. Tumor tissue is delineated, when possible, with
black dashed line. H&E5 hematoxylin and eosin; N5 normal pancreatic tissue; T5 tumor.
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The results of these NIRF imaging studies for detection of pancre-
atic cancer suggest that pancreatic tumor tissue might be difficult to
detect intraoperatively using fluorescent tracers. The yield of tumor-
specific imaging in the current study was lower than expected, and
therefore, the study was terminated early. The most obvious reasons
for suboptimal pancreatic cancer visualization with NIRF are the unfa-
vorable intrinsic characteristics of pancreatic cancer. Because of the
previously mentioned desmoplastic stroma, poor vascularization, and
high intratumoral pressure, the antibody-based tracers might not accu-
mulate optimally in the tumor as compared with the surrounding tis-
sue, making it difficult to distinguish normal tissue from tumor tissue.
In this study, the difficulty in demonstrating tumor-specific fluores-
cence imaging could also be due to a suboptimal choice of the target
VEGF-A, a soluble factor present for angiogenesis in the stroma of
tumor tissue. An FG-domain messenger RNA profiling study on a set
of normal pancreatic tissue and PDAC tissue identified THY1, CTSE,
GGT5, and MUC1 as potential targets for pancreatic cancer imaging
(20). Other targets that are potentially suitable for NIRF imaging of
pancreatic tumors are integrin avb6 and urokinase-type plasminogen
activator receptor (21). Furthermore, future studies should focus on a
tracer that can differentiate between chemotherapy-induced fibrotic tis-
sue and vital cancer cells, because an increased number of patients
will be treated with neoadjuvant therapy. Preclinical studies showed
promising results for fluorescence-guided surgery in combination with
neoadjuvant chemotherapy and treatment of minimal residual cancer
after fluorescence-guided surgery in pancreatic cancer (22–24).
Moreover, the detection of metastases is important in assessing

the optimal treatment strategy for pancreatic cancer patients. Identi-
fication of preoperatively missed metastases via preoperative staging
laparoscopy with NIRF imaging might be of great value for these
patients. Resection of the primary tumor does not improve the prog-
nosis in metastasized patients—only delaying appropriate treatment
(25). In this setting, a tumor-specific tracer should be used that is
not metabolized by the liver, because pancreatic cancer preferably
metastasizes to the liver. A potential tracer could be cRGD-ZW800-1,
which is renally cleared. Preclinical studies showed promising
results for pancreatic cancer detection (26). cRGD-ZW800-1 is cur-
rently being tested in patients with colorectal tumors and, if promis-
ing, will be expanded to pancreatic cancer patients (clinicaltrials.gov
identifier NL6250805817). Another promising tracer is panitumu-
mab-IRDye800CW. This tracer proved to be safe and feasible to
use for fluorescence-guided surgery in patients with pancreatic
cancer undergoing surgical intervention and has the potential to im-
prove patient selection and enhance visualization of surgical mar-
gins, metastatic lymph nodes, and distant metastasis (27).
A unique aspect of our study was the variety of cancer types

that were included; besides PDAC, other tumors visualized with
bevacizumab-800CW included neuroendocrine tumors, distal chol-
angiocarcinoma, an intraductal papillary mucinous neoplasm, and
ampullary tumors. Tumor-targeted NIRF imaging of these tumors
has not yet been described. In neuroendocrine tumors, we ob-
served a 3-fold higher signal intensity from the tumor than from
the background. This finding most likely reflects the enhanced per-
meability and retention effect by which high-molecular-weight
nontargeted drugs and prodrugs accumulate in tissues that offer
increased vascular permeability.

CONCLUSION

NIRF-guided surgery in patients with suspected pancreatic cancer
using bevacizumab-IRDye800CW is feasible and safe. However,

suboptimal TBRs were obtained, and consequently, distinguishing
pancreatic cancer tissue from normal pancreatic tissue remains
challenging.
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KEY POINTS

QUESTION: Is NIRF-guided surgery using the tracer bevacizumab-
800CW feasible and safe in patients with suspected PDAC?

PERTINENT FINDINGS: In this clinical trial, we showed that
NIRF-guided surgery in patients with suspected PDAC using
bevacizumab-800CW is feasible and safe. However, suboptimal
TBRs were obtained because no clear distinction between
pancreatic cancer and normal or inflamed pancreatic tissue was
possible.

IMPLICATIONS FOR PATIENT CARE: Although suboptimal
TBRs were obtained in pancreatic cancer, we showed that
full-sized monoclonal antibodies manage to penetrate the dense
desmoplastic stroma and bind to pancreatic cancer cells and
endothelial cells.
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Our objective was to assess the diagnostic accuracy of 99mTc-sestamibi
SPECT/CT for characterizing solid renal masses.Methods: Imaging and
clinical records of patients who underwent 99mTc-sestamibi SPECT/CT
for clinical work-up of their solid renal masses from September 2018 to
October 2021 were retrospectively reviewed. Histopathology formed the
reference standard, and the diagnoses were categorized as malignant/
concerning (renal cell carcinomas [RCCs] other than chromophobehistol-
ogy) and benign/nonconcerning (oncocytic tumors including chromo-
phobe RCC, other benign diagnoses) to calculate the sensitivity and
specificity of 99mTc-sestamibi SPECT/CT and contrast-enhanced CT
(ceCT). The clinical reads of the SPECT/CT images were used for visual
classification of the lesions. Additionally, the SPECT images were manu-
ally segmented to obtain the maximum and mean counts of the lesion
and adjacent renal cortex and maximum and mean lesion Hounsfield
units.Results: 99mTc-sestamibi SPECT/CTwasperformedon42patients
with 62 renal masses. A histopathologic diagnosis was available for 27
patients (18 male, 9 female) with 36 solid renal masses. ceCT findings
were available for 20 of these patients. Themost commonly identified sin-
gle histologic type was clear cell RCC (13/36; 36.1%). Oncocytic tumors
were the most common group of nonconcerning lesions (15/36), with
oncocytoma as the predominant histologic type (n 5 6). The sensitivity
and specificity of SPECT/CT for diagnosing a nonconcerning lesion were
66.7% and 89.5%, respectively, compared with 10% and 75%, respec-
tively, for ceCT. The lesion-to-kidney ratios for maximum and mean
counts and maximum lesion Hounsfield units showed significant differ-
ences between the 2 groups (P, 0.05). The lesion-to-kidneymean count
ratio at a cutoff of 0.46 showed a sensitivity and specificity of 87.5% and
86.67%, respectively, for detecting nonconcerning lesions, which was
significantly higher than that of ceCT. Conclusion: The current literature
on the utility of 99mTc-sestamibi SPECT/CT for characterization of solid
renal masses is limited. We offer additional evidence of the incremental
value of 99mTc-sestamibi SPECT/CT over ceCT for differentiating malig-
nant or aggressive renal tumors from benign or indolent ones, thereby
potentially avoiding overtreatment and its associated complications.
Quantitative assessment can further increase the diagnostic accuracy of
SPECT/CTandmaybeused in conjunctionwith visual interpretation.

Key Words: 99mTc-sestamibi; MIBI; SPECT/CT; oncocytoma;
chromophobe; renal cell carcinoma
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The widespread use of cross-sectional imaging has led to an
increased incidental detection of renal masses (1). Solid renal masses
form a diagnostic challenge because conventional imaging with CT
or MRI cannot reliably differentiate benign and indolent tumors from
the more aggressive ones (2). Most of these tumors are malignant,
with clear cell renal cell carcinoma (RCC) forming the most common
histologic type, and around 10%–20% are benign (3). The situation
gets more complex with incidentally detected small renal masses
(#4 cm) that are consistent with a clinical stage T1a RCC. These
tumors were historically managed with universal radical nephrec-
tomy. However, it was recognized that the prognosis for patients
with small renal masses is favorable, and a significant proportion of
these patients can be managed with active surveillance (4,5). Further,
among the 80% of these small renal masses that are malignant, only
20% are high-grade or locally invasive. The remaining majority have
limited metastatic potential, including tumors such as chromophobe
RCC (4,6).
The current recommendation for managing a small renal mass is

to perform a biopsy whenever it is likely to change management and
to perform a partial nephrectomy as the standard treatment whenever
indicated (7). However, renal biopsy has technical challenges, includ-
ing an approximately 20% nondiagnostic rate and a limited ability to
differentiate low-grade from high-grade tumors (8–10). It is therefore
clinically relevant and meaningful for a diagnostic test to not only
distinguish benign from malignant tumors but also differentiate indo-
lent tumors from aggressive ones. This ability can help in potentially
avoiding overtreatment in patients with relatively indolent tumors
while appropriately managing the more aggressive malignancies.

99mTc-sestamibi is a lipophilic radiotracer that preferentially local-
izes in mitochondria-rich cells. Benign and indolent renal tumors such
as oncocytic neoplasms and chromophobe RCC are mitochondria-rich
and typically avid on 99mTc-sestamibi SPECT/CT, compared with
clear cell RCC and other aggressive tumors, which are typically nona-
vid (11). In addition, aggressive RCCs have a high multidrug-resis-
tance-pump expression that leads to active efflux of 99mTc-sestamibi,
thus contributing to negligible tracer retention (12). Prior studies have
shown the effectiveness of 99mTc-sestamibi in distinguishing onco-
cytic tumors from high-grade RCC (11,13–16). However, the data are
still relatively sparse in terms of limited unique patient populations
and the variety of benign and malignant histologies. A recent sys-
tematic review reported on 4 articles and mentioned the limited
number of included studies as a major drawback (17). Additionally,
there has been limited emphasis on the quantitative aspects of
SPECT/CT, including parameters from both the SPECT and the CT
components of the study. 99mTc-sestamibi SPECT/CT is not yet
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currently recommended by the American College of Radiology as
an appropriate modality for indeterminate renal masses, largely due
to the limited patient numbers in studies supporting its use (18).
Therefore, we conducted this study to assess the diagnostic

accuracy of 99mTc-sestamibi SPECT/CT for characterization of
solid renal lesions as concerning or nonconcerning, with histopa-
thology as the reference standard, in patients who had undergone
these scans for clinical indications. Secondary objectives included
comparing the diagnostic performance of SPECT/CT with that of
contrast-enhanced CT (ceCT), obtaining quantitative parameters
on SPECT/CT, and estimating their optimal cutoffs for differenti-
ating between concerning and nonconcerning renal lesions.

MATERIALS AND METHODS

Patients
Imaging and clinical records of patients who underwent 99mTc-sesta-

mibi SPECT/CT for clinical evaluation of their solid renal lesions from
September 2018 to October 2021 were retrospectively reviewed. Histopa-
thology results obtained either from biopsy or after surgical excision of
the lesions formed the reference standard. Patients with no histopatho-
logic determination of their renal lesions were excluded from the study.
The histopathologic diagnoses were categorized as malignant/concerning
(RCCs other than chromophobe histology) or benign/nonconcerning
(oncocytic renal neoplasms, chromophobe RCC, other benign diagnoses)
to calculate the sensitivity and specificity of 99mTc-sestamibi SPECT/CT
and ceCT. Considering that most benign or nonconcerning neoplasms
such as oncocytoma are positive on 99mTc-sestamibi SPECT/CT, the
sensitivity and specificity of both SPECT/CT and ceCT for the diagnosis
of a nonconcerning neoplasm were calculated. Thus, the nonconcerning
lesions were regarded as positive and concerning lesions were regarded
as negative for estimation of the diagnostic accuracy of SPECT/CT
and ceCT.

99mTc-Sestamibi SPECT/CT
The patients fasted for approximately 6 h before radiotracer injec-

tion, drank about 500 mL of plain water before the study, and were
injected intravenously with about 925 MBq (25 mCi) of 99mTc-sesta-
mibi. Approximately 75 min after the injection, SPECT/CT of the
abdomen was performed with the kidneys in the center of the long-axis
field of view. A SPECT/CT camera with a low-energy high-resolution
collimator was used for imaging. The SPECT images were acquired
with a dual head using 3" stops in a 360" clockwise rotation, at a rate
of 10 s per frame and in step-and-shoot mode. The matrix was 128 3

128. Low-dose CT images were acquired for attenuation correction.
The SPECT/CT images were reconstructed in transaxial, sagittal, and
coronal views and interpreted by an experienced nuclear medicine phy-
sician. The interpreting physician was aware of the clinical information
and the other imaging findings.

Lesions with uptake similar to or higher than that of the background
renal parenchyma were considered positive on 99mTc-sestamibi SPECT/
CT, whereas lesions with negligible uptake, significantly lower than that
of the background renal parenchyma, were considered negative. Param-
eters such as lesion size, wall thickening, attenuation (Hounsfield units
[HU]), enhancement, internal septation, presence of fat, and calcifi-
cation were considered in the interpretation of the ceCT images. The
clinical reads of both ceCT and SPECT/CT were utilized for the visual
classification of the renal masses. Additionally, the SPECT/CT images
were manually segmented to obtain maximum and mean counts of
the lesion and adjacent renal cortex, as well as lesion maximum HU
(HUmax) and mean HU (HUmean). Whole-lesion volumes of interest
were used to calculate lesion counts and HU. To measure the renal
counts, a fixed 1.5-cm-diameter spheric volume of interest was
placed in the adjacent renal cortex, avoiding areas of high radio-
tracer activity (e.g., the pelvicalyceal system). The lesion-to-kidney
maximum and mean count ratios (LKmax and LKmean, respectively)
were calculated.

TABLE 1
Demographic and Clinical Data of Study Participants

Parameter Data

Patients (n) 27 (male, 18; female, 9)

Age (y) 68 (58.5–77)

Histopathologic analysis
procedure

Surgical histopathology, 23
(partial nephrectomy,
17; radical nephrectomy,
6); biopsy, 4

Renal lesions with
histopathology (n)*

Total, 36 (100%)

#4 cm, 21 (58.3%)

.4, #7 cm, 13 (36.1%)

.7, #10 cm, 2 (5.5%)

Maximum dimension of
lesion (cm)

3.3 (2.07–4.57)

Tumor laterality Left, 19 (52.8%); right, 17
(47.2%)

Days between ceCT and
SPECT/CT

30 (19.5–70.5)

*Stratified by maximum dimension.
Qualitative data are number and percentage; continuous data

are median and interquartile range.

TABLE 2
Histopathologic Diagnosis of Renal Lesions Stratified by

Size on Imaging

Maximum axial dimension
on imaging

Histologic type
#4 cm
(n 5 21)

.4, #7 cm
(n 5 13)

.7, #10 cm
(n 5 2)

Concerning

Clear cell RCC 6 (28.6%) 6 (46.1%) 1 (50%)

Papillary RCC 4 (19%) 1 (7.7%) 0 (0%)

Collision clear cell,
chromophobe
RCC

0 (0%) 1 (7.7%) 0 (0%)

Nonconcerning

Oncocytoma 4 (19%) 1 (7.7%) 1 (50%)

Chromophobe RCC 1 (4.8%) 1 (7.7%) 0 (0%)

Hybrid oncocytic
chromophobe
tumor

1 (4.8%) 1 (7.7%) 0 (0%)

Oncocytic renal
neoplasm

3 (14.3%) 1 (7.7%) 0 (0%)

RCC with oncocytic
features

0 (0%) 1 (7.7%) 0 (0%)

Angiomyolipoma 2 (9.5%) 0 (0%) 0 (0%)
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Statistical Analysis
The quantitative parameters (LKmax, LKmean, HUmax, and HUmean)

were tested for significant differences between concerning and noncon-
cerning lesions. Multiple logistic regression was used to build a model
containing variables significant on univariate analyses. Receiver-operating-
characteristic curves were drawn to estimate the performance of quan-
titative SPECT. The receiver-operating-characteristic curves for visual and
quantitative 99mTc-sestamibi SPECT/CT and ceCT were compared using
the method of Hanley. The Mann–Whitney U test (2-tailed) was used to
compare continuous variables between the visually characterized concern-
ing and nonconcerning lesion groups. The Fisher exact test was used to
compare categoric variables between the 2 groups. The diagnostic accu-
racy of SPECT/CT and ceCT was expressed as sensitivity and specificity.
A P value of less than 0.05 was regarded as significant.

The retrospective review was approved by the institutional review
board, and the need for written informed consent was waived.

RESULTS

99mTc-sestamibi was performed on 42 patients to evaluate their
62 renal lesions. Twenty-seven patients (18 male, 9 female) with
36 renal lesions had a final histopathologic diagnosis by either
surgery (n 5 23) or biopsy (n 5 4). Twenty of these patients also

had ceCT. Most renal lesions (58.3%) were
no more than 4 cm in maximal axial dimen-
sion. Table 1 shows the clinical and demo-
graphic data of the study participants. The
initial detection of the renal lesions was
incidental in 21 of 27 (77.8%) patients (19,
CT of abdomen and pelvis; 2, MRI of
abdomen).
Histopathology results showed 19 concern-

ing (52.8%) and 17 nonconcerning (47.2%)
diagnoses (Table 2). Overall, clear cell RCC
was the most commonly identified single
histologic type (13/36; 36.1%). As a group,
oncocytic renal neoplasms (15/36; 41.6%)
were most commonly diagnosed. The per-
lesion test yield for providing a conclusive

diagnosis (either true or false) was 84.6% (22/26) for CECT and
94.4% (34/36) for SPECT/CT. Two lesions were most likely too
small to be adequately characterized on 99mTc-sestamibi SPECT/CT
(maximal axial dimension, 0.8 cm and 1.5 cm, with a final diagnosis
of oncocytic renal neoplasm and chromophobe RCC, respectively).
Of the 4 lesions for which the ceCT findings were inconclusive,
3 were correctly diagnosed (2 oncocytoma, 1 ccRCC) and 1 was
false-positive (ccRCC on histopathology) on SPECT/CT.
Nine of 15 (60%) oncocytic renal neoplasms showed uptake

visually on 99mTc-sestamibi SPECT/CT and were correctly identi-
fied, whereas none (of the 10 masses with ceCT results) were cor-
rectly identified as nonconcerning on ceCT. Four oncocytic renal
neoplasms were incorrectly identified as concerning on SPECT/CT.
Twelve of 13 ccRCCs (92.3%) showed no uptake on 99mTc-
sestamibi SPECT/CT and were correctly classified as concern-
ing, whereas ceCT correctly classified 80% of these lesions
(8/10 with ceCT results). 99mTc-sestamibi SPECT/CT could cor-
rectly classify 80% of the papillary RCCs (Fig. 1), compared
with 33.3% on ceCT. A patient with a collision tumor (clear cell
and chromophobe RCC) was correctly classified on SPECT/CT and
misclassified as oncocytoma on ceCT (Fig. 2). Table 3 shows the dis-

tribution of tumor histologic types and their
correctly identified proportions on 99mTc-
sestamibi SPECT/CT and ceCT.
Among the quantitative parameters, LKmean

and LKmax were significantly higher in the
nonconcerning lesions than in the concern-
ing lesions (median LKmean, 0.79 vs. 0.26,
P , 0.001; median LKmax, 0.95 vs. 0.48,
P 5 0.005), whereas the median HUmax

was significantly lower in the nonconcerning
lesions (69 vs. 90.5, P 5 0.01) (Table 4).
There was no significant difference in lesion
size or HUmean between concerning and
nonconcerning lesions. Receiver-operating-
characteristic curve analysis determined an
optimal cutoff of 0.64 for LKmax (area under
the curve [AUC], 0.79; 95% CI, 0.61–0.92;
P , 0.01) and 0.46 for LKmean (AUC, 0.85;
95% CI, 0.67–0.95; P , 0.0001) for detect-
ing nonconcerning lesions. There was no
significant difference in the AUC of LKmax-
and LKmean-based classifiers (P 5 0.18).
Multiple logistic regression was used to
analyze the relationship between LKmean,

FIGURE 1. A 53-y-old woman with right interpolar mass underwent MRI that suggested oncocy-
toma or chromophobe RCC. 99mTc-sestamibi SPECT/CT was performed 1 wk later. Axial SPECT
(A), CT (B), and SPECT/CT (C) images showed exophytic renal mass in right interpolar region (arrow)
with negligible uptake that was suggestive of RCC. Patient underwent right partial robot-assisted
laparoscopic nephrectomy, and histopathology was consistent with papillary RCC (World Health
Organization/International Society of Urologic Pathologists grade 2).

FIGURE 2. A 67-y-old man with previously diagnosed right RCC after right partial nephrectomy
presented with enlarging left renal mass. 99mTc-sestamibi axial SPECT (A) and SPECT/CT (axial, B;
coronal, C) images show mass in superior pole of left kidney, with inferior part showing tracer avidity
(thin arrow) and superior part showing relative photopenia (thick arrow). It was diagnosed as likely
collision tumor on SPECT/CT, with inferior, tracer-avid region likely representing oncocytic tumor
and superior, photopenic region likely representing RCC. ceCT images (noncontrast, D; postcontrast
nephrogenic phase axial, E; coronal, F) showed solid, heterogeneously enhancing left renal mass
likely representing oncocytoma. Patient underwent left partial robot-assisted laparoscopic nephrec-
tomy, and histopathology showed collision tumor composed of clear cell RCC (rhabdoid differentia-
tion, World Health Organization/International Society of Urologic Pathologists grade 4) and
eosinophilic variant of chromophobe RCC.
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HUmax, and detection of a nonconcerning lesion. The odds of
detecting a nonconcerning lesion were higher with increasing
LKmean (odds ratio, 271.65; 95% CI, 5.28–13,981.9; P 5 0.005)
and decreasing HUmax (odds ratio, 0.93; 95% CI, 0.87–0.99; P 5

0.019). The combination of these 2 quantitative measurements on
logistics regression yielded an AUC of 0.92 (95% CI, 0.76–0.99).
Visually interpreted 99mTc-sestamibi SPECT/CT had a sensitivity
and specificity of 66.7% (95% CI, 38.4–88.2) and 89.5% (95% CI,
66.7–98.7), respectively. This was not significantly different from
the performance of ceCT (Table 5; Supplemental Fig. 1; supple-
mental materials are available at http://jnm.snmjournals.org). How-
ever, quantitative SPECT/CT (based on an LKmean cutoff of 0.46 for
a nonconcerning lesion; Supplemental Fig. 2) performed signifi-
cantly better (AUC, 0.85; 95% CI, 0.62–0.96) than ceCT (AUC,
0.57; 95% CI, 0.34–0.78), with a P value of 0.023.

DISCUSSION

On visual interpretation, 99mTc-sestamibi SPECT/CT correctly
identified 89.5% of all aggressive tumors and 60% of all oncocytic
neoplasms in our study. The false-positive results (a concerning

lesion labeled as nonconcerning) stemmed from tracer avidity in 2
concerning lesions that were positive based on the quantitative cri-
teria as well (clear cell RCC with LKmean of 1.17 and papillary
RCC with LKmean of 0.82). A few prior studies have also shown
that a limited number of papillary and clear cell RCC cases may
show uptake of 99mTc-sestamibi (14,16). This is likely related to a
higher contribution from the mitochondrial content of these tumors
and a relatively lower expression of the multidrug resistance pro-
tein. Although a prior study showed that papillary RCC has a uni-
formly increased expression of multidrug resistance protein in
comparison to mitochondrial content, this might not hold true in a
larger cohort (12).
The visual detection rate of nonconcerning lesions on 99mTc-sesta-

mibi SPECT/CT was lower in our study than in the prior studies.
One possible reason is the relatively higher number of benign or non-
concerning lesions included in our study (%47%) than in the prior
ones (%24%) (15–17). Because of the higher number of nonconcern-
ing lesions, we could report that oncocytomas may not universally
show high uptake on 99mTc-sestamibi SPECT/CT and can be missed
on both visual and quantitative assessment (Fig. 3). However, in 2
of the 3 cases in which visual assessment was false-negative and

TABLE 3
Distribution of Tumor Histologies and Their Correctly Identified Proportions on 99mTc-Sestamibi SPECT/CT and ceCT

Correct diagnosis (n)

Histologic type Histopathology (n)

99mTc-sestamibi
SPECT/CT ceCT*

Concerning

Clear cell RCC 13 (36.1%) 12 (92.3%) 8/10 (80%)

Papillary RCC 5 (13.9%) 4 (80%) 1/3 (33.3%)

Collision clear cell, chromophobe RCC 1 (2.8%) 1 (100%) 0/1 (0%)

Nonconcerning

Oncocytoma 6 (16.7%) 3 (50%) 0/4 (0%)

Chromophobe RCC 2 (5.5%) 1 (50%) 0/2 (0%)

Hybrid oncocytic chromophobe tumor 2 (5.5%) 2 (100%) 0/0 (0%)

Oncocytic renal neoplasm 4 (11.1%) 2 (50%) 0/3 (0%)

RCC with oncocytic features 1 (2.8%) 1 (100%) 0/1 (0%)

Angiomyolipoma 2 (5.5%) 1 (50%) 1/2 (50%)

*Data are for when ceCT was performed.

TABLE 4
Comparison of Quantitative Parameters on 99mTc-Sestamibi SPECT/CT for Differentiating Clinically Concerning from

Nonconcerning Renal Lesions

Parameter Concerning lesions Nonconcerning lesions P

Lesional maximal axial dimension (cm) 3.3 (2.3–4.8) 2.95 (1.47–4.62) 0.386

LKmax 0.48 (0.37–0.64) 0.95 (0.69–1.04) 0.005

LKmean 0.26 (0.12–0.43) 0.79 (0.55–0.99) ,0.001

Lesion HUmax 90.5 (78–101) 69 (60.5–89.5) 0.016

Lesion HUmean 26.25 (22.98–31.75) 28.1 (23.55–31.0) 0.801

Data are median and interquartile range.
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quantitative assessment was performed, the latter was able to make
the correct diagnosis. Since the pattern of uptake can vary widely in
oncocytic tumors, ranging from homogeneously increased uptake
compared with the normal renal parenchyma to areas of low-grade
patchy uptake with interspersed photopenia, quantitative assessment
with the lesion-to-background count ratios can complement visual
interpretation (19).
Most prior studies used either visual interpretation alone or a com-

bination of visual interpretation with LKmax. Our LKmax cutoff of
0.64 for detecting nonconcerning lesions is similar to that reported
previously, validating the utility of this quantitative criterion (11,20).
We additionally introduced LKmean, which is more reflective of the
count distribution in the entire tumor than are the total counts in a
heterogeneous lesion. We also propose combining HUmax and
LKmean on SPECT/CT; this combination showed a higher AUC,
0.92 (95% CI, 0.76–0.99), than did the other quantitative parameters
alone on the receiver-operating-characteristic analyses. Although this
method did not significantly differ from using LKmean alone, the lack
of significance is quite possibly related to the relatively low number
of lesions included in this study. The use of quantitative parameters
from both SPECT and CT components has not, to our knowledge,
been explored before and needs validation in future prospective stud-
ies. The prospects of performing a single 99mTc-sestamibi SPECT/
ceCT study may also be explored as a 1-stop shop for evaluation of
renal masses (21), reducing the number of patient visits and poten-
tially improving interpretation of renal masses by combining features
from both SPECT and ceCT.

It is recognized that conventional imaging such as CT and MRI
often detects renal lesions incidentally but cannot reliably distinguish
indolent renal tumors from aggressive ones. In our study, 9 of 15
oncocytic lesions were correctly identified on SPECT/CT, whereas
none could be accurately categorized on ceCT. Although the differ-
ence in the sensitivity and specificity of visually interpreted SPECT/
CT and ceCT was not statistically significant, this lack of significance
was likely due to the limited number of lesions studied by both
modalities. The incremental value of SPECT/CT in detecting onco-
cytic lesions is clinically relevant and can potentially avoid overtreat-
ment in these patients. A prior study has shown that addition of
99mTc-sestamibi SPECT/CT after conventional imaging increases
diagnostic confidence and improves accuracy in differentiating benign
from malignant tumors (20). Further, 99mTc-sestamibi SPECT/CT fol-
lowed by biopsy to confirm benign small renal masses is reported
to be a cost-effective strategy with the highest probability of not over-
treating benign tumors and appropriately treating malignant ones (22).

Our study had its limitations. These included a retrospective design
with a limited number of participants, leading to wide 95% CIs in
estimates of diagnostic accuracy, although we had several unique his-
tologic types for which we could show differences in performance
between ceCT and 99mTc-sestamibi SPECT/CT. The diagnostic accu-
racy of both ceCT and 99mTc-sestamibi SPECT/CT is possibly under-
estimated because of the retrospective design, in which SPECT/CT
was more likely to be performed in challenging cases with lack of a
reliable, conclusive diagnosis on ceCT. Nevertheless, the literature is
still quite sparse in this space in terms of original articles describing

findings in unique populations (11,13–16).
Our exclusion of patients with no histopa-
thology results might have led to selective
exclusion of a higher number of benign or
nonconcerning lesions that were more likely
to be managed clinically by follow-up imag-
ing instead of active intervention. We hope
to follow up our patients to determine how
many lesions were stable over time without
intervention. However, our stringent inclusion
criteria with histopathology as the reference
standard helped form a robust comparison
for both ceCT and SPECT/CT. Addition-
ally, most patients in our study had surgical
histopathology results, thereby minimizing
the potential inconclusive or false results
with a biopsy. Instead of central reads, we
incorporated both clinical visual reads and
quantitative results for SPECT/CT, which

TABLE 5
Comparison of Diagnostic Accuracy of 99mTc-Sestamibi SPECT/CT and ceCT for Diagnosing Nonconcerning

Renal Lesions

Diagnostic modality TP (n) TN (n) FP (n) FN (n) Sensitivity Specificity

99mTc-sestamibi SPECT/CT: visual interpretation 10 17 2 5 66.7 (0.38–0.88) 89.47 (0.67–0.99)

ceCT 1 9 3 9 10.0 (0.25–0.44) 75.0 (0.43–0.95)
99mTc-sestamibi SPECT/CT: LKmean* 14 13 2 2 87.5 (0.62–0.98) 86.67 (0.59–0.98)

*Using cutoff value of LKmean . 0.46 for nonconcerning lesion.
TP 5 true-positive; TN 5 true-negative; FP 5 false-positive; FN 5 false-negative.
Nonconcerning lesions are positive, and concerning lesions are negative. Data in parentheses are 95% CI.

FIGURE 3. A 77-y-old man presented with left renal mass. 99mTc-sestamibi axial SPECT (A),
SPECT/CT (B) and CT (C) images showed exophytic mass in anterior interpolar region of left kidney
(arrow) with negligible uptake, likely representing RCC. LKmax and LKmean were both 0.3 for this
lesion. ceCT images (axial noncontrast, D; postcontrast nephrogenic phase, E; coronal, F) showed
enhancement in mass and also suggested diagnosis of RCC. Patient underwent left partial robot-
assisted laparoscopic nephrectomy, and histopathology was consistent with oncocytoma.
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likely better reflects the real-world scenario. The cutoffs for mean
and maximum count ratio between the lesions and the normal renal
parenchyma were set post hoc, and these would need prospective
validation in larger cohorts. Importantly, we combined the quantita-
tive information from SPECT and CT, in terms of count ratios and
HUmax, which performed better than either of these parameters
alone. Future prospective studies can focus on use of these parame-
ters along with visual reads to improve the diagnostic accuracy of
99mTc-sestamibi SPECT/CT.

CONCLUSION

The current literature on the utility of 99mTc-sestamibi SPECT/CT
for characterization of solid renal masses is limited, with a recently
published systematic review reporting only 4 studies. We provide
additional evidence of the utility of 99mTc-sestamibi SPECT/CT, espe-
cially in patients with an inconclusive ceCT result for differentiating
malignant or aggressive renal tumors from benign or indolent ones,
therefore potentially avoiding overtreatment and its associated compli-
cations in the latter category. Quantitative assessment can further
increase the diagnostic accuracy of SPECT/CT and may be used in
conjunction with visual interpretation.
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KEY POINTS

QUESTION: What is the diagnostic accuracy of 99mTc-sestamibi
SPECT/CT for solid renal lesions?

PERTINENT FINDINGS: In this retrospective study, we showed
that 99mTc-sestamibi SPECT/CT had a sensitivity and specificity of
66.7% and 89.5%, respectively, for diagnosing a nonconcerning
solid renal lesion.

IMPLICATIONS FOR PATIENT CARE: The study showed
that 99mTc-sestamibi SPECT/CT can aid in the diagnosis of
solid renal lesions, especially when the ceCT results are
inconclusive.
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Optimized Whole-Body PET MRI Sequence Workflow in
Pediatric Hodgkin Lymphoma Patients
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18F-FDG PET/MRI might be the diagnostic method of choice for Hodg-
kin lymphoma patients, as it combines significantmetabolic information
from PET with excellent soft-tissue contrast fromMRI and avoids radia-
tion exposure from CT. However, a major issue is longer examination
times than for PET/CT, especially for younger children needing anes-
thesia. Thus, a targeted selection of suitable whole-body MRI sequen-
ces is important to optimize the PET/MRI workflow. Methods: The
initial PET/MRI scans of 84 EuroNet-PHL-C2 study patients from 13
international PET centers were evaluated. In each available MRI
sequence, 5 PET-positive lymph nodes were assessed. If extranodal
involvement occurred, 2 splenic lesions, 2 skeletal lesions, and 2 lung
lesions were also assessed. A detection rate was calculated dividing
the number of visible, anatomically assignable, and measurable lesions
in the respectiveMRI sequence by the total number of lesions.Results:
Relaxation time–weighted (T2w) transverse sequences with fat satura-
tion (fs) yielded the best result, with detection rates of 95% for nodal
lesions, 62% for splenic lesions, 94% for skeletal lesions, and 83% for
lung lesions, followed by T2w transverse sequences without fs (86%,
49%, 16%, and 59%, respectively) and longitudinal relaxation time–
weighted contrast-enhanced transverse sequences with fs (74%, 35%,
57%, and 55%, respectively). Conclusion: T2w transverse sequences
with fs yielded the highest detection rates and are well suited for accu-
rate whole-body PET/MRI in lymphoma patients. There is no evidence
to recommend the use of contrast agents.

Key Words: PET/MRI; MRI sequences; Hodgkin lymphoma; whole-
body imaging
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For lymphoma patients, 18F-FDG PET/MRI might be the diag-
nostic method of choice (1,2), as it combines significant metabolic
information from PET with excellent soft-tissue contrast from MRI
and avoids radiation exposure from CT (3,4). Using PET/MRI, a
reduction in the radiation dose from diagnostic imaging and, hence,
a reduction in the risk of potential negative radiation effects can be
achieved, particularly in pediatric patients needing several examina-
tions (5,6).
Examination time plays an important role in whole-body PET/MRI.

Regionalized MRI sequences may provide excellent resolution and tis-
sue contrast, among other desired features, but are typically rather
time-consuming. Longer examination times may decrease compliance
and will call for a higher amount of anesthetics in younger children
(7,8). The application of suitable whole-body MRI sequences hence
represents a trade-off between imaging quality and examination time.
Ten years after introduction into clinical routine, PET/MRI sys-

tems are established and different imaging protocols have been
developed for the same indication over time (9).
The EuroNet-PHL-C2 (C2) study (10) was an international multi-

center treatment optimization trial for pediatric Hodgkin lymphoma
patients of all stages. PET/MRI was the preferred option for whole-
body imaging in the C2 study, if locally available. Within the C2
study, central reference reading of all imaging data was mandatory.
Imaging data were stored on a central server of the Pediatric Hodg-
kin Network (11), enabling comparison of PET/MRI scans from dif-
ferent centers.
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Using PET/MRI instead of PET/CT, MRI has to perform at
least equivalently to CT. First, lymphoma lesions must be visible
in the respective MRI sequence; that is, sufficient image resolution
and sufficient contrast to background need to be ensured. Second,
lesions need to be anatomically assignable to the different body
regions for staging and radiation therapy planning (12). Third, an
exact size measurement of lesions must be possible for staging
(13) and response assessment (14).
The aim of our study was to identify the most suitable whole-

body MRI sequence for pretreatment PET/MRI. Therefore, all
available MRI sequences were assessed in terms of detection, ana-
tomic assignment, and size measurement of lymphoma lesions.

MATERIALS AND METHODS

Patients
C2 study patients (EudraCT number NCT02684708) with a pretreat-

ment PET/MRI scan acquired between October 2015 and December
2019 were included in our study. A total of 13 study centers performed
PET/MRI. Ten patients per center were assessed in our evaluation.

C2 study patients or their guardians gave written informed consent
and acknowledged the evaluation of imaging data for research pur-
poses. The ethics committee of the University of Leipzig approved
this retrospective study, and the requirement to obtain additional
informed consent was waived.

Imaging Protocol for C2 Study Patients
For staging of C2 study patients, a whole-body PET/MRI or PET/CT

scan ranging from skull base to mid thigh, a chest CT in end inspiration
for lung assessment, and an abdominal ultrasound for liver and spleen
assessment were required. All imaging had to be performed according to
the C2 trial recommendations, which nevertheless allowed a variance in
chosen sequences and imaging parameters according to local standards.

Assessment
PET/MRI scans were assessed in random order by a radiologist and

a nuclear physician, both of whom were experienced in lymphoma
assessment, with 15 y and 10 y of expertise, respectively. Decisions
were made by consensus.

For each scan, the PET/MRI device and software data, patient data,
and examination parameters were recorded. The Hermes 3-dimen-
sional viewer (version 2.2.0.104) was used for PET/MRI assessment.

MRI Sequences
All available MRI sequences in coronal or transverse orientation were

analyzed. Each MRI sequence was assigned to one of the following
sequence categories: longitudinal relaxation time–weighted (T1w) with
contrast enhancement (ce) and fat saturation (fs), T1w without ce and with
fs, T1w without ce or fs (nonfs), transverse relaxation time–weighted
(T2w) with fs, T2w nonfs, diffusion-weighted imaging (DWI), Dixon in-
phase, Dixon out-of-phase, Dixon relative water fraction, and Dixon rela-
tive fat fraction. Each category was subdivided into transverse and coronal
orientations.

The Dixon sequences were based mainly on a T1w 3-dimensional
turbo multigradient echo sequence.

Evaluation of Lymphoma Lesions
The reference in our study was PET-positive lymphoma lesions (15).

To exclude false-positive lesions, only PET-positive lesions confirmed by
the central review board of the C2 study were considered for evaluation.

To avoid overemphasizing patients with extensive lymphoma involve-
ment, we decided to limit the number of reference lesions. Five lymph
nodes and 2 extranodal lesions per organ (spleen, skeleton, and lung)
were assessed per patient. Reference lesions had to be between 0.5 and
2.0 cm in diameter. This range was chosen since lymph nodes smaller

than 0.5 cm are not considered in any staging protocol and are difficult to
identify with PET and MRI. On the other hand, lymphoma lesions larger
than 2.0 cm are well detectable, even in less-suited MRI sequences.

The reference lesions were assessed if they were visible, anatomically
assignable, and measurable in the respective MRI sequence. Visibility
was defined as sufficient image resolution and sufficient lesion-to-back-
ground contrast for lesion detection. Anatomic assignment meant that
body region boundaries were visible and that lymphoma lesions could
clearly be assigned to a specific body region; for example, the clavicle
was visible for differentiation between supraclavicular and infraclavicular
lymph nodes. Measurable meant that reference lesions could be delin-
eated for exact size measurement in 2 perpendicular planes.

For each MRI sequence, a detection rate was calculated, dividing
the number of visible, assignable, and measurable lesions by the total
number of lesions.

For lung assessment, 2 different conditions were applied. Reference
lesions were lymphoma lesions detected on chest CT in end inspiration

FIGURE 1. Maximum-intensity projection of PET image of study patient
with nodal, splenic, skeletal, and lung lesions. Scale bars represent SUV
(unitless).
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and had to be between 0.2 and 1.0 cm in diameter. These conditions
were chosen since lung involvement in the C2 study was defined as at
least 3 lung lesions of 0.2 cm or larger in diameter detected on CT.

To estimate the influence of artifacts on lung assessment, MRI
sequences were assessed for false-positive lung lesions. Lesions visi-
ble on MRI without a correlate on CT were considered false-positive.

RESULTS

Patient Data
In total, 210 C2 study patients from 13 PET centers underwent

pretreatment PET/MRI between October 2015 and December 2019.
The number assessed in our study was 84, that is, up to 10 patients
per center. The number of PET-positive lymph node lesions analyzed
was 390. Sixty-six patients had extranodal involvement; splenic,
skeletal, and lung lesions were seen in 42, 23, and 32 patients,
respectively. We assessed 76 splenic, 44 skeletal, and 61 lung lesions
(Figs. 1 and 2).
All 13 study centers conducted the examinations on dedicated

3-T PET/MRI scanners. Eleven centers used a Biograph mMR
scanner (Siemens Healthineers); one center, a Signa PET/MR scan-
ner (GE Healthcare); and one center, an Ingenuity TF PET/MR
scanner (Philips Healthcare).
The mean and the median examination times for a PET/MRI

scan ranging from skull base to mid thigh were 47 min (618 min)
and 44 min, respectively.
On average, 8 different MRI sequences were available per

patient (Supplemental Table 1; supplemental materials are avail-
able at http://jnm.snmjournals.org).

Lymph Node Involvement
T2w fs transverse sequences yielded the best result of all MRI

sequence categories for the detection of lymph node lesions, with
a detection rate of 95% (155/164), followed by T2w nonfs trans-
verse sequences (186/217, or 86%), T1w ce fs transverse sequen-
ces (126/171, or 74%), and T2w fs coronal sequences (111/201, or
55%) (Table 1; Fig. 3).
Regarding the MRI sequence level, the T2w TSE fs transverse

sequence achieved detection rates above 90% in all 6 centers per-
forming this sequence. Overall, 145 of 150 lesions (97%) were

visible, assignable, and measurable. The second best result was
seen for the T2w half-Fourier single-shot turbo spin-echo nonfs
transverse sequence, with detection rates above 90% in 6 of 8 cen-
ters as well as rates of 80% and 62% in the other 2 centers. Overall,
186 of 217 lesions (86%) were visible, assignable, and measurable.

Extranodal Involvement
The highest detection rate for splenic lesions was observed for

T2w fs transverse sequences, at 62% (23/37), followed by T2w
nonfs transverse sequences (25/51, or 49%) and DWI transverse
sequences (10/27, or 37%) (Table 1; Fig. 4).
For skeletal lesions, the highest detection rate was seen for T2w

fs transverse sequences, at 94% (17/18), followed by T2w fs coro-
nal sequences (26/28, or 93%) and DWI transverse sequences
(10/14, or 71%). T2w nonfs transverse sequences yielded a detec-
tion rate of only 16% (6/38) (Table 1).
All lung lesions were detected in T2w nonfs coronal sequences

(5/5) and T1w ce fs coronal sequences (8/8). However, the small num-
ber of lesions in both sequences limits the meaningfulness of this
result. The next-best ratios were seen for T2w fs transverse sequences
(19/23, or 83%) and T2w nonfs transverse sequences (30/51, or 59%)
(Table 1; Supplemental Fig. 1). False-positive lung lesions were seen
in most MRI sequences. T2w fs transverse and T2w nonfs transverse
sequences demonstrated false-positive lung lesions in 10 of 12 and 18
of 27 patients, respectively. Only 4 MRI sequence categories were
free of false-positive lung lesions: DWI transverse, T1w ce fs coronal,
T2w fs coronal, and T2w nonfs coronal.
Overall, the highest detection rates were achieved by T2w fs trans-

verse sequences, at 95%, 62%, 94%, and 83% for lymphatic, splenic,
skeletal, and lung lesions, respectively. In this sequence, 18 of the
242 lesions assessed were not visible (2 lymphatic, 12 splenic, and 4
lung lesions). Twelve of these 18 lesions were also not visible in any
other MRI sequence. Six lesions (2 lymphatic, 2 splenic, and 2 lung
lesions) were visible in at least one other sequence.
The next best sequences were T2w nonfs transverse (86%, 49%,

16%, and 59%, respectively) and T1w ce fs transverse (74%, 35%,
57%, and 55%, respectively). The best coronal sequence was a
T2w fs sequence, with detection rates of 55%, 24%, 93%, and
50%, respectively.

DISCUSSION

The PET/MRI examination time in pedi-
atric patients should be as short as reason-
ably achievable to decrease anesthesia time
in younger children (16) and increase com-
pliance in adolescents. On the other hand,
MRI sequences need to provide all infor-
mation for a qualified assessment (17,18).
Whole-body PET/MRI is well suited for a

fast overview, as would be used, for exam-
ple, in lymphoma patients or in the search
for an inflammation focus. The full potential
of MRI is far from being exhausted in this
procedure, but regionalized MRI sequences
on individual body parts are time-consum-
ing. Whole-body PET/MRI is a compromise
between short examination time and ade-
quate image quality.
In our study, the mean examination time

for a PET/MRI scan ranging from skull base

FIGURE 2. Corresponding transverse slice positions of PET and PET/MRI. (A and C) Transverse
thoracic slice with PET-positive right-sided internal mammary lymph node (green arrow) and PET-
positive right-sided hilar lymph node (red arrow). (B and D) Transverse abdominal slice with 2 PET-
positive splenic lesions (green and red arrow).
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to mid thigh was 47 min, and examination times of more than 1h
were not uncommon. Faster PET acquisition protocols reporting a
duration of 2 min per bed position have been published (19,20).
Thus, a purposeful choice of MRI sequences is important to decrease
PET/MRI examination time.
In our study, the optimal whole-body MRI sequence category

for PET/MRI were T2w fs transverse sequences. Almost all lym-
phatic, skeletal, and lung lesions were visible, assignable, and
measurable. Splenic lesions had a moderate detection rate of 62%,
which was, however, the best result of all MRI sequences avail-
able in our study. T2w fs transverse sequences were performed in
only 7 of the 13 centers participating in our study. The second best
result was seen for T2w nonfs transverse sequences. The good per-
formance of T2w transverse sequences in whole-body PET/MRI is

in line with published results (3,16,19). However, an issue with
T2w transverse sequences was the high false-positive rate of lung
lesions, influencing the accuracy of lung evaluation.
In our study, T1w sequences applied after contrast agent adminis-

tration were not on a par with T2w sequences. Similar findings were
also reported by other research groups (21,22). Considering potential
side effects of MRI contrast agents (23,24), we cannot unreservedly
recommend their use in pediatric Hodgkin lymphoma patients.
Attenuation correction is mandatory for PET imaging and usu-

ally done with Dixon sequences, initially providing in-phase and
out-of-phase images as well as allowing calculation of distributions
of relative water and fat fractions (25,26). One could argue for the
use of only Dixon sequences for whole-body MRI in lymphoma
patients. However, in our study, Dixon sequences were less suitable

for the detection of lymphoma lesions and
clearly inferior to T2w sequences.
The detection rate of transverse DWI

sequences was only 34%. DWI relies on
detection of the random brownian motion of
water molecules in the respective tissues
(27). The assessment of DWI in our study
probably underestimates their true potential
since anatomic boundaries and morphologic
landmarks are hardly visible in DWI. Thus,
despite their potential to provide additional
information for lesion staging, DWI sequen-
ces are not suitable for anatomic assignment
of lymphoma lesions. This is a main reason
for the low detection rate of DWI sequences
in our study; 68% of all PET-positive lesions
were visible using DWI technique, which is
in line with previously reported rates of
between 62% and 77% (2,9,28). This result

TABLE 1
Detection Rates of MRI Sequence Categories for Lymphatic, Splenic, Skeletal, and Lung Lesions

Sequence category Orientation Lymph nodes Spleen Skeleton Lung

T2w fs Transverse 95% 62% 94% 83%

T2w nonfs Transverse 86% 49% 16% 59%

T1w ce fs Transverse 74% 35% 57% 55%

T2w fs Coronal 55% 24% 93% 50%

T1w without ce nonfs Coronal 47% 33% 25% 14%

Dixon out-of-phase Transverse 42% 0% 16% 56%

Dixon relative water fraction Transverse 42% 7% 33% 49%

Dixon in-phase Transverse 35% 5% 8% 43%

DWI Transverse 34% 37% 71% 33%

T1w without ce fs Transverse 34% 50% 25% 56%

T1w ce fs Coronal 29% 0% — 100%

Dixon relative fat fraction Transverse 23% 0% 7% 8%

Dixon relative water fraction Coronal 19% 0% 14% 21%

Dixon relative fat fraction Coronal 13% 0% 0% 5%

T1w without ce nonfs Transverse 12% 7% 50% —

Dixon out-of-phase Coronal 11% 0% 4% 22%

Dixon in-phase Coronal 9% 9% 5% 24%

T2w nonfs Coronal 0% 27% 0% 100%

FIGURE 3. Identical transverse slice positions of different MRI sequences (same slice position as
in Figs. 2A and 2C). (A) T1w MRI sequence with ce. (B) T2w MRI sequence with fs. (C) T2w nonfs
MRI sequence. (D) Dixon relative water fraction distribution. PET-positive right-sided internal mam-
mary lymph node (green arrow) is visible in A, B, and C. PET-positive right-sided hilar lymph node
(red arrow) is visible in A, B, and D.
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might be ascribed to the fact that PET and DWI do not depict the
same pathologic mechanism (29,30).
T2w fs transverse sequences and MRI sequences for attenuation

correction of PET imaging together can be acquired within the
2 min required for PET imaging per bed position. Thus, a PET/
MRI examination from skull base to mid thigh in less than 20 min
is possible. Compared with the average examination time of
47 min in our study patients, this is significantly less than half.
Almost all coronal sequences yielded lower detection rates than

the corresponding transverse sequences. Thus, transverse sequen-
ces seem to be more suitable for whole-body cross-sectional image
assessment. However, the viewing habits of the readers could also
have influenced our results.
Splenic involvement was difficult to assess on MRI, with best

detection rates being slightly above 60%, achieved with T2w fs se-
quences. Detection of splenic lesions with whole-body MRI sequences
is known to be challenging, with reported sensitivities ranging between
57% and 86% (31,32). This challenge might be ascribed to artifacts
due to breathing or cardiac motion or anisotropic physiologically
restricted diffusion patterns of normal splenic parenchyma in DWI
(33). The additional application of spleen-specific MRI sequences
might be beneficial in lymphoma patients with suspected splenic
involvement. The detection of splenic lesions on CT is challenging
as well, with published sensitivities and specificities of 33%–94%
and 0%–100%, respectively (34,35). Ultrasound is a sensitive meth-
od for the detection of splenic involvement (36). However, the qual-
ity of ultrasound examinations is physician-dependent, and central
reference evaluation is not possible.
Skeletal lesions were well detectable in T2w fs sequences, in both

transverse and coronal orientations. These results are in line with pub-
lished data (37,38). T2w nonfs transverse sequences showed a low
detection rate of only 16%. An explanation could be the increasing
fat signal in the bone marrow of adolescents. Thus, edemalike bone
marrow changes, as a sign of skeletal involvement, might be masked
by a hyperintense fat signal.
Detection of lung lesions in whole-body MRI is challenging

(3,39). Although good detection rates were observed for 2 coronal
sequences and 1 transverse MRI sequence, false-positive lung

lesions were a main issue in most sequences. One reason might be
artifacts due to cardiac or respiratory motion (40). Another reason
is that even small lesions of 0.2 cm were considered as lung
involvement. Such small lesions are difficult to detect on MRI. CT
is the gold standard for lung evaluation (41). However, lung-
specific MRI sequences have shown promising results (42).
Our study had some limitations. T2w fs transverse sequences

yielded the best results of all sequences in our study. However, 7%
(18/242) of all lesions—mainly splenic lesions—were not visible. Six
of these 18 lesions were visible in at least one other MRI sequence.
Most study centers used a PET/MRI scanner from one vendor,

which might bias our results in terms of the vendor-specific scan-
ner properties and sequences.
Another limitation is the lack of information on false-positive

lesions on MRI. Theoretically, MRI sequences with good detec-
tion rates could compromise their performance by an increased
rate of false-positive lesions. This effect was observed for T2w
transverse sequences in lung assessment.

CONCLUSION

T2w fs transverse sequences yielded the highest detection rates and
are well suited for accurate whole-body PET/MRI in lymphoma
patients. There is no evidence to recommend the use of contrast agents.
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KEY POINTS

QUESTION: What is the most suitable whole-body MRI sequence
for PET/MRI in Hodgkin lymphoma patients?

PERTINENT FINDINGS: On the basis of our multicenter evaluation
of pretreatment PET/MRI scans of 84 C2 study patients with
Hodgkin lymphoma, T2w transverse sequences with fs are the
most suitable for simultaneous whole-body PET/MRI. There was no
evidence to recommend the use of contrast agents.

IMPLICATIONS FOR PATIENT CARE: An optimized PET/MRI
acquisition protocol would decrease anesthesia time in younger
children and increase compliance in adolescents and adults.
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Our objective was to provide consensus recommendations from
a consortium of academic and industry experts in the field of lym-
phoma and imaging for consistent application of the Lugano clas-
sification. Methods: Consensus was obtained through a series of
meetings from July 2019 until September 2021 sponsored by the
Pharma Imaging Network for Therapeutics and Diagnostics (PIN-
TaD) as part of the PINTaD Response Criteria in Lymphoma Work-
ing Group (PRoLoG) consensus initiative. Results: Consensus
recommendations clarified technical considerations for PET/CT
and diagnostic CT from the Lugano classification, including updat-
ing the FDG avidity of different lymphoma entities, clarifying the
response nomenclature, and refining lesion classification and
scoring, especially with regard to scores 4 and 5 and the X cate-
gory of the 5-point scale. Combination of metabolic and anatomic
responses is clarified, as well as response assessment in cases of
discordant or missing evaluations. Use of clinical data in the clas-
sification, especially the requirement for bone marrow assess-
ment, is further updated on the basis of lymphoma entities.
Clarification is provided with regard to spleen and liver measure-
ments and evaluation, as well as nodal response. Conclusion:
Consensus recommendations are made to comprehensively
address areas of inconsistency and ambiguity in the classification
encountered during response evaluation by end users, and such
guidance should be used as a companion to the 2014 Lugano
classification.

KeyWords: Lugano classification; clinical recommendations; consen-
sus; standardization
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In 2014, the Lugano classification (1) and its companion report
(2) (together referred to here as Lugano 2014) provided a stan-
dardized approach to classifying response based on 18F-FDG PET/
CT. In particular, Lugano 2014 emphasized the importance of a
5-point scale (5-PS) for FDG-avid lymphomas along with a well-
defined characterization of splenomegaly while maintaining many
of the anatomic elements of the revised response criteria for malig-
nant lymphoma, published in 2007 (3).

The Lugano classification has been widely adopted by acade-
mia, by the pharmaceutical industry, and in clinical practice for
evaluation of Hodgkin lymphoma and non-Hodgkin lymphoma,
leading to acceptance by regulatory agencies for drug approval
and by treating physicians alike. Currently, hundreds of actively
recruiting and ongoing investigational trials use the Lugano classi-
fication (https://clinicaltrials.gov).
As with any criteria, the application of the Lugano classification

has uncovered some challenges in implementation resulting in non-
uniform use, variable interpretation, and customized modifications
with the potential to undermine effective comparisons between patient
groups, treatment regimens, and outcome analyses. To address these
challenges, volunteer leaders from industry and academia, including
original authors of the Lugano classification, referred to as the PIN-
TaD Response Criteria in Lymphoma Working Group (PRoLoG),
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sponsored by the Pharma Imaging Network for Therapeutics and
Diagnostics (PINTaD; https://www.pintad.net), engaged in discus-
sions from July 2019 until September 2021 to provide expert guid-
ance on the consistent application of the Lugano classification.
This article is not intended to replace the classification but is

proposed as a companion to Lugano 2014. Although other lym-
phoma response criteria have since been published (e.g., LYRIC
2016 (4) for immunomodulatory therapies and RECIL 2017 (5)),
most of the current recommendations may also apply to the newer
criteria as well.
The recommendations in this document focus on imaging aspects

rather than implementation in clinical practice for treatment deci-
sions. The recommendations hopefully will facilitate consistent
imaging interpretation and response assessment during clinical tri-
als and may be a valuable addition for health-care providers.

MATERIALS AND METHODS

Task forces (TFs) were created to evaluate technical and clinical
considerations and descriptive ambiguities within the Lugano clas-
sification. A steering committee was formed to oversee the activi-
ties of each TF and to summarize, reconcile, and consolidate the
recommendations from the regularly scheduled TF meetings. The
TF members included independent research leaders and represen-
tatives from academic and scientific organizations (n 5 3), indus-
try (n 5 9), clinical research organizations (n 5 13), and other
clinical trial specialists (n 5 4). All meetings were held virtually,
from July 2019 to September 2021.
TF meetings were recorded, and the minutes were transcribed

and approved by TF members. Recommendations were based on a
hierarchic approach, with evidence-based decisions providing the
strongest level of support, followed by best practices and then
expert consensus opinions. When evidence-based data or consen-
sus was lacking, a call for future research on that topic was sug-
gested. Additional recommendations from the TFs, primarily for
advanced imaging technical considerations, will be available in a
companion article (6).
The end user is any individual involved in the implementation

of the Lugano classification—for example, clinical trialists, physi-
cians, scientists, data managers, statisticians, scientific and medical
writers, health-care providers, program coders, and regulatory per-
sonnel. The term reviewer in this document is defined as any phy-
sician responsible for assessing response in lymphoma, such as an
imaging specialist (radiologist or nuclear medicine physician) or a
clinical specialist (oncologist, hematologist, radiation oncologist).

IMAGING ACQUISITION CONSIDERATIONS

The use and frequency of PET/CT or diagnostic CT with contrast
enhancement depend on several factors. These include the clinical
question, lymphoma histology and stage, FDG avidity, and efficacy
endpoints. In FDG-avid lymphomas, a diagnostic CT scan may not
be required at each scheduled tumor assessment when 18F-FDG
PET/CT is scheduled; for example, when a clinical trial protocol
specifies that 18F-FDG PET/CT is required for each imaging visit,
then no additional diagnostic CT examination may be needed. Simi-
larly, an 18F-FDG PET/CT scan may not be required at each time
point; for example, 18F-FDG PET/CT is usually discouraged for sur-
veillance (7,8). Although the role of surveillance imaging is not
established in clinical practice (9–12), diagnostic CT may still be
required in follow-up of clinical trials using time-dependent end-
points (e.g., progression-free survival (1)).

In the Lugano classification, the term PET/CT-based refers to
PET corrected for attenuation by CT, that is, for metabolic assess-
ment and localization of lesions, whereas the term CT-based refers
to diagnostic-quality CT for morphologic assessment.

FDG AVIDITY OF LYMPHOMA ENTITIES

Although most lymphomas are FDG-avid, metabolic imaging
may be less reliable for response assessment in some histologies
because of greater inter- or intraindividual lesion variability in
18F-FDG uptake.
There are 3 lymphoma categories. The first category is routinely

FDG-avid lymphoma (2,13) (e.g., Hodgkin lymphoma, diffuse
large B-cell lymphomas, follicular lymphoma (14–17), mantle cell
lymphoma (18–20), nodal peripheral T-cell lymphoma (21–23), lym-
phoblastic lymphoma (24–26), and Burkitt lymphoma (27,28)); these
should be assessed by 18F-FDG PET/CT and, when anatomic assess-
ment is required, by diagnostic CT.
The second category is lymphoma that is generally not FDG-

avid (e.g., small lymphocytic lymphoma and chronic lymphocytic
leukemia); this category should be assessed with diagnostic CT and
not with 18F-FDG PET/CT, unless for suspected or documented
transformation.
The third category is lymphoma that, although commonly FDG-

avid, had variability in 18F-FDG uptake, either interpatient or inter-
lesional (e.g., some marginal-zone lymphomas (29–31) and some
T-cell lymphomas (32), notably cutaneous T-cell lymphomas).
There is no formal recommendation on which type of imaging is to
be performed; it should be based on the lymphoma entity and can
be aligned with health authorities. In general, baseline imaging
may include 18F-FDG PET/CT and diagnostic CT. Patients without
FDG-avid lesions at baseline should be followed with diagnostic
CT (unless transformation is suspected). In patients with FDG-avid
lesions at baseline, PET/CT may be used for response assessment
and rules for combination of metabolic and anatomic response
should be prespecified in the protocol.

LESION CLASSIFICATION, SCORING, AND RESPONSE
NOMENCLATURE

Common Lesion Classification and Response Nomenclature
CT. On CT, tumor lesions should be referred to as either target

lesions (assessed quantitatively) or nontarget lesions (assessed
qualitatively). Nodal and extranodal lesions should ideally be
documented as separate classifications since they have different
assessment rules.

18F-FDG PET/CT. On 18F-FDG PET, assessment nomenclature
is designated as the 5-point scale (5-PS). The 5-PS is based on the
single most metabolically active lesion (with visual or semiquanti-
tative assessment), which can vary at each time point. SUVs that
are captured (e.g., the most hypermetabolic lesion, reference
regions) usually represent the SUVmax, in alignment with the
Lugano classification. Other types of measurements (e.g., SUVpeak

and SUVmean) are being explored for use in clinical trials (33,34),
and further work is required in this field to identify the optimal
measure. Besides, metabolic assessments (e.g., metabolic tumor
volumes) or radiomics may become more important in the future.
Both CT and PET/CT responses should be reported when avail-

able, and designated “M” for metabolic or “A” for anatomic, as
well as the overall response (i.e., the response to be used for deter-
mining endpoints, integrating imaging response [metabolic, ana-
tomic, or a combination of both, when available] and clinical data
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when available) (Supplemental Table 1; supplemental materials
are available at http://jnm.snmjournals.org).

Scoring of Lesions on CT and 18F-FDG PET/CT and Metabolic
Response Category
Target lesions selected on CT at baseline should be FDG-avid,

with higher uptake than in normal liver, for FDG-avid lymphoma.
This means a 5-PS of greater than 3, although the 5-PS was not
originally intended to be applied at baseline.
Protocol inclusion criteria for FDG-avid lymphoma should

state that eligible subjects must have at least 1 FDG-avid lesion;
the recommendation is that there be at least 1 lesion with higher
intensity than in normal liver (for FDG-avid lymphomas) and at
least 1 CT-measurable lesion (when anatomic measurements are
required).
A score of 4 should be applied to lesion uptake greater than

uptake in a large region of normal liver, that is, not to lesion
uptake only moderately greater than in the liver as was originally
stated in the Lugano classification. When a semiquantitative
approach is used, this score applies to uptake greater than the
SUVmax in a large region of normal liver.
A score of 5 should be applied to lesion uptake markedly greater

than in the liver, to hypermetabolic new lesions, or to both, and the
reason for assessing a score of 5 should be recorded (uptake or
hypermetabolic new lesions or both). When a semiquantitative
approach is used, this score applies to uptake at least 2 times the
SUVmax in the liver since thresholds of both 2 times and 3 times
have been used in published reports (2,33,35–40) and there is no fur-
ther evidence to recommend one or the other. If such a semiquantita-
tive approach is used, the threshold that will be applied should be
defined a priori in the clinical study documents and reported (41).
The optimal threshold for response likely depends on the lym-

phoma entity, treatment, and timing; further research is recom-
mended to define score 4 and score 5 (35,39,40,42).
When the metabolic response category is being evaluated, the

overall metabolic uptake (i.e., intensity and extent) has to be con-
sidered along with the 5-PS. A visual score of 4 or 5 with reduced
intensity and no increase in the extent is considered a partial meta-
bolic response (PMR), whereas increased intensity or increased
extent is considered progressive metabolic disease. Uptake of sta-
ble intensity with no increase in extent is considered no metabolic
response (NMR).
The X category defined in the Lugano classification as areas of

uptake unlikely to be related to lymphoma should not be consid-
ered a category by itself, and the reviewer should always assign a
5-PS in addition to X.

RESPONSE ASSESSMENT

Imaging Response Assessment
When the Lugano classification is used for FDG-avid lympho-

mas, the metabolic response assessed on 18F-FDG PET/CT should
take precedence over the anatomic response assessed on diagnostic
CT. Although the definition of a PMR lacks an objective quantita-
tive cutoff in the Lugano classification, there is insufficient evi-
dence to further define a PMR for most lymphomas, and efforts at
further standardization are warranted (e.g., delta SUV, change in
metabolic tumor volume). Below are the rules for combining met-
abolic and anatomic responses in FDG-avid lymphomas when
both modalities are available.
Acceptable Assessments of Imaging Complete Response (CR).

For CR, acceptable assessments are, first, PET complete metabolic

response (CMR) plus CT response (either complete anatomic
response [CAR] or partial anatomic response) or stable anatomic
disease and, second, PET CMR plus CT progressive anatomic dis-
ease within the same visit window—that is, the progressive disease
seen on CT does not correlate with any metabolic progression.

Acceptable Assessments of Imaging Partial Response (PR). For
PR, acceptable assessments are, first, PET PMR plus CT response
(either CAR or partial anatomic response) or stable anatomic dis-
ease and, second, PET PMR plus CT progressive anatomic disease
within the same imaging window—that is, the progressive disease
seen on CT does not correlate with any metabolic progression.

Acceptable Assessments of Imaging Stable Disease. For stable
disease, acceptable assessments are, first, PET NMR plus CT
response (either CAR or partial anatomic response) or stable ana-
tomic disease and, second, PET NMR plus CT progressive ana-
tomic disease by a new anatomic lesion within the same imaging
window—that is, the new lesion seen on CT is not showing hyper-
metabolism suggestive of lymphoma.

The TFs recognize (but do not recommend, since metabolic
response should take precedence over anatomic response) the
practice by which imaging response based on PET/CT (e.g.,
CMR/PMR) is downgraded when CT shows progressive anatomic
disease. Such cases may be reassigned as overall CR/PR on the
basis of clinical review (i.e., the hematology–oncology review that
is performed in some clinical trials after the imaging review),
biopsy, or follow-up imaging.

In the Lugano classification (1), CMR, PMR, and NMR require
the absence of new lesions for FDG-avid lymphomas. For clarifi-
cation, any new lesion not considered to be lymphoma, whether
metabolically active or not, does not represent disease progression.

Further Considerations for Discordant Cases Between
Diagnostic CT and 18F-FDG PET/CT
In routinely FDG-avid lymphomas for which the 18F-FDG PET

results are discordant with diagnostic CT, the PET results should
supersede the CT interpretation with the caveat that the overall time
point response can be overridden during a clinical review by integra-
tion of clinical data into the imaging assessment, if applicable, or if
additional data such as biopsy or imaging follow-up are subsequently
provided. For example, when the 18F-FDG PET is CMR (or PMR or
NMR) but CT demonstrates new or growing metabolically inactive
lesions, it is unlikely that this finding represents lymphoma in a rou-
tinely FDG-avid histology, and CR (or PR or stable disease, respec-
tively) can usually be assigned.
Biopsy of a growing or new lesion, or else follow-up, should be

strongly encouraged, as clinically appropriate, as well as a search
for alternative causes. Positive results on biopsy (including via
endoscopy if a gastrointestinal lesion) or cytology (if effusion), or
follow-up confirmation of disease, would preclude an overall time
point response of CR (or PR or stable disease, respectively) and be
considered progressive disease. Progressive disease would then
need to be backdated to the first appearance of the growing or new
lesion. This should be prespecified in the study documents.
In lymphomas that are not FDG-avid, CT results should supersede

PET for the imaging time point response assessments, and the CT-
based response as per the Lugano classification (1) should be used. If
CT scan visits are missing, the imaging time point response would
not be evaluable unless PET/CT has been performed and the CT por-
tion of the PET/CT is of diagnostic quality, based on reviewer judg-
ment, to permit accurate tumor burden assessments.
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The “FDG Avidity of Lymphoma Entities” section provides
recommendations for lymphomas with variability in 18F-FDG
uptake.

Assessment of Response When PET/CT or Diagnostic CT
Imaging Visits Are Missing or Not Done as Per Protocol
Best-practice recommendations for PET scheduling in pivotal

clinical trials, when acceptable and reasonable, are to time the fre-
quency of PET/CT acquisitions with the anticipated response to
the intervention and provide details for superseding rules (i.e.,
how to carry over responses when one or the other modality is not
done at every visit).
When PET/CT is not available but diagnostic CT is, the PET/CT

response can be carried forward from the prior visit to provide an
imaging response assessment as long as the diagnostic CT scan does
not suggest disease deterioration (or clinical status, with regard to
overall response, in cases in which clinical review is performed).
When diagnostic CT is not available but there has been no sub-

stantial change on 18F-FDG PET/CT, the results of the prior CT
scan can be carried forward. On occasion, the CT portion of PET/
CT can be used to assess the CT disease burden if considered of
suitable diagnostic quality.
It is common for clinical trials to use a modified Lugano classifi-

cation (i.e., with variations from the original publication). In such a
case, there should be a requirement that modified be defined.

INCORPORATION OF CLINICAL DATA

Imaging and Clinical Response Assessments
Best-practice opinions suggest that a paradigm of independent

review by imaging specialists followed by clinical oncology review to
update results according to clinical and laboratory data introduces the
least bias into the process while providing the most reliable and consis-
tent results. For studies not using an independent clinical oncology
review, it is suggested that imaging reviewers receive some limited
clinical information, to be prospectively defined in the protocol.

Clinical Data Requirements
There is no requirement for integrating clinical information per

Lugano guidance, except for bone marrow (BM) biopsy (BMB)
and aspiration for lymphoma histologies when PET/CT may not
be a substitute for this information.
The clinical data that should be provided to the reviewer must

be defined in the study documents and be consistently recorded
and provided as a structured report or dossier with pertinent clini-
cal information (e.g., BMB results, lesion biopsy/fluid evaluation
if performed, concomitant therapy that could affect scan results
such as the use of colony-stimulating factor, infection/inflamma-
tion or other information that can confound PET/CT and diagnos-
tic CT findings, and clinical and laboratory information).
In general, physical examination data should not be provided to

the central reviewer since imaging should take precedence over
clinical examination for lesion measurement, except for lesions
that would not be captured on imaging (e.g., scalp and lower
extremities). As well, when feasible, appropriate but limited
clinical history and information should be provided to imaging
reviewers to better select lesions at baseline (e.g., prior radiation
therapy).

Recommendations for Assessment of BM Involvement
Although BM samples should usually be obtained before the

start of therapy, many patients with relapsed or refractory disease

have BMB results in the prebaseline period that could eliminate
the need for a repeat BMB before receiving therapy, especially
when the prebaseline BMB results were positive. In general, one
should consider whether BM results from the prebaseline period
may be used for the baseline, within a time frame to be prespeci-
fied per the protocol (typically BM results should be dated no
longer than 3 mo before the start of therapy and unless clinical
changes suggest otherwise).
The requirement for repeat BMB in a clinical trial is based

on the setting (e.g., lymphoma entity, FDG avidity, study
phase, and endpoints) and should be prespecified in the study
documents.
BM involvement in diffuse large B-cell lymphoma and Hodgkin

lymphoma tends to be focal, whereas diffuse avidity suggests
an inflammatory process. Rarely, predominantly BM-based dis-
ease in diffuse large B-cell lymphoma can present with intense,
diffuse uptake. Involvement by follicular and other low-grade
lymphomas may not be apparent because of the indolent nature
of the diseases (43).
FDG-Avid Lymphomas. When the results of BMB are negative

at baseline, it is reasonable to assign a CR as the overall response
without repeating the BMB if the patient achieves a meta-
bolic CMR.
In Hodgkin lymphoma and diffuse large B-cell lymphoma, a

baseline BMB may not be required in all patients because PET/CT
may substitute for BM evaluation as per the Lugano classification
(1,41,44–47). When the patient achieves a CMR, it is reasonable
to assign a CR as the overall response, whatever the status of BM
sampling at baseline. The requirement for BMB should be prespe-
cified in the clinical study protocol.
In follicular lymphoma, although there is new evidence that BM

sampling may not be mandatory in all trials (48–50), PET/CT does
not uniformly substitute for BMB for staging and response assess-
ment and may still need to be obtained, especially in patients without
BM uptake on 18F-FDG PET/CT at baseline. It should be prespeci-
fied in study documents whether a patient who had positive BM
uptake on PET at baseline and achieves a PET/CT CMR can be
assigned a CR as the overall response if BM sampling is not done.
In FDG-avid lymphomas for which a BMB during or at the end

of treatment shows lymphoma involvement, the best response can-
not be better than PR, even with an otherwise CMR.
Lymphomas That Are Not FDG-Avid or Have Variable 18F-FDG

uptake. When BM sampling is negative at baseline, it is reasonable
to assign a CR as overall response if the patient achieves a CAR
(and CMR if PET/CT is available). When BM sampling is positive
or the result is unknown at baseline, and BM sampling is not
obtained or is positive during or at end of treatment, but the patient
achieves a CAR (and CMR if PET/CT is available), it should be
downgraded to a PR as overall response.
Situations in Which BMB findings Are Indeterminate. When

BMB findings are indeterminate, it is reasonable to downgrade a PET
CMR to PR for lymphomas where PET cannot substitute to BMB.

EVALUATION OF SPLEEN, LIVER, AND NODAL INVOLVEMENT

Spleen and Liver Size and Nodules
Spleen. The expert judgment of the reviewer should be used

when the size measurement is inconsistent with the rest of the
tumor burden. Spleen size can vary with factors unrelated to lym-
phoma involvement, including patient age, body dimensions, and
sex (51); nonmalignant conditions (e.g., enlargement from portal
hypertension or splenic vein thrombosis); technical factors such as
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respiratory motion on CT; and prior injury or trauma. Thus, the
expert reviewer should determine the status of the spleen with
respect to splenomegaly when measurements are close to the 13-cm
threshold before, during, or after treatment.
Liver. In alignment with the Lugano classification, liver size

should no longer be considered part of the assessment. Nodules or
masses in the spleen and liver should be recorded as part of the
anatomic tumor lesion assessment (target lesion/nontarget lesions).
When standard diagnostic CT is acquired, intravenous injection of
a contrast agent during anatomic imaging, unless contraindicated,
is paramount for the evaluation of lesions in solid organs, which
may not be visible without a contrast agent.

Modality for Spleen Measurement
The TFs recommend that when splenic size assessments are

required, diagnostic CT should be used and vertical length be
reported (Supplemental Fig. 1). If diagnostic CT is not available,
the splenic measurement from the CT portion of PET may be used
if considered to be of acceptable quality by the reviewer; if the CT
portion of PET is considered of unacceptable quality for measure-
ment (e.g., major breathing motion artifacts), splenic measure-
ments on PET should be discouraged and, unless splenic size
would not have an impact on the outcome, should be reported as
not evaluable.
Clinical palpation is not considered adequate for determination

of splenic length.

New and Recurrent Splenomegaly
As defined in the Lugano classification, an increase of at least

2.0 cm should be applied to both new and recurrent splenomegaly.
Progression should be assessed compared with the nadir (which
can be the baseline).

Liver Used as a Reference for the 5-PS
When the liver is used as a reference site, the reference region in

the liver should avoid the liver margins and any focal hepatic involve-
ment. When diffuse hepatic involvement occurs, reviewers should use
their expert judgment to decide whether the liver can be used as a ref-
erence organ, though the TFs were not able to provide an alternative
organ reference tissue in this scenario because of lack of available
publications on the matter and the rarity of the circumstance.
In areas with high physiologic uptake, uptake higher than liver

uptake may not always preclude the assessment of a CMR, such
as in the Waldeyer ring or in extranodal sites with high physio-
logic uptake (e.g., gastrointestinal tract or esophagogastric junc-
tion) or with activation within the spleen or marrow (e.g., with
chemotherapy or granulocyte colony-stimulating factor).

New Nodal Lesions and Regrowth of Nodal Lesions on CT
In addition to the size threshold (i.e.,.15 mm in the longest trans-

verse diameter), it is recommended that a 5-mm absolute increase
from nadir be applied to declare new or recurrent nodal lesions. It is
also recommended that care be taken when assessing progression in
small nodes for which limited variation in size may represent physio-
logic or posttherapeutic changes (e.g., nodes replenished with B cells
months after discontinuation of anti-CD19/20 therapies) to avoid
overcalling progression due to small size variation.

Discordance Between Splenic and Nodal Disease Outcomes
In cases of nodal response but unequivocal new or recurrent

splenomegaly presumed due to lymphoma (e.g., with 18F-FDG
uptake on PET/CT, suggestive of lymphoma involvement), it is

recommended that disease progression be reported. Conversely,
in situations in which FDG-avid lymphomas have sustained
splenomegaly on CT without 18F-FDG uptake higher than in nor-
mal liver but complete resolution of 18F-FDG activity in nodal tis-
sue, a CMR (and thus an imaging CR) may be declared per the
Lugano classification. Additionally, consideration of other condi-
tions that may cause a diffuse increase in organ 18F-FDG uptake is
suggested since several pharmaceutical products (e.g., granulocyte
colony-stimulating factor) or other treatments given to support
blood counts may increase splenic activity.
Further recommendations for the evaluation of the spleen and

nodes can be found in the supplemental materials and Supplemen-
tal Figures 2–5. Summary tables of recommendations can be found
in Supplemental Table 2.

CONCLUSION

The PRoLoG initiative has created a platform to gather recom-
mendations from an international group of recognized imaging and
clinical experts from industry and academia in the field of lym-
phoma response assessment to standardize application of the Lugano
classification in clinical trials and beyond. These recommendations
are intended for clinical users at local sites and central facilities in
academic and pharmaceutical clinical trials and should be used as a
companion to the Lugano classification to enhance assessment of
response and facilitate clinical trial conduct and regulatory review,
ultimately leading to improved lymphoma patient outcome.
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KEY POINTS

QUESTION: How can the Lugano classification be consistently
applied among clinical end users?

PERTINENT FINDINGS: These consensus recommendations
should be used as a companion to the Lugano classification with
regard to the FDG avidity of different lymphoma entities, response
nomenclature, lesion classification, and scoring. Response
assessment; use of clinical data; and spleen, liver, and nodal eval-
uation are clarified.

IMPLICATIONS FOR PATIENT CARE: This guidance will
enhance use of the Lugano classification, facilitating clinical trial
conduct and regulatory review and ultimately leading to improved
lymphoma patient outcome.
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Cure of Micrometastatic B-Cell Lymphoma in a SCID Mouse
Model Using 213Bi-Anti-CD20 Monoclonal Antibody
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We studied the feasibility of using the a-emitting 213Bi-anti-CD20 therapy
with direct bioluminescent tracking of micrometastatic human B-cell lym-
phoma in a SCID mouse model. Methods: A highly lethal SCID mouse
model of minimal-tumor-burden disseminated non-Hodgkin lymphoma
(NHL) was established using human Raji lymphoma cells transfected to
express the luciferase reporter. In vitro and in vivo radioimmunotherapy
experiments were conducted. Single- and multiple-dose regimens were
explored, and results with 213Bi-rituximab were compared with various
controls, including no treatment, free 213Bi radiometal, unlabeled rituxi-
mab, and 213Bi-labeled anti-HER2/neu (non–CD20-specific antibody).
213Bi-rituximab was also compared in vivo with the low-energy b-emitter
131I-tositumomab and the high-energy b-emitter 90Y-rituximab. Results:
In vitro studies showed dose-dependent target-specific killing of lym-
phoma cells with 213Bi-rituximab. Multiple in vivo studies showed signifi-
cant and specific tumor growth delays with 213Bi-rituximab versus free
213Bi, 213Bi-labeled control antibody, or unlabeled rituximab. Redosing of
213Bi-rituximab was more effective than single dosing. With a single dose
of therapy given 4 d after intravenous tumor inoculation, disease in all
untreated controls, and in all mice in the 925-kBq 90Y-rituximab group,
progressed.With 3,700 kBq of 213Bi-rituximab, 75% of themice survived
and all but 1 survivor was cured. With 2,035 kBq of 131I-tositumomab,
75% of the mice were tumor-free by bioluminescent imaging and 62.5%
survived. Conclusion: Cure of micrometastatic NHL is achieved in most
animals treated 4 d after intravenous tumor inoculation using either 213Bi-
rituximab or 131I-tositumomab, in contrast to the lack of cures with unla-
beled rituximab or 90Y-rituximab or if there was a high tumor burden
before radioimmunotherapy. a-emitter–labeled anti-CD20 antibodies are
promising therapeutics for NHL, although a longer-lived a-emitter may
be of greater efficacy.

KeyWords: 213Bi; alpha emitter; B-cell non-Hodgkin lymphoma; animal
model; bioluminescence; radioimmunotherapy
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Interest in radioimmunotherapy began last century but heightened
with the Food and Drug Administration (FDA) approval in 2002
and 2003 of the anti-CD20 radioimmunotherapies 90Y-ibritumomab
tiuxetan (Zevalin; Acrotech Biopharma) and tositumomab and 131I-
tositumomab (Bexxar; GlaxoSmithKline). They represent the only
FDA-approved radioimmunotherapy agents (1), though 131I-tositumo-
mab is no longer marketed in the United States and use of 90Y-ibritu-
momab tiuxetan is limited (2).
The FDA-approved radionuclides for anti-CD20 radioimmunother-

apy emit b-particles, which differ from a-particle or Auger-electron
radiation (3,4). b-particles deposit energy along a relatively large dis-
tance (pathlength), resulting in a relatively low energy deposition per
unit distance traveled (linear energy transfer). The b-particle emitted
by 90Y travels an average pathlength of 2.7 mm, with an average
decay emission energy of 0.93 MeV and an average energy transfer of
0.93 MeV/2.7 mm ($0.34 keV/mm). The 131I b-particle travels an
average distance of 0.8 mm as it deposits an average of 0.19 MeV (5).
Although monoclonal antibodies are targeted to individual cancer

cells, 90Y and 131I deposit much of their energy beyond the single-
tumor-cell diameter. The long b-particle paths for 131I and 90Y are
potentially advantageous if all the targeted tumor cells do not bind the
antibody or if delivery of the antibody is heterogeneous in tumors, as
it results in a more uniform radiation dose across the tumor. However,
the rather long pathlength makes it more difficult for these agents to
kill isolated single neoplastic cells or very small oligometastatic
tumors, as much of the energy is deposited remotely from the tumor.
Furthermore, the relatively long pathlengths traveled by these decay
particles can increase the likelihood of normal-tissue toxicity (6).
a-particles are helium nuclei that travel a shorter pathlength and
deposit approximately 200–400 times more energy along their path
distance. Notably, the a-particle emitted by 213Po (the short-lived
daughter species of 213Bi) travels an average of only 0.08 mm and is
strikingly more energetic than its b-particle–emitting counterparts
(8.35 MeV) (5). In the case of radioimmunotherapy, this translates
into more frequent double-stranded DNA breaks (7) and an increased
likelihood of caspase-mediated apoptosis (8). 213Bi and other a-emit-
ters represent promising candidates for the single-cell kill necessary to
cure isolated cancer cells or very small volumes of metastatic disease.
There is now an FDA-approved a-emitting radiopharmaceutical for
bone metastases, 223Ra-dichloride (9).
The experiments we conducted used a bioluminescent imaging

(BLI) reporter system for real-time monitoring of treatment
response, affording a sensitive view of in vivo tumor kill kinetics
in a very low tumor burden (10,11).
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We describe the synthesis and evaluation of the monoclonal anti-
CD20 antibody rituximab, labeled with the a-emitter 213Bi (half-
life [t1=2], 46 min). In vitro response to treatment was monitored
with serial luminometry against appropriate controls, whereas the
in vivo response was monitored via sequential optical imaging of
the disseminated Raji (non-Hodgkin) lymphoma cell tumor burden
in SCID mice. 213Bi-rituximab has been used in vitro and has
shown substantial antitumor activity. It also has been used for
biodistribution studies in animal models of human non-Hodgkin
lymphoma (NHL). There are preliminary data on the use of 213Bi-
rituximab in the treatment of patients with NHL. However, evalua-
tion as an in vivo therapeutic has not been extensive, presumably in
part because the short t1=2 of 213Bi perhaps seems ill-matched to the
relatively slow targeting of intact monoclonal antibodies to solid
tumors (12,13). In pretargeting settings, 213Bi has shown promise
to treat subcutaneous and disseminated NHL (12). However, our
evaluation focused on an intravenously delivered and widely
disseminated tumor model in which a 213Bi-labeled intact radio-
antibody might be expected to target to tumor far more rapidly
than delivery of such a large, intact antibody to a relatively less
well-perfused subcutaneous tumor. We also performed studies
comparing 213Bi-rituximab with the previously FDA-approved 131I-
anti-CD20 (tositumomab) and 90Y-rituximab.

MATERIALS AND METHODS

Detailed methods appear in the supplemental materials (available at
http://jnm.snmjournals.org). Epstein-Barr virus–positive human Raji lym-
phoma tumor cells were lentivirally transfected with green fluorescent
protein and luciferase reporters of gene expression (14). Rituximab
(mouse–human chimeric IgG monoclonal anti-CD20) was obtained from
Genentech/Biogen Idec, and murine anti-HER-2/neu antibody 7.16.4
was obtained from the Sgouros laboratory. Antibody integrity was veri-
fied via sodium dodecyl sulfate polyacrylamide gel electrophoresis. Raji
cell surface expression of CD20 and antibody immunoreactivity were
verified by a quantitative CD20 assay. 131I-tositumomab was obtained
from the Johns Hopkins Outpatient Center.

Rituximab and anti-HER-2/neu were conjugated to SCN-CHX-A99-
DTPA as previously described (15,16). The average number of che-
lates per antibody was approximately 1.6 (17). Immunoreactivity was
determined by the method of Lindmo et al. (18).

225Ac was purchased from Oak Ridge National Laboratory or Cura-
tive Technologies. 213Bi was eluted from an 225Ac generator (19). Rit-
uximab or antibody 7.16.4 conjugated to the chelate was prepared. The
reaction efficiency and purity of radioimmunoconjugates were deter-
mined with thin-layer chromatography. 90Y-labeled rituximab was sim-
ilarly prepared.

After the generation of standard curves for Raji–green fluorescent
protein–luciferase cell bioluminescence, 5 3 104 cells were measured
on a Monolight 3010 luminometer (Becton Dickinson). Samples were
divided into 4 groups: untreated controls, free radionuclide, and 213Bi-
radiolabeled anti-CD20 either blocked or unblocked with unlabeled
anti-CD20. Antigenic blockade was accomplished with a 24-h predose
of unlabeled anti-CD20 at a concentration of 50 mg/mL. Serial counts
were obtained daily for 7 d or until no viable cells remained in culture
in quadruplicate experiments.

CB57 (CB17) BALB/c SCID mice (female) were intravenously
injected with either 5.0 3 105 or 1.0 3 106 Raji–green fluorescent pro-
tein–luciferase lymphoma cells on day 0. Immediate in vivo BLI con-
firmed successful intravenous tumor injection by the presence of
quantifiable signal within the lungs. In the confirmed absence of tumor,
mice were once again inoculated with intravenous tumor and reimaged
to confirm tumor dissemination.

In each of the 4 in vivo experiments, mice inoculated with tumor cells
were treated with 213Bi-rituximab or one of several controls (Table 1).
Single- and multiple-dose regimens were explored and compared with no
treatment, free 213Bi radiometal, mass-equivalent doses of unlabeled rit-
uximab, and 213Bi-labeled anti-HER2/neu (nonspecific antibody). 213Bi-
rituximab was also compared with anti-CD20 antibodies radiolabeled
with b-emitters, 131I-tositumomab, and 90Y-rituximab. In all except one
of the experiments, treatments were initiated once exponential growth in
tumor signal was established (14) to have taken place by day 7 after
tumor inoculation. Treatment was initiated at an earlier time point (day 4)
in a study comparing 213Bi-rituximab with 131I-tositumomab or 90Y-ritux-
imab. Radioactivity was measured in a Capintec dose calibrator (20).

Tumor burden was followed using the Xenogen IVIS 200 series
imaging system (PerkinElmer) every 2–7 d. Each animal served as its
own reference, with results normalized to baseline pretreatment tumor
burdens obtained on day 4 or 6. As tumor burden increased, the neces-
sary acquisition time decreased. Optical images were analyzed via
software provided by the manufacturer. Rectangular regions of interest
were drawn around individual mice, and average radiance [photons/
(s)(cm2)(sr)] was calculated by the software. This is also referred to as
the relative light units per minute. Mice were followed with intermit-
tent optical imaging for 28, 131, 49, and 85 d in in vivo experiments
1, 2, 3, and 4, respectively. In accordance with ethical guidelines,
monitoring of a specific animal was discontinued if it died or showed

TABLE 1
Summary of Mouse Experiments

Treatment
Cells

injected
Cures
(n)

Group 1 1 3 106 0/5

Untreated
213Bi-rituximab, 925 kBq (day 7) 1 3 106 0/5
213Bi-rituximab, 3,700 kBq (day 7) 1 3 106 0/5
213Bi, free, 1,295 kBq (day 7) 1 3 106 0/5
213Bi-HER2/neu, 1,295 kBq (day 7) 1 3 106 0/5

10 mg of rituximab (day7) 1 3 106 0/5

Group 2 5 3 105 0/6

Untreated
213Bi-rituximab, 2,775 kBq (day 7) 5 3 105 2/6
213Bi-rituximab, 2,775 kBq

(days 7, 13)
5 3 105 3/7

10 mg of rituximab (days 7, 13) 5 3 105 1/4
213Bi-HER2/neu, 2,775 kBq (day 7) 5 3 105 0/5

Group 3 1 3 106 0/6

Untreated
213Bi-rituximab, 2,775 kBq (day 7) 1 3 106 0/6
213Bi-rituximab, 2,775 kBq

(days 7, 12)
1 3 106 0/6

213Bi-rituximab, 2,775 kBq
(days 7, 12, 19)

1 3 106 0/6

Group 4 1 3 106 0/8

Untreated
213Bi-rituximab, 3,700 kBq (day 4) 1 3 106 6/8
131I-tositumomab, 2,035 kBq (day 4) 1 3 106 6/8
90Y-rituximab, 925 kBq (day 4) 1 3 106 0/8

10 mg of rituximab (day 4) 1 3 106 1/8
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evidence of hind-leg paralysis (HLP) warranting euthanasia. In the
first of 4 in vivo experiments, animals were imaged for a preset period
of 4 wk, at which time all surviving animals in the study were killed
for pathologic analysis. In the remaining 3 studies, intermittent imag-
ing was continued either until all mice in a given study were deceased
(experiment 3) or until all mice in the study with any evidence of
tumor progression had died (experiments 2 and 4). In the latter cate-
gory, mice without evidence of tumor progression were imaged for an
additional several weeks after the final tumor-related death in the study
to ensure that they did not develop bioluminescent signal in excess of
baseline as evidence of tumor progression. In all except experiment 1,
overall survival was assessed by monitoring the mice after the imaging
period had ended until death or hind limb paralysis developed or when
the remaining animals needed to be killed for logistical reasons.

In each study, the time from treatment until death (or hind limb
paralysis) was assessed by Kaplan–Meier analysis, ANOVA, and
t tests. The relative light units were monitored for each animal before
and at multiple time points after therapy. A log transformation was
applied to normalized relative light units to analyze data from day 6
onward. A mixed-effects model was fitted for each group separately to
estimate its normalized relative-light-unit growth rate after day 6 (the
baseline day). Calculations were performed using SAS software.

Representative animals were identified for pathologic assessment
at the conclusion of experiment 1, when their disease had progressed suf-
ficiently that humane euthanasia was required and when the studies were
terminated with no evidence of tumor progression in experiments 2–4.

RESULTS

The CHX-A99 DTPA-conjugated antibodies were eluted from
the reaction solution and concentrated to achieve final concentra-
tions of approximately 10 mg/mL, with an average of 1.6 chelators
per antibody. After radiolabeling and purification, at least 98.0%
purity was achieved. Lineweaver–Burk extrapolations generally
determined the immunoreactive fraction to be at least 50% for the
anti-CD20 constructs.
Free 213Bi at doses of at least 370 kBq/mL had dose-dependent

antitumor effects in vitro (P , 0.05). A 74 kBq/mL dose of 213Bi-
rituximab demonstrated selective cytotoxic effects (P , 0.01)
(Fig. 1). Specific cytotoxicity was absent (P 5 not statistically sig-
nificant) with rituximab blockade. Among unblocked samples, the
number of cells doubled over a 6-d period,
whereas cells treated with the same dose
after antigenic blockade multiplied 27-fold
(P , 0.01). At the 370 kBq/mL dose of
213Bi-rituximab, net cytotoxicity (fewer
cells than baseline) occurred within 4 d
(P , 0.01). This effect was blocked by rit-
uximab (P , 0.01). Complete cytotoxicity
was observed at a 740 kBq/mL dose with
or without antigenic blockade (P 5 0.48)
(Fig. 1). There was no difference in cell
survival between the untreated controls and
samples treated with 74 kBq/mL of free
213Bi, but free 213Bi and 370 and 740 kBq
had antitumor effects (P 5 not statistically
significant; Supplemental Fig. 1).
Table 1 summarizes the 4 in vivo experi-

mental studies. Successful tumor injection
was confirmed with immediate in vivo
BLI. The absence of quantifiable signal
above baseline, requiring repeat tumor

injection, occurred in approximately 5% of injections. All groups
had quantifiable tumor bioluminescence detectable on the day of
tumor inoculation. No differences in absolute tumor signal were
found between any of the groups before the day of treatment in
any of the 4 in vivo experiments (P 5 not statistically significant).
All groups had tumor growth above baseline on the last pretreat-
ment day. Initially intense lung cellular accumulation visible by
BLI cleared quickly, so that 2 d after tumor administration, tumor
burden was undetectable. Tumor was reliably detected sparsely
throughout the animal 4 d after injection. Three mice had a mark-
edly increased tumor burden compared with the others (P , 0.01)
and were excluded from the therapeutic study because they devel-
oped macroscopic disease.
The overall survival duration was not assessed in experiment 1

because the animals were intentionally killed 28 d from tumor
injection. After 28 d, all untreated mice had died or developed
HLP (requiring euthanasia), whereas in the groups treated with a
single dose of either 1,295 kBq or 3,700 kBq of 213Bi-rituximab,
all mice were alive without HLP. Two mice (40%) remained alive

FIGURE 1. In vitro cytotoxicity by luminometry. Antigenic blockade was
performed with 50 mg/mL application of unlabeled rituximab for 24 h before
dosing with varying amounts of activity. Dose-dependent 213Bi-rituximab
cell kill is substantially blocked with cold rituximab. x-axis represents days
of assessment (0–6 d). Controls (not shown), antigen (CD-20) blocked
213Bi-rituximab (74 and 370 kBq did not vary from one another over 6 d,
P 5 not statistically significant). Two, 10, and 740 kBq of 213Bi-rituximab
and 740 kBq of 213Bi had significant antitumor effects vs. control and 74-
and 370-kBq 213Bi-rituximab–blocked groups (P , 0.01). 213Bi-rituximab
and free 213Bi at 740-kBq dose were comparable (P5 not statistically sig-
nificant). 1 mCi5 37 kBq.

FIGURE 2. Experiment 1. In vivo tumor BLI growth curves are shown for various treatment groups.
Results are normalized to baseline tumor burdens on day 4 (log scale). Time is measured from point
of intravenous tumor inoculation. Statistical significance between various treatment and control
arms at day 18 are displayed in Supplemental Table 1. 1 mCi5 37 kBq.
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in the unlabeled rituximab group, and 3 mice (60%) were alive in
each of the other control groups (1,295 kBq of 213Bi free radiome-
tal and 1,295 kBq of 213Bi-anti-HER2/neu; Fig. 2; Supplemental
Fig. 2). Absolute tumor burdens with the varying therapies are
shown in Supplemental Table 1.
In experiment 2, all untreated controls developed progressive

tumor, with HLP occurring from days 23 to37 (Fig. 3). In the group
treated with a single dose of 2,775 kBq of 213Bi-rituximab, only
50% of the mice progressed, and these died or developed HLP on
days 33, 39, and 82. In the group treated with 2 doses of 2,775 kBq
of 213Bi-rituximab, only 33% of the mice had disease progression,
developing HLP on days 45 and 72. Seventy-five percent of mice
treated with 2 mass-equivalent doses of unlabeled rituximab showed
disease progression, developing HLP on days 57–79. All mice in
the group receiving 2,775 kBq of 213Bi-anti-HER2/neu had disease
progression and died or developed HLP from days 26 to 50.
In experiment 3 (Fig. 4; Supplemental Fig. 3), all untreated con-

trols developed HLP from days 17 to 19. Animals treated with a

single dose of 2,775 kBq of 213Bi-rituximab developed HLP from
days 26 to 32. Groups treated with 2 or 3 doses of 2,775 kBq of
213Bi-rituximab died or developed HLP from days 26 to 55 or
days 31 to 42, respectively.
In experiment 4 (Figs. 5A–5D and 6), all untreated controls devel-

oped HLP at days 20–40. In the group treated with a 3,700-kBq
dose of 213Bi-rituximab, only 25% of the mice had disease progres-
sion, and these died or developed HLP on days 32 and 135. In the
group treated with 2,035 kBq of 131I-tositumomab, only 25% of the
mice had disease progression, and these died or developed HLP on
days 38 and 155. Of mice treated with a mass-equivalent dose of
unlabeled rituximab, 87.5% had disease progression and died or
developed HLP from days 32 to 37 or from days 74 to 85. All mice
in the group receiving 925 kBq of 90Y-rituximab had disease pro-
gression and died or developed HLP from days 26 to 54.
Long-term remission or cure was defined as any animal without

a significant increase in tumor signal above the pretreatment base-
line on the final day of imaging in the 3 survival studies.
In experiment 2 (Figs. 3A and 3B), 1 of 4 (25%) animals were

cured in the treatment groups given 2 doses of 10 mg of unlabeled
rituximab; 2 of 6 (33%) animals given a single dose of 2,775 kBq
of 213Bi-rituximab and 3 of 6 (50%) animals given 2 doses of
2,775 kBq of 213Bi-rituximab met criteria for long-term remission
or cure. In the latter 2 groups, treated with 1 and 2 doses of the radio-
pharmaceutical, 1 mouse in each group died secondary to complica-
tions from anesthesia during imaging on day 29. These mice were
tumor-free at the time of accidental death, without significant biolu-
minescent signal above baseline. All mice in each of these groups
that ultimately progressed to death secondary to tumor had already
developed significant bioluminescent signals by day 29. The 3 mice
that progressed to death secondary to tumor in the single-dose group
had 13.6, 1,308, and 1,508 times the absolute bioluminescent signal,
on day 29, of the mouse that died prematurely from anesthesia. In the
2-dose group, the 2 mice that progressed had 51.7 and 60.5 times the
absolute bioluminescent signal of the mouse that died prematurely in
that group. These 2 animals would likely have been counted among
the cured in their respective groups, except for their premature acci-
dental deaths. Thus, a more accurate assessment of tumor cure rates
could be considered as 50% in the group receiving a single dose
of 213Bi-rituximab and 67% in the group receiving 2 doses of
213Bi-rituximab. None of the mice in the untreated control group or
the group treated with 2 doses 213Bi-anti-HER2/neu were cured.
No cures were achieved in experiment 3 (Fig. 4; Supplemental

Fig. 3). In experiment 4 (Figs. 5 and 6; Supplemental Figs. 4 and 5),
animals were cured in treatment groups given 1 dose of 10 mg of non-
radioactive rituximab, 1 dose of 3,700 kBq of 213Bi-rituximab, and
1 dose of 2,035 kBq of 131I-tositumomab; 1 of 8 (12.5%), 4 of
8 (50%), and 4 of 8 (50%) mice, respectively, met criteria for long-
term remission or cure. None of the mice in the untreated control
group or the group treated with 90Y-rituximab were cured. Two mice
in the 90Y-rituximab group died prematurely secondary to complica-
tions of anesthesia on day 12. Both mice had tumor progression
beyond baseline comparable to the other mice in the same group and
are unlikely to have been cured. Two mice each in the 213Bi-rituxi-
mab and 131I-tositumomab groups died on days 58 and 89 and days
18 and 32, respectively, without any increase in tumor signal above
baseline. Although these animals likely all represent additional cures,
it is possible their premature death occurred as a result of treatment-
related toxicity. Thus, these animals were likely cured; therefore, cure
rates of 75% potentially can be claimed for both the group receiving
3,700 kBq of 213Bi-rituximab and the group receiving 2,035 kBq of

A

B

FIGURE 3. (A) Individual-animal relative light units show that 2 doses of
213Bi-rituximab were most effective. (B) Kaplan–Meier plots show pro-
longed survival of 2 doses and 1 dose of 213Bi-rituximab groups (groups 1
and 2). 1 mCi5 37 kBq; RLU5 relative light unit.
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131I-tositumomab. BLI showed residual tumor in 1 animal each in the
surviving groups treated with 3,700 kBq of 213Bi-rituximab and
2,035 kBq of 131I-tositumomab; these animals therefore were not
cured.

Linear mixed-effects models were used
compare rates of tumor progression among
treatment groups. To assess tumor growth
rates only among animals with actively grow-
ing tumor, animals that did not exhibit a
significant increase in tumor signal above
baseline pretreatment levels (cured animals
and animals without significant tumor pro-
gression at the time of death secondary to
complications of anesthesia or treatment-
related toxicity) were removed from each
group before this analysis. In all 4 in vivo
experiments, the untreated control mouse
groups had significantly higher rates of tumor
progression than any other treatment or con-
trol group. In experiment 1, mice treated with
a single dose of 1,295 kBq of 213Bi-rituximab
progressed more slowly than mice treated
with either 1,295 kBq of free 213Bi radiome-

tal or 1,295 kBq of 213Bi-anti-HER2/neu (nonspecific antibody)
(Fig. 2; Supplemental Table 1). In experiment 1, mice treated with a
single dose of 3,700 kBq of 213Bi-rituximab progressed more slowly
than those treated with a single dose of 1,295 kBq of 213Bi-rituximab.

FIGURE 4. Experiment 3. Significant increase in median survival is seen with 1 dose of 213Bi-rituxi-
mab relative to controls and with 2 or 3 doses relative to 1 dose. This study used higher initial tumor
inoculation with same timing of first treatment as in study 1. There were no cures in this study.

FIGURE 5. Selected bioluminescence images at varying times after treatment in experiment 4. Single treatment was given 4 d after injection of 106 tumor cells
intravenously (8 animals per group). BLI and survival were assessed. Treatment groups included controls (no treatment), 10 mg of unlabeled rituximab, 3,700
kBq of 213Bi-rituximab, 2,035 kBq of 131I-tositumomab, and 1,295 kBq of 90Y-rituximab. Survival is prolonged in 213Bi and 131I anti-CD20 groups vs. controls
and 90Y-rituximab.
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In experiment 2, mice treated with 2 doses of 2,775 kBq of 213Bi-
rituximab progressed more slowly than mice treated with 2 doses of
2,775 kBq of 213Bi-anti-HER2/neu. In experiment 2 (Figs. 3A and
3B), 2 doses of 2,775 kBq of 213Bi-rituximab given on days 7 and
13 resulted in slower tumor progression than 1 dose of 2,775 kBq of
213Bi-rituximab given on day 7. In series 3, animals were inoculated
with twice the initial dose of tumor that those in series 2 received.
All animals (n 5 8 in each group) had disease progression and
could be included in this analysis. In experiment 3, 2 or 3 doses of
2,775 kBq of 213Bi-rituximab given on days 7 and 12 or days 7, 12,
and 19, respectively, significantly slowed tumor progression versus
a single dose of 2,775 kBq of 213Bi-rituximab given on day 7 (P ,

0.0001). The group treated with 2 doses had slower tumor progres-
sion than the group treated with 3 doses (P 5 0.0229). Detailed sta-
tistical analyses of changes in BLI and of survival for experiment 4
are shown in Supplemental Tables 2–7 and Supplemental Figures 6,
7, 8A, 8B, and 9–11 (Supplemental Statistical Data Study 4), with
BLI-change findings consistent with survival data.
Adverse events related to these experiments involved mortality

from the anesthetic procedure (n 5 6 distributed across all experi-
ments). Histopathology was performed on multiple organs from
representative animals across experiments. Untreated animals had
a high tumor burden in multiple organs, including the brain, mar-
row, kidney, liver, and mesentery. A 1,295- or 3,700-kBq dose of
213Bi-rituximab markedly reduced tumor burden. Mice treated
with 1,295 or 3,700 kBq of 213Bi-rituximab had either no tumor
cells in any organs or very limited residual tumor cells at a
single site. Spleens from mice receiving 1,295 or 3,700 kBq of
213Bi-rituximab were visibly smaller and had mild lymphoid deple-
tion. There was no other evidence of significant toxicity in any of
the organs examined histologically, including kidneys.

DISCUSSION

Our studies have demonstrated several important findings: 213Bi-
rituximab could reliably be produced. In vitro CD20-positive spe-
cific lymphoma cell killing was achieved. The intravenous tumor
model system yielded disseminated NHL with a predictable pattern
of lethality, including development of hind limb paralysis. 213Bi-rit-
uximab was more effective at tumor cell kill in vitro and in vivo
than free 213Bi or 213Bi-anti-HER2/neu (nonspecific antibody).

A single dose of 3,700 kBq of 213Bi-rituxi-
mab given 6 d after tumor injection was
more active than 1,295 kBq of 213Bi-rituxi-
mab or unlabeled rituximab. Dose–response
relationships were identified.
Although tumor growth delays could be

achieved, animals with high tumor burdens
at the start of therapy could not reliably be
cured by 213Bi-rituximab, even with repeated
dosing. For lower injected tumor cellular
doses, including animals treated earlier in the
course of their disease, cures were common,
particularly with 213Bi-rituximab. In experi-
ment 4, in which treatment was initiated 4 d
after 1 million cells were injected, 1 dose of
3,700 kBq of 213Bi-rituximab and 1 dose of
2,035 kBq of 131I-tositumomab achieved
cures in 4 of 8 (50%) and 4 of 8 (50%) mice,
respectively, meeting the criteria for long-
term remission or cure, whereas 2 animals

each in the 213Bi-rituximab and 131I-tositumomab groups died without
detectable tumor; thus, a 75% cure rate could be considered. None of
the mice in the untreated control group or the group treated with 90Y-
rituximab were cured.
a-emitters have previously been used to radiolabel anti-CD20

antibodies. Roscher et al. showed activity of 213Bi-rituximab
in vitro in chemosensitive and chemoresistant lymphoma cells.
213Bi-rituximab treatment appeared to restore caspase activity
in vitro (21). Vandenbulcke et al. have shown a relative biological
effectiveness of up to 5 for 213Bi-rituximab in vitro in killing
human chronic lymphocytic leukemia cells (13). Intact 213Bi-ritux-
imab was also active in vitro in our experiments, in which radioan-
tibody access to tumor cells was nearly immediate, paralleling the
antibody access to tumor cells in our in vivo model.

213Bi-1F5 intact anti-CD20 was evaluated for biodistribution to sub-
cutaneous lymphoma xenografts by Park et al. (12). At 45 min after
injection, the tumor-to-blood uptake ratio was only 0.06, with 3 per-
centage injected dose per gram in tumor, equivalent to a nonspecific
antibody. Given this poor targeting to subcutaneous tumor models,
investigators did not perform therapy studies with the 213Bi-labeled
intact anti-CD20, rather focusing on a pretargeting approach (12).
We showed that the intravenous tumor model is treated success-

fully by the intravenous 213Bi-rituximab, with cures possible in
many animals (series 4 experiments). Thus, intact antibodies that
have very slow localization to subcutaneous tumors have substan-
tial therapeutic efficacy, even with the 46-min t1=2 of 213Bi, in the
setting of disseminated lymphoma. Ostensibly, this finding defies
the common wisdom regarding the suitable t1=2 for therapeutic iso-
topes used with intact monoclonal antibodies. Our data show the
clear feasibility of intact radioantibody therapy with short-lived
a-emitters in systems in which intact antibodies reach tumor
quickly. Schmidt et al. have used 213Bi-anti-CD20 antibodies to
treat 12 patients with NHL in an early-phase study (22).

211At-IF5 (anti-CD20 antibody) slowed tumor growth in subcu-
taneous lymphoma tumor xenografts but did not achieve cures.
However, an approximately 70% cure rate was seen with a solitary
injection of 211At-IF5 2–6 d after an intravenous injection of
1 million tumor cells with stem cell support (23). Their cure rate is
similar to ours using a single 2,775-kBq dose of 213Bi-rituximab, but
we did not use stem cell support. a-autoradiography of the subcuta-
neous tumors in a study by Green et al. showed heterogeneous dose

FIGURE 6. Experiment 4. Single treatment 4 d after injection of 106 tumor cells intravenously
(8 animals per group) was studied and survival assessed. Groups included controls (no treatment),
10 mg of unlabeled rituximab, 3,700 kBq of 213Bi-rituximab, 2,035 kBq of 131I-tositumomab, and
1,295 kBq of 90Y-rituximab. Cures were common with 213Bi-rituximab and 131I-tositumomab.
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delivery, likely accounting for the lack of cures in the subcutane-
ous tumors (23). Higher tumor burdens in animal models are also
associated with faster antibody clearance from the bloodstream,
potentially limiting treatment efficacy (24). a-emitting 212Pb (t1=2,
10.6 h)-rituximab has demonstrated antitumor efficacy in a B-cell
lymphoma model in which 25,000 tumor cells were injected and
treatment was initiated 11 or more days after injection (25).

227Th (t1=2, 18.7 d)-rituximab was used to treat NHL xenografts (not
minimal residual disease), with some cures (26,27). 227Th-rituximab
was superior in treatment efficacy in vivo to 90Y-ibritumomab tiuxetan
and had a higher relative biological effectiveness (26). 227Th decays to
223Ra, which can travel to normal bone, a potential limitation.

213Bi-rituximab, even with its very short t1=2, has a significant thera-
peutic advantage over the first-generation 90Y-anti-CD20 therapy, in a
disseminated minimal residual disease model. Our data are intriguing
as well, in that a high cure rate was seen when a single dose of 131I-
tositumomab was used in the animal model, with therapeutic efficacy
comparable to 213Bi-rituximab. It appears that the low-energy 131I
b-emission, coupled with the 8-d t1=2 of 131I (to allow continued irradi-
ation of tumors over days), is a viable choice for eliminating minimal
residual disease despite the limitation of the longer b-pathlength. These
preclinical observations may help explain some of the very long clini-
cal remissions reported using 131I-tositumomab (28). Because we had
a very limited supply of 131I-tositumomab, it was not possible to sys-
tematically compare the b-emitting therapy with 213Bi-rituximab in
larger studies. It is unlikely that the difference in the therapeutic effects
was due to the differences in the underlying anti-CD20 antibodies,
with rituximab being a mouse–human chimera and tositumomab a
purely murine reagent.
Our studies add to the emerging literature showing that a wide

range of a-emitters can be used to treat human malignancies
in vivo in animal models, and our findings suggest considerable
potential for in vivo translation. The short t1=2 of 213Bi, 46 min, is
a practical logistic limitation but allows for a very high dose rate
if the a-emitter binds quickly to the tumor. Longer-lived a-emit-
ters may be of greater potential. 225Ac (whose 10-d t1=2 may be
ideally matched to the localization kinetics of intact rituximab or
related antibodies without the 223Ra daughter of 227Th, though
with a 213Bi daughter that can circulate distantly.
It remains unclear why we were unable to achieve cures in all

cases. A logical presumption is that the larger tumor burden with
more bulky disease limited 213Bi-rituximab accessibility. This was
not problematic when therapies were started earlier, such as in our
fourth experiment, with therapy given 4 d after tumor cell injec-
tion. Our histology studies showed the emergence of bulky tumor,
to which good access of the radioantibodies during the t1=2 of the
213Bi-rituximab treatment would not have been likely.
There are limitations to our study: b-emitter–labeled anti-CD20 anti-

bodies were limited to the final study, and 131I-tositumomab (a purely
murine monoclonal antibody) was compared with 90Y and 213Bi-rituxi-
mab (a mouse–human chimeric antibody). Thus, there could have been
varying impacts of the antibody itself. Although unlabeled rituximab
has activity in our system, it is unlikely that the excellent results with
131I-tositumomab are due simply to the murine antibody (3). It is also
not totally clear that the maximum tolerated dose was given for each
radioimmunotherapeutic agent; thus, there is room for additional study.

CONCLUSION

Anti-CD20 radioimmunotherapies have not been a great commer-
cial success to date, but they are very active therapies, and a variety

of B-cell lymphomas remain incurable. The efficacy of the short-
lived 213Bi-rituximab in curing disseminated NHL in animals lends
support to the reevaluation of anti-CD20 radioimmunotherapy with
a-emitter labeling, potentially using the longer-lived 225Ac.
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KEY POINTS

QUESTION: Can 213Bi-anti-CD20 rituximab be produced and
effectively treat micrometastatic human NHL in vitro and in an
animal model?

PERTINENT FINDINGS: 213Bi-rituximab showed specific
lymphoma cytotoxicity in vitro and significant antilymphoma
treatment efficacy in vivo versus free 213Bi, 213Bi control antibody,
90Y-rituximab, and rituximab. In the group treated with 3,700 kBq
of 213Bi-rituximab or 131I-tositumomab, 75% of the mice became
tumor-free, with cures being most common.

IMPLICATIONS FOR PATIENT CARE: 213Bi-rituximab is an
active therapeutic for NHL, although a longer-lived a-emitter
would likely be more effective.
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Stimulator of interferon genes (STING) is a mediator of immune recog-
nition of cytosolic DNA, which plays important roles in cancer, cytotoxic
therapies, and infections with certain pathogens. Although pharmaco-
logic STING activation stimulates potent antitumor immune responses
in animal models, clinically applicable pharmacodynamic biomarkers
that inform of the magnitude, duration, and location of immune activa-
tion elicited by systemic STING agonists are yet to be described. We
investigated whether systemic STING activation induces metabolic
alterations in immune cells that can be visualized by PET imaging.
Methods: C57BL/6 mice were treated with systemic STING agonists
and imaged with 18F-FDG PET after 24 h. Splenocytes were harvested
6 h after STING agonist administration and analyzed by single-cell RNA
sequencing and flow cytometry. 18F-FDG uptake in total splenocytes
and immunomagnetically enriched splenic B and T lymphocytes from
STING agonist–treated mice was measured by g-counting. In mice
bearing prostate or pancreas cancer tumors, the effects of STING ago-
nist treatment on 18F-FDG uptake, T-lymphocyte activation marker lev-
els, and tumor growth were evaluated. Results: Systemic delivery of
structurally distinct STING agonists in mice significantly increased 18F-
FDG uptake in the spleen. The average spleen SUVmax in control mice
was 1.90 (range, 1.56–2.34), compared with 4.55 (range, 3.35–6.20) in
STING agonist–treated mice (P , 0.0001). Single-cell transcriptional
and flow cytometry analyses of immune cells from systemic STING
agonist–treated mice revealed enrichment of a glycolytic transcriptional
signature in both T and B lymphocytes that correlated with the induc-
tion of immune cell activation markers. In tumor-bearing mice, STING
agonist administration significantly delayed tumor growth and increa-
sed 18F-FDG uptake in secondary lymphoid organs. Conclusion:
These findings reveal hitherto unknown functional links between STING
signaling and immunometabolism and suggest that 18F-FDG PET may
provide a widely applicable approach toward measuring the pharma-
codynamic effects of systemic STING agonists at a whole-body level
and guiding their clinical development.

Key Words: STING agonists; 18F-FDG PET; lymphocytes; immune
activation; immunometabolism
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Stimulator of interferon genes (STING) is an essential compo-
nent of an evolutionarily conserved nucleic acid–sensing machinery
(1). STING functions downstream of cyclic guanosine monophos-
phate and adenosine monophosphate synthase, a sensor for dam-
aged self-cytosolic or foreign double-stranded DNA associated
with cellular stress phenotypes such as infection and malignant
transformation (2,3). Studies showing the antitumor effects exerted
by pharmacologic STING activation (4) have provided the impetus
for the development of small-molecule STING agonists as a new
class of immunooncology agents. Although first-generation STING
agonists have advanced to clinical trials for the treatment of cancer,
the requirement for intratumoral administration has limited their
utility (4).
Recently, several groups have developed second-generation

STING agonists amenable to systemic (intravenous or oral) admin-
istration (4–6). In mice, systemic STING activation by these new
immunostimulatory agents exerts potent antitumor effects (5–8).
However, significant questions remain regarding how to optimally
dose and schedule systemic STING agonists to maximize their
therapeutic efficacy while minimizing the potential risk of toxic
effects resulting from overstimulation. Moreover, sustained overac-
tivation of STING is known to induce lymphopenia and T-cell
exhaustion (9,10) and has been shown to impair the development
of durable antitumor immunity (7). Therefore, there is a need
to develop clinically applicable pharmacodynamic biomarkers
to determine the magnitude, duration, and location of immune
activation elicited by systemic STING agonists. Identification
of metabolic alterations induced by STING activation may guide the
development of such pharmacodynamic biomarkers. Accordingly,
we showed that STING activation in pancreatic ductal adenocarci-
noma cells exerts profound effects on nucleotide metabolism by
upregulating genes involved in nucleotide catabolism and that
STING-mediated metabolic reprogramming of pancreatic ductal
adenocarcinoma tumors can be imaged by 18F-fluorothymidine
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PET (11). Although this study identified 18F-fluorothymidine as
a pharmacodynamic PET biomarker of interferon signaling in
pancreatic ductal adenocarcinoma cells, it is conceivable that
STING activation in immune cells may induce additional meta-
bolic alterations.
To identify metabolic PET biomarkers of STING activation in

immune cells, we considered that STING and toll-like receptors
share similar downstream effectors, with both classes of pattern
recognition receptor triggering the production of type I interferons
and nuclear factor-kB–dependent cytokines (12–14). Furthermore,
recent studies have shown that systemic toll-like receptor 4, 7, and
9 agonists increase splenic 18F-FDG uptake (12–14). Here, we
investigated whether 18F-FDG PET imaging is also sensitive to
STING activation in immune cells in secondary lymphoid tissues.
To identify the immune cell types impacted by systemic STING
activation and delineate potential mechanisms responsible for
changes in 18F-FDG uptake in these cells, we performed single-
cell transcriptomic analyses of splenocytes isolated from STING
agonist–treated mice. We investigated whether changes in splenic
18F-FDG uptake induced by STING activation correlate with the
expression of T and B lymphocyte activation markers. We also
examined whether interferon signaling, which is strongly upregu-
lated in T and B lymphocytes after STING activation, is required
for changes in 18F-FDG uptake triggered by systemic STING ago-
nists in these immune cell populations. Finally, we examined
whether systemic STING activation increases 18F-FDG uptake in
secondary lymphoid tissues in tumor-bearing mice and whether
these effects correlate with tumor responses.
Collectively, our findings identify new functional connections

between STING activation and immunometabolism and suggest
that 18F-FDG PET imaging provides a readily translatable bio-
marker to assess the magnitude and duration of the effects induced
in lymphocytes by systemic STING agonists.

MATERIALS AND METHODS

Animal Studies
All animal studies were approved by the UCLA Animal Research

Committee and were performed according to the guidelines of the
UCLA Department of Laboratory Animal Medicine. C57BL/6 mice
6–8 wk old were acquired from Jackson Laboratory (stock no.
000664). Type I interferon-a/IFNb receptor knockout (Ifnar KO)
mice were donated by Genhong Cheng (UCLA). The animals were
treated intravenously with diaminobenzimidazole (diABZI) (catalog
no. S8796 [Selleckchem], prepared in 40% PEG400 in saline) or, via
oral gavage, with 4-(5,6-dimethoxy-1-benzothiophen-2-yl)-4-oxobuta-
noic acid (MSA-2) (catalog no. S9681 [Selleckchem], prepared in
phosphate-buffered saline, 200 mg/kg).

PET/CT
PET and CT images were acquired in sequence using a G8 PET/CT

scanner (PerkinElmer/Sofie Biosciences) 1 h after administration of
0.74 MBq of 18F-FDG. The mice were kept fasting for 4 h before
probe administration. PET data were analyzed using the PMOD (ver-
sion 3.612; PMOD Technologies Ltd.) and Osirix (Pixmeo) software
packages. A volume of interest was drawn (spleen and lymph nodes),
and SUVmax was recorded to quantify 18F-FDG uptake.

g-Counting
Spleen and lymph nodes (brachial and inguinal) were isolated 1 h

after the administration of 9.25 MBq of 18F-FDG. Tissues or single-
cell suspensions were placed in scintillation vials for radioactivity
measurements by g-counting (Wizard2; PerkinElmer).

Cell Lines
RM1 cells were purchased from American Type Culture Collection,

and the KP4662 KrasG12D/1 line was a gift from Robert Vonderheide
at the University of Pennsylvania. The KP4662 KrasG12C/– cell is hemi-
zygous for the KrasG12C and was derived from KP4662 KrasG12D/1

using CRISPR technology (CRISPR Therapeutics) to replace the
KrasG12D allele. All cell lines were cultured in Dulbecco modified
Eagle medium with 10% fetal bovine serum and L-glutamine at 37"C
and 5% CO2. For tumor growth experiments, mice were injected subcu-
taneously with 0.5 3 106 RM1 cells for RM1 or with 1 3 106 KP4662
cells. Tumor volumes were calculated by (width2 3 length)/2 using
masked caliper measurements. Excised tumors were dissociated using
the Miltenyi GentleMACS dissociator.

Enzyme-Linked Immunosorbent Assay
Serum interferon b (IFNb) levels were measured by enzyme-linked

immunosorbent assay (catalog no. 42400; PBL Assay Science) per
manufacturer instructions.

Flow Cytometry
A detailed description of the protocol and reagents is provided in

the supplemental materials.

CD41, CD81 T-Cell, and B-Cell Enrichments
Target cells were enriched using magnetic separation (OctoMACS

separator [Miltenyi], catalog no. 130042108) per manufacturer
instructions. The beads used were CD4 (L3T4) mouse microbeads
(catalog no. 130117043), CD8 (Ly-2) mouse microbeads (catalog no.
130117044), and CD43 (Ly-48) mouse microbeads (catalog no. 130-
049-801).

Single-Cell RNA Sequencing (scRNA-Seq) Analysis
A detailed description of the analysis pipeline is provided in the

supplemental materials (15,16).

Statistical Analysis
Data are presented as mean 6 SD, with the number of biologic rep-

licates indicated. Comparisons of 2 groups were evaluated using the
unpaired 2-tailed Student t test, and P values of less than 0.05 were
considered significant. Comparisons of more than 2 groups were
assessed using 1-way ANOVA followed by Bonferroni adjustment,
and P values of less than 0.05/m, where m is the total number of pos-
sible comparisons, were considered significant.

RESULTS

Systemic STING Agonists Increase Splenic 18F-FDG Uptake
Systemic administration of a STING agonist (diABZI compound

3 (5), 1.5 mg/g intravenously) significantly increased splenic
18F-FDG uptake as measured in vivo by PET (Fig. 1A). Similar
increases in splenic 18F-FDG uptake were induced by MSA-2, a
systemic STING agonist (6) structurally distinct from diABZI
(Fig. 1B). We then compared the persistence of increased 18F-
FDG uptake in the spleen with the induction of IFNb in serum,
a commonly used indicator of pharmacologic STING activation
(5,6). Serum IFNb levels increased 6 h after systemic STING
agonist treatment and dropped rapidly by approximately 3 orders
of magnitude, approaching baseline levels at the 24-h time point
(Fig. 1C). In contrast, splenic 18F-FDG uptake peaked 24 h after
STING agonist treatment and persisted for at least 48 h (Fig. 1D).
Collectively, these data indicate that 18F-FDG accumulation in the
spleen as measured by PET is a potential noninvasive biomarker
for systemic STING agonists that provides information about the
location and duration of STING activation in immune cells that
cannot be obtained by monitoring serum interferon levels alone.

118 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 1 ! January 2023



Systemic STING Activation Induces Glycolysis-Related Gene
Expression in T and B Cells
To further investigate the impact of systemic STING activation

on splenic immune populations and identify the cell types respon-
sible for the increased 18F-FDG accumulation, we examined tran-
scriptional changes induced by STING agonists using scRNA-seq.
An integrated uniform manifold approximation and projection
plot of splenocytes isolated from mice treated with a systemic
STING agonist (diABZI) or with a vehicle control revealed a
shift in the localization of T and B lymphocyte clusters in the
diABZI group compared with the control group, indicative of
substantial STING agonist–induced transcriptional alterations in
these immune cell populations (Fig. 2A; Supplemental Figs.
1A–B). We then assessed splenic T- and B-lymphocyte populations
for gene expression changes linked to 18F-FDG accumulation. We
observed significant upregulation of hexokinase 1 (Hk1) in T lym-
phocytes and Hk2 in B lymphocytes (Fig. 2B). Expression of other
glycolytic genes was affected to varying degrees by systemic
STING activation (Supplemental Fig. 1C). Consistent with the
upregulation of Hk isoforms in T and B lymphocytes, systemic
STING agonist treatment also increased the expression of Hif1a
and Myc, 2 major transcriptional regulators of Hk1 and Hk2
(17–20). To confirm that T and B lymphocytes are indeed responsi-
ble for the increased 18F-FDG accumulation induced by systemic
STING activation, we treated mice with diABZI and 24 h later
injected them with 18F-FDG (9.25 MBq). After 1 h, we immuno-
magnetically enriched splenic CD41 and CD81 T lymphocytes
and B lymphocytes and measured 18F-FDG uptake by g-counting.
Consistent with the scRNA-seq analysis, significant increases in

18F-FDG accumulation were observed in all 3 immune populations
isolated from systemic STING agonist–treated mice (Supplemental
Fig. 2). These findings indicate that T and B lymphocytes, which
account for most immune cells in the spleen, are responsible for
increased splenic 18F-FDG uptake after systemic STING agonist
treatment.

Activation Markers in Lymphocytes Correlate with Splenic
18F-FDG Uptake After Systemic STING Activation
Next, we determined whether systemic STING agonist–induced

changes in 18F-FDG accumulation by splenic T and B lymphocytes
correlate with immune activation markers. First, we probed for tran-
scriptional upregulation of selected activation markers in our scRNA-
seq dataset and found that Cxcl10 and Cd69 were induced by STING
activation in both T and B lymphocytes (Fig. 3). B lymphocytes
increased the expression of the costimulatory molecule Cd86. T and
B lymphocytes from STING agonist–treated mice also showed signif-
icant induction of Cd274, the gene encoding for the programmed-
death ligand 1 (PD-L1), and Lag3, which are both associated with
immune inhibitory and exhaustion phenotypes (Fig. 3) (21,22).
Next, we used flow cytometry to determine whether transcriptional

alterations in the expression of immune activation and inhibitory/exhaus-
tion markers induced by systemic STING agonist treatment correlate
with changes in splenic 18F-FDG uptake. For this, we determined cell
surface CD69 and PD-L1 expression alongside 18F-FDGuptake in sple-
nocytes from mice treated with various doses of diABZI (Supple-
mental Fig. 3). Both the splenic 18F-FDG uptake and the level of
immune markers, CD69 and PD-L1, increased in a dose-depen-
dent manner in splenic CD41, CD81 T, and B cells, leading to a
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strong correlation (Fig. 4). A similar pattern was observed in
lymph nodes (Supplemental Fig. 4). Collectively, these data indicate
that systemic STING agonist–induced 18F-FDG accumulation in sec-
ondary lymphoid organs measured by PET provides a reliable meta-
bolic correlate of phenotypic changes associated with activated
immunemarkers inmajor lymphocyte populations.

Splenic 18F-FDG Uptake Induced by Systemic STING
Activation Does Not Require Interferon Signaling

Ontologic analysis of the top 100 positively enriched genes
across splenic immune cell clusters by scRNA-seq revealed a
dominant role for interferon response in remodeling the transcrip-
tional landscape of immune cells by systemic STING activation
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FIGURE 2. Identification of cell populations responsible for increased splenic 18F-FDG uptake after systemic STING activation. (A) Uniform manifold
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(Fig. 5A). Given that type I interferons are important downstream
effectors of STING activation in immune cells (1), we next
investigated whether increased splenic 18F-FDG uptake after
STING activation was dependent on interferon signaling using
Ifnar KO mice. Surprisingly, abolishing interferon signaling in
Ifnar KO mice did not significantly impact the STING activatio-
n–induced increase in splenic 18F-FDG uptake (Fig. 5B). Ex vivo
g-counter measurements of 18F-FDG accumulation in enriched
CD41 and CD81 T lymphocytes and B cells isolated from the
spleens of systemic STING agonist–treated Ifnar KO mice were
consistent with the in vivo 18F-FDG PET data (Supplemental
Figs. 5A–B). Induction of CD69 and PD-L1 was still observed
in splenic CD41, CD81 T, and B cells from Ifnar KO mice treated
with STING, suggesting that STING agonist–induced T-cell activa-
tion involves pathways other than interferon (Supplemental Fig.
5C). These findings show that STING functions independently of
type I interferon signaling to reprogram glucose metabolism and
induce activation markers in lymphocytes.

Systemic STING Activation Enhances
Splenic 18F-FDG Uptake and T-Cell
Activation in Tumor-Bearing Mice
Because systemic STING agonists are

currently under clinical investigation for
the treatment of cancer (NCT03843359,
NCT04096638, NCT03956680), we investi-
gated whether alterations in 18F-FDG uptake
and T-lymphocyte activation are detectable
in STING agonist–treated tumor-bearing
mice and whether these effects correlate
with therapeutic responses. STING agonist
administration restricted tumor growth in
3 syngeneic tumor models: prostate can-
cer RM1 and pancreatic cancer KP4662
KrasG12D/1 and KP4662 KrasG12C/1 (Fig. 6).
Consistent with our findings in tumor-
naïve mice, we observed increased 18F-FDG

uptake in lymphoid tissues in tumor-bearing mice, including the
spleen and lymph nodes (Figs. 7A–7B). Although tumor 18F-FDG
uptake was unchanged in STING agonist–treated mice (Fig. 7B),
tumor-infiltrating CD41 and CD81 T cells increased CD69 expres-
sion 24 h after STING agonist administration to levels that were
similar to those detected in T cells from secondary lymphoid
organs (Fig. 7C). These findings demonstrate that the effects of
systemic STING agonists in promoting immune activation and
increased 18F-FDG uptake in secondary lymphoid organs can
also be detected in tumor-bearing mice and correlate with thera-
peutic response.

DISCUSSION

Here, we explored 18F-FDG PET imaging as a novel means of
visualizing the effects of systemically delivered STING agonists in
mice at a whole-body level. We observed robust and reproducible
increases in 18F-FDG uptake in the spleen and lymph nodes of

mice 24 h after systemic STING agonist
treatment (Fig. 1); these changes were
induced by structurally distinct STING ago-
nists and persisted for up to 72h, signifi-
cantly longer than observed increases in
serum cytokine levels, which thus far have
typically been used to monitor the effects
of STING activation (Fig. 1) (4–6). To gain
mechanistic insight into the immediate per-
turbations that occur in secondary lymphoid
organs after STING agonist administration
and identify the immune cell types respon-
sible for increased 18F-FDG uptake in the
spleen, we used scRNA-seq T and B
lymphocytes from STING agonist–treated
mice. An upregulated glycolytic signature
was shown, indicating that increased
splenic 18F-FDG uptake is attributable
primarily to acute lymphocyte activation
(Fig. 2; Supplemental Figs. 1 and 2). T and
B cells upregulated markers associated
with both immune activation and specific
immune inhibitory mechanisms after sys-
temic STING activation (Fig. 3). By
titrating the dose of the systemic STING
agonist, we showed that 18F-FDG uptake
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and immune activation markers increased together in a dose-depen-
dent manner (Fig. 4; Supplemental Figs. 3 and 4). Additionally, we
sho wed that reprogramming of lymphocyte glucose metabolism by
STING activation occurred independently of interferon signaling (Fig.
5; Supplemental Fig. 5). Finally, we demonstrated that the antitu-
mor efficacy of systemic STING agonists (Fig. 6) was associated
with increased 18F-FDG uptake in lymphoid tissues and upregula-
tion of activation markers in T-cell populations, including those
infiltrating the tumor (Fig. 7). We suggest that 18F-FDG PET
might provide a clinically applicable pharmacodynamic biomarker
to guide the dosing and scheduling of systemic STING agonists.
The findings of this study add to a growing body of literature on

profound STING effects on cellular metabolism (11,23,24). Previ-
ously, we showed that STING activation impacts nucleotide metab-
olism in pancreatic cancer cells by increasing the expression of
thymidine phosphorylase in an interferon-dependent manner (11).
Systemic STING activation–induced thymidine phosphorylase

upregulation in human pancreatic cancer
xenografts reduced thymidine levels in the
tumor microenvironment, which in turn
resulted in significantly increased tumor
18F-fluorothymidine uptake (11). Thus, we
emphasize that 18F-FDG and 18F-fluorothy-
midine may provide complementary infor-
mation regarding the effects of STING
agonists. Accordingly, 18F-FDG PET may
be the method of choice to measure inter-
feron-independent consequences of STING
activation in immune cells. In contrast, 18F-
fluorothymidine PET may be the method of
choice to determine interferon signaling–
dependent effects of systemic STING
agonists in tumor cells.

From a mechanistic point of view, our data (Fig. 5; Supplemen-
tal Fig. 5) indicate the existence of an interferon signaling–inde-
pendent link between STING and transcription factors known to
regulate glycolysis. In this context,Myc andHif1a are transcription-
ally induced in T and B cells after STING activation (Fig. 2B). The
transcription factor Myc, which regulates the essential glycolytic
genes Glut1, Hk1, and Hk2, is a crucial driver of the glycolytic
switch in T-cell activation, as deletion ofMyc is sufficient to abolish
activation-induced T-cell growth (18). Additionally, hypoxia-induc-
ible factor binds to and stimulates the same set of glycolytic genes
(17,19,20,25). Additional studies will be required to elucidate the
precise mechanisms by which STING activation leads to interferon
signaling–independent increases in HK1 and HK2 expression in T
cells and B cells. Nevertheless, 18F-FDG PET/CT may provide a
widely available method to noninvasively quantify immune activa-
tion induced by systemic STING agonists in both preclinical and
clinical settings.
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nist treatment (diABZI, 1.5 mg/kg intravenously), 1 h before PET scans. (B) Quantification of PET scans from A (3–4 mice per group). (C) Percentage
CD69 expression in CD41 and CD81 T cells isolated from spleen, lymph nodes, and KP4662 KrasG12C/– tumors. Mice were killed 24 h after treatment
(diABZI, 1.5 mg/kg intravenously) for flow cytometry analysis (5 mice per group). *P, 0.05. **P, 0.01. ***P, 0.001. ****P, 0.0001.
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CONCLUSION

These findings reveal hitherto unknown functional links between
STING signaling and immunometabolism and suggest that 18F-FDG
PET may provide a widely applicable approach toward measuring
the pharmacodynamic effects of systemic STING agonists at a
whole-body level and guiding their clinical development.
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KEY POINTS

QUESTION: Can 18F-FDG PET provide a pharmacodynamic
biomarker of immune metabolic reprogramming induced by
systemic STING agonists?

PERTINENTFINDINGS:Treatmentwith structurally distinct systemic
STINGagonists significantly increased splenic 18F-FDGuptake in
mice. Single-cell transcriptional and flowcytometric analyses of
immune cells from systemic STINGagonist–treatedmice revealed an
enhanced glycolytic transcriptional signature in T andB lymphocytes,
which correlatedwith the induction of immune activationmarkers.

IMPLICATIONS FOR PATIENT CARE: 18F-FDG PET imaging may
provide a clinically applicable approach to determine the magnitude,
duration, and location of immune activation induced by systemic
STING agonists currently under development for the treatment of
cancer.
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Effective Treatment of Human Breast Carcinoma Xenografts
with Single-Dose 211At-Labeled Anti-HER2 Single-Domain
Antibody Fragment
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Single-domain antibody fragments (sdAbs) are attractive for targeted
a-particle therapy, particularly with 211At, because of their rapid accu-
mulation in tumor and clearance from normal tissues. Here, we evalu-
ate the therapeutic potential of this strategy with 5F7 and VHH_1028—
2 sdAbs that bind with high affinity to domain IV of human epidermal
growth factor receptor type 2 (HER2). Methods: The HER2-specific
sdAbs and HER2-irrelevant VHH_2001 were labeled using N-succini-
midyl-3-211At-astato-5-guanidinomethyl benzoate (iso-211At-SAGMB).
The cytotoxicity of iso-211At-SAGMB-5F7 and iso-211At-SAGMB-
VHH_2001 were compared on HER2-expressing BT474 breast carci-
noma cells. Three experiments in mice with subcutaneous BT474
xenografts were performed to evaluate the therapeutic effectiveness
of single doses of iso-211At-SAGMB-5F7 (0.7–3.0 MBq), iso-211At-
SAGMB-VHH_1028 (1.0–3.0 MBq), and iso-211At-SAGMB-VHH_1028
and iso-211At-SAGMB-VHH_2001 (%1.0 MBq). Results: Clonogenic
survival of BT474 cells was reduced after exposure to iso-211At-
SAGMB-5F7 (D051.313 kBq/mL) whereas iso-211At-SAGMB-VHH_
2001 was ineffective. Dose-dependent tumor growth inhibition was
observed with 211At-labeled HER2-specific 5F7 and VHH_1028 but not
with HER2-irrelevant VHH_2001. At the 3.0-MBqdose, complete tumor
regression was seen in 3 of 4 mice treated with iso-211At-SAGMB-5F7
and 8 of 11 mice treated with iso-211At-SAGMB-VHH_1028; prolonga-
tion in median survival was 495% and 414%, respectively. Conclu-
sion: Combining rapidly internalizing, high-affinity HER2-targeted
sdAbs with the iso-211At-SAGMB residualizing prosthetic agent is a
promising strategy for targeted a-particle therapy of HER2-expressing
cancers.

Key Words: single-domain antibody fragment; a-emitter; radiophar-
maceutical therapy; 211At, HER2; nanobody

J Nucl Med 2023; 64:124–130
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The human epidermal growth factor receptor type 2 (HER2)
is overexpressed on breast, ovarian, and gastric cancers (1) and
frequently is associated with metastatic progression (2). Although
HER2-targeted therapies can improve survival, resistance to these
therapies often occurs (3). Moreover, these agents are ineffective
against brain metastases, an increasingly prevalent and lethal conse-
quence of HER2-positive breast cancer (4). For these reasons, targeted

therapies with different mechanisms of action and suitable for delivery
to disease within the brain are urgently needed.
Targeted a-particle therapy (TAT) has emerged as an attractive

strategy for cancer treatment and exerts its cytotoxic effects through
mechanisms (5) different from currently approved HER2-targeted
drugs. Moreover, their 50- to 100-mm tissue range in combination
with their high cytotoxicity make a-particles of promise for irradia-
tion of metastases while minimizing toxicity to surrounding normal
tissues. This provided motivation for labeling HER2-targeted anti-
bodies with a variety of a-emitters and evaluating their therapeutic
potential in animal models (6–9) and in patients (10). Although
some encouraging results were reported, the large size of intact anti-
bodies led to slow and inhomogeneous delivery to tumor and pro-
longed residence time in normal tissues (11).
To circumvent these limitations, single-domain antibody frag-

ments (sdAbs; aka nanobodies or VHH) are being evaluated as an
alternative scaffold for TAT, with HER2 being perhaps the most
widely investigated molecular target (11,12). Derived from camel-
ids, these 12- to 15-kDa proteins can have nanomolar or subnano-
molar affinity and exhibit low immunogenicity (13). Importantly,
preclinical studies have demonstrated the considerably more rapid
tumor penetration of sdAbs compared with intact antibodies (14) as
well as their successful delivery to HER2-positive brain tumors
(15). The feasibility of labeling HER2 domain I targeted 2Rs15 d
with the a-emitters 225Ac (16) and 213Bi (17) has been reported.
Although tumor targeting was demonstrated, high renal uptake also
was observed.
On the other hand, labeling this anti-HER2 sdAb with the

a-emitting radiohalogen 211At resulted in much more favorable
tumor-to-kidney ratios (18). Moreover, 211At has a half-life (7.2 h)
that is well-matched to the pharmacokinetics of sdAbs in humans
(19). 211At has other attractive features for TAT including emitting
only 1 a-particle per decay, lack of confounding a-particle recoil
effects, and increasing availability at a reasonable cost (20).

Our previous studies have shown that synergizing the characteris-
tics of the 211At-labeled prosthetic agent and the anti-HER2 sdAb
can provide excellent tumor targeting (21). Herein, we evaluate the
therapeutic efficacy of these 211At-labeled sdAb conjugates and
demonstrate a durable dose-dependent therapeutic effect after a sin-
gle dose in a subcutaneous breast carcinoma xenograft model.

MATERIALS AND METHODS

General
Details about general procedures including cell culture and the sour-

ces for materials used in these experiments are presented in the supple-
mental materials (available at http://jnm.snmjournals.org) (20,22,23).
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sdAbs
The characteristics of the anti-HER2 sdAbs 5F7 and VHH_1028,

both reacting with the trastuzumab HER2 binding site, have been
described previously (24,25). A HER2-irrelevant control, VHH_2001,
was constructed by combining the framework amino acid sequences of
these anti-HER2 sdAbs (same for both) with the CDR sequences from
green fluorescent protein (GFP)–specific sdAb cAbGFP4 (26). All
sdAbs were produced by ATUM using their known amino acid sequen-
ces as described (25).

Radiosynthesis and Quality Control of Iso-211At-SAGMB-sdAb
Conjugates

The synthesis of iso-211At-SAGMB was modified for higher 211At
radioactivity level labeling based on a previously published method
(21). 211At in N-chlorosuccinimide/methanol (%370 MBq) was added
to a vial containing 150 mg of Boc2-SGMTB precursor followed by
4 mL of acetic acid. The reaction mixture was vortexed and incubated at
room temperature for 30 min. Methanol was evaporated with a gentle
stream of nitrogen; to ensure its complete removal, addition of 100 mL
of ethyl acetate and its evaporation was performed twice. The residue
was reconstituted with 100 mL of 30% (v/v) ethyl acetate in hexanes,
and Boc2-iso-

211At-SAGMB was isolated by normal-phase high-
performance liquid chromatography (HPLC) (two 50-mL injections).
For both runs, the HPLC fractions containing Boc2-iso-

211At-SAGMB
were pooled and the solvents were evaporated under a stream of argon.
Boc-protecting groups were removed by treatment of each reaction vial
with 100 mL of trifluoroacetic acid at room temperature for 10 min. To
ensure complete removal of trifluoroacetic acid, ethyl acetate addition
(100 mL) and its evaporation was performed 3 times. A solution of the
sdAb (5F7, VHH_1028, or VHH_2001) in 0.1 M borate buffer (pH5 8.5,
50 mL, 2mg/mL) was added to the vial containing iso-211At-SAGMB,
and the mixture was incubated at room temperature for 20 min. Iso-211At-
SAGMB-sdAb conjugates were purified by gel filtration using a PD-10
column eluted with phosphate-buffered saline (PBS) as described (21).

The iso-211At-SAGMB-sdAbs were evaluated by SDS-PAGE
(sodium dodecyl sulfate–polyacrylamide gel electrophoresis) and in
some cases gel-permeation HPLC (GPC) as described in the supple-
mental materials. Target binding fractions were determined using
HER2-coated beads (24) but following a modified procedure recently
developed (27). The HER2 binding affinities of therapeutic batches of
iso-211At-SAGMB-5F7 and iso-211At-SAGMB-VHH_1028 were deter-
mined on BT474 cells as described previously (23).

In Vitro Experiments
Cell Uptake and Internalization Kinetics. The internalization

rate constant (ke) and the washout rate constant (kx) for iso-211At-
SAGMB-5F7 were determined as reported previously (28). Briefly,
BT474 cells (8 3 105 cells/well/3 mL of medium) in 6-well plates
were incubated overnight at 37"C. Medium was removed and replen-
ished with fresh medium containing 1 nmol of iso-211At-SAGMB-
5F7, and the fraction of unbound, surface-bound, and internalized 211At
activity after incubation at 37"C for 1, 2, 3, 4, 5, and 6 h was determined
as described (23,24). Nonspecific binding, determined in parallel by
coincubation with a 100-fold molar excess of trastuzumab, was minimal.
A similar format was used to determine the washout rate constant kx by
measuring the loss of internalized 211At activity as a function of time.
The internalization process was assumed to be linear, and the internaliza-
tion rate constant ke was expressed as ke 3 tin5mi/mb, where tin is the
incubation time, mi is the internalized fraction, and mb is the surface-
bound fraction. Rate constants were then calculated as described (28).
Cell Survival Assay. The cytotoxicity of iso-211At-SAGMB-5F7

and HER2-unreactive iso-211At-SAGMB-VHH_2001 were compared
on BT474 cells in a colony-forming assay as described in the supple-
mental materials (29).

In Vivo Experiments
Animal Procedures. Animal studies conformed to protocols

approved by the Duke University Animal Care and Use Committee for
compliance with the National Institutes of Health for use of labora-
tory animals.
Biodistribution. Four-week-old female athymic mice (25 g; Jack-

son Labs) received subcutaneous implants of estrogen pellets (17b-
estradiol, 0.72 mg) in the neck. Subcutaneous BT474 xenografts were
established 2 d later by shoulder inoculation of 203 106 BT474 cells in
1:1 (v/v) Matrigel (100 mL, Matrigel Matrix; Corning) in tissue culture
medium (100 mL). When tumors reached approximately 250 mm3, ani-
mals received iso-211At-SAGMB-VHH_1028 (200 kBq/1 mg, 100 mL
of PBS) via intravenous injection. Groups of 5 mice were killed by iso-
flurane overdose at 1, 4, and 21 h after injection and necropsied. Tumor
and normal tissues were harvested and counted for 211At activity using
an automated g-counter. Results were expressed as percentage injected
dose (%ID) per organ and per gram of tissue (%ID/g). The biodistribu-
tion of HER2-irrelevant iso-211At-SAGMB-VHH_2001 (130 kBq/1
mg) was evaluated in the same way. Finally, a paired-label study
directly compared the tissue distribution of iso-125I-SGMIB-5F7 and
iso-131I-SGMIB-VHH_1028 in athymic mice bearing subcutaneous
HER2-expressing SKOV-3 xenografts generated as described (25).
Animals received approximately 175 kBq (1 mg) of both radioiodinated
anti-HER2 sdAbs, and groups of 5 mice were necropsied at 1, 4, and 24
h after injection. For each animal, the 131I-to-125I tumor uptake ratio
was determined, and differences in iso-131I-SGMIB-VHH_1028 and
iso-125I-SGMIB-5F7 tumor accumulation were analyzed for statistical
significance using a paired t test.
Radiation Dosimetry. From the iso-211At-SAGMB-VHH_1028

biodistribution data, areas under the time–activity curves were calcu-
lated by trapezoidal integration using GraphPad Prism (GraphPad Soft-
ware). These were multiplied by the mean energy per 211At transition
(43 10213 Gy kg/Bq s) and 211Po daughter (1.23 10212 Gy kg/Bq s),
corrected for the branching ratio. The absorbed dose was calculated
using a radiation weighting factor of 5 for a-particles as recommended
(30) and expressed as Sv/MBq.
Antitumor Efficacy. In the first experiment (Supplemental Table 1),

the therapeutic efficacy of iso-211At-SAGMB-5F7 was evaluated in
NOD-scid-IL2Rgammanull (NSG; Jackson Labs) mice with subcutane-
ous BT474 xenografts generated as described previously (23). Tumor
growth was monitored twice a week, and tumor volume was calculated
as volume5 length 3 width2 3 0.52. When tumor volumes reached
150–300 mm3, mice were randomized into 4 groups and injected intrave-
nously with PBS (n5 10) or 0.7 (n5 4), 1.9 (n5 6), or 3 MBq (n5 4)
of iso-211At-SAGMB-5F7 (3–14 mg of sdAb). Animals were monitored
for 182 d as described in the last paragraph of this section.

In the second experiment (Supplemental Table 2), groups of 10–12
female athymic mice with approximately 180 mm3 subcutaneous
BT474 xenografts generated as described for the first experiment were
injected intravenously with 1, 1.9, or 3 MBq of iso-211At-SAGMB-
VHH_1028 in 100mL of PBS or PBS alone and monitored for 205 d.

In the third experiment (Supplemental Table 3), the specificity of the
therapeutic effect was investigated in female athymic mice bearing
BT474 xenografts. After estrogen pellet implantation (17b-estradiol,
0.72 mg), mice were supplied with ascorbic acid (240 mg/L) and citric
acid (1 g/L) in their drinking water to prevent urolithiasis. Mice with
approximately 120 mm3 tumors were randomized into 3 groups, and
injected intravenously with 1.0 MBq of iso-211At-SAGMB-VHH_1028
(n5 11, 3 mg), 1.1 MBq of iso-211At-SAGMB-VHH_2001 (n5 11,
3.7mg), or PBS (n5 10). Animals were monitored for 196 d.

In these experiments, mice were euthanized if any of the following
occurred: tumor volume. 1,000 mm3, body weight loss. 20%, tumor
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ulceration or necrosis, or any other health conditions that necessitated
euthanasia per Duke Institutional Animal Care and Use Committee
policy. Deceased animals were necropsied to determine cause of death.

Statistics
Data are presented as mean 6 SD. Methods for statistical and data

analysis of the therapeutic efficacy studies ae described in the supple-
mental materials.

RESULTS

Radiosynthesis and Quality Control of Iso-211At-SAGMB-
sdAb Conjugates
In previous studies performed with 30–56 MBq 211At activity,

Boc2-iso-
211At-SAGMBwas synthesized with 66.8%6 2.4% aver-

age yield in %4 h (21). The procedure was optimized for reactions
with approximately 370 MBq of 211At by varying the reaction vol-
ume, reaction time, acetic acid level, and normal-phase HPLC col-
umn injection volume. The Boc2-iso-

211At-SAGMB radiochemical
yield (RCY) was lower for reactions with approximately 370 MBq
of 211At (31.0%6 7.1% [n5 10]); the radiochemical purity (RCP)
determined by normal-phase HPLC was greater than 99%. Depro-
tection of Boc2-iso-

211At-SAGMB to generate iso-211At-SAGMB
was almost quantitative, with a maximum of 222 MBq of iso-211At-
SAGMB being produced. Conjugation of iso-211At-SAGMB to
sdAbs proceeded in 51.9% 6 14.7% (n5 9) RCY with no signifi-
cant differences observed among 5F7, VHH_1028, and VHH_2001.
The total synthesis time for producing these iso-211At-SAGMB-
sdAb conjugates from initial 211At activity was 3.5 h, with an overall
RCY of 16.1%6 7.0%. A typical synthesis starting from 370 MBq
of 211At provided approximately 74 MBq of 211At-labeled sdAb.
The molar activity for the iso-211At-SAGMB-sdAbs was 1.74–4.41
MBq/nmole.
SDS-PAGE/phosphor imaging of the iso-211At-SAGMB-sdAbs

revealed a single radioactive band corresponding to the expected
molecular weight of approximately 13 kDa (Supplemental Fig. 1),
with an RCP of 97.6% 6 0.8% (n5 9). The RCP of 4 batches of
iso-211At-SAGMB-VHH_1028 also was evaluated by GPC-HPLC
(Supplemental Fig. 2), which indicated a single peak at the expected
retention time and an RCP of 98.6% 6 1.0%. The target binding
fraction was 84.3% (n5 2) for iso-211At-SAGMB-5F7 and 87.1%
(n5 1) for iso-211At-SAGMB-VHH_1028. No HER2 binding was
observed for the HER2-irrelevant iso-211At-SAGMB-VHH_2001
control. Saturation binding assays on HER2-expressing BT474
breast cancer cells performed with therapy-level batches of
iso-211At-SAGMB-5F7 and iso-211At-SAGMB-VHH_1028 gave
KD values of 4.49 6 0.39 and 3.87 6 0.88 nM, respectively (Sup-
plemental Fig. 3).

In Vitro Experiments
Internalization and Expulsion Rate. To quantify the rate of

internalization of iso-211At-SAGMB-5F7, the ratio between inter-
nalized and surface-bound 211At activity was plotted as a function
of incubation time (Supplemental Fig. 4). A linear regression was
run to give ke5 (3.79 6 0.29) 3 1025 (s21) (95% CI: R25

0.9155). The rate constant for 211At loss (expulsion; kx) was deter-
mined in similar fashion based on a washout kinetics assay. Expul-
sion of radioactivity was not observed during the 4-h experimental
period as the ratio of mi/mb increased; thus, kx was considered
to be 0.
Cell Survival Assay. The survival fraction of HER2-positive

BT474 breast carcinoma cells after incubation with varying

activity concentrations of iso-211At-SAGMB-5F7 prepared at
3.9MBq/nmole is given in Figure 1. The D0 (activity concentra-
tion to reduce survival to 37%) was determined to be 1.313 kBq/
mL for iso-211At-SAGMB-5F7. The cytotoxicity of the iso-211At-
SAGMB-VHH_2001 control was measured in parallel, and no
reduction in survival was observed (Fig. 1), demonstrating that the
cytotoxicity of iso-211At-SAGMB-5F7 was HER2-specific.

In Vivo Experiments
Biodistribution and Dosimetry. The tissue distribution of iso-131I-

SGMIB-VHH_1028 in NSG mice with BT474 xenografts was
reported previously (21). The biodistribution of iso-211At-SAGMB-
VHH_1028 in athymic mice with subcutaneous BT474 xenografts
is summarized in Figure 2. The tumor uptake of iso-211At-SAGMB-
VHH_1028 was 10.286 0.90 %ID/g at 1 h and 10.216 3.10 %ID/
g at 4 h and decreased to 4.006 1.90%ID/g at 21 h. Rapid clearance
of radioactivity from normal organs was observed. The highest
211At levels were seen in the kidneys, decreasing from 34.20 6

13.63 %ID/g at 1 h to 4.46 6 0.62 %ID/g at 4 h. Thyroid activity
levels ranged from 0.53%6 0.25% at 4 h to 0.38%6 0.17% at 21 h
(Supplemental Table 4) consistent with only minor dehalogenation
in vivo. Tumor uptake of HER2-irrelevant iso-211At-SAGMB-
VHH_2001 was 3.17 6 0.50 %ID/g, 2.05 6 0.23 %ID/g, and

FIGURE 1. Survival fraction of BT474 breast carcinoma cells after incu-
bation with iso-211At-SAGMB-5F7 and HER2-irrelevant iso-211At-SAGMB-
VHH_2001.

FIGURE 2. Biodistribution of iso-211At-SAGMB-VHH_1028 in athymic
mice with subcutaneous BT474 xenografts. Sm. Int. 5 small intestine; Lg.
Int.5 large intestine.
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0.586 0.58 %ID/g (Supplemental Table 5) at 1, 4, and 21 h, respec-
tively, values 3.2, 5.0, and 7.7 times lower than those for iso-211At-
SAGMB-VHH_1028. The biodistribution of coadministered
iso-131I-SGMIB-VHH_1028 and iso-125I-SGMIB-5F7 in athymic
mice with SKOV-3 xenografts is summarized in Supplemental Table
6.With few exceptions, normal-tissue levels for the 2 sdAbs were not
significantly different. In tumor, 131I-to-125I uptake ratios were not
significantly different from unity (1.076 0.20 at 1 h, 0.996 0.01 at
4 h, and 0.916 0.10 at 24 h) confirming equivalent tumor localizing
capacity for the 5F7 and VHH_1028 iso-SGMIB conjugates.
Radiation-absorbed doses calculated from the iso-211At-SAGMB-

VHH_1028 biodistribution data are presented in Table 1 both per
MBq and for 3.0 MBq, the highest 211At
activity evaluated in the therapeutic efficacy
experiments. The tumor absorbed dose was
estimated to be 14.4 Sv/MBq, which was
higher than that calculated for all normal tis-
sues except the kidneys (14.6 Sv/MBq). At
3.0 MBq, the tumor was estimated to have
received a radiation dose of 43.3 Sv. The
tumor absorbed dose for iso-211At-SAGMB-
VHH_2001was estimated to be 3.08Sv/MBq,
4.7 times lower than that for iso-211At-
SAGMB-VHH_1028.
Antitumor Efficacy. The first experiment

evaluated the therapeutic potential of iso-211At-
SAGMB-5F7 in NSGmice with BT474 xeno-
grafts; tumor volumes at treatment and dosing
details are summarized in Supplemental
Table 1.A dose-dependent tumor growth delay
was observed (Fig. 3A)—tumor growth was
significantly delayed for the 3.0-MBq group
(P, 0.0001), to a degree that was significantly
greater than in the 1.9-MBq (P5 0.0001) and
0.7-MBq (P , 0.0001) groups. A maximum

tumor growth inhibition of . 50% was observed in 1 of 4 mice in the
0.7-MBq group, 5 of 6 in the 1.9-MBq group, and all 4 in the 3.0-MBq
group, both the 1.9- and the 3.0-MBq groups having 3 mice with no
detectable tumors (Fig. 3B). A significant survival benefit was seen for
the treatment groups (P , 0.0001), with a median survival of 29 d for
the control group, and 105.5, 126.5, and 143.5 d for the 0.7-, 1.9-, and
3.0-MBq groups, respectively (Fig. 3C). No significant differences in
body weight (Fig. 3D) or other clinically observable signs of toxicity
were seen between the treatment and control groups.
Tumor volumes at treatment and dosing details for the single-dose

iso-211At-SAGMB-VHH_1028 therapy study in athymic mice with
BT474 xenografts are summarized in Supplemental Table 2. Signifi-
cant tumor growth delay was observed in all treatment groups (P ,

0.0001), which was dose-dependent (P5 0.0011 for 3.0- vs. 1.9-
MBq doses; P, 0.0001 for 3.0- vs. 1.0-MBq doses) (Fig. 4A). How-
ever, the therapeutic responses were not significantly different for the
1.0- versus 1.9-MBq doses. A single dose of iso-211At-SAGMB-
VHH_1028 resulted in the complete regression of tumors in 8 of
11 mice receiving 3.0MBq, 3 of 12 mice receiving 1.9MBq, and 3 of
10 mice receiving 1.0 MBq, with . 50% tumor volume regression
seen in 11 of 11, 10 of 12, and 7 of 10 animals receiving the 3.0-, 1.9-,
and 1.0-MBq doses, respectively (Fig. 4B). A significant survival ben-
efit (P , 0.0001 from Mantel–Cox and Gehan–Breslow–Wilcoxon
tests) was observed for all treatment groups. A single dose of iso-211At-
SAGMB-VHH_1028 increased the median survival from 50.5 d
(control group) to 209 d (3.0-MBq group) (Fig. 4C). No significant
differences in body weight (Fig. 4D) or other clinically observable
signs of toxicity were seen between the treatment and control groups.
The third therapy study was designed to evaluate the specificity

of the iso-211At-SAGMB-VHH_1028 therapeutic effect by direct
comparison to the HER2-unreactive iso-211At-SAGMB-VHH_
2001 control. A Spaghetti plot of individual mouse tumor volumes
(Fig. 5A) and a waterfall plot of maximum tumor response
(Fig. 5B) indicate significant tumor growth delay for the HER2-spe-
cific iso-211At-SAGMB-sdAb conjugate, with 6 of 11 mice showing
. 50% tumor regression and 4 mice showing no evidence of tumor
at the 1.0-MBq dose. In contrast, no tumor growth delay was seen in

TABLE 1
Estimated Absorbed Doses for iso-211At-SAGMB-
VHH_1028 in Athymic Mice with Subcutaneous

BT474 Xenografts

Tissue
Absorbed dose
(Sv/1.0 MBq)

Absorbed dose
(Sv/3.0 MBq)

Liver 3.8 11.3

Spleen 4.8 14.3

Lungs 3.7 11.2

Heart 1.8 5.4

Kidneys 14.6 43.7

Stomach 9.9 29.7

Thyroid 3.5 10.6

Small intestine 2.0 6.1

Large intestine 3.5 10.4

Muscle 0.5 1.4

Blood 1.1 3.2

Bone 0.8 2.4

Brain 0.2 0.5

Tumor 14.4 43.3

FIGURE 3. Therapeutic efficacy of single-dose iso-211At-SAGMB-5F7 in NSG mice with BT474
xenografts. (A) Tumor volume. (B) Maximum tumor response waterfall plot. (C) Kaplan–Meier curve.
(D) Normalized body weight.
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animals receiving the iso-211At-SAGMB-sdAb control. As shown in
Figure 5C, no significant difference was observed between the
median survival of the PBS group (44 d) and the iso-211At-SAGMB-
sdAb control (34 d). A clear survival benefit was seen for the HER2-
specific iso-211At-SAGMB-VHH_1028 conjugate, with a median
survival of 159 versus 44 d for the PBS group (P, 0.0001; Mantel–
Cox and Gehan-Breslow-Wilcoxon tests). No significant differences
in body weight (Fig. 5D) or other clinically observable signs of tox-
icity were seen between the treatment and control groups.

DISCUSSION

Because of their rapid and homogeneous tumor penetration (14),
sdAbs have emerged as an attractive vehicle for TAT (12). In the

present study, we have demonstrated that dra-
matic tumor control could be achieved in a
HER2-expressing subcutaneous model of
breast cancer after a single-dose of 211At-
labeled HER2-targeted sdAbs. 211At is ide-
ally suited for labeling sdAbs because its
7.2-h half-life is well matched to the approxi-
mately 8-h biologic clearance half-life of
labeled sdAbs in humans (19). Moreover, in
studies where the same sdAb was labeled
with different a-emitters, kidney activity lev-
els were considerably lower for 211At (18)
than 213Bi (17) and 225Ac (16), suggesting
that an additional benefit in selecting 211At
for labeling sdAbs is the lower risk of renal
toxicity. Other more generalizable advan-
tages of 211At for TAT include the emission
of only 1 a-particle per decay, absence of
a-emitting daughters, and improved avail-
ability at a reasonable cost (20).
Herein, we have evaluated a TAT devel-

opment strategy for HER2-expressing can-
cers, combining the best currently available
211At residualizing agent—iso-211At-SAGMB

(21)—with HER2-specific sdAbs with high affinity and internaliza-
tion, properties that should enhance and prolong tumor uptake of
these small proteins (31). For anti-HER2 sdAbs, initial studies used
5F7, which has a HER2 binding affinity of 0.2 nM (32) and exhibited
excellent uptake in BT474 cells and xenografts after being labeled
with iso-211At-SAGMB (21). VHH_1028 also binds to a trastuzu-
mab-competitive HER2 site with 0.2 nM affinity (25). A head-to-head
comparison using 131I-SGMIB-5F7 and 131I-SGMIB-VHH_1028
confirmed that the 2 sdAbs cross compete for the same HER2 epitope
and bind to BT474 cells with nearly identical characteristics (Supple-
mental Fig. 5).
The binding affinities determined on BT474 cells for iso-211At-

SAGMB-5F7 and iso-211At-SAGMB-VHH_1028 were 4.49 6 0.39
and 3.876 0.88 nM, respectively. The iso-211At-SAGMB-5F7 affin-

ity was somewhat higher than measured pre-
viously (3.0 nM) at lower 211At activities
(21) but still suitable for TAT. Regarding
internalization, the internalization rate and
lack of measurable expulsion of iso-211At-
SAGMB-5F7 were in excellent agreement
with those measured previously on BT474
cells for trastuzumab (28). Thus, the cellular
residence time for iso-211At-SAGMB-5F7
should be compatible with effective cell kill-
ing. Indeed, the cytotoxicity of iso-211At-
SAGMB-5F7 (D05 1.313 kBq/mL) was
higher than that determined for 211At-trastu-
zumab (1.7 kBq/mL) under similar condi-
tions on the same BT474 cell line (28).
Therapeutic responses after 211At-trasu-

zumab treatment have been observed in vari-
ous animal models; however, except for a
recent study (33), these have involved direct
delivery into a tumor-compromised com-
partment (6,34). After intrathecal delivery,
regional differences in therapeutic effective-
ness against carcinomatous meningitis were

FIGURE 4. Therapeutic efficacy of single-dose iso-211At-SAGMB-VHH_1028 in athymic mice with
BT474 xenografts. (A) Tumor volume. (B) Maximum tumor response waterfall plot. (C) Kaplan–Meier
curve. (D) Normalized body weight.

FIGURE 5. Therapeutic efficacy of single-dose iso-211At-SAGMB-VHH_1028 and HER2-irrelevant
iso-211At-SAGMB-VHH_2001 in athymic mice with BT474 xenografts. (A) Tumor volume in individual
mice. (B) Maximum tumor response waterfall plot. (C) Kaplan–Meier curve. (D) Normalized body
weight.
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observed with 211At-trasuzumab, suggesting that inhomogeneous
distribution of the labeled mAb had occurred (6). In addition, a
recent study has demonstrated that unlike trastuzumab, sdAbs can be
delivered to HER2-positive brain metastases (35), for which better
treatments are urgently needed (4). Thus, a 211At-labeled sdAb with
trastuzumablike binding and internalization properties but capable of
more homogeneous delivery might be advantageous, provided that
the delivery of therapeutically relevant levels to tumor could be
achieved.
On the basis of the biodistribution of iso-211At-SAGMB-

VHH_1028 in athymic mice, a tumor dose of 14.4 Sv/MBq was cal-
culated, which is higher than that reported (4.58 Gy/MBq) for
211At-trastuzumab in a gastric cancer–liver metastases model (33).
We note that the BT474 tumor targeting (and kidney uptake) of
iso-211At-SAGMB-VHH_1028 determined in athymic mice were
lower than those reported previously for iso-211At-SAGMB-5F7 in
NSG mice bearing the same xenograft (21). Given the similar prop-
erties of the 2 VHH, this behavior likely reflects animal model–de-
pendent differences in distribution. Consistent with this, the BT474
tumor and kidney uptake of iso-131I-SGMIB-5F7 were lower in
athymic mice (32,36) than in NSG mice (21). An additional experi-
ment was performed to confirm that differences in the biodistribu-
tion of iso-211At-SAGMB-5F7 and iso-211At-SAGMB-VHH_1028
reflected the influence of the mouse strain. A paired-label study in
athymic mice bearing HER2-expressing SKOV-3 xenografts dem-
onstrated essentially identical tumor uptake of iso-125I-SGMIB-5F7
and iso-131I-SGMIB-VHH_1028 (Supplemental Table 6).
Although different animal models and sdAbs were used, the

therapeutic efficacy of other a-emitter–anti-HER2 sdAb conju-
gates has been evaluated and can serve as benchmarks for compar-
ison. Using an intracranial SKOV3.IP1 ovarian tumor model, 3
weekly doses of 225Ac-2Rs15 d increased median survival by 35%
(6 d) (35). Administration of 3 doses of 213Bi-2Rs15 d to mice
with intraperitoneal SKOV3.IP1 tumors increased median survival
by 51% and 26% at doses of 0.5 and 1.0 MBq, respectively (17).
Although gelofusine was coadministered to reduce renal retention,
the kidney radiation dose from 213Bi-2Rs15 d was 6 times higher
than that to tumor (17), likely limiting dose escalation.
The therapeutic responses we observed after a single dose of

iso-211At-SAGMB-VHH_1028 in the BT474 breast carcinoma
model are thus quite encouraging. Notably, even at the lowest dose
level investigated (1.0 MBq), median survival was increased by
361%, from 44 d to 159 d (Fig. 5C), with 4 of 11 animals having
complete tumor regression, whereas no significant survival prolon-
gation was observed with the HER2-irrelevant 211At-sdAb control.
Importantly, these responses were obtained at 211At activity that
would deliver only 14.6 Sv to the kidneys (Table 1). Although radi-
ation toxicity thresholds for TAT are not well defined, this dose is
well below the 23-Gy benchmark threshold for renal toxicity for
conventional external beam radiation, for which 1 Gy5 1 Sv.
Finally, these results further confirm the potential advantages of
TAT for cancer treatment—a single dose of iso-211At-SAGMB-
VHH_1028 was considerably more effective than 4 weekly doses
of the analogous b-emitting iso-131I-SGMIB-VHH_1028 conjugate
in the same BT474 xenograft model (25).
Because VHH_1028 lacks the CDR2 lysine present in 5F7,

VHH_1028 might be better suited for patient therapy–level label-
ing. However, a recent study using surface plasmon resonance anal-
ysis demonstrated full retention of affinity for 1:1 iso-SGMIB-5F7
conjugate (KD5 0.21 vs. 0.22 nM for unmodified 5F7 run in paral-
lel) (36), suggesting that either the CDR2 lysine was not reactive for

conjugation or its modification did not alter HER2 binding. With
211At at a 1:1 prosthetic agent:5F7 substitution level, this would be
equivalent to 1,221 GBq/mg. Even if the protein dose for an 211At-
5F7 therapy was limited to 50 mg, the dose administered to patients
in a recent 131I-labeled anti-HER2 sdAb imaging study (19), this
would be equivalent to 61 GBq (%1,650 mCi) of 211At, an activity
level far exceeding a feasible patient therapy dose. Thus, the CDR2
lysine in 5F7 should not compromise 211At labeling at therapeuti-
cally relevant activities, suggesting that both 5F7 and VHH_1028
are excellent candidates for development as 211At-labeled radio-
pharmaceuticals for treating HER2-expressing cancers.
A limitation of this study is that it did not include histopathologic

analysis of acute and long-term radiotoxicity and determination of
the maximum tolerated dose. Given the lack of clinically observable
toxicities at the highest dose investigated and a median survival
greater than 6 mo, it might be possible to achieve even better single-
dose tumor response at a higher activity level. A long-term radio-
toxicity study is planned that will include histopathologic analysis
and evaluation of blood chemistry as we have done for other 211At-
labeled TAT agents (37). This will provide critical information for
designing future dose escalation experiments and, it is hoped, for
clinical translation of these iso-211At-SAGMB-targeted sdAb
conjugates.

CONCLUSION

TAT with single doses of iso-211At-SAGMB-anti-HER2-sdAb
conjugates resulted in significant tumor growth delay and survival
prolongation in a murine model of HER2-expressing breast cancer
with no apparent normal-tissue toxicities. This TAT strategy war-
rants further consideration for the treatment of patients with
HER2-expressing cancers.
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KEY POINTS

QUESTION: Are 211At-labeled sdAb conjugates candidates for
targeted a-particle therapy of HER2-expressing cancers?

PERTINENT FINIDINGS: 211At-labeled sdAbs targeting domain IV
of HER2 controlled tumor growth and prolonged survival at single
doses of 0.7–3.0 MBq without toxicity, whereas a 211At-labeled
HER2-irrelevant sdAb was ineffective.

IMPLICATIONS FOR PATIENT CARE: Because of their
considerable therapeutic effects with minimal normal-tissue
toxicity, these iso-211At-SAGMB-sdAb conjugates could provide
an attractive therapeutic option for patients who do not respond
to conventional HER2-targeted therapies.
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18F-Fluciclovine PET Imaging of Glutaminase Inhibition in
Breast Cancer Models

Rong Zhou, Hoon Choi, Jianbo Cao, Austin Pantel, Mamta Gupta, Hsiaoju S. Lee, and David Mankoff
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Aggressive cancers such as triple-negative breast cancer (TNBC) avidly
metabolize glutamine as a feature of their malignant phenotype. The
conversion of glutamine to glutamate by the glutaminase enzyme repre-
sents the first and rate-limiting step of this pathway and a target for drug
development. Indeed, a novel glutaminase inhibitor (GLSi) has been
developed and tested in clinical trials but with limited success, suggest-
ing the potential for a biomarker to select patients who could benefit
from this novel therapy. Here, we studied a nonmetabolized amino acid
analog, 18F-fluciclovine, as a PET imaging biomarker for detecting the
pharmacodynamic response to GLSi. Methods: Uptake of 18F-fluciclo-
vine into human breast cancer cells was studied in the presence and
absence of inhibitors of glutamine transporters and GLSi. To allow
18F-fluciclovine PET to be performed onmice, citrate in the tracer formu-
lation is replaced by phosphate-buffered saline. Mice bearing triple-
negative breast cancer (TNBC) xenografts (HCC38, HCC1806, and
MBA-MD-231) and estrogen receptor–positive breast cancer xenografts
(MCF-7) were imaged with dynamic PET at baseline and after a 2-d
treatment of GLSi (CB839) or vehicle. Kinetic analysis suggested revers-
ible uptake of the tracer, and the distribution volume (VD) of

18F-fluciclo-
vine was estimated by Logan plot analysis. Results: Our data showed
that cellular uptake of 18F-fluciclovine is mediated by glutamine trans-
porters. A significant increase in VDwas observed after CB839 treatment
in TNBC models exhibiting high glutaminase activity (HCC38 and
HCC1806) but not in TNBC or MCF-7 exhibiting low glutaminase.
Changes in VD were corroborated with changes in GLS activity mea-
sured in tumors treated with CB839 versus vehicle, as well as with
changes in VD of 18F-(2S,R4)-fluoroglutamine, which we previously vali-
dated as a measure of cellular glutamine pool size. A moderate, albeit
significant, decrease in 18F-FDG PET signal was observed in HCC1806
tumors after CB839 treatment. Conclusion: 18F-fluciclovine PET has
potential to serve as a clinically translatable pharmacodynamic bio-
marker of GLSi.

Key Words: 18F-fluciclovine PET; triple-negative breast cancer;
glutaminase; distribution volume; CB839
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Reprogramming of energy metabolism has been recognized as a
hallmark of cancer (1). Dysregulation of cellular metabolic pathways
enables cancer cells to meet their energetic and biosynthetic needs but
also provides opportunities to selectively target cancer cells while
sparing normal tissues. Targeting such a cancer-specific metabolic

signature could be useful for treating triple-negative breast cancer
(TNBC), which lacks a subtype-specific treatment because of absence
of the estrogen receptor, the progesterone receptor, and the human
epidermal growth factor receptor 2. Glutaminolysis, the metabolic
pathway of glutamine, is used by many aggressive cancers, including
TNBC (2,3), and hence might be exploited for therapy. Conversion of
glutamine to glutamate by the mitochondrial enzyme glutaminase rep-
resents the first and rate-limiting step in the pathway. In cancers, it is
the kidney type rather than the liver type of glutaminase that is pre-
dominantly expressed. Highly potent and specific inhibitors of gluta-
minase (GLSi) have been developed. Several of these agents have
shown promise in preclinical studies (4–7), and one agent, CB839
(Telaglenastat developed by Calithera Bioscience), has advanced into
clinical trials. Although CB839 has been well tolerated in clinical tri-
als, efficacy has been variable (8–10). These trials, though, did not
include biomarkers to assess target impact and guide patient selection,
potentially confounding the overall study results. Although enhanced
glutamine metabolism is frequently observed in TNBC—more so
than in other subtypes of breast cancer—individual TNBCs are highly
heterogeneous and exhibit a wide range of glutaminase activity (4).
As such, a method to evaluate the pharmacodynamic response of
TNBC to GLSi would be highly valuable for patient selection in the
clinical setting when glutaminase activity cannot be readily assessed.
Previous studies have elucidated an inverse relationship between

glutaminase activity and glutamine pool size, providing a paradigm
for imaging glutamine metabolism with amino acids analogs. Tumors
with a high glutaminase activity have a low cellular glutamine con-
centration (pool size) accompanied by a high glutamate (the product
of the glutaminase) level (4). Upon glutaminase inhibition, the cellular
glutamine pool increases because of blockade of glutamine conver-
sion to glutamate (4,11). It follows that such an increase in tumor cel-
lular glutamine pool size can serve as a specific pharmacodynamic
marker for GLSi.
Our approach toward measuring the change in tumor glutamine

pool size relies on tracers that mimic bidirectional glutamine transport
into and out of the cancer cell but are not metabolized by glutaminase.
Under these conditions, and assuming stable kinetics for glutamine
transport and metabolism over the course of the imaging study
(%1 h), the PET signal will fit a single reversible tracer kinetic model
(12) in which the distribution volume (VD) provides a direct measure
of intracellular glutamine concentration. We and others have
previously shown that cellular uptake of glutamine analog 18F-
(2S,4R)4-fluoroglutamine (18F-4F-glutamine) is mediated by the
native glutamine transporters (13) but is a poor substrate for kid-
ney-type glutaminase expressed in the tumor (14,15). Furthermore,
in human breast cancer xenograft models, the VD of 18F-4F-gluta-
mine PET or the tumor-to-blood ratio (T/B) 30–45 min after injec-
tion can serve as a pharmacodynamic marker of GLSi (15,16).
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18F-4F-glutamine, however, is an investigational agent and has
been reported to undergo defluorination (17,18), which might con-
found the PET signal and potentially mask bone disease, a common
site of breast cancer metastasis. To overcome these limitations, we
considered 18F-fluciclovine (Axumin; Blue Earth Diagnostics), a meta-
bolically inert analog of L-leucine (16), with uptake into cancer cells
mediated by glutamine transporters (19,20). Hence, 18F-fluciclovine
may serve as an alternative tracer for measuring glutamine pool size
and the impact of GLSi. Although 18F-fluciclovine has been studied
under investigational settings for breast cancer (21,22), its utility as a
metabolic marker has not been established. Here, we performed a
proof-of-principle study of 18F-fluciclovine as a pharmacodynamic
marker for GLSi, comparing with 18F-4F-glutamine by employing the
same tumor models and analysis methods (15,16). We were able to
show that the uptake of 18F-fluciclovine is mediated by glutamine
transporters; 18F-fluciclovine has reversible kinetics that reflect cellular
glutamine pool size, and short-term exposure to GLSi leads to signifi-
cant increases in 18F-fluciclovine VD similar to those in 18F-4F-
glutamine.

MATERIALS AND METHODS

Materials
18F-fluciclovine was provided by Blue Earth Diagnostics. A vehicle

solution of 25% (w/v) hydroxypropyl-b-cyclodextrin in 10 mM citrate
(pH 2) (15) and CB839 formulated in the vehicle or in dimethyl sulfox-
ide were provided by Calithera Biosciences. 18F-(2S,4R)4-fluoroglut-
amine (15) and 18F-FDG were produced at the PET Center, University
of Pennsylvania.

The following reagents, assay kits, and cell lines were purchased: ion-
exchange resin columns (catalog no. 731621) from Bio-Rad; a citrate
assay kit (catalog no. MAK057), L-glutamine, GPNA (L-g-glutamyl-p-
nitroanilide), and BCH (2-aminobicyclo-(1,2)-heptane-2-carboxylic acid)
from Sigma; syringe filters (catalog no. 09-720-3) and 96-well strips
plate (catalog no. 07-200-97) from Fisher Scientific; human TNBC
(HCC1806, HCC38, and MDA-MB-231) and estrogen receptor–positive
(MCF-7) breast cancer cell lines from American Type Culture Collection.
The cell lines were authenticated using the short-tandem-repeat DNA
profiling method and were used within 6 mo from the date of purchase.
Cells were maintained in complete culture medium consisting of RPMI-
1640 (catalog no. 25-506; GenClone) supplemented with 10% HyClone
fetal bovine serum without antibiotics.

Removal of Citrate from the Formulation of 18F-Fluciclovine
After the deionized water was released from the column resin, the col-

umn was loaded with the tracer solution (%0.9 mL) provided by the ven-
dor. An equal volume (0.9 mL) of phosphate-buffered saline (PBS) was
added to the column, and the eluted solution was collected (%0.9 mL
in %1–2 min) in a sterile test tube. This was repeated by adding PBS
(0.9 mL) and collecting the elution in another sterile test tube. The 18F
activity in the eluted solution was estimated by a dose calibrator (CRC-7;
Capintec), whereas the pH and residual citrate in the solution were
assessed by pH test strips and citrate assay, respectively.

In Vitro Cell Uptake of 18F-Fluciclovine
Breast cancer lines HCC38, HCC1806, and MCF-7 were included.

Cells (30,000, 25,000, and 30,000 cells per well for HCC38, HCC1806,
and MCF-7, respectively) were seeded in a 96-well strip plate and incu-
bated overnight in complete culture medium. To study tracer uptake, the
cells were incubated in PBS containing 5 mM glucose and 100 mM glu-
tamine to which 18F-fluciclovine (%300,000 cpm/well) was added at
time zero. To test whether 18F-fluciclovine uptake is mediated by gluta-
mine transporters, glutamine (5 mM), GPNA (1 mM), BCH (10 mM),
or dimethyl sulfoxide control (0.05%) in PBS containing 5 mM glucose

was added at time zero. After a specified incubation time (5, 15, 30, 60,
and 120 min), supernatant was aspirated, and the wells were washed
twice with cold PBS. After washing, activity in each well was counted
on a g-counter (2470 Wizard2; Perkin Elmer), and the amount of protein
was estimated by the Lowry method (15). To inhibit glutaminase activ-
ity, the cells were incubated in culture medium containing 1 mM CB839
or 0.05% dimethyl sulfoxide as a control for 24 h before cell uptake
studies because cellular metabolite concentration remains unchanged
during 24 h of incubation with CB839 (4); the drug was present during
incubation with the radiotracer.

Human Breast Cancer Xenograft Models and Treatment with
GLSi (CB839)

All animal procedures were approved by the institutional animal
care and use committee of the University of Pennsylvania. NCR athy-
mic nu/nu mice (female, 7 wk old) were purchased from Charles River.
To establish the human breast cancer xenografts, 1 3 106 HCC1806
cells in 100 mL of PBS and 53 106 MCF-7 or HCC38 cells in 150 mL
of Matrigel (Corning) solution (1:1 mixed with PBS) were subcutane-
ously inoculated into the right flank of the mice. Tumor size was mea-
sured by a reader who was blinded to the PET image analysis using a
caliper in 2 orthogonal directions (a and b, with b being the shorter
dimension) using the formula volume 5 (1/6) 3 p 3 a 3 b2. CB839
formulated in the vehicle solution (15) was administered via oral
gavage (200 mg/kg twice daily) for 2 d; control mice received the same
volume of vehicle solution (%0.25 mL).

Quantification of Glutaminase Activity in Cells and
Tumor Tissues

To process cells for glutaminase activity, a pellet of 10 million cells
was suspended in 1 mL of homogenization buffer (50 mM tris-acetate,
pH 8.6; 15 mM K2HPO4; 150 mM KCl; 0.25 mM ethylenediaminetet-
raacetic acid; and 1 mM dithiothreitol including 1x complete protease
inhibitor) in a 2-mL tube containing ceramic beads (Bertin Instru-
ments). Tumor tissue was clamp-frozen in liquid nitrogen upon eutha-
nasia of the mouse and kept in a 280"C freezer. The homogenization
buffer (as above) was added to the weighed tissue (v/w 5 10/1) in a
2-mL tube containing ceramic beads.

Cell or tissue samples were homogenized at 4"C using a Precellys
Evolution homogenizer equipped with Cryolys Evolution (Bertin
Instruments). The supernatant was removed and passed through a gel
filtration spin column (Zeba spin desalting column; Fisher Scientific).
The filtered supernatant and substrates which include glutamate dehy-
drogenase, nicotinamide adenine dinucleotide phosphate, and gluta-
mine were mixed to start the enzymatic reaction generating reduced
nicotinamide adenine dinucleotide phosphate, which was detected by
fluorescence (excitation wavelength, 340 nm/emission wavelength, 460
nm) and recorded every minute for 15 min at 25"C in a microplate
reader (SpectraMax M5; Molecular Devices). Specific activity was cal-
culated from the background-corrected velocity (nmol reduced nicotin-
amide adenine dinucleotide phosphate/min) divided by the amount of
protein. A standard curve was produced using pure glutaminase (cata-
log no. G8880; Sigma).

In Vivo PET/CT Imaging and Analysis of Dynamic PET Images
In vivo PET/CT was performed on the Molecubes modular system

(Molecubes Corp.) before and after 4 doses of CB839 or vehicle treatment.
Approximately 7,400–9,250 kBq (200–250 mCi) of 18F-fluciclovine in 0.2
mL was injected into the tail vein catheter, and a 45-min dynamic PET
scan was started immediately and followed by a 2-min CT scan. The
dynamic PET data were reconstructed with a temporal resolution of 10 s/
frame3 6 frames, 1 min/frame3 9 frames, and 5 min/frame3 7 frames.
18F-FDG PET imaging was applied to a separate cohort of mice sub-
jected to the same treatment. After 4 h of fasting, the mice were
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injected with 3,700 kBq (100 mCi) of 18F FDG and allowed to recover
from the anesthesia. Two hours after 18F FDG injection, the mice were
anesthetized and underwent a 15-min static PET scan.

PET data were analyzed using PMOD software, version 3.711. A
spheric region of interest (ROI) equal to an eighth the volume of the
tumor (measured by caliper before imaging) was placed over the hot-
test region of the tumor while avoiding activities from nearby bones by
referencing the CT image. The time–activity curve of the tumor was
then obtained from the ROI. To measure the activity in the blood, a 23
2 3 2 mm cubic region of interest was placed over the left ventricle of
the heart of the mouse by referencing the CT image. The image analysis
methods used in this study match those of 18F-4F-glutamine (15,16),
including the tumor ROI size. Time–activity curves for the blood and
tumor were imported to the general kinetic modeling tool (PKIN) of
PMOD for analyses. The preliminary analyses showed that the kinetic
data fit both a 1- and a 2-compartment model, but the 2-compartment
model fit returned a small k3 value (0–0.02/min), consistent with a
reversible uptake of the tracer as reported earlier for 18F-4F-glutamine
in mice (16) and patients (23). Henceforward, given reversible uptake,
the Logan plot (24), a simplified graphical method based on compart-
ment model analysis, was used to estimate the tracer VD of the tumor.

Statistical Analysis
Data are presented as mean 6 SD (represented by error bars). Sta-

tistical tests were performed using GraphPad Prism, version 6. A 2-
sided Student t test was used to evaluate difference between 2 groups,
with a set at 0.05.

RESULTS

Citrate assay results demonstrated that the column filtration pro-
tocol almost completely removed citrate and that more than 80% of
18F radioactivity was recovered in eluted PBS with an activity con-
centration of 170–185 MBq (4.6–5 mCi)/mL, suitable for injection
into mice (Supplemental Figs. 1A and 1B; supplemental materials
are available at http://jnm.snmjournals.org). The citrate-replaced
tracer solution appeared safe, without causing weight loss over 7 d
(Supplemental Fig. 1C).
To assess whether 18F-fluciclovine uptake is mediated by gluta-

mine transporters, tracer uptake was measured in the presence
and absence of cold glutamine and pharmacologic inhibitors of
alanine-serine-cysteine transporter 2 (GPNA) and large neutral
amino acid transporter 1 (BCH) as shown in Fig. 1. 18F-fluciclovine
uptake was blocked approximately 100%, 82%, and 56% by cold
glutamine, BCH, and GPNA, respectively, at 30 min compared
with the control (P, 0.00001 for all).
We then evaluated the impact of GLSi on 18F-fluciclovine

uptake in human TNBC (HCC38 and HCC1806) and in estrogen

receptor–positive breast cancer (MCF-7) cells, which exhibit dis-
tinct glutaminase activity (HCC38 . HCC1806 .. MCF-7). Con-
sistent with a reversible uptake pattern, the uptake peaked at
around 30 min, followed by washout as shown in Figures 2A–2C:
at 30 min, tracer uptake was significantly higher in CB839-treated
HCC38 and HCC1806 cells than in vehicle controls, but the differ-
ence was minimal in MCF-7 cells. Corroborated by glutaminase
activities in the presence and absence of GLSi (Fig. 2D), these
data suggest that inhibition of active glutaminase results in a large
increase in glutamine pool size that is reflected in significant
increases in 18F-fluciclovine uptake in these cells.
Logan plots of PET data acquired before treatment revealed a

distinct slope (VD) for the 3 models (HCC38, HCC1806,MCF-
7, Supplemental Fig. 2A), inverse to their glutaminase activity. In
vivo static PET images (last frame) revealed an increase in 18F-flu-
ciclovine PET signal in HCC38 and HCC1806 tumor after GLSi
treatment (Supplemental Fig. 2B). Changes in VD were then exam-
ined: in the HCC1806 model, a significant increase in VD was

observed after a short course (2 d) of
CB839 treatment (pretreatment vs. post-
treatment VD: 1.24 6 0.26 vs. 2.056 0.26,
P 5 0.0055, paired t test, n 5 6, Fig. 3A);
for comparison, the VD of the vehicle con-
trol group showed a nonsignificant decrease
(pretreatment vs. posttreatment VD: 1.33 6
0.24 vs. 1.05 6 0.20, P 5 0.24, paired t
test, n 5 7). Changes in T/B shown in Sup-
plemental Figure 3 are consistent with
changes in VD. Two additional TNBC mod-
els were examined in fewer mice: in HCC38
model (high glutaminase), VD was increased
by an average of 23% after CB839 (n 5 3),
compared with a 37% decrease after vehicle

FIGURE 1. Cellular uptake of 18F-fluciclovine is mediated by glutamine transporters. Uptake into
HCC1806 cells was blocked by excess of glutamine (A), BCH (B), or GPNA (C). Glutamine (5 mM),
BCH (10 mM), or GPNA (1 mM) was added at time zero to incubation medium made of PBS contain-
ing 5 mM glucose (final concentration of these reagents are specified in parentheses). Each point in
graph represents mean6 SD from 4 replicates. Gln5 glutamine.

FIGURE 2. Cellular uptake of 18F-fluciclovine and glutaminase activity in
TNBC and estrogen receptor–positive breast cancer cells. Dynamic
uptake profile of HCC38 (A), HCC1806 (B), and MCF-7 (C) cells is shown,
as well as glutaminase activities after CB839 or vehicle treatment (D). Error
bars are SD. P values compare CB839 vs. vehicle group in D: HCC38/
4.58 3 1025, HCC1806/7.12 3 1025, MCF-7/0.22. In A–C, each point in
graph represents mean 6 SD from 4 replicates; in D, each bar represents
mean6 SD from 3 mice. VEH5 vehicle.
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treatment (n 5 2); in MDA-MB-231 model (low glutaminase activ-
ity), VD was decreased by 5% and 7% after CB839 treatment
(n5 1) and vehicle treatment (n5 2), respectively.
We further compared the VD of 18F-fluciclovine versus that of

18F-4F-glutamine PET (Fig. 4): in the HCC1806 model, a large
increase in VD (slope of Logan plot) was observed in both 18F-flu-
ciclovine and 18F-4F-glutamine after CB839 treatment compared
with baseline (Figs. 4A–4B); in MCF-7, only a modest change in
the slope was detected (Figs. 4C–4D). In some mice, an overall
increase in 18F PET signal was observed after CB839 treatment,
likely due to an increase in plasma glutamine level after CB839
exposure (15), leading to decreased clearance of 18F-4F-glutamine
or 18F-fluciclovine. Groupwise, CB839 treatment led to an
increase in VD (89% 6 39%), compared with a decrease (216%

6 11%) after vehicle treatment in the HCC1806 model (Fig. 3B,
P , 0.05); modest changes were observed in MCF-7 tumors after
CB839 or vehicle treatment (P 5 0.6). These values compare
favorably with those of 18F-4F-glutamine PET: T/B estimated
directly from PET images acquired from 30 to 45 min is a proxy
of VD and was increased by 34% 6 14% in HCC1806 tumors after
CB839, compared with 211% 6 24% after vehicle treatment (15),
and T/B and VD were highly correlated (r2 5 0.92) (16). Glutaminase
enzymatic activity measured from tumor tissues revealed a large,
3-fold, reduction in HCC1806 tumors after CB839 treatment com-
pared with vehicle controls, whereas there was no significant
change in MCF-7 tumors (Fig. 3C).

Finally, we tested whether 18F-FDG PET can detect responses to
CB839 treatment (Supplemental Figs. 4A–4B). A moderate albeit

significant decrease in 18F-FDG PET signal
(percent of injected dose per gram, %ID/g)
was observed in HCC1806 tumors after
CB839 treatment (pretreatment vs. post-
treatment %ID/g: 2.94 6 0.24 vs. 2.29 6
0.21, n 5 11, P , 0.05); a decrease was
also observed in the vehicle group, but it
was not significant (pretreatment vs. post-
treatment %ID/g: 3.47 6 0.59 vs. 2.47 6

0.016, n5 5, P5 0.31).

DISCUSSION

Blockade of 18F-fluciclovine cell uptake
by glutamine, as well as by pharmacologic
inhibitors of large neutral amino acid trans-
porter 1 (BCH) and alanine-serine-cysteine
transporter 2 (GPNA), confirms that 18F-
fluciclovine enters the cells via glutamine
transporters. Indeed, prior studies have
shown that alanine-serine-cysteine trans-
porter 2 mediates glutamine uptake in
many cancer cells (13,25), including
TNBC (26). In vivo PET studies demon-
strated a large increase in VD in TNBC
models exhibiting high glutaminase activity
(HCC1806 and HCC38) after a short course
of GLSi treatment. However, no increase
was detected after vehicle (control)

FIGURE 3. 18F-fluciclovine VD before and after GLSi treatment and change in VD induced by GLSi or vehicle treatment and tumor glutaminase activities
in TNBC and estrogen receptor–positive BC. (A) Pre- and posttreatment VD of individual mice bearing HCC1806 tumor enrolled in vehicle-treated group
(n 5 7) or CB839-treated group (n 5 6). (B) Percentage change in VD [100* (Posttreatment VD-Pretreatment VD)/Pretreatment VD] of vehicle-treated and
CB839-treated groups for HCC1806 tumors (n 5 7 and 6, respectively) and for MCF-7 tumors (n 5 5 and 4, respectively). (C) Glutaminase activities of
vehicle- and CB839-treated tumors (HCC1806 after CB839: 1.46 6 0.13 [n 5 4]; HCC1806 after vehicle: 4.56 6 0.44 [n 5 3]; MCF-7 after CB839: 1.07
6 0.17 [n5 5]; MCF-7 after vehicle: 0.996 0.12 [n5 3].

FIGURE 4. Comparison of 18F-fluciclovine vs. 18F-4F-glutamine PET for detecting pharmacody-
namic responses to GLSi. Shown are Logan plots and PET images of 18F-Fluciclovine from repre-
sentative mice bearing HCC1806 (A) and MCF-7 tumor (B) at baseline and post CB839 treatment.
Logan plots and PET images of 18F-4F-Gln from HCC1806 (C) and MCF-7 (D) bearing mice are
shown for the same treatment. Sample sizes for 18F-4F-glutamine study were reported earlier (15),
whereas those for 18F-fluciclovine are described in Figure 3. Same color scale (based on percentage
of maximum signal intensity) is applied to both pretreatment and posttreatment PET images.
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treatment or in models exhibiting low glutaminase activity (MD-
MBA-231 and MCF-7). These results are corroborated by gluta-
minase activities in tumor specimens and support that increased
18F-fluciclovine uptake reflects inhibition of active glutaminase.
The ability of 18F-fluciclovine to report a pharmacodynamic
response to GLSi enables early detection of target engagement and
prediction of GLSi futility if the tumor fails to demonstrate an alter-
ation in tracer uptake kinetics in response to the drug. This
approach using a target-specific drug with short-term exposure as
a perturbagen, and a mechanistically matched tracer, has been
tested in other scenarios, including human studies of drug efflux
inhibitors (27), estrogen receptor agonists (28), and estrogen
receptor blockade (29). It is possible, and likely, that longer ex-
posure may lead to differences in results, as was seen in studies
that tested residual 18F-fluciclovine as a marker of resistant, via-
ble tumor (22). The time course of the increase in tumor gluta-
mine pool size and matched alteration in 18F-fluciclovine kinetics
will need to be studied in future preclinical and clinical studies
testing 18F-fluciclovine as a marker to guide glutaminase-targeted
therapy.
Our data also revealed that 18F-FDG PET is not a sensitive marker

for GLSi, likely because glucose uptake or metabolism is not
directly impacted by a short exposure to GLSi (4). 18F-FDG can
likely serve as a marker of cell viability or death over extended peri-
ods, as it does for a variety of cancer cell types and treatments (30).
The approach of using amino acid analogs that are not metabo-

lized or substrates for biosynthesis differs fundamentally from that
of metabolized tracers such as 11C-glutamine (31), which partici-
pates in biosynthesis and is metabolized through glutaminolysis to
produce 11C-CO2 and radiolabeled metabolites (e.g., 11C-gluta-
mate), leading to a complex distribution of the radiolabel that must
be accounted for. Although 11C-glutamine has recently been stud-
ied in human subjects (32), the complexity behind the 11C PET
signal would be a challenge for proper interpretation of PET signal
changes and widespread clinical adoption. In contrast, complexity
is mitigated by nonmetabolized tracers, such as 18F-fluciclovine,
whereby enzymatic activity and drug effect are inferred from
changes in pool size (33,34). The favorable comparison of the VD

of 18F-fluciclovine versus 18F-4F-glutamine (Fig. 4) strongly sug-
gests that clinical translation could be facilitated by 18F-fluciclo-
vine because of its superior chemical stability, widespread
consensus regarding lack of metabolism (35), and commercial
availability.
Our study had a few limitations. First, whereas changes in VD

observed in 2 other TNBC models (HCC38 and MDA-MB-231)
were consistent with the expectation, their sample sizes were rela-
tively small. However, a primary goal of this study was to com-
pare the VD of 18F-fluciclovine with that of 18F-4F-glutamine
previously estimated in HCC1806 and MCF-7 models (15,16).
Second, tumor glutamine pool sizes were not directly quantified;
in a previous study, however, glutamine concentration was mea-
sured independently by proton nuclear magnetic resonance tech-
nique in HCC1806 and MCF-7 tumors after the same treatment
regimen, and a strong correlation was found between tumor gluta-
mine pool size and T/B, a proxy of VD (15).

CONCLUSION

The findings of the current study suggest that 18F-fluciclovine
PET provides a tool for assessing tumor glutamine pool size and
can serve as a pharmacodynamic marker for GLSi (such as

CB839). The favorable biochemical properties and established
availability of this tracer make it an attractive candidate for future
human translation.
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KEY POINTS

QUESTION: Can 18F-fluciclovine PET report the pharmacodynamic
effect of GLSi in glutaminase-active breast cancers?

PERTINENT FINDINGS: 18F-fluciclovine is taken up in breast
cancer cells via glutamine transporters and is not metabolized;
thus, 18F-fluciclovine is capable of tracking glutamine pool size. In
human breast cancer models of differential glutaminase activity, a
significant increase in 18F-fluciclovine VD was observed after GLSi
treatment in tumor models exhibiting high glutaminase activity but
not in those with low activity.

IMPLICATIONS FOR PATIENT CARE: A 18F-fluciclovine PET
marker might provide information that can help select patients for
treatment targeting glutamine metabolism such as GLSi.
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For the past several decades, chimeric antigen receptor T-cell therapies
have shown promise in the treatment of cancers. These treatments
would greatly benefit from companion imaging biomarkers to follow the
trafficking of T cells in vivo.Methods: Using synthetic biology, we engi-
neered T cells with a chimeric receptor synthetic intramembrane proteol-
ysis receptor (SNIPR) that induces overexpression of an exogenous
reporter gene cassette on recognition of specific tumor markers. We
then applied a SNIPR-based PET reporter system to 2 cancer-relevant
antigens, human epidermal growth factor receptor 2 (HER2) and epider-
mal growth factor receptor variant III (EGFRvIII), commonly expressed
in breast and glial tumors, respectively. Results: Antigen-specific re-
porter induction of the SNIPR PET T cells was confirmed in vitro using
green fluorescent protein fluorescence, luciferase luminescence, and
the HSV-TK PET reporter with 9-(4-18F-fluoro-3-[hydroxymethyl]butyl)
guanine ([18F]FHBG). T cells associated with their target antigens were
successfully imaged using PET in dual-xenograft HER21/HER22 and
EGFRvIII1/EGFRvIII2 animal models, with more than 10-fold higher
[18F]FHBG signals seen in antigen-expressing tumors versus the corre-
sponding controls. Conclusion: The main innovation found in this work
was PET detection of T cells via specific antigen-induced signals, in con-
trast to reporter systems relying on constitutive gene expression.

KeyWords: SNIPR; CAR T; PET; reporter; cancer antigens
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Chimeric antigen receptor T-cell (CAR T) therapy has revolution-
ized oncology, demonstrating promising results for refractory drug-
resistant leukemias and lymphomas (1–3). among other cancers. CAR

T cells are engineered to respond to cancer cells expressing a specific
protein target, inducing rapid cell division and clonal expansion within
the tumor microenvironment and activating immune response to target
cells via local secretion of cytokines, interleukins, and growth factors
(Supplemental Fig. 1A; supplemental materials are available at http://
jnm.snmjournals.org) (4,5). Hundreds of clinical trials have been initi-
ated globally to study CAR T cells, with 2 of the most popular targets
being CD19 (6) and B-cell maturation antigen (seen in multiple mye-
loma) (7,8). Importantly, there were engineered T-cell clinical trials
resulting in patient deaths due to off-target effects, which may have
been mediated by recognition of normal lung (9) or cardiac (10,11) tis-
sues. We currently do not have tools to detect the engineered T cells
engaging antigens in off-target tissues in vivo before advanced tissue
damage, which can be identified only via biopsy or autopsy. Noninva-
sive methods are therefore critical in evaluating the safety of preclini-
cal CAR T therapies and CAR T clinical trials by providing surrogate
real-time maps for patient-specific T-cell–target antigen interactions.
Current limitations in predicting CAR T safety in vivo are poten-

tially addressed by the PET-compatible synthetic intramembrane prote-
olysis receptor (SNIPR) T cells described in this article. The SNIPR
system has produced a powerful new class of chimeric receptors that
bind to target surface antigens and induce transcription of exogenous
reporter genes via release of a transcription factor domain by regulated
intramembrane proteolysis (Supplemental Fig. 1B). Importantly,
SNIPRs can be designed to have an identical single-chain variable
fragment (scFv) domain as CARs, thereby providing a surrogate map
for CAR–antigen interaction. The SNIPR contains the regulatory trans-
membrane domain of human Notch receptor but bears an extracellular
antigen recognition domain (e.g., scFv) and an intracellular transcrip-
tional activator domain (Gal4-VP64). When the SNIPR engages its
target antigen on an opposing cell, intramembrane cleavage is induced,
releasing the intracellular transcriptional domain Gal4 and allowing it
to enter the nucleus to activate transcription of target genes (12,13).
Despite the great versatility of synNotch and SNIPR, their diag-

nostic potential has not yet been explored. Current PET approaches
producing antigen-dependent signals are dominated by immuno-
PET, whereby a monoclonal antibody is labeled with a radioisotope
such as [89Zr] (14–16). In the described SNIPR approach, PET sig-
nals also depend on the interaction between an antigen and its cor-
responding scFv but occur via T-cell–based overexpression of the
HSV-TK reporter. In this study, we combined CAR and SNIPR
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technologies to develop a new T-cell–based molecular sensor that
can image T cells engaged with their target antigens. On binding an
antigen target, CAR produces rapid T-cell division within the tumor
microenvironment, and SNIPR activates the overexpression of PET
imaging reporter genes. We developed human epidermal growth
factor receptor 2 (HER2) and epidermal growth factor receptor var-
iant III (EGFRvIII)–specific SNIPR T cells that were successfully
imaged in vivo on interaction with their corresponding antigen-
expressing tumors. We also compared HER2-specific SNIPR T
cells with the naked [89Zr]-modified anti-HER2 monoclonal anti-
body ([89Zr]trastuzumab) used in immuno-PET to validate the spe-
cificity of the cell-based method. This proof-of-concept study
provides the foundation for applying the SNIPR PET reporter to
high-sensitivity cell-based antigen detection as well as mapping of
engineered T-cell–antigen interactions in vivo.

MATERIALS AND METHODS

The supplemental materials provide detailed information on molec-
ular biology, radiosynthesis, and several imaging studies not reported
in the main text.

Receptor and Response Element Construct Design
SNIPR and CAR Design. A full description of SNIPR and CAR

receptors, including variable-affinity scFvs, can be found in the sup-
plemental materials (17,18). SNIPRs were built by fusing anti-HER-2
scFvs or anti-EGFRvIII scFvs with a truncated CD8a hinge region
(TTTPAPRPPTPAPTIASQPLSLRPEAC), human Notch1 transmem-
brane domain (FMYVAAAAFVLLFFVGCGVLLS), intracellular Notch2
juxtamembrane domain (KRKRKH), and Gal4-VP64 transcriptional ele-
ment. CARs were built by fusing a binding head (anti-HER2 4D5-8 scFv or
interleukin 13 [IL13]mutein), CD8A transmembrane domain, costimulatory
domain 4-1BB, CD3z, and enhanced green fluorescent protein (eGFP).
Reporter Design. The reporter constructs used are fully described

in the supplemental materials. All reporter constructs were cloned into
either a modified pHR’SIN:CSW vector containing a Gal4-upstream
activation sequence response element with CMV (Gal4UAS-RE-CMV)
promoter followed by multiple-cloning-site pGK promoter and mCherry
or a modified pHR’SIN:CSW vector containing a Gal4UAS-RE-CMV
promoter followed by multiple-cloning-site 3-phosphoglycerate kinase
(pGK)-promoter and mCitrine. The HSV-derived thymidine kinase with
SR39 mutation and GFP fusion (HSV-TKSR39-GFP) construct was
cloned from HSV-thymidine kinase-GFP fusion gene with eukaryotic
translation elongation factor 1a promoter (cEF.TK-GFP) (plasmid
33308; Addgene), which was deposited by Pomper et al. (19) using
site-directed mutagenesis as described in Supplemental Figure 2A.
The HSV-TKSR39-T2A-interleukin 2 superkine (sIL2) construct was
cloned from HSV-TKSR39-GFP using In-Fusion cloning (Takara
Bio) after adding 6 C-terminal amino acids (EMGEAN) that were
deleted in the original HSV-TK in cEF.TK-GFP, as shown in Supple-
mental Figure 2B.

Preparation of SNIPR T Cells
Primary Human T-Cell Isolation and Culture. A full description

of T-cell isolation and culture is presented in the supplemental materials.
Primary CD41 and CD81 T cells were isolated by negative selection
(catalog nos. 15062 and 15063; STEMCELL Technologies). CD41
T cells and CD81 T cells were separated using a Biolegend MojoSort
human CD4 T-cell isolation kit (catalog no. 480130; Biolegend) follow-
ing the manufacturer’s protocol. For experiments involving the induction
of interleukin 2 (IL2) superkine, primary T cells were maintained in
human T-cell medium supplemented with IL2 until experimentation,
whereupon medium was replaced with medium without added IL2.

Lentiviral Transduction of Human T Cells. Human T cells were
transduced as described in the supplemental materials. Pantropic VSV-G
pseudotyped lentivirus was produced via transfection of Lenti-X 293T
cells (catalog no. 11131D; Clontech) with a pHR’SIN:CSW transgene
expression vector and the viral packaging plasmids pCMVdR8.91 and
pMD2.G using TransIT-Lenti (catalog no. MIR6606; Mirus). Primary
T cells were thawed the same day, and after 24 h in culture, they were
stimulated with human T-activator CD3/CD28 Dynabeads (catalog no.
11131D; Life Technologies) at a 1:3 cell-to-bead ratio. At 48 h, viral
supernatant was harvested, and the primary T cells were exposed to the
virus for 24 h. At day 5 after T-cell stimulation, the CD3/CD28 Dyna-
beads were removed, and the T cells were sorted for assays with a Beck-
ton Dickinson (BD) FACSAria II.
SNIPR T-Cell Design for In Vivo Imaging. For HER21 and

HER22 xenograft bioluminescence imaging, we generated anti-HER2
SNIPR T cells with 3 constructs: constitutively expressed anti-HER2(4D5-8)
SNIPR, constitutively expressed anti-HER2(4D5-8) CAR, and condition-
ally expressed firefly luciferase. At baseline, anti-HER2 SNIPR T cells
express anti-HER2 SNIPR and anti-HER2 CAR. On binding to HER2,
they overexpress fLuc through SNIPR activation and proliferate by CAR
activation. For HER21 and HER22 xenograft PET/CT imaging, we gen-
erated anti-HER2 SNIPR T cells with 3 constructs: constitutively expressed
anti-HER2(4D5-8) SNIPR, constitutively expressed anti-HER2(4D5-8)
CAR, and conditionally expressed HSV-TKSR39-T2A-sIL2. At baseline,
anti-HER2 SNIPR T cells express anti-HER2 SNIPR and anti-HER2
CAR. On binding to HER2, they overexpress HSV-TKSR39 and IL2
superkine by SNIPR activation and also proliferate by CAR activation.

For EGFRvIII1 and EGFRvIII2 xenograft bioluminescence imaging,
we generated anti-EGFRvIII SNIPR T cells with 2 constructs: constitu-
tively expressed anti-EGFRvIII(139) SNIPR and conditionally expressed
IL13 mutein CAR-T2A-nanoLuc. At baseline, anti-EGFRvIII SNIPR T
cells express anti-EGFRvIII SNIPR. On binding to EGFRvIII, they overex-
press IL13 mutein CAR and nanoLuc. For EGFRvIII1 and EVFRvIII2
xenograft bioluminescence imaging, we generated anti-EGFRvIII SNIPR
T cells with 2 constructs: constitutively expressed anti-EGFRvIII(139)
SNIPR and conditionally expressed anti-IL13m-CAR-HSV-TKSR39. At
baseline, anti-EGFRvIII SNIPR T cells express anti-EGFRvIII SNIPR. On
binding to EGFRvIII, they overexpress IL13 mutein CAR and HSV-
TKSR39.

In Vitro Studies
Cancer Cell Lines. The cell lines used were 293T (catalog no.

CRL-3216; ATCC), MDA-MB-468 (catalog no. HTB-132, HER22
cells; ATCC), SKBR3 (catalog no. HTB-30, HER21 high cells;
ATCC), MCF7 (catalog no. HTB-22, HER21 low cells; ATCC), U87-
EGFRvIII–negative luciferase, and U87-EGFRvIII–positive luciferase
(12). Culture media are further described in the supplemental materials.
In Vitro Fluorophore and Luciferase Reporter Assay. For in vitro

SNIPR T-cell stimulations, 2 3 105 T cells were cocultured with 1 3

105 cancer cells and analyzed at 48–72 h for reporter expression. Produc-
tion of fluorophores (GFP and cyan fluorescent protein) were assayed
using flow cytometry with a BD LSR II, and the data were analyzed with
FlowJo software (TreeStar). Production of firefly luciferase was assessed
with the ONE-Glo luciferase assay system (catalog no. E6110; Promega),
and production of nanoLuc luciferase was assessed with the Nano-Glo
luciferase assay system (catalog no. N1110; Promega). Bioluminescence
was measured with a FlexStation 3 (Molecular Devices).
In Vitro Radiotracer Uptake Assay. Radiosyntheses of 9-(4-18F-

fluoro-3-[hydroxymethyl]butyl)guanine ([18F]FHBG) was performed
using established techniques, summarized in Supplemental Figure 3
and the supplemental methods for radiosynthesis (20). For in vitro
SNIPR T-cell stimulations, 1 3 106 T cells were cocultured with 5 3

105 cancer cells and analyzed at 48–72 h for radiotracer uptake. On
the day of the radiotracer uptake experiment, T cells and cancer cells
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were resuspended and 74 kBq (2 mCi) of [18F]FHBG were added to
each well and incubated for 3 h at 37"C, 5% CO2. After washing,
retained radiotracer activity was measured using a Hidex g-counter.
Reporter Assays with Varying Receptor Affinity and Abundance

(Heat Map). Heat maps for reporter expression were generated as
described in the supplemental materials, with SNIPR receptors of
varying HER2 binding affinities (4D5-3, 4D5-5, 4D5-7, and 4D5-
8 scFv, in order of increasing binding affinity) and cancer cells with
varying amounts of surface HER2 expression (293T, MCF7, and
SKBR3, in order of increasing HER2 expression level).

In Vivo Studies
Murine Models/Tumor Cohorts Studied. Both luciferase-based

and PET reporter data were acquired, and 2 dual-xenograft models
were studied. After determining the optimal time point using optical
imaging, (8–10 d), PET imaging was performed at several time points,
with killing of the animals to verify tissue tracer accumulation
(g-counting) and to perform histology and antigen staining (21–23).
Optical Imaging. As shown in Supplemental Figure 2, luciferase-

based studies were performed initially (21 d) to investigate the optimal
time point for [18F]FHBG detection of T-cell induction. The SNIPR
T-cell distribution within tumor was determined by luminescence
emission using a Xenogen IVIS Spectrum after intravenous D-luciferin
injection according to the manufacturer’s directions (GoldBio).
PET Imaging. Radiosyntheses of [18F]FHBG, [18F]FDG, and

[89Zr]trastzumab were performed as described in the supplemental
materials (20,24). After radiotracer administration, mice were anesthe-
tized under isoflurane, transferred to an Inveon small-animal PET/CT
system (Siemens), and imaged using a single static 25-min PET acqui-
sition followed by a 10-min small-animal CT scan for attenuation cor-
rection and anatomic coregistration.
[18F]FHBG SNIPR Model. Two murine models were studied: a

dual HER21/HER22 flank model (n 5 7) and a dual EGFRvIII1/
EGFRvIII2 flank model (n 5 4). For the HER21/HER2–model, 1 mil-
lion MD468 (HER21 breast cancer cell line, fast-growing) and 3 million
SKBR3 (HER22 breast cancer cell line, slow-growing) subcutaneously
injected xenografts generated roughly similar-sized tumors in 3 wk. There-
fore, 4 3 106 SKBR3 cells and 1 3 106 MD468 cells were implanted
subcutaneously into 6- to 10-wk-old female NCG mice (Charles River).
For the EGFRvIII1/EGFRvIII– model, 1 3 106 EGFRvIII1 or EGFR-
vIII– U87 cells were implanted subcutaneously into 6- to 10-wk-old
female NCG mice. All mice were then injected with 6.03 106 SNIPR T
cells via the tail vein in 100 mL of PBS. For PET imaging, 5,550 MBq
(150 mCi) of [18F]FHBG were administered via the tail vein. One hour
after injection, images were acquired at days 3, 6, 8, and 10 after T-cell
injection. On completion of imaging at day 10, the mice were killed, and
biodistribution analysis was performed. Harvested tissues were g-counted
using a Hidex automatic g-counter.
[18F]FDG Model. The HER21/HER2– model was developed as

previously described; 4 3 106 SKBR3 cells and 1 3 106 MD468 cells
were implanted subcutaneously into 6- to 10-wk-old female NCG
mice, with 4 mice per group. For PET imaging, 5,550 MBq (150 mCi)
of [18F]FDG were administered via the tail vein. At 1 h after injection,
imaging was performed.
[89Zr]Trastuzumab Model. The same [18F]FDG cohort was used

(n 5 4) for the [89Zr]trastuzumab model. For PET imaging, 5,550
MBq (150 mCi) of [89Zr]trastuzumab were administered via the tail
vein. At 3 d after injection, imaging was performed. On completion of
imaging, the mice were killed, and biodistribution was analyzed. Har-
vested tissues were g-counted using a Hidex automatic g-counter.

Data Analysis and Statistical Methods
Fluorescence-activated cell sorting analysis data were processed

using FlowJo (BD Biosciences). All data graphs are depicted with

error bars corresponding to the SEM. All statistical analyses of in vitro
data were performed using Microsoft Excel, programming language R
(https://www.R-project.org/), and Prism software (version 7.0; Graph-
Pad). Data were analyzed using 1-way ANOVA or unpaired 2-tailed
Student t tests. Small-animal PET/ CT data were analyzed using the
open-source software AMIDE (25), and percentage injected dose
(%ID) per volume was used for quantitative comparison. A 95% CI
was used to distinguish significant differences in all cases.

RESULTS

Synthesis and In Vitro Validation of PET-Compatible
Anti-HER2-SNIPR T Cells
To investigate the SNIPR PET imaging approach, we started with

one of the most extensively studied tumor antigens, HER2 (26). Fol-
lowing the published protocol by Roybal et al. (26), we transduced
human CD41 T cells with 2 plasmids encoding a SNIPR containing
an anti-HER2 scFv (4D5-8), and an inducible reporter. For anti-
HER2 SNIPR, we used the SNIPR with an anti-HER2 scFv binding
head, an optimized truncated CD8a hinge region, the human Notch1
transmembrane domain, the intracellular Notch2 juxtamembrane
domain, and a transcriptional element composed of Gal4-VP64
(Fig. 1A) (27). For the reporter, we used SR39 mutant herpes sim-
plex virus–thymidine kinase (HSV1-sr39TK)–GFP fusion protein
and enhanced firefly luciferase (fLuc) (19,28,29). In this study, we
used the hyperactive mutant HSV1-sr39TK to maximize the detec-
tion sensitivity (Supplemental Fig. 2A) (28,30). When thymidine
kinase (TK) reporter expression on SNIPR activation was being
evaluated, HSV1-sr39TK-GFP fusion protein was applied instead
for ready assessment using flow cytometry (Supplemental Fig. 1B).
In all the subsequent radiotracer uptake experiments, however,
HSV1-sr39TK was cloned with self-cleavage sequence T2A fol-
lowed instead by IL2 superkine for a higher level of T-cell activa-
tion on SNIPR activation (Supplemental Fig. 1B).
We tested the induction of reporters, including inducible HSV1-

sr39TK-GFP and inducible luciferase activity, in the anti-HER2
SNIPR system (Supplemental Fig. 4A). The newly synthesized anti-
HER2 SNIPR T cells had transduction efficacy comparable to others
we recently published (26) (Supplemental Fig. 4B). Anti-HER2
SNIPR T cells were cocultured with the HER21 breast cancer line
SKBR3 and the HER2– breast cancer line MD468 for 48 h to induce
SNIPR activation and downstream reporter gene expression (Supple-
mental Fig. 4C). First, SNIPR activation induced over 160-fold
expression of HSV1-sr39TK-GFP compared with negative control
(n 5 4, P , 0.001) (Supplemental Fig. 4D). Next, SNIPR activation
induced over 30-fold higher luciferase activity than negative control
(n 5 4, P , 0.001) (Supplemental Fig. 4E). We also tested scFvs
with varying binding affinities and cancer cells with varying antigen
abundance (n 5 3 per combination). As expected, HSV1-sr39TK-
GFP induction was positively correlated with both SNIPR binding
affinity and antigen abundance (Supplemental Fig. 4F) (31,32). The
induction of luciferase activity also correlated positively with the tar-
get antigen abundance (n 5 4, 1-way ANOVA, P , 0.001 for all
comparisons of SKBR3) (Supplemental Fig. 4G).

Activated Anti-HER2-SNIPR T Cells Show Antigen-Dependent
[18F]FHBG Accumulation In Vitro
Next, we designed SNIPR T cells to secrete IL2 superkine on

binding to target antigens (33). We created an inducible vector with
HSV1-sr39TK and IL2 superkine, linked by T2A self-cleaving pep-
tides (Supplemental Figs. 2B and 5A) (34). We induced the anti-
HER2 SNIPR T cells by coculturing them with SKBR3 or MD468
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FIGURE 1. In vivo [18F]FHBG uptake in HER21 tumors using activated anti-HER2 SNIPR T cells. (A) For PET/CT, we generated T cells by transducing
3 plasmids, including anti-HER2 SNIPR, anti-HER2 CAR, and inducible HSV-TK(SR39)-T2A-sIL2, followed by fluorescence-activated cell sorting using
myc, GFP, and mCherry. (B) We repeated the in vitro radiotracer accumulation of activated SNIPR T cells also bearing CAR, following the experimental
scheme shown in Supplemental Fig. 5B. We confirmed significantly higher [18F]FHBG accumulation in SNIPR T cells after coculturing with SKBR3
(HER21) cells than in SNIPR T cells after coculturing with MB468 (HER2–) cells. (C) Double xenograft mouse models were generated by implanting
SKBR3 (HER21) and MD468 (HER2–) cells in left- and right-flank soft tissue. Four weeks after tumor implantation, SNIPR T cells were injected into tail
veins. Small-animal PET/CT was performed 3, 6, 8, and 10 d after T-cell injection. (D) Representative CT images, [18F]FHBG PET images, [18F]FHBG
PET/CT images, and maximum-intensity projection [18F]FHBG PET/CT images at day 8 demonstrated similar size of xenografts, with radiotracer enrich-
ment only within SKBR3 (HER21) xenograft and not within MD468 (HER2–) xenograft. (E) Quantitative ROI analyses of HER21 and HER2– tumors and
background (shoulder muscle) at day 8 demonstrated statistically significant radiotracer enrichment within HER21 xenograft, 10 times and 13 times
greater than within HER2– xenograft and background. (F) Time-dependent ROI analyses of radiotracer enrichment within HER21 tumor demonstrated
greatest radiotracer enrichment at day 8 after T-cell injection. Slightly decreased radiotracer enrichment was observed at day 10, at which point mice
were killed for ex vivo analysis. (G) Biodistribution analysis (day 10) of [18F]FHBG enrichment within different organs demonstrated significantly greater
[18F]FHBG enrichment within HER21 xenograft than within HER2– xenograft. As seen on small-animal PET/CT, gastrointestinal system demonstrated
high level of [18F]FHBG uptake. MIP5maximum-intensity projection. *P, 0.05. **P, 0.01. ***P, 0.001.
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cells for 48 h. [18F]FHBG was added to the medium, and SNIPR T
cells were incubated for 3 more hours (Supplemental Fig. 5B).
After removing the supernatant and washing, residual intracellular
[18F]FHBG was measured using a g-counter. Anti-HER2 SNIPR T
cells cocultured with SKBR3 cells accumulated over 20-fold higher
radiotracer levels than did anti-HER2 SNIPR T cells cocultured
with MD468 cells (n 5 3, P 5 0.013) (Supplemental Fig. 5C).
Once again, we tested [18F]FHBG radiotracer uptake in suboptimal
conditions by using scFvs with lower binding affinities and cancer
cells with a lower antigen abundance (n 5 3 per combination). As
expected, [18F]FHBG incorporation correlated with both SNIPR
binding affinity and target antigen abundance (Supplemental
Fig. 5D).

Imaging Using Anti-HER2 SNIPR PET Shows High Antigen
Specificity In Vivo
Luciferase-Based Optical Imaging. Since IL2 superkine was not

strong enough to induce T-cell survival and proliferation in vivo, we
introduced anti-HER2 CAR to the SNIPR T cells to more strongly
induce T-cell proliferation and survival as well as reporter (HSV1-
sr39TK or fLuc) expression on antigen binding (Supplemental Fig.
6A). The fluorescence-activated cell sorting yield of T-cell transduc-
tion with 3 plasmids was in the acceptable range, about 10% (Supple-
mental Fig. 6B). In this system, anti-HER2 CAR is constitutively
expressed but only activates T cells and induces proliferation on bind-
ing to its target antigen HER2. As a pilot experiment, we again gener-
ated similar-sized SKBR3 (HER21) and MB468 (HER2–) xenografts
by subcutaneous injection, followed by anti-HER2 SNIPR T-cell injec-
tion and bioluminescence imaging for the next 21 d (Supplemental
Fig. 6C). The luciferase-SNIPR T-cell signal was stronger within the
HER21 tumor, which is maximized at day 9, likely reflecting active
proliferation within the tumor microenvironment (145-fold, no P
value) (Supplemental Figs. 6D and 6E). The signal, however,
decreased over time afterward, likely secondary to minimal target-kill-
ing activity of CD4 and clearing of target cells (Supplemental Fig. 6F).
PET Imaging. On the basis of the luciferase data, we generated

SNIPR T cells with constitutively expressed anti-HER2 SNIPR and
anti-HER2 CAR and with conditionally expressed HSV-sr38TK-T2A-
sIL2 (Fig. 1A). We first tested the efficacy of in vitro [18F]FHBG
uptake on SNIPR activation in the SNIPR-CAR system, following the
same experimental scheme as for the SNIPR-only system in Supple-
mental Figure 5B. As expected, when induced by coculturing with
SKBR3 (HER21) cells, the SNIPR T cells accumulated a 27-times
higher amount of [18F]FHBG than the SNIPR T cells cocultured with
MD468 (HER2–) cells (n 5 8, P , 0.001) (Fig. 1B). We also chose
day 8 to image the SNIPR T cells with anti-HER2 CAR and inducible
HSV1-sr39TK-T2A-sIL2 in the HER21/HER22 xenograft model
(Fig. 1C). Again, we generated similar-sized HER21 (SKBR3) and
HER2– (MB468) xenografts by subcutaneous injection into NCG
mice, 4 wk before the injection of SNIPR-CAR T cells with HSV-
sr38TK-T2A-sIL2 reporter (n 5 7). [18F]FHBG imaging was per-
formed at 3, 6, 8, and 10 d by microPET/CT (mPET/CT) (35,36).
Greater [18F]FHBG uptake on the HER21 side was observed than on
the HER22 side, indicating that the T cells localized around the
HER21 xenograft (n 5 7) (Figs. 1D and 1E). There was an approxi-
mately 10-fold higher [18F]FHBG uptake in the HER21 xenograft
than in the HER22 xenograft (P , 0.001), and there was approxi-
mately 13-fold higher [18F]FHBG uptake in the HER21 xenograft
than in the shoulder muscle (P , 0.001), based on region-of-interest
(ROI) analysis. In contrast, there was no significant difference in
[18F]FHBG signal between HER2-xenograft and background muscle

(P. 0.05). As seen in the SNIPR-CAR system with luciferase reporter
in Supplemental Figure 5E, [18F]FHBG signal decreased 10 d after T-
cell intravenous injection, at which time the tumors were harvested for
ex vivo biodistribution analysis (Fig. 1F). The difference in PET signal
between HER21 and HER2– xenografts was 5-fold, with a P value of
0.003 at day 10, and the difference in ex vivo radioactivity between
HER21 and HER2– xenografts was 4.2-fold, with a P value of 0.036
(Figs. 1F and 1G). Images from the PET study showed marked radio-
tracer in the stomach, intestine, and gallbladder, consistent with the
known biodistribution of [18F]FHBG in wild-type animals due to hepa-
tobiliary excretion, as shown in both humans and rodents (Fig. 2D)
(37–39). This result was corroborated using tissue extraction and ex
vivo g-counting at day 10 (Fig. 1G).

Comparing Anti-HER2 SNIPR PET with Anti-HER2
[89Zr]Trastuzumab and [18F]FDG
Trastuzumab has the same anti-HER2 scFv binding moiety as our

SNIPR, thereby reflecting the affinity-based interaction of the same
antigen–antibody pair (40). We used [89Zr]trastuzumab (anti-HER2)
PET imaging and [18F]FDG PET in the same animal model as for
the SNIPR-CAR system (n 5 4). Overall, different biodistributions
of the 2 tracers were observed, consistent with distinct metabolism
and excretion pathways (Fig. 3A). Both immuno-PET with
[89Zr]trastuzumab and SNIPR PET with [18F]FHBG demonstrated
statistically significant increased radiotracer enrichment in HER21
tumor compared with HER2– tumor (9.9-fold, with P , 0.001, and
9.3-fold, with P 5 0.002, respectively) (Fig. 3B). The relative radio-
tracer enrichment within HER21 tumor compared with HER22
tumor was not statistically significant between immuno-PET and
SNIPR PET (P . 0.05) (Fig. 3C). Likewise, the relative radiotracer
enrichment within HER21 tumor compared with background was
also not statistically significant between immuno-PET and SNIPR
PET (P . 0.05) (Fig. 2D). Imaging results using [89Zr]trastuzumab
were corroborated via ex vivo analysis of harvested tissues (Supple-
mental Fig. 7). Although not statistically significant, the trend of
higher [18F]FDG accumulation in HER2– tumor than in HER21
tumor on a %ID/cm3 basis correlated with the higher growth rate of
MD468 (HER2–) than of SKBR3 (HER21) that we observed both
in vitro and in vivo (Figs. 3B and 3D).

SNIPR PET Can Be Extended to the Glioblastoma Antigen
EGFRvIII
To demonstrate the feasibility of SNIPR PET in other cancers, we

chose the glioblastoma-specific antigen EGFRvIII. We designed T
cells to constitutively express SNIPR that targets EGFRvIII and to
conditionally express CAR that targets the distinct antigen IL13
receptor a-2, analogous to our previous approach to targeting glio-
blastoma with cytotoxic CD8 T cells (12). At baseline, those T cells
express only anti-EGFRvIII SNIPR, without CAR or reporter.
When they recognize EGFRvIII, they express IL13-mutein
(IL13m)-CAR, which strongly binds to the more widely expressed
but less specific target IL13 receptor a-2, as well as reporter genes
(Fig. 2A). To demonstrate in vitro reporter activation on anti-EGFR-
vIII SNIPR activation, we generated 3 different T cells with blue
fluorescent protein (BFP), nano-luciferase (nLuc), and TKSR39
reporters. Those reporters were coexpressed with IL13m-CAR and
then cleaved at the intervening T2A sequence to generate separate
CAR and reporter proteins. As expected, T cells bearing anti-EGFR-
vIII SNIPR receptor induced a significantly increased level of BFP
and nLuc activity 48 h after coculturing with EGFRvIII1 U87 cells,
compared with coculturing with EGFRvIII– U87 cells (BFP: n5 4,
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FIGURE 2. EGFRvIII SNIPR PET. (A) We generated SNIPR T cells with anti-EGFRvIII-SNIPR and inducible IL13-mutein (IL13m)-CAR-T2A-reporter con-
structs. We used 3 different reporters: BFP, nLuc, and HSV-TKSR39. In this system, SNIPR T cells express anti-EGFRvIII-SNIPR at baseline but do not
express IL13m-CAR or reporters. When anti-EGFRvIII binds to EGFRvIII on target cells, SNIPR T cells induce expression of IL13m-CAR and reporters: BFP,
nLuc, or HSV-TKSR39. Since most U87 cells express IL13 receptor a-2, T cells expressing IL13m-CAR secrete cytokines and growth factors that induce T-
cell proliferation and survival. (B) SNIPR T cells incubated with EGFRvIII1 U87 cells demonstrated significantly higher level of BFP reporter expression, nLuc
enzymatic activity, and HSV-TKSR39–mediated 18FHBG accumulation than did SNIPR T cells incubated with EGFRvIII– U87 cells. (C) Following a protocol
similar to that used for HER2, EGFRvIII1 U87 and EGFRvIII– U87 cells were implanted into mouse flank subcutaneous tissues. At 4 wk after implantation,
anti-EGFRvIII T cells with inducible anti-IL13-mutein-CAR-T2A-HSV-TK(SR39) were injected into tail veins. Representative maximum-intensity-projection
[18F]FHBG PET/CT image (left) and cross-sectional [18F]FHBG PET/CT images (middle and right) at day 8 demonstrated high radiotracer enrichment within
EGFRvIII1 U87 xenograft compared with EGFRvIII– U87 xenograft on contralateral side. (D) Time-dependent ROI analysis of radiotracer enrichment within
EGFRvIII1 xenograft demonstrated greatest radiotracer enrichment at day 8 after T-cell injection, followed by slight decrease in PET signal at day 10, at
which point animals were killed for ex vivo biodistribution analysis. (E) Quantitative ROI analysis of EGFRvIII1 and EGFRvIII– tumors and background (shoul-
der muscle) demonstrated statistically significant radiotracer enrichment within EGFRvIII1 xenograft, 14 times and 18 times greater than within EGFRvIII–
xenograft and background. (F) Ex vivo analysis (day 10) of [18F]FHBG enrichment within different organs demonstrated significantly greater [18F]FHBG
enrichment within EGFRvIII1 xenograft than within EGFRvIII– xenograft. As seen on small-animal PET/CT images, gastrointestinal system demonstrated
high level of [18F]FHBG. *P, 0.05. **P, 0.01. ***P, 0.001.
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25-fold, P, 0.001; nLuc: n5 4, P5 0.002) (Fig. 2B). T cells bear-
ing anti-EGFRvIII SNIPR receptor and inducible IL13m-CAR-
T2A-TKSR39 demonstrated a significantly increased level of
[18F]FHBG uptake when cocultured with EGFRvIII1 U87 cells
compared with the same T cells cocultured with EGFRvIII– U87
cells (n 5 8, 32.5-fold, P , 0.001). To demonstrate the potential
for in vivo imaging, we again generated a mouse model with
EGFRvIII1 U87 and EGFRvIII– U87 xenografts by subcutaneous
injection, followed by SNIPR T-cell injection and PET imaging for

the next 10 d (n 5 4) (Fig. 2C). ROI analy-
sis demonstrated a significantly higher level
of radiotracer within the EGFRvIII1 xeno-
graft than within the EGFRvIII– xenograft,
and this increase was maximized at day 8,
based on per-volume radioactivity (%ID/
cm3) (14-fold, P , 0.001) (Figs. 2D and
2E). As seen with the HER2 SNIPR-CAR
system, the EGFRvIII SNIPR CAR system
demonstrated a decrease in PET signal at
day 10, likely secondary to low target killing
activity of activated CD41 T cells (Fig.
2D). Again, EGFRvIII1 and EGFRvIII2
xenograft mice were killed at day 10 for ex
vivo analysis, which confirmed significantly
higher enrichment of radiotracer within the
EGFRvIII1 xenograft than within the
EGFRvIII– xenograft based on per-weight
radioactivity (%ID/g) (5-fold excess, P ,

0.001) (Fig. 2F).

DISCUSSION

We have developed an antigen-specific,
PET-compatible SNIPR T-cell reporter sys-
tem in response to the rapidly increasing
interest in T-cell–mediated treatment of hu-
man tumors. This customizable synthetic
receptor platform can provide an essential
companion to CAR T–mediated treatment,
in addition to the recent application of syn-
Notch to oncologic challenges (12). Apply-
ing several rounds of synthetic biology, we
engineered SNIPR T cells that are antigen-
inducible, as detected by GFP fluorescence,
luciferase luminescence, and the HSV-TK
PET reporter [18F]FHBG, and can success-
fully be imaged in dual-xenograft animal
models. We have demonstrated application
of this imaging modality to 2 different tumor
antigens: HER2 and EGFRvIII. This technol-
ogy might be used as a companion biomarker
for CAR T therapies, such as to characterize
off-target effects or verify tumor engagement.
As the technology matures, SNIPR PET might
be used to detect and characterize molecular
profiles of early cancers without biopsy.

CONCLUSION

We have developed an antigen-inducible
T cell PET reporter system using the versa-

tile SNIPR. This reporter system may be used in a variety of T
cell treatments for imaging antigen engagement.
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pared with MD468 (HER2–) tumor, whereas [18F]FDG PET demonstrated higher radiotracer
enrichment within MD468 tumor. (B) ROI analysis demonstrated statistically significant, 9.9-fold
greater enrichment of [18F]FHBG within HER21 tumor than within HER2– tumor (left), nonstatistically
significant enrichment (P . 0.05) of [18F]FDG within HER2– tumor compared with HER21 tumor,
and statistically significant 9.3 times greater enrichment of [89Zr]trastuzumab within HER21 tumor
than within HER2– tumor. (C and D) Fold enrichment of radiotracer within HER21 tumor was signifi-
cantly greater in SNIPR PET and immuno-PET than in [18F]FDG PET, when compared with back-
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KEY POINTS

QUESTION: Can an inducible, cell-based PET system image
tumor antigens in vivo?

PERTINENT FINDINGS: An inducible PET reporter system can be
coexpressed with CAR in therapeutic T cells to image HER2 and
EGFRvIII.

IMPLICATIONS FOR PATIENT CARE: As cell-based therapies
mature, SNIPR PET might be added to any therapeutic T cell to
image antigen engagement.
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In Vivo Visualization and Quantification of Neutrophil
Elastase in Lungs of COVID-19 Patients: A First-in-Humans
PET Study with 11C-NES
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Coronavirus disease 2019 (COVID-19) can cause life-threatening
lung inflammation that is thought to be mediated by neutrophils. The
aim of the present work was to evaluate a novel PET tracer for neutro-
phil elastase (NE). Methods: In this first-in-humans study, 4 patients
with hypoxia due to COVID-19 and 2 healthy controls were investi-
gated with PET using 11C-NES and 15O-water for visualization and
quantification of NE and perfusion in the lungs, respectively. Results:
11C-NES accumulated selectively in lung areas with COVID-19 opaci-
ties on CT scans, suggesting high levels of NE there. In the same
areas, perfusion was severely reduced in comparison to healthy lung
tissue as measured with 15O-water. Conclusion: The data suggest
that NE is associated with severe lung inflammation in COVID-19
patients and that inhibition of NE could potentially reduce the acute
inflammatory process and improve the condition.

KeyWords: neutrophil elastase; PET; 11C-GW457427
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A significant number of patients with coronavirus disease
2019 (COVID-19), caused by the severe acute respiratory syndrome
coronavirus 2, present with respiratory failure due to lung inflam-
mation. This process has been postulated to involve lung infiltration
of neutrophil granulocytes, based on postmortem histology and neu-
trophil extracellular trap (NET) markers (1). Recent data have
shown that NETs also promote thrombosis (2). Neutrophil elastase
(NE), a protease found in neutrophil granulocytes, is part of the innate
immune response but could mediate the lung injury seen in COVID-19
(3–8). To date, in vivo studies of NE in the lungs of COVID-19
patients have not been possible. However, the development of the
PET tracer 11C-NES ((3S,3aS,6aR)-4-(5-((cyclopropylamino)methyl)
pyrazine-2-carbonyl)-3-isopropyl-1-(methylsulfonyl)hexahydropyrrolo
[3,2-b]pyrrol-2(1H)-one, or 11C-GW457427) has made detection of

NE possible in the clinical setting. 11C-NES has been extensively
studied in animal models for lung inflammation, and binding speci-
ficity has been verified in blocking studies with NE inhibitors (9).
It measures both extracellular and intracellular NE.
We hypothesized that COVID-19 patients would have signifi-

cant amounts of NE in inflamed lung areas. Therefore, we con-
ducted a first-in-humans study with 11C-NES combining PET and
CT in 4 patients and 2 healthy controls. Additionally, we assessed
perfusion in the patients’ lungs with 15O-water. Low-dose CT was
used for attenuation correction and visualization of radiologic find-
ings such as ground-glass opacity (GGO) and consolidated areas
in the lungs, characteristic of COVID-19 patients (10).

MATERIALS AND METHODS

Subjects
This study was approved by the Swedish Medical Products Agency

(EudraCT 2020-003980-24) and the Swedish Ethical Review Author-
ity (Diarienummer 2020-07017). The Helsinki Declaration and its sub-
sequent revisions were observed. We recruited 4 symptomatic and
hospitalized patients, at least one of either sex, who had polymerase
chain reaction–verified COVID-19 and had been admitted to the hos-
pital because of hypoxic respiratory failure and treated with supple-
mental oxygen at a non–intensive-care unit. We also recruited 2
healthy controls, in accordance with the approved procedure in the
ethical permit. The characteristics of the patients and healthy controls
are presented in Table 1 and Supplemental Table 1 (supplemental
materials are available at http://jnm.snmjournals.org).

Verbal and written informed consent was obtained from the
participants.

Tracer Production
11C-NES was produced in accordance with good manufacturing

practices, and its safety was investigated in a microdosing toxicology
study (9).

Safety
11C-NES was used for the first time in humans. Before and after

PET, all subjects were examined for vital signs, phlebitis, and rash
and underwent electrocardiography. No subject showed any adverse
effects after being administrated approximately 5 MBq/kg of body
weight, corresponding to a total 11C-NES amount of about 5 mg.

PET Scanning
All subjects were scanned on a digital time-of-flight PET/CT system

(Discovery MI-5; GE Healthcare) with a 25-cm axial field of view.
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The subjects were supine during the entire examination. After a
low-dose CT scan for anatomic localization and attenuation correc-
tion, a 4-min dynamic PET scan was started simultaneously with
administration of a controlled bolus injection of 400 MBq of 15O-
water (5 mL at 1 mL/min followed by 35 mL of saline at 2 mL/min).
At least 15 min later, a second dynamic PET scan was started simulta-
neously with administration of a 5 MBq/kg controlled bolus injection
of 11C-NES (range, 4.2–5.3 MBq/kg), with a duration of 15 min in
healthy controls and 60 min in COVID-19 patients. List-mode data
were rebinned into frames of increasing durations over the course of
the scan (1 3 10, 8 3 5, 4 3 10, 2 3 15,
3 3 20, and 2 3 30 s for 15O-water and 1 3

10, 8 3 5, 4 3 10, 3 3 20, 2 3 30, and 5 3

60 s for 11C-NES in all subjects, followed by
4 3 300 and 3 3 600 s in patients). Dynamic
images were reconstructed using time-of-
flight ordered-subset expectation maximiza-
tion, including resolution recovery, with 3
iterations, 16 subsets, and a 5-mm gaussian
postprocessing filter. All appropriate correc-
tions for accurate quantification were applied.
A whole-body low-dose CT and PET scan
of 11C-NES (3 min per bed position) was
acquired at approximately 1 h after injection
and reconstructed using block-sequential reg-
ularized expectation maximization (Q.Clear;
GE Healthcare) with a regularization parame-
ter of 500.

Pulmonary Perfusion
For calculation of lung perfusion based on the 15O-water PET data,

systemic and pulmonary circulation blood time–activity curves were
determined using automated cluster analysis in aQuant Research soft-
ware (Medtrace Pharma A/S). Lung perfusion images were calculated
by implementing a nonnegative least-squares basis function in a sin-
gle-tissue-compartment model in which the pulmonary circulation
blood curve was the input function, with fitted pulmonary and sys-
temic blood volume parameters. Only voxels with density of less than
0.9 g/cm3, based on the low-dose CT images, were included in the

TABLE 1
Subject Characteristics

Characteristic Patient 1 Patient 2 Patient 3 Patient 4 Control 1 Control 2

Body mass index (kg/m2) 25 26 30 32 23 30

Vaccinated against COVID-19 No No No No Yes Yes

Symptom duration (d) 20 21 12 13 NA NA

Admission duration at PET scan (d) 2 11 1 3 NA NA

SARS-CoV-2 RNA test* Positive Positive Positive Positive Negative Negative

Virus variant No data Delta Delta Delta NA NA

Viremia SARS-CoV-2 RNA serum† Neg Neg 36 Neg NA NA

C-reactive protein (mg/L) 31 19 259 8 ,0.3 19

Peak C-reactive protein (mg/L) 31 396 259 115 NA NA

White blood cell count (109/mL) 8.9 7.1 5.2 6.5 4 NA

Lymphocyte count (109/mL) 1.3 0.6 0.4 1.3 1.1 NA

Procalcitonin (mg/L) 0.03 0.27 0.05 0.04 ,0.02 ,0.02

Ferritin (mg/L) 209 1.255 301 2.423 58 48

Lactate dehydrogenase (mkat/L) 5.3 4.6 4.9 6.1 2.8 2

D-dimer (mg/L) 0.6 4.4 1.4 0.3 ,0.3 ,0.3

Peak oxygen administered (L/min)‡ 2 15 1 5 NA NA

*Nasopharynx and throat.
†Cycle threshold value N gene/negative.
‡Peak oxygen delivery to maintain saturation of 93%–96% during hospital stay.
NA 5 not applicable; SARS-CoV-2 5 severe acute respiratory syndrome coronavirus 2.
Median age was 48 y (range, 24–57 y) for patients 1–4 and 26 y (range, 22–29 y) for controls 1 and 2 (age and sex are not shown

because of anonymization).

FIGURE 1. PET/CT images of 4 patients and 2 controls (3 male, 3 female) at 1 h after injection.
Upper 2 rows are 11C-NES images; lower row is CT images.
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calculations. Pulmonary perfusion was calculated as the influx rate of
15O-water. Volumes of interest were drawn on pulmonary perfusion
images over representative parts of normal-appearing and GGO and
consolidated lung tissue based on the CT images.

11C-NES Data Analysis
Volumes of interest were drawn on summed 11C-NES images as

above and transferred to the dynamic PET images to obtain time–
activity curves. 11C-NES SUVs were calculated as radioactivity concen-
trations normalized to injected activity per kilogram of body weight.

RESULTS

11C-NES was obtained with a radiochemical purity higher
than 98% and a molar activity in the range of 180–330 GBq/mmol.

Chemical purity was high, with no traces of the precursor
GW611437.

In all patients, 11C-NES accumulated in the areas of the lungs
with GGO and consolidations identified on CT (Fig. 1) and low per-
fusion as measured with 15O-water.
The very low nonspecific signal of 11C-NES in nontarget areas

resulted in a high target-to-background ratio. SUVs for liver and
spleen are presented in Supplemental Table 2.
Lung uptake of 11C-NES had already plateaued at 10 min after

injection (Fig. 2), indicating retention of tracer bound to NE. 11C-NES
uptake in the vertebrae increased over time, with a significantly faster
initial phase in patients than in controls.
The lung perfusion as measured with 15O-water showed a clear

reduction in GGO and consolidated areas compared with healthy
lung tissue (Fig. 3).
The SUV data from 11C-NES and the absolute values of perfu-

sion are summarized in Table 2.

DISCUSSION

All patients in this study were hospitalized with severe COVID-19
and respiratory failure and clinically manifested severe lung inflam-
mation without signs of bacterial superinfections. Since the patients
were in the second to third week of infection, that is, a late stage,
the lung symptoms and low blood oxygenation levels for pa-
tients breathing normal air without added oxygen indicated exten-
sive inflammation, not the effect of an ongoing virus infection. The
high accumulation of 11C-NES in bone marrow and spleen (Fig. 1)
can be explained by its binding to NE in resident neutrophils. The
accumulation of 11C-NES was considerably higher in areas with
GGO and consolidations than in healthy lung tissue, whether in the

same patient or in healthy controls. The
nearly perfect anatomic match between
COVID-19 opacities and the accumulation
of 11C-NES, together with the high uptake in
the vertebrae (which are rich in bone mar-
row) and in the spleen, strongly indicate that
tracer uptake is a measure of NE. 11C-NES
is also taken up by neutrophil granulocytes
in blood, and uptake in healthy lung tissue
reflects mainly the blood-borne radioactiv-
ity, explaining the low variability. A uniform
gradient of 11C-NES uptake in the direction
of gravity was seen in one healthy control.
In contrast, the uptake in inflamed areas is

FIGURE 2. SUV of 11C-NES vs. time in GGO and consolidations and
normal lung tissue in COVID-19 patients (n 5 4) and in lung tissue in
healthy controls (n 5 2). SUVs in vertebrae in patients and controls are
shown for comparison. Error bars denote range of values. p.i. 5 after
injection.

FIGURE 3. 15O-water perfusion PET/CT images of 3 patients and 2 controls.

TABLE 2
SUV for 11C-NES and Perfusion Data

PET data Patient 1 Patient 2 Patient 3 Patient 4 Control 1 Control 2

11C-NES in healthy parts of lungs (SUV) 0.8 0.3 1.1 NA* 0.6 1.3
11C-NES in opaque parts of lungs (SUV) 3.9 1.3 2.4 3.8 NA NA

Perfusion in healthy parts of lungs (mL/cm3/min) 2.7 1.5 NA† 2.6 2.6 3.9

Perfusion in opaque parts of lungs (mL/cm3/min) 1.9 0.7 NA† 1.5 NA NA

*No healthy parts of lung could be identified.
†Because of technical problems, no 15O-water PET scan was performed.
NA 5 not applicable; opaque 5 radiographic opacities such as GGO or consolidations.
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due to accumulation of neutrophil granulocytes and thus a measure
of immune-mediated inflammation. Lastly, the GGO and consol-
idations might also be explained by formation of NETs in
peripheral small blood vessels. This possibility is supported by
the identification of NETs in postmortem tissue from COVID-19
patients, suggesting that the uptake of 11C-NES could partly be
related to binding to elastase deposited on DNA strands in NETs
(2,4,11,12).
The inflamed areas, especially consolidations, had much lower

perfusion than the radiologically healthy lung tissue, potentially
representing hypoxic vasoconstriction. As some perfusion remained
in the inflamed areas, shunting of blood may have contributed to
the hypoxia seen in those patients. Alternatively, entrapment of
aggregated activated neutrophils in the capillary beds, leading to
microthrombosis, could have contributed to the reduction in blood
flow measured in the affected parts of the lungs. This results in an
elastase-mediated destruction of tissue, creating a concomitant mis-
match in ventilation–perfusion and affecting blood oxygenation
negatively.
This study was limited by the few patients investigated and was

therefore of a descriptive nature, without statistical measures.

CONCLUSION

In this first-in-humans study with the selective and specific NE
PET tracer 11C-NES, we demonstrated high accumulation in lung
areas with low perfusion and COVID-19 opacities as measured
with 15O-water and CT, respectively. This finding can be inter-
preted as a sign of neutrophil-mediated pulmonary inflammation
affecting lung function and can partly explain the late-stage condi-
tions of COVID-19 patients. Lung perfusion measurements sug-
gest that there is hypoxic vasoconstriction in areas with ongoing
inflammation. Moreover, data suggest that NE might be involved
in the severe lung inflammation.
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KEY POINTS

QUESTION:Are neutrophils associatedwith the severe lung
inflammation inCOVID-19 patients, and do areas of increased uptake
of 11C-NEScorrelatewithCOVID-19opacities and reduced perfusion,
asmeasuredwithCT and 15O-water, respectively?

PERTINENT FINDINGS: Uptake of 11C-NES was found in the
same lung areas asCOVID-19 opacities and lowperfusion. A clear
differencewas seen betweenCOVID-19 patients and healthy controls.

IMPLICATIONS FOR PATIENT CARE: It may be possible to treat
the acute neutrophil-mediated lung inflammation with elastase
inhibitors and by interfering with the cytokine/chemokine signaling
pathways responsible for recruiting neutrophils.
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BACKGROUND

Founded in 1951, the Joint Commission, formally known as
the Joint Commission on Accreditation of Healthcare Organizations
and, previous to that, the Joint Commission on Accreditation of Hos-
pitals, is a U.S.-based nonprofit organization that accredits more than
20,000 health-care organizations and programs in the United States.
The Joint Commission requires that there be a credentialing system
for delineating and granting privileges to every hospital physician.
The Joint Commission does not specify the qualifications. Privileges
are generally practice-specific and are not usually transferable from
hospital to hospital. The granting of clinical privileges cannot and
should not depend on a single criterion such as board certification or
membership in a particular specialty society; other options, such as
documented evidence of requisite training, relevant experience, judg-
ment skills, and demonstrated current competence, should be avail-
able. It is the final responsibility of the hospital medical staff and
hospital governing board to ensure that a physician meets a reason-
able standard of competency.
Positron emission tomography (PET)/magnetic resonance im-

aging (MRI) is an emerging complex hybrid imaging modality
recently introduced into clinical practice. In June 2013, the American
College of Radiology (ACR) and the Society of Nuclear Medicine
and Molecular Imaging (SNMMI) charged a joint task force with
developing a credentialing statement for physicians responsible for
the oversight and interpretation of PET/MRI examinations. In con-
junction with the Cardiovascular Council of the SNMMI, the task
force has prepared this joint statement related to cardiac PET/MR

imaging as the third in a planned series of credentialing documents
covering all organ systems and clinical applications (1,2). The first on
PET/MRI of the brain was published in 2015.
This joint statement is intended to guide credentialing bodies

that privilege physicians to oversee, supervise, and interpret car-
diac PET/MRI for patient care in the United States.

DEFINITIONS

For the purposes of this statement, the following definitions apply:
MRI: Amedical imaging technology that uses high-strength mag-

netic fields to create high contrast tomographic images. In cardio-
vascular imaging, MRI techniques delineate anatomy of the heart
and great vessels. For cardiac imaging, special MRI sequences with
and without contrast enhancement and cardiac and respiratory gat-
ing also provide soft-tissue characterization, accurate measurements
of cardiac chamber size and global and regional function, valvular
morphology, and physiologic parameters.
PET: A medical imaging technology that uses positron-emitting

radiopharmaceuticals. The PET scanner detects high-energy annihi-
lation photon pairs and extrapolates the location of the original
positron-emitting atoms to create tomographic images of their bio-
distribution within the body. In cardiac imaging, this provides an
assessment of the physiologic and functional processes of the heart.
PET/MRI: A complex hybrid medical imaging technology that incor-

porates PET and MRI into a single device. Such an imaging system
allows either sequential acquisition (i.e., tandem back-to-back design)
or simultaneous acquisition (i.e., a PET insert in an MRI gantry or
an integrated PET/MRI design). In either hybrid system, the goal is
to combine PET and MRI data for exact co-registration. For the pur-
poses of this document, a PET/MRI examination is defined as a full
diagnostic PET examination and a full diagnostic MRI examination.
Radiopharmaceutical: A radioactive compound administered to

patients for use in diagnosis and therapy.

APPLICATIONS FOR CARDIAC PET/MRI

The following are examples of potential clinical or research ap-
plications for PET/MR imaging of the heart (3–7): rest and/or stress
myocardial perfusion, myocardial viability including rest and/or stress
perfusion when indicated, inflammatory processes such as sarcoidosis
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and myocarditis, myocardial masses including non-neoplastic and neo-
plastic (both primary and metastatic), infiltrative processes such as amy-
loidosis, hereditary disorders such as hypertrophic cardiomyopathy and
Anderson-Fabry disease, cardiac valvular disorders and emerging areas
of research including tissue regeneration after stem cell therapy, coro-
nary artery plaque imaging and assessment of sympathetic reinnervation
after cardiac transplant.

RESPONSIBILITIES OF PHYSICIANS

The physician or physicians supervising the examination must
be responsible for all aspects of the cardiac PET/MR imaging ex-
amination, such as reviewing indications for the examination, pre-
scribing the PET radiopharmaceutical and its activity, specifying
the MRI pulse sequences to be performed, prescribing the use and
dose of MRI contrast agents, confirming the quality of the images
appropriate for interpretation, interpreting the images, generating
final reports, and ensuring patient and personnel safety. A pre-
scriber of radiopharmaceuticals must either be or work under a
U.S. Nuclear Regulatory Commission authorized user of radioactive
materials and comply with state regulations, or hold the Canadian
equivalent authorization. These responsibilities may be distributed
by expertise to two physicians each credentialed, respectively, in
MRI and PET only.
With regard to supervision and interpretation of cardiac PET/

MRI, physicians may best participate in their practice according to
their special interests and qualifications in nuclear medicine and mo-
lecular imaging, nuclear cardiology, multimodality cardiac imaging,
or related practice paradigms (8–10). It is recognized that variations

in the local regulatory requirements for practices and individual-
physician qualifications may of necessity dictate site-specific prac-
tice patterns. For example, in certain clinical settings, it may be bene-
ficial for 2 physicians to interpret cardiac PET/MRI examinations
together, with one primarily interpreting the PET component and
other primarily interpreting the MRI component. Nevertheless, the
interpreters should meet the credentialing criteria for the modality
for which they are providing a primary interpretation. The 2 physi-
cians must reach consensus regarding the final interpretation of the
combined PET/MRI findings to issue a joint PET/MRI report (1 bill-
ing physician of record) or 2 separate correlative PET/MRI reports.
Simple numeric criteria are not an optimal measure of competency.
Documentation of competency by the use of objective, outcome-
based tools related to clinical experience is preferable. The criteria
detailed in Table 1 may be used for guidance.
The recommendations for PET/MRI practice set forth in this

document have been developed in consideration of the complex
nature of this emerging hybrid modality and with reference to pub-
lished practice parameters, procedure guidelines, and credentialing
statements.
The practice of cardiac PET/MRI requires a solid knowledge

base of PET techniques and MRI techniques. Although the goal is
mastery of simultaneously acquired cardiac PET/MRI examina-
tions, the physician’s education, training, and experience should
encompass dedicated cardiac PET, cardiac PET/computed tomog-
raphy (CT), and dedicated cardiac MRI. Fundamentals include
familiarity with technical parameters (protocols, contrast agents,
sequences, processing) as well as biologic and clinical parameters
(anatomy, physiology, normal variants, disease states).

TABLE 1
Initial and Continuing Competency Criteria for Credentialing Physicians to Independently Practice Cardiac PET/MRI

Number of interpretations
(training) Didactic requirement

Number of interpretations
(continuing) CME/MOC

100 cardiac PET examinations
(applicant must be physically
present and perform initial
interpretation of 50 of
these)*; Board
certification**or equivalent;
radiation safety training for
NRC 35.290 imaging and
localization studies
(or equivalent)

20 h of didactic education is
recommended

100 cardiac PET studies
within prior 3 years***

Fulfilling MOC; or 15 h CME
related to cardiac PET in
prior 3 years

100 cardiac MRI examinations
(applicant must be physically
present and perform initial
interpretation of 50 of
these)*; Board certification
**or equivalent

20 h of didactic education is
recommended

100 cardiac MRI within prior
3 years***

Fulfilling MOC; or 15 h CME
related to cardiac MRI in
prior 3 years

An alternative and acceptable method of performance of the cardiac PET/MRI examination is supervision and interpretation by two
physicians, each credentialed individually in either cardiac PET or cardiac MRI

*For programs with hybrid cardiac PET/MRI, combined cardiac PET/MRI examinations may count for both cardiac PET and cardiac
MRI examinations. “Physical presence” implies involvement on acquisition and processing of studies

**American Board of Radiology (ABR), American Board of Nuclear Medicine (ABNM), Certification Board of Nuclear Cardiology (CBNC)
or the Certification Board of Cardiovascular Magnetic Resonance (CBCMR), or the equivalent in Canada

***For those pursuing credentials in pediatric cardiac PET/MRI, given the relatively low number of pediatric PET and MRI studies, an
exception should be made that would allow for the continuing training to be more than 3 years, in order to achieve the competency
criteria. A timeframe of 5 years may be reasonable, but in certain specialized clinical settings where the practice is limited only to
pediatrics, the proposed criteria may be waived
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It is recognized that both general radiology and cardiovascular
training programs vary widely in their ability to provide experience
in cardiac PET or cardiac MRI. Thus, whether a physician comes
from a radiology, nuclear medicine, or cardiology training back-
ground, gaps in experience may be present after formal training.
This writing committee therefore recommends that the credentialing
standards for cardiac PET/MRI be the same irrespective of the pri-
mary specialty of the physician (radiology, nuclear medicine, or
cardiology). This writing committee also recommends that the car-
diology or radiology trainee wishing to gain competency in indepen-
dent interpretation of cardiac PET/MRI have concurrent or prior
training in cardiac PET and cardiac MRI as outlined in Table 1.
For those with radiology or nuclear medicine as a primary spe-

cialty wishing to interpret cardiac PET/MRI in clinical practice,
this writing committee recommends that in addition to the recom-
mended initial training and continuing requirements, the radiolog-
ists or nuclear medicine specialist also holds and maintains
certification by the American Board of Radiology or the American
Board of Nuclear Medicine, respectively, or the equivalent in Canada.
For those with cardiology as a primary specialty wishing to interpret
cardiac PET/MRI in clinical practice, this writing committee recom-
mends that in addition to the recommended initial training and continu-
ing requirements, that the cardiologist also hold a certificate by either
the Certification Board of Nuclear Cardiology (CBNC) or the Certifi-
cation Board of Cardiovascular Magnetic Resonance (CBCMR), or
the equivalent in Canada.
The training in cardiac PET/MRI should be based on acquisition

of competencies, and not number of procedures alone. Training
must also account for baseline differences in knowledge; trainees
from a cardiology-based background, for example, may begin with
a more advanced understanding of cardiac anatomy and physiol-
ogy, whereas those from a radiology background may begin with
a more comprehensive understanding of instrumentation.
The recommendations set forth include, first, a first-hand review

and supervised interpretation of hybrid cardiac PET/MRI or sepa-
rately acquired PET and MRI examinations, recognizing that
hybrid cardiac PET/MRI training experiences are currently unlikely
to be widely available, and second, didactic educational hours in
the basic science and clinical applications of each modality.

QUALIFICATIONS OF PHYSICIANS RESPONSIBLE FOR
CARDIAC PET/MRI—INITIAL COMPETENCY

All physicians assuming responsibility for independent practice
of cardiac PET/MRI should meet the categories for initial compe-
tency outlined in Table 1. This table defines the number and
time-based criteria that are generally required to ensure sufficient
exposure to the range, volume, and diversity of clinical experience
necessary for competency. Ultimately, determination of whether
an individual has the requisite knowledge and skill for independent
practice of cardiac PET/MRI should be based on a formal assess-
ment of competency. Those considering these thresholds should
bear in mind that numbers of procedures are proxies for acquiring
the technical proficiency and analytic skills essential for clinical
mastery of an imaging technique. An alternative and acceptable
method of performance of the cardiac PET/MRI examination is
supervision and interpretation by two physicians, each credentialed
individually in either cardiac PET or cardiac MRI, respectively.

Clinical Experience/Supervised Interpretations
Cases must include broad representation of the types of cardiac

examinations, indications, available radiopharmaceuticals, and

contrast agents that are encountered typically in clinical practice.
For trainees (residents or fellows) who are currently in training pro-
grams, documented cases with direct participation of the trainee and
appropriate supervision by attending physicians experienced in car-
diac PET/MRI is preferred. Cases presented in specifically designed
society or organization approved case-based conferences or courses,
live or online, are acceptable. Of note, hybrid cardiac PET/MRI
cases may be counted in each appropriate category to fulfill the
recommendations.

Didactic Education Hours
Didactic education should supplement case-based conferences

used to achieve the number of supervised interpretations and should
include physics relevant to cardiac PET and cardiac MRI, use of
MRI contrast agents, MRI safety, radiation safety of PET radiophar-
maceuticals, and issues relevant to hybrid cardiac PET/MRI.

Training for Authorized Use of Radiopharmaceuticals for
Imaging and Localization Studies
Training for physicians who intend to practice in the United

States must satisfy Nuclear Regulatory Commission requirements
for training in imaging and localization studies (10 CFR 35.290).

QUALIFICATIONS OF PHYSICIANS RESPONSIBLE FOR
CARDIAC PET/MRI—CONTINUING COMPETENCY

Physicians assuming responsibility for independent practice of
cardiac PET/MRI should meet competency in both cardiac PET
and cardiac MRI as outlined in Table 1. An alternative and accept-
able method of interpretation of the cardiac PET/MRI examination
is interpretation by two individuals, each with competency in one
of the two complementary modalities.

Clinical Experience/Supervised Interpretations
Cases must include broad representation of the types of exami-

nations, indications, available radiopharmaceuticals, and contrast
agents that are encountered typically in clinical practice. Direct
participation in clinical cases should include involvement in all
aspects of examination. Objective documentation of direct partici-
pation should be kept by each physician. Cases presented in spe-
cifically designed society or organization approved case-based
conferences or courses, live or online, may be used to supplement
ongoing experience, particularly for unusual cases that are typi-
cally encountered infrequently in clinical practice. Of note, hybrid
cardiac PET/MRI cases may be counted in each appropriate cate-
gory to fulfill the recommendations.

Continued Medical Education and/or Maintenance of
Certification
Evidence of ongoing commitment to lifelong learning and, if

relevant, maintenance of certification in imaging, is required. A
guideline for a typical number of CME hours in cardiac PET/MRI
is indicated in Table 1.

APPROVAL

This credentialing statement was approved by the ACR Execu-
tive Committee of the Board of Chancellors on March 3, 2021, the
Society for Cardiovascular Magnetic Resonance (SCMR) in Feb-
ruary 2021, the American Heart Association (AHA) on October
27, 2021, the American Society of Nuclear Cardiology (ASNC)
Board of Directors on November 30, 2021, and the SNMMI Board
of Directors on January 28, 2022.
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High-Resolution Silicon Photomultiplier Time-of-Flight
Dedicated Head PET System for Clinical Brain Studies

Kazunari Ishii1,2, Kohei Hanaoka2, Shota Watanabe2, Daisuke Morimoto-Ishikawa2, Takahiro Yamada2, Hayato Kaida1,2,
Yoshiyuki Yamakawa3, Suzuka Minagawa3, Shiho Takenouchi3, Atsushi Ohtani3, and Tetsuro Mizuta3

1Department of Radiology, Kindai University Faculty of Medicine, Osakasayama, Japan; 2Division of Positron Emission Tomography,
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We acquired brain 18F-FDG and 18F-flutemetamol PET images using a
time-of-flight system dedicated to the head (dhPET) and a conven-
tional whole-body PET/CT (wbPET) system and evaluated the clinical
superiority of dhPET over wbPET. Methods: There were 18 subjects
for the 18F-FDG PET study and 17 subjects for the 18F-flutemetamol
PET study. 18F-FDG PET images were first obtained using wbPET, fol-
lowed by dhPET. 18F-flutemetamol PET images were first obtained
using wbPET, followed by dhPET. Images acquired using dhPET and
wbPET were compared by visual inspection, voxelwise analysis, and
SUV ratio (SUVR). Results: All 18F-FDG and 18F-flutemetamol images
acquired using dhPET were judged as visually better than those
acquired using wbPET. The voxelwise analysis demonstrated that accu-
mulations in the cerebellum, in the lateral occipital cortices, and around
the central sulcus area in dhPET 18F-FDG images were lower than those
in wbPET 18F-FDG images, whereas accumulations around the ventricle
systems were higher in dhPET 18F-FDG images than those in wbPET
18F-FDG images. Accumulations in the cerebellar dentate nucleus, in
the midbrain, in the lateral occipital cortices, and around the central sul-
cus area in dhPET images were lower than those in wbPET images,
whereas accumulations around the ventricle systems were higher in
dhPET 18F-flutemetamol images than those in wbPET 18F-flutemetamol
images. The mean cortical SUVRs of 18F-FDG and 18F-flutemetamol
dhPET images were significantly higher than those of 18F-FDG and
18F-flutemetamol wbPET images, respectively.Conclusion: The dhPET
images had better image quality by visual inspection and higher SUVRs
than wbPET images. Although there were several regional accumulation
differences between dhPET and wbPET images, understanding this
phenomenon will enable full use of the features of this dhPET system in
clinical practice.

Key Words: high resolution; silicon photomultiplier; time of flight;
dedicated head PET; brain
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The field of brain PET has recognized the importance of
18F-FDG PET, amyloid PET, and tau PET scans for diagnosing

dementia. This recognition reflects the increase in the number of
dementia patients due to an aging society, with the number of scans
expected to increase (1–4). Whole-body PET (wbPET)/CT scanners
are not optimal for imaging small structures such as the brain; con-
ventional wbPET scanners are large and expensive, and their spatial
resolution is not always sufficient for brain examinations. Ideally, the
spatial resolution should be sufficient to enable delineation of the
thickness of the gray matter and small brain structures without partial-
volume effects. There are several head-only–designed PET scanners,
such as HRRT (CTI/Siemens) (5), NEUROLOGICAL PET/CT (Photo
Diagnostic Systems) (6), brain PET (Hamamatsu Photonics K.K.) (7),
and brain-dedicated helmet-type PET (Vrain; Atox Co., Ltd.) (8). They
have been reported to have better spatial resolution than conventional
wbPET scanners. Catana reviewed the development of these dedicated
head PET (dhPET) imaging devices and expects further improve-
ments to be made: improvements in imaging smaller structures,
such as hippocampal subfields and thalamic and brain stem nuclei;
improvements in sensitivity without sacrificing spatial resolution;
improvements in the portability, mobility, and wearability of the
device; and reductions in the cost of the scanner (9). Thus, our col-
laborators modified a dedicated breast PET scanner—a silicon
photomultiplier time-of-flight (TOF) dhPET PET scanner (SET-
5002; Shimadzu Corp.)—to enable its use not only for breast im-
aging but also for brain imaging. Detailed specifications of the dhPET
system are described elsewhere (10). This TOF PET system for the
head and breast is designed to be less expensive than the conventional
wbPET system but with higher sensitivity and spatial resolution.
Although previous dhPET systems have been recognized for their high
spatial resolution of 18F-FDG PET images, to our knowledge there
have been no reports of cases in which diagnoses were clinically
overturned and no reports of their implementation in amyloid
PET studies. We acquired 18F-FDG and amyloid PET data using
a conventional wbPET system and our novel brain TOF PET sys-
tem in the same individuals and compared clinical interpretations
and PET tracer uptake between the 2 scanners.

MATERIALS AND METHODS

Outline of the New dhPET Scanner
Figure 1 shows the appearance of the scanner for brain scan mode.

The scanner consisted of 3 detector rings with a diameter of 300mm,
with each ring comprising 16 detector modules, which offer a suffi-
cient axial field of view (FOV), 162 mm, to allow whole-brain scan-
ning. A 3-dimensional image was reconstructed at an isotropic voxel
size of 1.1 mm with a matrix of 240 3 240 3 148 using the list-mode
dynamic row-action maximum-likelihood algorithm. In brain mode,
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attenuation correction was performed using the maximum-likelihood
attenuation correction factor method combined with the quantification
process, which compensates for nonuniformity in the head using the
TOF information without CT. First, a nonquantitative m-map was recon-
structed from the attenuation correction factor obtained using the maxi-
mum-likelihood attenuation correction factor method. Next, the maximum
area of the head in the m-map was quantified, taking into account the fact
that the human head consists primarily of soft tissue, and combined with
the structural information of the headrest. Finally, an attenuation-corrected
diagnostic image was reconstructed using the m-map. The dhPET has
high spatial resolution and achieves a 2.5-mm full width at half maximum
(FWHM) 10 mm from the center of the FOV in NEMA NU 2-2012 (10).
In addition, an image of the mini-Derenzo phantom showed that 1.6-mm
diameter hot rods could clearly be separated, which visually confirmed
the high spatial resolution of dhPET (https://www.shimadzu.com/med/
products/pet/brestome.html).

Subjects
The subjects of this study were those who underwent conventional

wbPET imaging for clinical examination, for free medical treatment,
or as part of the Japan Agency for Medical Research and Development
(AMED) study (jRCTs031180219), who agreed to undergo additional
imaging with the dhPET system and allow the use of their wbPET
imaging data for this study.

There were 18 subjects for the 18F-FDG study (8 men and 10 women):
7 had mild cognitive impairment, 4 had Alzheimer disease, 1 had demen-
tia with Lewy bodies, 1 had frontotemporal dementia, 1 had subjective
cognitive impairment, 2 had epilepsy, 1 had lymphoma, and 1 had skull
bone metastasis. The mean age of the participants was 67.76 16.0 y.

For the 18F-flutemetamol study, we included 17 subjects (8 men and 9
women): 7 with mild cognitive impairment, 4 with Alzheimer disease, 3
healthy older adult subjects, 1 with dementia with Lewy bodies, 1 with
frontotemporal dementia, and 1 with subjective cognitive impairment.
The mean age of the participants was 73.1 6 7.6 y. Fourteen subjects
participated in both the 18F-FDG and the 18F-flutemetamol PET studies.

The study protocol was submitted to and approved by the Certified
Review Board of Hyogo College of Medicine (jRCTs052200055).
Our institutional review board also approved this study, and written
informed consent was obtained from all participants.

Image Acquisition and Reconstruction
For the 18F-FDG PET scan, the subjects fasted for 4 h before being

administered 18F-FDG. The mean dose was 192.0 6 18.7 MBq (range,
150.5–213.4 MBq). 18F-FDG PET imaging of the brain was per-
formed using the Discovery PET/CT 710 scanner (GE Healthcare) for
wbPET. The Discovery PET/CT 710 is a combination of a lutetium-
based scintillator with a photomultiplier tube PET component and

a 16-slice CT component. This scanner enables a 150.42-mm axial
FOV and a 700-mm transaxial FOV with 47 image planes spaced at
3.27-mm intervals. The spatial resolution was 5.27 mm at FWHM
according to a NEMA NU 2-2007.

The scanning protocol was performed using the Japanese Alzheimer
Disease Neuroimaging Initiative 18F-FDG PET protocol (11) for cog-
nitive disorders. A 30-min list-mode emission scan was acquired on a
wbPET scanner, which started 30 min after the intravenous injection
of 18F-FDG. Subjects were instructed to lie quietly in a dimly lit room
with their eyes open under minimal sensory stimulation. Subsequently,
dhPET scanning was performed for 30 min with list mode (average
scanning time after injection, 71 6 5 min). Oncology subjects under-
went 2 min of wbPET scanning 60 min after the intravenous injection,
followed by 5 min of dhPET scanning (average scanning time after
injection, 90 6 1 min). Epilepsy subjects underwent 20 min of wbPET
scanning 60 min after the intravenous injection, followed by 20 min of
dhPET scanning (average scanning time after injection, 86 6 1 min).

The amyloid PET scanning methods with 18F-flutemetamol have
been described previously (12). The mean dose of 18F-flutemetamol
was 199.5 6 9.1 MBq (range, 180.6–210.1 MBq), which was injected
intravenously into an antecubital vein. A 20-min list-mode PET scan
was acquired from 90 min using the wbPET scanner following the
protocol of the AMED study (jRCTsO31180219). Subsequently, a 20-
min list-mode scan was obtained using the dhPET system (average
scanning time after injection, 117 6 2 min).

For the wbPET reconstruction conditions, 18F-FDG PET images were
reconstructed using the following algorithms and conditions: a block
sequential regularized expectation-maximization algorithm, b of 100,
2563 256 matrix, 300-mm transaxial FOV, and 1.2 mm/pixel. 18F-flute-
metamol PET data were reconstructed using the following algorithms
and conditions: 3-dimensional ordered-subsets expectation maximization
with TOF, 4 iterations, 16 subsets, 1283 128 matrix, 256-mm transaxial
FOV, 2.0 mm/pixel, and 4.0-mm gaussian filter (FWHM).

For the dhPET reconstruction conditions, 18F-FDG PET images
were reconstructed using the following algorithms and conditions: list-
mode dynamic row action maximum likelihood algorithm, subset of
200, b of 200, 1 iteration, 240 3 240 matrix, 264-mm transaxial FOV,
and 1.1 mm/pixel. 18F-flutemetamol PET data were reconstructed using
the following algorithms and conditions: list-mode dynamic row action
maximum-likelihood algorithm, subset of 150, b of 100, 1 iteration,
240 3 240 matrix, 264-mm transaxial FOV, and 1.1 mm/pixel.

These parameters met the criteria for phantom testing based on the
PET imaging site qualification program of the Japanese Society of
Nuclear Medicine (specifically, the percentage contrast in the Hoffman
3-dimensional brain phantom was greater than 55%, and the coeffi-
cient of variation in the cylindric phantom was less than 15%).

Data Analysis
Spatial resolution was compared visually between the wbPET and

dhPET images. The advantage of dhPET over wbPET was scored as
follows: 1 (inferior): spatial resolution was lower, or there was low
contrast between the lesioned and normal area; 2 (intermediate): spa-
tial resolution was almost equal, and the contrast was equal between
the lesioned and normal area; 3 (superior): spatial resolution was
higher, or there was high contrast between the lesioned and normal
area. Additionally, we examined whether interpretation of the dhPET
image changed the clinical diagnosis that had been determined by
interpretation of the wbPET image.

First, 2 nuclear medicine physicians independently scored the images
to determine interobserver variability. If the 2 physicians disagreed, they
discussed their interpretations and determined a final score.

For the voxel-based comparison we used SPM, version 12
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). The 18F-FDG and
18F-flutemetamol images were each coregistered to individual MR

FIGURE 1. Appearance of dhPET scanner.
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images, which were segmented into gray matter, white matter, and
cerebrospinal fluid using the SPM12 segmentation program. Individual
gray matter images were then spatially normalized to the template
image using the “diffeomorphic anatomic registration through expo-
nentiated lie algebra” algorithm (13), and the normalized parameters
were applied to the coregistered PET image. PET images were then
spatially normalized to Montreal Neurologic Institute space. All images
were smoothed using an 8-mm gaussian filter. We then performed a
voxel-based comparison using a paired t test between the wbPET and
dhPET images. The significance threshold was set at a P value of less
than 0.05 using familywise error correction.

Mean cortical SUV ratios (SUVRs) for each subject for both dhPET
and wbPET images were calculated using centiloid volumes of interest:
voi_CerebGry_2 mm and voi_ctx_2 mm (http://www.gaain.org/centiloid-
project). For regional SUVR, we used 4 volumes of interest in the major
regions specific to Alzheimer disease (frontal, temporal, posterior cingu-
late, and parietal cortices), which were produced for a previous study
(14). A paired t test was used to compare the mean cortical SUVRs of
the 18F-FDG and 18F-flutemetamol images between dhPET and wbPET
acquisitions. The Shapiro–Wilk test revealed that the distribution was not
normal in any of the regional SUVRs. Comparisons of regional SUVRs
between the 2 scanners for the 18F-FDG and 18F-flutemetamol images
were performed using the nonparametric repeated-measures Friedman
test, and post hoc tests were corrected using Bonferroni adjustment.

RESULTS

Interobserver agreement on the visual inspection scores was 100%
for both 18F-FDG and 18F-flutemetamol images. The 2 observers
scored 3 (superior) for all 18F-FDG and 18F-flutemetamol images.
Figures 2 and 3 show representative 18F-FDG and 18F-flutemetamol
images from both scanners. As shown in Figure 2, the red nucleus
was clearly depicted in the dhPET image. For the 18F-FDG PET
images, the pattern of abnormal uptake in dementia patients was
similar across both dhPET and wbPET images. However, the con-
trast between the decreased and preserved areas was clearer in the
dhPET images. In both cases of epilepsy, medial temporal metabolic
reduction was observed in both the wbPET and the dhPET images,
although the detection of findings was slightly easier on the dhPET
images because of the higher resolution. In the malignant tumor
cases, the lesions were similarly identifiable, although the dhPET
images showed a finer distribution of accumulation than the wbPET
images. For the 18F-flutemetamol PET images, the detection of amy-
loid deposition was similar across both PET systems, except for 1 of
the 17 subjects, a patient for whom the dhPET image showed a
more detailed amyloid distribution. This amyloid PET image of
this equivocal case is shown in Figure 4: amyloid accumulation

was suspected in the right lateral temporal cortices on the 18F-
flutemetamol PET image scanned using the wbPET scanner.
However, the 18F-flutemetamol PET image scanned using the dhPET
system showed no cortical accumulation, which indicated an amy-
loid-negative case.
The mean SUVRs of the dhPET 18F-FDG and 18F-flutemetamol

images were significantly higher than those of the wbPET 18F-FDG
and 18F-flutemetamol images (Table 1). The regional SUVRs of the
dhPET 18F-FDG and 18F-flutemetamol images were also significantly

FIGURE 2. Representative 18F-FDG PET image acquired on dhPET scanner (top row) and conventional wbPET scanner (bottom row). Patient is 85-y-old
man with mild cognitive impairment due to Alzheimer disease. Bilateral hypometabolism of posterior cingulate gyri, precuneus, and temporal lobe is shown.

FIGURE 3. Representative 18F-flutemetamol PET images acquired using
dhPET scanner (top rows) and conventional wbPET scanner (bottom
rows). (A) Amyloid-negative images of 72-y-old healthy man. (B) Amyloid-
positive images of 70-y-old male Alzheimer disease patient.
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higher than those of thewbPET 18F-FDG and 18F-flutemetamol images,
except for the parietal SUVRof the 18F-FDG images (Table 2).
Voxel-based analysis revealed that accumulations in the cerebel-

lum, in the lateral occipital cortices, and around the central sulcus area
were lower and that accumulations around the ventricle systems were
higher in dhPET 18F-FDG images than in wbPET 18F-FDG images
(Fig. 5). Accumulations in the cerebellar dentate nucleus, in the mid-
brain, in the lateral occipital cortices, and around the central sulcus
area were higher in wbPET 18F-flutemetamol images than in dhPET
18F-flutemetamol images, whereas accumulations around the ventricle
systems were higher in dhPET 18F-flutemetamol images than in
wbPET 18F-flutemetamol images (Fig. 6).

DISCUSSION

To our knowledge, this is the first clinical report on the application
of a silicon photomultiplier TOF dhPET scanner. The high spatial
resolution and low scatter noise of the scanner enable better detection
of detailed cortical accumulations of 18F-FDG or 18F-flutemetamol.
Clinically, this TOF-dhPET scanner with a silicon photomultiplier
offers better resolution and contrast within the cortical distributions of
PET tracers than do conventional PET scanners, perhaps because of
the higher spatial resolution and lower scatter noise of dhPET
than of wbPET, rather than higher statistical noise. One study
highlighted that the ability to depict the red nuclei in brain 18F-
FDG PET images is an indicator of high resolution (15). As
shown in Figure 2, the red nucleus could clearly be visualized
by the dhPET system, which may indicate its high resolution.

As shown in Figure 4, the high-resolution amyloid PET image
accurately showed accumulations in the cortices, demonstrating
the clinical impact of the method. Because of the spatial resolution
and spillover of white matter uptake to the cortical ribbon limita-
tions of wbPET, the increased uptake observed in the right tempo-
ral cortices appeared equivocal, which could lead to a misdiagnosis
of positive accumulation. In contrast, dhPET imaging demon-
strated the true accumulation (i.e., not increased accumulation).
In the amyloid PET images, some subjects may show ambiguous
accumulation, as observed in our subject, although this is not com-
mon. Therefore, a resolution equivalent to that of our PET system
may be required to make an accurate diagnosis.
One advantage of the dhPET system is not needing to acquire

a transmission scan for attenuation correction using an external
radiation source, thus avoiding exposing the patient to external
radiation. Even when additional imaging is required or multiple
PET tracer images are repeatedly acquired of the same subject,
frequent PET examinations are possible because of the lower radi-
ation exposure using the dhPET system. However, as shown in
Figures 5 and 6, we detected significant regional differences in
accumulation distributions between wbPET and dhPET images.
After familywise error correction, the occipital lobe and cerebellar
accumulation counts of the dhPET images were lower than those
of the wbPET images. Therefore, as long as this phenomenon is
considered, the dhPET system may be used for routine clinical
examination without the need for CT attenuation correction. How-
ever, to take advantage of the high resolution of the dhPET system
and eliminate differences in accumulation distribution due to atten-
uation correction among different PET scanners, it will be neces-
sary to create a database of healthy controls using this system.
When measuring the regional cortical SUVRs of glucose metabo-

lism and amyloid deposition (16), high-resolution images obtained
using the dhPET system will provide more accurate SUVRs and
enable correct diagnoses. The mean cortical SUVRs calculated from
the dhPET images were consistently higher than those calculated
from the wbPET images. One reason may be that SUVR is obtained
by dividing the cortical counts by the cerebellar counts, and the cere-
bellar counts of the dhPET images tended to be lower than those of
the wbPET images (Figs. 5 and 6). The regional SUVRs of 18F-FDG
and 18F-flutemetamol on the dhPET images were also significantly
higher than those of 18F-FDG and 18F-flutemetamol on the wbPET
images, except for the parietal SUVR of the 18F-FDG images. Patients
with dementia have greater atrophy and hypometabolism in the parietal
region than in other regions; therefore, we speculate that this difference
impacted the counts of enlarged sulci, which are fewer on high-resolu-
tion dhPET images. Moreover, a large metabolism decrease would
have further weakened the differences. The dhPET images had a lower
partial-volume effect because of the high spatial resolution. The voxel-
based analysis revealed lower accumulations in the 18F-FDG dhPET
images than in the 18F-FDG wbPET images in the cerebellum, in the
lateral occipital cortices, and around the central sulcus regions. This
lower accumulation in the cerebellar and occipital regions is likely due
to the attenuation correction method, whereas that around the central
sulcus region is likely due to the high spatial resolution of the dhPET
because the central sulci are wide in older adults. The accumulation dif-
ferences near the ventricles may be related to partial-volume differ-
ences; however, this possibility could not be verified in our study.
Additionally, differences in scanning time points may be a significant
factor. Because dhPET scanning was always performed approximately
30 min after the wbPET scanning, this time difference may have
affected the differences in 18F-FDGand 18F-flutemetamol accumulation
andwashout from the brain structures.

FIGURE 4. Equivocal case of amyloid accumulation using dhPET scan-
ner and wbPET scanner. (Top row) 18F-flutemetamol image acquired using
conventional wbPET scanner. (Bottom row) 18F-flutemetamol image
acquired using dbPET scanner. Patient is 67-y-old man with subjective
cognitive impairment. At first glance, patient appeared to be amyloid-neg-
ative. However, accumulation in right temporal cortex (arrows) was sus-
pected on wbPET image, whereas dhPET image clearly has no evidence
of accumulation in right temporal cortex.

TABLE 1
Mean SUVRs of 18F-FDG and 18F-Flutemetamol Images

Acquired Using dhPET and Conventional wbPET Scanners

Tracer dhPET wbPET

18F-FDG 1.17 6 0.18 1.04 6 0.14
18F-flutemetamol 2.09 6 0.47 1.79 6 0.46
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In an aging society, measures to combat dementia are crucial, and
early diagnosis has the potential to delay or suppress the onset of
dementia. Our findings will facilitate the widespread use of dhPET
systems for scanning the brain to enable individuals to benefit from
early diagnoses of dementia (17), epilepsy, and brain tumors.
There are several limitations to this study. Because the wbPET

scanner was not a silicon photomultiplier PET system, one may argue
that it would have high spatial resolution. However, the resolutions of
the silicon photomultiplier PET/CT Discovery MI system, digital
Biograph Vision PET/CT system, and Vereos PET/CT system are
also approximately 4 mm in FWHM (18–21). Moreover, even if the

resolution of the silicon photomultiplier PET scanner is compared
with that of the wbPET scanner, there will not be a significant impact
on the results of this study because the resolution of the dhPET sys-
tem is less than 3 mm in FWHM (10). Furthermore, even if the
silicon photomultiplier is compared with previous or current
head-only–designed PET scanners (e.g., HRRT and helmet-type
PET scanners) or with approaches that correct for partial-volume
errors or improve segmentation using PET/MRI (22), the results
are unlikely to change significantly.
The dhPET scan was always acquired after the standard sys-

tem scan. This sequence may introduce bias related to the timing

TABLE 2
Regional SUVRs of 18F-FDG and 18F-Flutemetamol Images Acquired Using dhPET and Conventional wbPET Scanners

Tracer Modality Frontal Temporal Posterior cingulate Parietal

18F-FDG dhPET 1.25 6 0.16* 1.10 6 0.19* 1.23 6 0.23* 1.00 6 0.20

wbPET 1.11 6 0.14 1.02 6 0.17 1.16 6 0.22 1.04 6 0.20
18F-flutemetamol dhPET 2.03 6 0.49* 1.86 6 0.48* 2.08 6 0.55* 1.78 6 0.42*

wbPET 1.69 6 0.47 1.63 6 0.45 1.83 6 0.53 1.66 6 0.43

*Significantly higher than wbPET (P , 0.05, Bonferroni adjustment).

FIGURE 5. Areas of significant difference in 18F-FDG PET images
between wbPET scanner and dhPET scanner. Glass brain (a display by
SPM, which shows maximum-intensity projection [MIP] of the statistical
map in 3 orthogonal planes) (A) and section (B) show higher accumulation in
cerebellum, occipital lobe, and around central sulci in images acquired using
wbPET scanner than in those acquired using dhPET scanner. Glass brain
(C) and section (D) show higher peripheral ventricle accumulations in images
acquired using dhPET scanner than in those acquired using wbPET scan-
ner. Scale bar indicates t values.

FIGURE 6. Areas of significant difference in 18F-flutemetamol PET images
between wbPET scanner and dhPET scanner. Glass brain (a display by
SPM,which showsmaximum-intensity projection [MIP] of the statistical map
in 3 orthogonal planes) (A) and section (B) show higher cerebellar and occipi-
toparietal accumulations in images acquired using wbPET scanner than in
those acquired using dhPET scanner. Glass brain (C) and section (D) show
higher peripheral ventricle area and frontal white matter accumulations in
images acquired using dhPET scanner than in those acquired using wbPET
scanner. Scale bar indicates t values.
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window of the acquired PET images after the injection. We suspect
that the SUVR differences between the systems are not due simply
to differences in scan timing but to a combination of differences in
scan time and attenuation correction methods. Moreover, it is worth
highlighting that an increase in SUVR using the dhPET does not
represent clinical or technical superiority over wbPET.
Statistical image analysis with a database of healthy controls

using this system would help with clinical diagnoses in routine
practice. However, interpreting data acquired using this system
would remain challenging if there were major differences in atten-
uation correction relative to PET/CT.
To take advantage of the high spatial resolution of the dhPET

system, it is necessary to reduce the effects of head motion during
the 20–30 min of scanning. To address this issue, it will be crucial
to optimize the conditions for generating high-quality images in a
short period and to develop image reconstruction methods that
detect or account for head motion.

CONCLUSION

Our novel dhPET scanner can provide high-resolution and high-
sensitivity images for 18F-FDG and amyloid PET that are superior
to those offered by conventional wbPET. This new technology will
enable more accurate diagnoses of brain diseases in the future.
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KEY POINTS

QUESTION: Do 18F-FDG and amyloid PET images obtained with
a TOF dhPET system have clinical superiority to those obtained
with a conventional wbPET system?

PERTINENT FINDINGS: 18F-FDG and amyloid images acquired
using dhPET are superior in spatial resolution to those acquired
using wbPET and provide an accurate diagnosis. The mean SUVRs
of 18F-FDG and amyloid dhPET images are significantly higher than
those of 18F-FDG and amyloid wbPET images, respectively.

IMPLICATIONS FOR PATIENT CARE: 18F-FDG and amyloid
images acquired using dhPET provide useful information and
support accurate diagnosis for individual patients.
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17. Assunç~ao SS, Sperling RA, Ritchie C, et al. Meaningful benefits: a framework to
assess disease-modifying therapies in preclinical and early Alzheimer’s disease.
Alzheimers Res Ther. 2022;14:54.

18. Wagatsuma K, Miwa K, Sakata M, et al. Comparison between new-generation
SiPM-based and conventional PMT-based TOF-PET/CT. Phys Med. 2017;42:
203–210.

19. Wagatsuma K, Sakata M, Ishibashi K, et al. Direct comparison of brain [18F]FDG
images acquired by SiPM-based and PMT-based PET/CT: phantom and clinical
studies. EJNMMI Phys. 2020;7:70.

20. Rausch I, Ruiz A, Valverde-Pascual I, Cal-Gonzalez J, Beyer T, Carrio I. Perfor-
mance evaluation of the Vereos PET/CT system according to the NEMA NU2-
2012 standard. J Nucl Med. 2019;60:561–567.

21. van Sluis J, de Jong J, Schaar J, et al. Performance characteristics of the dig-
italBiograph Vision PET/CT system. J Nucl Med. 2019;60:1031–1036.

22. Zhou Y. Quantitative PET/MRI evaluation and application in dementia. Jacobs J
Med Diagn Med Imaging. 2016;1:005.

158 THE JOURNAL OF NUCLEAR MEDICINE ! Vol. 64 ! No. 1 ! January 2023



Whole-Body PET Imaging in Humans Shows That 11C-PS13
Is Selective for Cyclooxygenase-1 and Can Measure the
In Vivo Potency of Nonsteroidal Antiinflammatory Drugs
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Both cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) con-
vert arachidonic acid to prostaglandin H2, which has proinflammatory
effects. The recently developed PET radioligand 11C-PS13 has excel-
lent in vivo selectivity for COX-1 over COX-2 in nonhuman primates.
This study sought to evaluate the selectivity of 11C-PS13 binding to
COX-1 in humans and assess the utility of 11C-PS13 to measure the
in vivo potency of nonsteroidal antiinflammatory drugs. Methods:
Baseline 11C-PS13 whole-body PET scans were obtained for 26
healthy volunteers, followed by blocked scans with ketoprofen (n 5 8),
celecoxib (n 5 8), or aspirin (n 5 8). Ketoprofen is a highly potent and
selective COX-1 inhibitor, celecoxib is a preferential COX-2 inhibitor,
and aspirin is a selective COX-1 inhibitor with a distinct mechanism that
irreversibly inhibits substrate binding. Because blood cells, including
platelets and white blood cells, also contain COX-1, 11C-PS13 uptake
inhibition from blood cells was measured in vitro and ex vivo (i.e., using
blood obtained during PET scanning). Results: High 11C-PS13 uptake
was observed in major organs with high COX-1 density, including the
spleen, lungs, kidneys, and gastrointestinal tract. Ketoprofen (1–75 mg
orally) blocked uptake in these organs far more effectively than did cele-
coxib (100–400 mg orally). On the basis of the plasma concentration to
inhibit 50% of the maximum radioligand binding in the spleen (in vivo
IC50), ketoprofen (,0.24 mM) was more than 10-fold more potent than
celecoxib (.2.5 mM) as a COX-1 inhibitor, consistent with the in vitro
potencies of these drugs for inhibiting COX-1. Blockade of 11C-PS13
uptake from blood cells acquired during the PET scans mirrored that in
organs of the body. Aspirin (972–1,950 mg orally) blocked such a small
percentage of uptake that its in vivo IC50 could not be determined.
Conclusion: 11C-PS13 selectively binds to COX-1 in humans and can
measure the in vivo potency of nonsteroidal antiinflammatory drugs
that competitively inhibit arachidonic acid binding to COX-1. These
in vivo studies, which reflect the net effect of drug absorption and
metabolism in all organs of the body, demonstrated that ketoprofen
had unexpectedly high potency, that celecoxib substantially inhibited
COX-1, and that aspirin acetylation of COX-1 did not block binding of
the representative nonsteroidal inhibitor 11C-PS13.

KeyWords: cyclooxygenase-1; PET; inflammation; aspirin; celecoxib
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The cyclooxygenase enzyme family is responsible for the bio-
transformation of arachidonic acid into various prostaglandins and
thromboxanes that are major inflammatory mediators. The constitu-
tively expressed cyclooxygenase-1 (COX-1) isoform has traditionally
been thought to be responsible for maintaining the physiologic
integrity of major organs such as the stomach and kidney, as well as
normal platelet function. In contrast, the inducible cyclooxygenase-2
(COX-2) isoform is thought to be associated with pathologic
responses to external injury or stimuli, including inflammation
and pain (1). However, several studies suggest that COX-1 may play
a previously underrecognized proinflammatory role in various patho-
logic conditions such as neurodegeneration (2,3), atherosclerosis (4),
and carcinogenesis (5,6). In this respect, a selective PET radioligand
might serve to image COX as a surrogate marker for the development
and progression of various diseases that have inflammation as one
component of their pathogenesis. Any such radioligand would also be
useful for measuring the target engagement of nonsteroidal antiinflam-
matory drugs (NSAIDs) tested in clinical trials for those diseases.
Previous studies from our laboratory reported initial PET results

using the newly developed radioligand 11C-PS13 (Supplemental
Fig. 1; supplemental materials are available at http://jnm.snmjournals.
org) in whole-body scans of nonhuman primates and human brain
scans. PS13 is a highly potent COX-1 inhibitor (half-maximal inhibi-
tory concentration [IC50], 1 nM) and 1,000 times more selective for
COX-1 than COX-2 (7). In nonhuman primates, 11C-PS13 showed
selective binding to COX-1 over COX-2 in most major organs,
including the spleen, gastrointestinal tract, kidneys, and brain, as
indicated by substantial blockade by COX-1 inhibitors and minimal
blockade by COX-2 inhibitors (8). COX-1 is widely distributed in
the brain, with the highest concentrations found in the hippocam-
pus, occipital cortex, and pericentral cortex (9), and 11C-PS13 was
found to be an excellent radioligand for measuring COX-1 in the
human brain. However, the pharmacologic selectivity of 11C-PS13 for
COX-1 over COX-2 has not been confirmed in humans.

The present study used whole-body imaging of healthy human vol-
unteers to investigate the selectivity of 11C-PS13 binding to COX-1
and to assess the ability of 11C-PS13 to measure the potency of
COX-1 inhibitors. The COX-1 inhibitors ketoprofen (which is prefer-
ential for COX-1) and celecoxib (which is preferential for COX-2 but
also inhibits COX-1 to a lower extent (10,11)) were used. The effects
of aspirin, which is 10- to 100-fold selective for COX-1 over COX-2,
were also examined; notably, aspirin is the only clinically used
NSAID that irreversibly inhibits both COX-1 and COX-2 by
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acetylation of Ser-530, which is present adjacent to the binding site
for the substrate, arachidonic acid (12). Although all other clini-
cally used NSAIDs competitively inhibit arachidonic acid binding,
it was unknown whether aspirin would block the binding of a
small-molecule radioligand to this site.

MATERIALS AND METHODS

To determine the selectivity of binding to COX-1, the difference in
11C-PS13 uptake in major organs and blood cells was measured for
baseline or blocked conditions using pharmacologic doses of ketopro-
fen, celecoxib, and aspirin in 26 healthy human volunteers. To explore
the ability of 11C-PS13 to measure the potency of COX-1 inhibitors,
the relationship between the blockade of 11C-PS13 binding and the
plasma concentrations of each blocker was examined after increasing
oral doses. All participants gave written informed consent in accor-
dance with the requirements of the National Institutes of Health Com-
bined Neurosciences Institutional Review Board (protocol 17-M-0179;
NCT03324646). A detailed description of the methods and relevant
citations (9,13–17) can be found in the supplemental materials.

RESULTS

Pharmacologic Effects, Biodistribution, and Dosimetry
11C-PS13 was intravenously injected once in 10 participants at base-

line and twice in 8 participants at baseline and after administration of
ketoprofen (Supplemental Table 1). In another group of 8 participants,
11C-PS13 was injected 3 times: at baseline, after administration of cel-
ecoxib, and after administration of aspirin. The injected activity for 50
total scans was 693.1 6 51.9 MBq, corresponding to a molar dose of
0.14 6 0.07 nmol/kg. Neither the radioligand nor the blocking drugs
caused any adverse effects, as assessed by participant self-report, blood
pressure, pulse, temperature, respiratory rate, electrocardiography, and
basic laboratory tests.
The whole-body images were notable for early distribution in

the blood pool (e.g., brain, thyroid gland, heart, and spleen), accu-
mulation in target organs (e.g., spleen, brain, lung, and kidney),
and apparent metabolism in the liver, with visible excretion of
activity in the gallbladder and small intestine (Supplemental Fig. 2).
Radiation exposure was calculated from the organ distribution
of radioactivity in the first 15 of 26 total participants (Supplemen-
tal Table 2). The mean effective dose of 11C-PS13 derived from
these 15 healthy volunteers was 4.6 6 0.6 mSv/MBq, resulting
in radiation exposure of 3.4 mSv for an administered activity of
740 MBq (Supplemental Table 3). This
dose is comparable to the mean dose of 21
other 11C-labeled tracers used in human
research (18), thus raising no unusual con-
cerns about radiation safety. The 3 organs
receiving the highest radiation exposure
(mSv/MBq) were the spleen (27.8 6 1.1),
liver (9.86 0.2), and lungs (7.26 0.1).

Quantitation of Organ Uptake
To determine whether the blocking drugs

changed the concentration of radioligand in
plasma, the average concentration of 11C-
PS13 was compared at 4 time points (10, 30,
60, and 90 min) in the baseline and blocked
scans. The plasma concentration of 11C-PS13
was slightly increased by ketoprofen (P 5
0.036) but was unchanged by celecoxib (P 5
0.484) or aspirin (P 5 0.161) (Supplemental

Fig. 3). Because of the change induced by ketoprofen, organ uptake
was normalized in each individual by the plasma concentration of
radioligand between 10 and 90 min. Although this normalized value
(i.e., the ratio of organ SUV to plasma parent concentration [SUV/
CP]) was used, similar measurements of potency were found using
only PET data (i.e., SUV) (data not shown). A detailed description of
the method used to calculate and verify SUV/CP can be found in Sup-
plemental Figure 4. Data were not corrected for 11C-PS13 binding to
plasma proteins for 2 reasons. First, the plasma free fraction was negli-
gibly increased in blocked scans with ketoprofen (P 5 0.050) and did
not significantly increase in scans after blockade by celecoxib (P 5
0.208) or aspirin (P 5 0.575) (Supplemental Fig. 5). Second, our pre-
vious brain test–retest study suggested that the extremely low plasma
free fraction of 11C-PS13, with high variability, could introduce unnec-
essary variance and perhaps even bias into subsequent analyses (9).

Selective Binding to COX-1 in Major Organs
As an overview of the blocking effects, the median and inter-

quartile range (IQR) of the results were measured for each
blocker, recognizing that varying doses were used for each drug.
Ketoprofen, a COX-1–selective inhibitor, decreased 11C-PS13 organ
uptake by the greatest amount (82% in the spleen [IQR, 59%–90%])
(Figs. 1A and 2). Celecoxib, a COX-2 preferential inhibitor, blocked
much less (25% in the spleen [IQR, 2%–35%]) (Figs. 1B and 2),
and aspirin had the weakest blocking effects (10% in the spleen
[IQR, 0%–18%]) (Fig. 2).
Blood cells, including platelets, monocytes, and erythrocytes,

contain COX-1 and can be used as a measure of enzyme occu-
pancy by NSAIDs (19–21). In the blood collected at 4 time points
during the scans, cells were separated from the plasma, and the
uptake of radioactivity in the cells was measured and normalized
to the plasma concentration of 11C-PS13. Similar to uptake in
organs of the body, uptake in the ex vivo cells showed selectivity
for COX-1 over COX-2, and the order of percentage blockade was
ketoprofen . celecoxib . aspirin (Fig. 2). The percentage block-
ade measured in the ex vivo blood cells was highly consistent with
the percentage blockade measured in the spleen with ketoprofen
and celecoxib (Fig. 3), a finding also observed in other organs
(r [Spearman correlation coefficient] 5 0.762–0.982).

In Vivo Potency of Ketoprofen and Celecoxib
Both ketoprofen and celecoxib substantially blocked organ

uptake and could be used to calculate their in vivo IC50 relative to

FIGURE 1. Planar images of healthy volunteers after injection of 11C-PS13 under baseline condi-
tions and after administration of blockers. (A) Under baseline conditions and after oral administration
of ketoprofen (0.35 mg/kg). Upper arrow 5 brain; lower arrow 5 spleen. (B) Under baseline condi-
tions and after oral administration of celecoxib (6.55 mg/kg). Arrow5 spleen. Images were averaged
from 10 to 90 min and compressed from anterior to posterior.
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their plasma concentrations. Because the spleen had the highest
uptake at baseline and the greatest percentage blockade, it was
used for these calculations, although similar results were found for
other organs. The plasma concentration of ketoprofen was signifi-
cantly and positively correlated with blocking of radioligand
uptake in the spleen (n 5 8, r 5 0.976, P , 0.001; Fig. 4A) and
all other organs (r $ 0.762). The plasma concentration of cele-
coxib correlated positively with blocking in the spleen (n 5 8, r 5
0.767, P 5 0.037; Fig. 4B), but the correlation did not reach sig-
nificance in other organs. From each correlation plot, the plasma
concentration of drug that gives half-maximal spleen blockade
(i.e., in vivo IC50) was estimated to be less than 0.24 mM for keto-
profen and more than 2.5 mM for celecoxib, which is a greater

than 10-fold difference in potency. Greater precision could not be
provided because ketoprofen rarely caused less than 50% blockade
and celecoxib rarely caused more than 50% blockade.

Brain Uptake
Blockade by ketoprofen and celecoxib was examined using the

subset of whole-body images that included the brain (Fig. 5). The
occupancy plot determines whether specific binding shown in all
regions has the same occupancy, as would be expected for a single
target (e.g., COX-1) with homogeneous affinity for the radioligand
(22). Uptake in brain regions was quantified as SUV/CP, as was
done for whole organs.
Three of the 8 participants had minimal blockade of brain

uptake by ketoprofen and thus could not be used for the occupancy
plot analysis; specifically, the range of y-values in these 3 partici-
pants was too small to estimate an x-intercept. For the remaining 5
participants, the occupancy plot was reasonably linear—coefficient
of determination (r2) values ranged from 0.50 to 0.82—and the
nondisplaceable uptake (x-intercept) was similar for 4 participants
(1.06–1.96), but there was a single outlier (0.14); values are expressed
in units corresponding to SUV/CP. Their occupancy showed a trend
toward positive correlation with plasma ketoprofen concentration
that did not reach statistical significance (Supplemental Fig. 6). Using
these individually identified nondisplaceable uptake values, the aver-
age binding potential was 1.25 6 0.7 for the first 4 participants, with
an outlying value of 48 in the last participant. The regions with the
highest average binding potentials were the calcarine (1.88) and lin-
gual gyrus (1.64) of the occipital region. Interestingly, the 2 partici-
pants with the highest brain blockade by celecoxib (21% and 30%,
respectively) also showed a reasonably linear occupancy plot, with
average binding potentials estimated at 2.72 and 4.36.

Blockade by Aspirin
Aspirin (972–1,950 mg orally) blocked a small percentage of

radioligand uptake in organs of the body. Even the highest doses of
aspirin blocked only a modest percentage (,30%) of radioligand
uptake in the spleen. The median blockade caused by aspirin in the
spleen was only 10% (IQR, 0%–18%; Fig. 2). Like the imaging
results, ex vivo studies of blood cells harvested during the PET
scans showed low blockade; the median blockade of blood cell
uptake of 11C-PS13 was only 2% (IQR, 0%–50%). The median

FIGURE 2. Percentage blockade of 11C-PS13 binding in major organs
and ex vivo blood cells after pharmacologic doses of ketoprofen, cele-
coxib, and aspirin (n5 8 in each condition). The administered dose ranged
from 1 to 75 mg for ketoprofen, 100 to 400 mg for celecoxib, and 972 to
1,950 mg for aspirin. Data are presented as median and IQR. Binding in
organs from PET images was measured as tissue-to-plasma ratio from 10
to 90 min—that is, SUV/CP. For ex vivo studies, blood was withdrawn at
10, 30, 60, and 90 min. Binding of 11C-PS13 was then measured as ratio
of concentration of radioligand within cells to that in plasma. We refer to
this binding as the distribution volume of the blood cells.

FIGURE 3. Consistency between percentage blockade of ex vivo blood
cells and spleen by ketoprofen and celecoxib, calculated using SUV/CP.

FIGURE 4. Dose–response plots of percentage blockade in spleen after
oral administration of ketoprofen (A) or celecoxib (B). For ketoprofen, sin-
gle oral doses ranged from 1 to 75 mg. The 3 leftmost points (i.e., those
with lowest plasma concentrations of ketoprofen) were from participants
who received either 1 or 5 mg orally. For celecoxib, single oral doses
ranged from 100 to 400 mg, and 1 participant received the maximal dose.
r5 Spearman correlation coefficient.
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plasma aspirin concentration was 27 mM (IQR, 19–37 mM), approxi-
mately 16-fold higher than the in vitro IC50 of aspirin.
To see whether aspirin was capable of blocking radioligand uptake

if higher concentrations were achieved, whole blood cells collected
from a healthy individual were incubated with aspirin (66 mM) or
ketoprofen (1.83 mM), with each concentration being approximately
39-fold higher than the in vitro IC50 of the inhibitor. To assess the
effect of the plasma itself, blood cells in plasma were compared, as
were cells resuspended in phosphate-buffered saline containing 0.4%
dextrose. When incubated with plasma, aspirin blocked 11C-PS13
uptake by 23% and ketoprofen by 97% (Fig. 6A). In contrast, when
incubated in buffer, both aspirin and ketoprofen blocked a near-
maximal amount: 90% and 93%, respectively (Fig. 6B).

DISCUSSION

Our results demonstrate that 11C-PS13 selectively binds to COX-
1 in humans and that inhibition of its organ uptake provides a mea-
sure of the in vivo potency of NSAIDs for COX-1. 11C-PS13
uptake to COX-1 was high in major organs with abundant COX-1,
such as the spleen, lungs, kidneys, gastrointestinal tract, and heart.
Using percentage blockade of 11C-PS13 uptake in the spleen as the
parameter of response, the in vivo potency of ketoprofen (IC50

, 0.24 mM) was more than 10-fold higher than that of celecoxib

(IC50 . 2.5 mM). These in vivo potencies
are consistent with the in vitro potencies of
ketoprofen and celecoxib for COX-1 (10,
23–25). In contrast, a single oral dose of
aspirin (972–1,950 mg) blocked little radio-
ligand uptake in organs of the body or in
ex vivo blood cells, consistent with its action
at a site adjacent to but not directly in the
binding site for small-molecule inhibitors
such as 11C-PS13 (Supplemental Fig. 1).
Although the brain showed a relatively
smaller percentage of blockade—probably
due to the limited penetrance of blockers—
the regional distribution of radioactivity
was appropriate for that of COX-1 and was
blocked by ketoprofen, such that the occu-
pancy in all regions was, as expected, the

same for high- and low-density regions. That is, the blockade was
consistent with a single type of binding site (i.e., COX-1) and
with all binding sites having the same affinity for the radioligand.
The 11C-PS13 PET images obtained under baseline and blocked

conditions displayed the constitutive expression of COX-1 and were
consistent with previous human postmortem studies (26) and with our
in vivo studies on nonhuman primates (8). Although the major cell or
tissue types with high binding of 11C-PS13 were not identified in this
study, most of the organs that showed high specific binding were
associated with the mononuclear phagocyte system, which includes
blood monocytes and tissue macrophages in various organs such as
the liver, spleen, lungs, and brain (27). Similar to observations made
on nonhuman primates (8), the spleen showed the highest specific
binding to COX-1, which was likely due to stagnant blood cells
encompassed within the spleen sinusoids. This possibility is specu-
lated from the remarkably similar values of percentage blockade
between the spleen and ex vivo blood cells by ketoprofen and cele-
coxib (Fig. 3); blood cells, particularly platelets, express abundant
COX-1 (19–21).
The results of the present study are consistent with the high

in vitro potency of ketoprofen to inhibit COX-1 and with the
selectivity of ketoprofen and celecoxib for COX-1 versus COX-2.
In this PET study, ketoprofen was found to have high in vivo
potency, given that doses of only 5 mg orally blocked more than
50% of organ uptake (Fig. 4A). By comparison, the typical thera-
peutic dose of ketoprofen is 75–300 mg (28). Regarding isozyme
selectivity, the selectivity index of an NSAID for COX-1 equals
the IC50 to inhibit COX-2 divided by that for COX-1, based on an
in vitro assay to inhibit prostaglandin production. Although the
reported values of IC50 and the selectivity index are highly vari-
able, the consensus is that ketoprofen is essentially selective for
COX-1 (selectivity index, 8–61) (10,23), whereas celecoxib is
preferential only for COX-2 (selectivity index for COX-2, 1.4–30)
(23–25). Thus, high doses of celecoxib are expected to block a
portion of radioligand binding to COX-1.
The very low blockade of radioligand uptake by aspirin is con-

sistent with its 2-step mechanism of action. Aspirin first weakly
binds to the substrate (i.e., active) site of COX-1 and then acety-
lates the adjacent Ser-530, which irreversibly blocks access of
bulky arachidonic acid to the substrate site (12). However, studies
using COX-1 protein with amino acid substitutions suggest that
this acetylation does not block access of inhibitors to the substrate
binding site (12). The results of the present study directly confirm
this speculation, given that the radioligand 11C-PS13, which itself

FIGURE 5. Blockade by ketoprofen in the brain of a representative participant (A), and occupancy
plots of participants after blockade by ketoprofen (colored points in 5 participants) or celecoxib
(black points in 2 participants) (B). These plotted 7 participants had the greatest blockade among all
participants. Each point represents a brain region, and each color represents an individual partici-
pant. The occupancy (i.e., slope) of COX-1 was about 54% for ketoprofen and 31% for celecoxib.
Binding was measured as SUV/CP.

FIGURE 6. In vitro experiment with incubated whole blood cells collected
from a healthy participant. High doses of aspirin and ketoprofen were
used; each concentration was approximately 39-fold higher than the in vitro
IC50. The bar graph presents the mean and SEM from 6 divided samples
with separate centrifuge and g-counting. Percentage blockade is pre-
sented as mean percentage blockade from 6 samples of each condition.
Binding of 11C-PS13 was measured as the concentration of radioligand
within cells to that in plasma. We refer to this binding as the distribution
volume of the blood cells (VBC).
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is a small-molecule inhibitor, was still able to bind even after
exposure to doses of aspirin that would be expected to fully acety-
late COX-1 (Figs. 2 and 6A). The low-affinity binding of aspirin
to the substrate site was demonstrated in vitro with high concentra-
tions of aspirin (66 mM) in buffer rather than in plasma (Fig. 6B).
Plasma proteins decrease the effectiveness of aspirin by removing
the drug from plasma water, thereby making it unavailable to dif-
fuse to the target. Under these artificial conditions of no plasma
proteins, aspirin was able to displace the radioligand. Thus, at
pharmacologic doses and concentrations, aspirin inhibited and irre-
versibly inactivated COX-1 without blocking access of inhibitors
to the substrate binding site.
It should be noted that although celecoxib’s inhibition of 11C-PS13

uptake may be caused by its cross-reactivity with COX-1, it may also
be due to the cross-reactivity of PS13 with COX-2. The most direct
way to address this possibility would have been to use another selec-
tive inhibitor, not just preferential, for COX-2; rofecoxib, which would
have been ideal for this purpose, was withdrawn from clinical use
because of its high incidence of adverse cardiovascular events (29).
To our knowledge, celecoxib is the most COX-2–selective clinically
available NSAID in the United States. However, to examine this issue,
studies were performed on monkeys using MC1 as the COX-
2–selective compound and 11C-PS13 as the COX-1–selective
compound (8). The results indicated that 11C-PS13 was selective
for COX-1 and had no measurable binding to COX-2.
The occupancy plot of brain uptake assumes that occupancy of

specific binding is the same for all regions. Importantly, this analysis
showed that ketoprofen enters the brain and displaces the radioligand
from COX-1 (Fig. 5). Both ketoprofen and our radioligand are highly
selective for COX-1 over COX-2, and the fact that one blocked the
other provides strong evidence that both selectively bind to COX-1.
Interestingly, measurable occupancy was also found in the 2 partici-
pants with the highest brain blockade by celecoxib. However, the
occupancy plot also showed a limitation in our ability to measure
brain uptake—that is, SUV/CP data from 10 to 90 min—and CP

measured with venous samples. The noise and potential bias in these
measurements presumably caused the poor identifiability of nondis-
placeable uptake and average binding potential, preventing us from
obtaining consistent results in participants who received lower doses
of the blockers. Future studies will explore whether full quantitation
using continuous dynamic scans and arterial blood sampling might
provide more accurate measurements.
The highly consistent blocking effect between ex vivo blood

cells and the spleen suggests the potential utility of blood cells to
evaluate COX-1 inhibitors in the future, even before PET images
are obtained. As an example, the potency of a novel NSAID for
COX-1 inhibition might be screened first with in vitro human
blood cells using 11C-PS13 or a tritiated analog.
Although the brain is protected from polar radiometabolites by

the blood–brain barrier, most peripheral organs, including the
spleen, have no such barrier. The percentage of contamination by
radiometabolites in any organ will depend on the relative composi-
tion of 3 components: specific binding to the target receptor, non-
specific binding of the parent radioligand, and radiometabolites.
We chose the spleen, which has a high percentage of specific bind-
ing (Fig. 2). However, most other organs (e.g., liver) will have a
greater percentage of contamination by radiometabolites, which
would underestimate the measured percentage blockade by block-
ers. To determine whether occupancy was stable in the spleen
during the scan, we analyzed the time stability of SUV/CP with
a method similar to the time-stability analysis in the brain

(Supplemental Fig. 4F). No evidence of radiometabolite accumula-
tion in the spleen over time was observed.

CONCLUSION

11C-PS13 was selective for COX-1 in humans, as assessed via
its distribution (which reflected that of COX-1 rather than COX-2)
and by the much greater potency of ketoprofen than of celecoxib
to inhibit uptake in target organs. Using in vivo uptake in organs
or ex vivo uptake in blood cells, 11C-PS13 was able to measure
the in vivo potencies for COX-1 of NSAIDs that act at the sub-
strate binding site. Taken together, the results suggest that 11C-
PS13 can be used to determine whether any NSAID, except for
aspirin, achieves adequate concentrations to inhibit COX-1 in the
target organ, whether located centrally or in the periphery.

DISCLOSURE

This study was funded by the intramural research program of the
National Institute of Mental Health, NIH (projects ZIAMH002795
and ZIAMH002793; NCT03324646). No other potential conflict of
interest relevant to this article was reported.

ACKNOWLEDGMENTS

We thank the NIH PET department (Chief, Peter Herscovitch) for
performing the PET scanning and Ioline Henter (NIMH) for invalu-
able editorial assistance.

KEY POINTS

QUESTION: How selective is 11C-PS13 binding to COX-1 in
humans, and can 11C-PS13 be used to measure the in vivo
potency of NSAIDs?

PERTINENT FINDINGS: High 11C-PS13 uptake was observed in
major organs with high COX-1 density. Ketoprofen blocked uptake
in these organs far more effectively than did celecoxib, and aspirin
blocked only a small percentage of uptake.

IMPLICATIONS FOR PATIENT CARE: Because COX-1 may play
a proinflammatory role in the brain and periphery, a selective PET
radioligand such as 11C-PS13 might be used to image COX-1
as a surrogate marker for the development and progression of
diseases marked by inflammation and measure the target
engagement of NSAIDs as potential treatments.
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Intraperitoneal 211At-based targeted a-therapy (TAT) may hold great
promise as an adjuvant therapy after surgery and chemotherapy in epi-
thelial ovarian cancer to eradicate any remaining undetectable disease.
This implies that it will also be delivered to patients possibly already
cured by the primary treatment. An estimate of long-term risks is there-
fore sought to determine whether the treatment is justified. Methods:
Baseline data for risk estimates of a-particle irradiation were collected
from published studies on excess cancer induction and mortality for
subjects exposed to either 224Ra treatments or Thorotrast contrast
agent (25% ThO2 colloid, containing

232Th). Organ dosimetry for 224Ra
and Thorotrast irradiation were taken from the literature. These organ-
specific risks were then applied to our previously reported dosimetry
for intraperitoneal 211At-TAT patients. Results: Risk could be esti-
mated for 10 different organ or organ groups. The calculated excess
relative risk per gray (ERR/Gy) could be sorted into 2 groups. The
lower-ERR/Gy group, ranging up to a value of approximately 5,
included trachea, bronchus, and lung, at 0.52 (95% CI, 0.21–0.82);
stomach, at 1.4 (95% CI,25.0–7.9); lymphoid and hematopoietic sys-
tem, at 2.17 (95%CI, 1.7–2.7); bone and articular cartilage, at 2.6 (95%
CI, 2.0–3.3); breast, at 3.45 (95% CI,210–17); and colon, at 4.5 (95%
CI, 23.5–13). The higher-ERR/Gy group, ranging from approximately
10 to 15, included urinary bladder, at 10.1 (95% CI, 1.4–23); liver, at
14.2 (95% CI, 13–16); kidney, at 14.9 (95% CI, 3.9–26); and lip, oral
cavity, and pharynx, at 15.20 (95% CI, 2.73–27.63). Applying a typical
candidate patient (female, age 65 y) and correcting for the reference
population mortality rate, the total estimated excess mortality for an
intraperitoneal 211At-monoclonal antibody treatment amounted to 1.13
per 100 treated. More than half this excess originated from urinary
bladder and kidney, 0.29 and 0.34, respectively. Depending on various
adjustments in calculation and assumptions on competing risks,
excess mortality could range from 0.11 to 1.84 per 100 treated.
Conclusion: Published epidemiologic data on lifelong detriment
after a-particle irradiation and its dosimetry allowed calculations to
estimate the risk for secondary cancer after 211At-based intraperitoneal
TAT. Measures to reduce dose to the urinary organs may further
decrease the estimated relative low risk for secondary cancer from
211At-monoclonal antibody–based intraperitoneal TAT.

KeyWords: secondary cancer;a-particle; targeteda-therapy; human;
astatine-211; radium-224
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Radionuclides that emit a-particles are being evaluated for tar-
geted a-therapy (TAT). However, estimates of long-term risks,
such as for induction of secondary cancer, have not been a priority
in the performed early-phase studies, probably because most pa-
tients considered for TAT at this early phase of drug development
have late-stage disease for which treatment is not aimed at curing
the patient.
The combination of high energy and short range makes a-irradia-

tion most promising for delivering a high absorbed dose to target
volumes of less than 1 mm3 (1). TAT is thus ideal for adjuvant ther-
apy, that is, after primary treatment with surgery, radiation therapy
or pharmacologic therapy, when patients are disease-free by objec-
tive measures but carry a statistical risk of recurrence. Since all use
of radiation in medicine must be properly justified, the treatment
benefit must outweigh any possible and probable risks. Such justifi-
cation becomes more delicate for an adjuvant setting in which a
proportion of the patients is already cured by the primary treatment.
Low organ-absorbed doses, well below estimated tolerance doses,

were found in a phase I study with intraperitoneal delivery of thera-
peutic amounts of 211At conjugated to MX35 F(ab9)2 (

211At-mono-
clonal antibody [mAb]) (2). In a study of 12 patients, including 4
patients with 6- to 12-y survival, no radiation-linked acute toxicity
was observed and no other observable side effects were revealed
(3). As the risk to induce secondary cancer by radiation can be cal-
culated, the effective dose for this treatment has been published (4).
Effective dose is, however, intended for application only in radiation
protection and can at best provide a rough estimate of the long-term
risk. For a-particle irradiation, a conservative radiation-weighting
factor of 20 is applied, whereby risk might be overestimated. If this
leads to delivery of overly cautious (e.g., lower) amounts of the ther-
apeutic agent, the therapy results might be negatively affected.
There is an obvious need to estimate the risk of induction of second-
ary cancers, particularly for planning further clinical studies in the
adjuvant setting, in which long-term survival is expected.

In this work, we estimated carcinogenic risks for a novel TAT by
comparing resulting organ-absorbed doses with the best data avail-
able on cancer incidence and mortality from long-term follow-up of
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patients who received a-emitting substances. By directly calculat-
ing risk after a-irradiation from the known long-term effects of
other a-irradiations, the uncertainty involved in determining a radi-
ation-weighting factor for a-irradiation is eliminated. Published
organ-by-organ relative risks for secondary cancer after administra-
tion of the a-emitting compounds Thorotrast (5–9) and 224Ra
(10–12) were used.
The aim of this work was to compile and evaluate published

data relevant to the estimation of carcinogenic risk that could
prove useful for justifying adjuvant intraperitoneal TAT. It might
also serve as a reasonable method for estimating long-term toxicity
for other TATs.

MATERIALS AND METHODS

Background Data
All data are from published studies or public registers in which no

individual data can be distinguished. The 211At-mAb study was ap-
proved by the Regional Ethical Committee, and written informed con-
sent was obtained (2).

Only studies with injected a-emitting solutions used for medical pur-
pose were included, that is, excluding environmental exposure studies.
Two types of studies were identified as suitable: follow-up studies of
patients who received the 232Th-containing radiographic contrast
medium Thorotrast (5–9) and patients who received 224Ra for the treat-
ment of tuberculosis and ankylosing spondylitis (10–12). In all, 6 Thor-
otrast series (Table 1) and 2 224Ra studies (Table 2) were identified. A
small overlap of included subjects is reported from the Japanese
autopsy study (Table 1) (8). We excluded data on lung cancer from the
224Ra studies and from the Thorotrast autopsy study. A lung cancer
incidence or mortality lower than expected was reported and was
thought to be due to less smoking among the treated patients because of
the underlying medical condition, as discussed by Wick et al. Nekolla
et al. (10,11), and Mori et al. (8).

To estimate risk, the standardized mortality ratio, standardized inci-
dence ratio, or ratio between observed cases in the exposed group and a
control group were extracted directly or calculated from the studies.
Both sexes were included, whereas, when possible, individuals less
than 20 y old were excluded. All 6 Thorotrast studies administered sim-
ilar amounts of Thorotrast (Table 1), but the injected activity of 224Ra
differed depending on the illness treated (Table 2).

In each study, excess relative risk per gray (ERR/Gy) was calculated
for the organ sites at which absorbed doses were given (Supplemental
Table 1; supplemental materials are available at http://jnm.snmjournals.
org). The extracted observed and expected numbers of cancer cases or
deaths per organ and study are presented in Supplemental Table 2. The
absorbed doses used are presented in Table 3. The 95% CIs for stan-
dardized incidence ratio, standardized mortality ratio, and relative risk
were calculated on the basis of a Poisson distribution for counts. For
each analyzed organ site, appropriate studies were pooled and weighted
with an inverse-variance approach (13). The metan macro for Stata/IC
statistical software (release 16; StataCorp LLC) was used for the pool-
ing calculations.

The typical candidate being treated with 211At-mAb for ovarian can-
cer is a woman aged 50–60 y, and the lag period for long-term risk is
assumed to be 10 y. Therefore, cancer site–specific mortality rates by
5-y age groups for women aged 65 y or older (651) in Nordic countries
from 2007 to 2016 were derived from NORDCAN (14). Weighting fac-
tors, based on the fraction of the population alive compared with the
total population aged 651, were applied to all-cause mortality rates to
account for patients dying of other causes. All-cause mortality data
were taken from Statistics Sweden (15) for Swedish women aged 651.
It was assumed that within each age group (65 to 851), the mortality

rate was constant when calculating the weighting factors for each site.
The weighting factors can be seen in Supplemental Table 3.

mw 6515
X

i5age group

mi # wi (Eq. 1)

Equation 1 calculates the weighted reference population mortality
for ages 651 (mw 651) for each site, with mi being the site-specific
mortality for the age group and wi the fraction alive in the age group
of the total population aged 651.

Dosimetry Data
Absorbed doses to liver after Thorotrast injection were derived from

Ishikawa et al. (16), to bone and bone marrow from Kaul et al. (17), and
to the remainder of the organs from Ishikawa et al. (18), with assumed
distributions of radioactive daughters. Absorbed doses after 224Ra irra-
diation were taken from Lassman et al. (19). The resulting absorbed
doses used are given in Table 3.

Outcome
The excess mortality for each cancer site was calculated from the

estimated ERR/Gy for this cancer site from the published epidemio-
logic studies and multiplied by the dose received in the corresponding
organ (Gy) after a 200 MBq/L intraperitoneal treatment with 211At-
mAb (4) and further multiplied by the weighted reference population
mortality rate for this cancer site after 65 y of age (mw 651):

Excess mortality5ERR=Gy3Gy3mw 651 (Eq. 2)

To calculate the total excess mortality from a treatment, the results
from the different sites were summed.

RESULTS

Published Thorotrast studies were based on 5,870 (69% male,
31% female) patients, and the 224Ra studies comprised 2,153
patients (86% male, 14% female). Thus, the total for both treatment
cohorts was 8,023 patients (74% male, 26% female). The median
follow-up time was 26 y (range, 15–55 y). In total, 1,638 observed
cancer events were used, and the excess numbers of reported can-
cers were 1,071 and 119 for the Thorotrast and 224Ra cohorts, re-
spectively. Details of number observed, number expected, risk
ratio, and excess cancer per organ site and per study are presented
in Supplemental Table 2. The included studies and patient charac-
teristics are presented in Table 1 (Thorotrast) and Table 2 (224Ra).
The calculated absorbed dose data per organ or group of organs are
presented in Table 3.

ERR/Gy
The resulting pooled ERR/Gy for the 10 different organs or organ

groups was calculated with 95% CI and presented in Figure 1. Gen-
erally, the 95% CI was wide, with lip, oral cavity, and pharynx
being 15.20 (95% CI, 2.73–27.6); stomach, 1.43 (95% CI, 25.01–
7.86); colon, 4.53 (95% CI, 23.95–13.01); breast, 3.45 (95% CI,
210.44–17.34); urinary bladder, 10.01 (95% CI, 1.39–22.28); and
kidney, 14.93 (95% CI, 3.94–25.92), but was narrow for trachea,
bronchus, and lung, at 0.52 (95% CI, 0.22–0.83); lymphoid and
hematopoietic system, at 2.17 (95% CI, 1.68–2.66); bone and artic-
ular cartilage, at 2.63 (95% CI, 1.97–3.30); and liver, at 14.20 (95%
CI, 12.82–15.57). Forest plots demonstrating the ERR/Gy from the
respective individual studies and the resulting weighted overall
ERR/Gy are found in Supplemental Figure 1 and Supplemental
Table 1.
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Excess Mortality
The resulting excess mortality from cancer induction after a

200MBq/L intraperitoneal treatment with 211At-mAb was esti-
mated by multiplying treatment organ dose by the ERR/Gy and by
the weighted natural mortality for a typical patient, that is, a woman
65 y old (Eq. 2). The total expected excess lifetime mortality from
the treatment was 1.13 per 100 when the most solid background
data were applied to derive ERR/Gy—that is, using both male and
female observed and expected data. The influence of various as-
sumptions and competing risk is presented in Table 4 and Supple-
mental Table 4. More than half the excess cancer mortality was
from the urinary bladder (0.29) and the kidney (0.34). The lowest
contribution to excess mortality per 100 was from bone and articu-
lar cartilage (0.002) and from the lymphoid and hematopoietic sys-
tem (0.02).

DISCUSSION

With the introduction of TAT for clinical use, reliable risk esti-
mations of long-term detriment, such as cancer induction, are
needed to justify the procedure. The a-particles have a short path-
length and a high linear energy transfer (LET) that make them an
ideal treatment for small-scale malignant disease. Adjuvant treat-
ment in cancer aims at reducing the relapse rate for a cohort of
patients subjected to treatment when compared with no treatment.
Since only a fraction of these patients will relapse, it follows that
the others are cured by the primary therapy. For the latter group, the
adjuvant treatment will be of no benefit while carrying a possible
risk. Therefore, a shared decision-making process is recommended
when proposing an adjuvant therapy to the patient. The risks from
all suggested treatments need to be disclosed and need be related to
the expected gain from the therapy.
Estimation of risk is valuable for at least 2 reasons: to properly

optimize and plan effect-finding studies and to provide patients
with adequate information about possible benefits and risks. To
state that the risks are unknown for a radiation-based therapy would
not be correct or ethical. Although the risks are uncertain, some
estimates would be a useful background for discussions with pa-
tients before they provide informed consent.
A recent study estimated excess cancer risk from a cohort of

almost 150,000 patients after 131I treatment of well-differentiated
thyroid cancer. A very small but statistically significant risk of
second hematologic malignancy was found (20). That work initi-
ated a debate on both the necessity of, and the difficulties with,
performing such excess-risk estimates (21,22). It is evident that
true risk can be assessed only after a long follow-up of patients
exposed to a specific therapy, preferably in a randomized con-
trolled trial.
We have previously used up to a 200MBq/L intraperitoneal infu-

sion of 211At-mAb in a phase I study, resulting in absorbed doses
well below tolerance doses (using a relative biological effectiveness
of 5) with low radiation-induced toxicity (2,3). Using biokinetic
modeling, an activity concentration of 200 MBq/L was assumed
sufficient to achieve eradicative absorbed doses to microtumors
(23). When we applied the International Commission on Radiologi-
cal Protection (ICRP)–recommended radiation-weighting factor of
20 for a-irradiation, the studied patients received an effective dose
of 2.6 Sv (4) at this activity concentration. This would indicate a
lifelong lethal cancer risk of around 10%. Effective dose should
not, however, be used for any radiotherapy, as clearly stated by the
ICRP itself (24). More specifically, the fundamental weaknesses of
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the effective dose as applied to a-irradiation has been thoroughly
discussed (25). In the present work, we investigated whether the
published literature contained relevant amounts of data to calcu-
late risk directly, that is, data on epidemiologically derived carci-
nogenic risk after a-particle irradiation.
To do this investigation, we selected studies by focusing on

long-term reports of carcinogenic risk after medical use of a-particle
irradiation, that is, Thorotrast (232Th) (5–9) and 224Ra (10–12).

These studies from multiple research groups contain well-documented
radionuclide exposure to several thousand patients and include life-
long follow-up. Notably, most reported organ doses for 232Th and
224Ra are low and comparable to the organ doses received after
adjuvant intraperitoneal TAT with 211At-labeled antibodies. Con-
tributions from electrons and photons were considered negligible.
Thorotrast was a colloidal suspension of 25% ThO2 (including

232Th) used as an injectable contrast agent in the 1930s–1940s (26).
The long biologic half-life resulted in life-
long irradiation (27), and lifetime doses of
several gray (Gy) were received in reticulo-
endothelial organs, with a resulting clear
excess risk of cancers (16). Approximately
5% of the 232Thwill distribute to other tissues,
with absorbed doses of 0.01–0.1 Gy (18), a
level at which cancer excess is not always sta-
tistically significant, but this level is included
in this combined analysis. The strength of the
dose calculations for Thorotrast lies in the use
of actual measured thorium concentrations, in
several tissues, from a reasonable number
of individuals, whereas the main uncertainty
lies in estimating the contribution from 232Th
daughters (16,18).

224Ra-radium chloride, as a component
of Peteosthor, was used to treat bone tuber-
culosis or ankylosing spondylitis until the
early 2000s (11). Its use for the treatment of
children with bone tuberculosis was stopped
in 1956 because of the reported growth
retardation and excess occurrence of bone
sarcomas (28). The amount of 224Ra radio-
activity administered up to that time was

TABLE 3
Calculated Absorbed Dose Data and Background Natural Mortality

Organ/group of organs
ICD-10
code

Thorotrast
(mGy)

224Ra, high
(mGy)

224Ra, low
(mGy)

211At
(mGy)

Mortality per 100,000
in women aged 651

Lip, oral cavity, pharynx C00–C13 174 NA NA 280 36,9

Stomach C16 39 99 22 160 80

Colorectum, anal* C18–C21 42 297 NA 36 397.2

Liver, intrahepatic bile ducts C22 6,900 585 130 104 69.6

Trachea, bronchus, lung C33–C34 1,094 99 22 320 570.5

Bone and articular cartilage C40–C41 4,800 19,800 NA 182 3.8

Breast (female) C50 NA 99 22 28 373

Kidney C64–C65 45 333 74 340 67.3

Urinary bladder C67 NA 99 NA 380 76.2

Lymphoid, hematopoietic,
and related tissues

C81–C96 2,100 1,890 420 30 281.9

*Colon (C18–19), 70%; rectum (C20), %30%.
NA 5 dose data not available.
Thorotrast mean administered volume was 20 mL and mean exposure was 30 y using distribution data from Ishikawa et al. (16,18).

224Ra was 45 MBq (high) and 10 MBq (low), applied to distribution from Lassman et al. (19). 211At was 200 MBq/L in intraperitoneal
infusion, with 24-h dwell time, from Cederkrantz et al. (4). Mortality data are from NORDCAN (14), weighted by natural mortality in age
span (data from Statistics Sweden (15)).

FIGURE 1. Pooled ERR/Gy for different organs or organ groups with 95% CI. Data for bladder rep-
resent only 1 background study (Nekolla et al. 2009 (10)).
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approximately 50MBq in the high-dose treatment. Thereafter,
activity was reduced to about 10 MBq for treatment of ankylosing
spondylitis in young adults. For the 224Ra dosimetry, we used
data from Lassman et al. (19) that are based on the age-dependent
biokinetic model for alkaline earth elements as described in
ICRP publication 67 (29). In the current work, we have excluded
patients younger than 20 y, but the mean age of the remaining
patients is still comparatively low, at 37 y. The mean latency
time for 224Ra-induced bone cancer was reported to be approxi-
mately 15 y (30). For other malignancies, the mean latency times
were approximately 25 y, though presented with large uncer-
tainty (10,11).
The ovarian cancer patients intended for an intraperitoneal 211At-

mAb therapy have a median age of 63 y, which is clearly higher than
those exposed to Thorotrast and 224Ra (33 and 37 y, respectively).
For low-LET irradiation, the age dependence is not trivial (31).
Although latency is generally long, the risk reduction by age at irra-
diation is not noticeable until approximately 65 y of age. The
exceptions are breast and bone cancer, for which risk reduction is
already seen at age 50 y at the time of irradiation (32). If an age
dependence similar to that for low-LET radiation also applies to
211At-mAb–treated patients, the risk for breast and bone cancer
(excess, 0.036 and 0.002 per 100 treated, respectively) could be
reduced by a factor of approximately 2. However, since such data
do not exist for high-LET irradiation, the main result of 1.13 excess
cases of cancer per 100 treated is without any age correction. More-
over, a younger patient has a longer life expectancy than an older

patient (of the same disease stage) and thereby a higher risk to be
diagnosed with a secondary cancer. We accordingly adjusted the
background mortality-rate data used, with a resultant risk decrease
with higher age at treatment. In Table 4, only the excess cancer
numbers for 25 and 65 y are presented, but details are provided in
Supplemental Table 5.
In Table 4, the effects of making different assumptions or adding

competing risks can be seen; all results are presented as number of
excess cancer cases per 100 treated (with a 200 MBq/L intraperito-
neal dose of 211At-mAb). For example, in the analyzed cohorts
(Tables 1 and 2), female sex constituted approximately only 25% of
all individuals. Two studies (5,10) contained some data grouped by
sex. If only the female data were used to calculate the ERR/Gy, the
number of excess cancer cases for a cancer-free woman of 55 y
amounted to 1.60. We find this number more uncertain because the
female-only–derived ERR/Gy is based on much fewer observed
cancer cases with a resultant much wider 95% CI (Supplemental
Table 4). Additionally, we demonstrated the effect of 2 kinds of
competing risks. First, ovarian cancer stage correlates with mortal-
ity; that is, a patient at FIGO (International Federation of Gynecol-
ogy and Obstetrics) stage IV is more likely to die from ovarian
cancer than from development of a secondary cancer. Therefore,
the excess cancer cases decrease when adjustment is made for sur-
vival of ovarian cancer as shown for International Federation of
Gynecology and Obstetrics stages I–IV (Table 4). Second, patients
surviving ovarian cancer are at increased risk of a second primary

TABLE 4
Influence of Various Assumptions and Competing Risk

Excess cancer cases per 100 treated

FIGO stage

Parameter

Adjustment in
calculation or used

background Cancer-free I II III IV

Using ERR/Gy based on
“male and female”*

1.13 0.90 0.64 0.25 0.11

Using ERR/Gy based on
“female sex only”†

1.60 1.28 0.91 0.35 0.16

Age-dependence
adjustment if low LET
equals high LET*

1.11 0.89 0.63 0.24 0.11

Other second cancer risk
after ovarian cancer
primary*‡

1.53 1.24 0.87 0.34 0.15

Age (25 or 65 y) at time of
treatment

ERR/Gy “male and
female”*

1.24–0.90

ERR/Gy “female sex
only”†

1.84–1.21

*Calculations made with “male and female”–derived ERR/Gy in Supplemental Table 4.
†Using ERR/Gy based on “female only.”
‡Hazard risks (33), specified in Supplemental Table 4. No adjustment for decreased survival due to second primary cancer was

performed.
Excess cancer cases per 100 treated are female patients, 55 y old at treatment. FIGO stage data are 10-y ovarian cancer relative

survival according to International Federation of Gynecology and Obstetrics stage I–IV (0.80/0.57/0.22/0.11) (36). Influence of age at
treatment (25 and 65 y) is as specified in Supplemental Table 5.
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cancer, compared with the healthy population (33). To account for
this increase, the excess cancer cases are multiplied by the hazard
ratios for the risk to be diagnosed with a second primary cancer
after an ovarian cancer diagnosis (33). This results in an increase
from 1.13 to 1.53 per 100 treated “cancer-free” patients; no adjust-
ment for decreased survival due to the secondary cancer was done
(Table 4; Supplemental Table 4).
The use of cancer excess data after exposure to 232Th and 224Ra

is not ideal because of the different half-lives and biologic distribu-
tions of these a-emitters. Also the microdistribution of decays
within each organ will likely differ. On the other hand, they provide
the best clinical data available for estimating long-term risk after
a-particle therapies because the studies include solid data for some
8,000 patients with often lifelong follow-up. In our estimates, we
have assumed that the risk is a linear function of the organ mean
absorbed dose. This assumption implies a linear no-threshold
model, which is reasonable if cancer induction originates from a
single stochastic mutation induced by an a-particle traversing the
cell nucleus (25). A deviation from linearity may be expected when
high radiation doses are received in a short time, since an increased
likelihood for cell death will reduce the cancer induction risk. For
232Th, several observations indicate a linear increase in risk with
increasing dose. These observations include the fact that the liver
receives the highest absorbed dose with a very heterogeneous dose
distribution (34). Using a 2-mutation carcinogenesis model, the
conclusion was that the excess absolute risk for liver tumors corre-
lates linearly with absorbed dose (35).
The resulting highest excess cancer contributions were from the

urinary bladder and kidney. However, diuretics and an open
indwelling urinary catheter to reduce transit time can decrease the
dose to the bladder and probably to the kidney. It is also likely
that 211At-compounds with improved in vivo stability can reduce
the risk to organs associated with uptake of free 211At.

CONCLUSION

Relevant data in the published literature were found that allowed
carcinogenic risk estimation. The results presented here should be
viewed as a first estimate of long-term risk for cancer induction
after intraperitoneal a-particle treatment. They carry uncertainties
in both the presented excess cancer incidence and the dosimetry,
while still representing the best risk estimations available today.
Application of this method will strengthen the risk–benefit analysis
for patient selection and provides valuable information on organs
that might be expected to experience the largest effect of dose
optimizations.
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KEY POINTS

QUESTION: Can the risk of secondary cancer after an adjuvant
intraperitoneal 211At-mAb–based therapy be estimated?

PERTINENT FINDINGS: Using the organ dose from 211At,
organ-specific risks were estimated from literature data on excess
cases of cancer for subjects medically exposed to other a-particle
emitters (224Ra or 232Th). The ERR/Gy was applied for patients
receiving intraperitoneal 211At-TAT, and the total excess mortality
might range from 0.1 to 1.8 per 100 treated, depending on various
background data or assumptions of competing risks.

IMPLICATIONS FOR PATIENT CARE: The estimation of
carcinogenic risk is valuable for proper justification, optimization,
and planning of effect-finding studies in forthcoming adjuvant
therapy trials and to provide patients with adequate information
about possible benefits and risks.
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The feasibility, performance, and radiation safety of an experimental
generator were evaluated to efficiently produce 212Pb intended for
radiopharmaceuticals. Methods: The generator consisted of a flask
with a removable cap containing a source of 224Ra or 228Th absorbed
on quartz wool. Gaseous 220Rn emanated from the decaying source,
which subsequently decayed to 212Pb, which was adsorbed on the
flask’s interior surface. The 212Pb was collected by washing the flask
with 0.5–1 mL of 0.1 M HCl. Results: The generator collector flask
trapped 62%–68% of the 212Pb, of whichmore than 87% (tested up to
26 MBq) could be harvested. The obtained 212Pb solution had a high
purity (.99.98%) and could be used for the preparation of radioconju-
gates with more than 97% radiochemical purity. Future designs of the
generator should aim to further reduce the risk of radon and g-energy
exposure to operators. Conclusion: The presented technology is a
promisingmethod for easy and convenient 212Pbproduction.

Key Words: lead-212; 212Pb; 220Rn; 212Pb generator; radionuclide
production
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Lead-212 (212Pb; half-life, 10.6 h), a b-emitter itself, is an
in vivo generator of a-particles through the a-emitting progenies
212Bi and 212Po. Convenient chelation chemistry makes 212Pb suit-
able for targeted a-therapy (1). However, the radiolabeling of tar-
geting agents should preferably be performed on-site because of
the short half-life of 212Pb. Rapid and efficient processes are
required to ensure sufficient 212Pb availability for end users.
As a member of the thorium series (Fig. 1), 212Pb can be obtained

from generators that contain the longer-lived mother nuclides 228Th
(half-life, 1.9 y) or 224Ra (half-life, 3.6 d). Current generators are
based on isolating 212Pb from 224Ra or 228Th through several purifi-
cation steps. 224Ra has become the preferred radionuclide source
over 228Th to minimize radiation hazards (1). A generator used to
supply 212Pb for clinical trials by Orano Med is based on 224Ra
immobilized on a cation-exchange column from which 212Pb can be

eluted (2–4). The eluate is then evaporated and treated several times
with concentrated acid before the final solution is ready for radiolab-
eling (3). A similar generator purchased from Oak Ridge National
Laboratory was integrated into an automated synthesis module,
where 212Pb was eluted in dilute HCl for labeling of peptides (5).
An alternative method that avoids purification of 212Pb from the
generator source material uses a solution of 224Ra/212Pb in equilib-
rium directly for the radiolabeling process (6,7). However, this pro-
cedure still requires a final purification step to remove 224Ra and
unconjugated daughters.
A second approach is based on radon emanation, which involves

obtaining 212Pb from gaseous 220Rn (half-life, 55.6 s) emanated
from the decaying (228Th/)224Ra parent. Thus, 212Pb can be isolated
from parent nuclides without the need for dedicated equipment for
the separation process. Hassfjell and Hoff reported a generator com-
prising a 228Th source distributed within barium stearate and stored
in a housing chamber connected to a vacuum pump (8). The source
could be slid into the collection chamber via a gate valve. The gener-
ator experienced a relatively poor yield (11%–50%) because of radi-
ation damage of the source when 40–50 MBq of 228Th were used.
Other examples are based on 2-compartment systems in which
220Rn is transferred from a source chamber with parent nuclides into
a collector chamber by airflow (9–11). These generators require sig-
nificant effort and advanced equipment and have been tested in only
small-scale production (#2 MBq). Another drawback of such
2-compartment systems is that 220Rn may decay before reaching the
collector chamber, potentially resulting in low 212Pb yields (9).

Here, we report a novel single-chamber generator based on 220Rn
emanation from decaying 224Ra or 228Th to produce high yields of
212Pb for radiolabeling of ligands and monoclonal antibodies
(mAbs). The generator is compact and user-friendly—key consider-
ations for a shippable device that can be operated by the staff at a
nuclear medicine facility.

MATERIALS AND METHODS

The 228Th/224Ra/212Pb Generator
An earlier generation of the generator was previously reported (12),

but the recent version was optimized to increase output capacity and
reduce the risk of cross-contamination. The generator, consisting of a
100-mL glass flask standing upside down, with the radionuclide source
contained in the screw cap (Fig. 2) (13), was kept at room temperature
the entire time. 228Th (Eckert and Ziegler or Oak Ridge National Labo-
ratory) or 224Ra (prepared as previously described (7)) in 100–200 mL
of 0.1–1 M HCl was applied to approximately 0.2 g of porous quartz
wool (ProQuarz GmbH). The quartz wool was placed on a small plastic
cap covered in aluminum foil to minimize 220Rn retention and secured
inside the screw cap (Fig. 2). During 228Th/224Ra decay, the short-lived
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220Rn emanated from the quartz wool, followed by adsorption of the
longer-lived 212Pb daughter onto the interior surfaces of the flask. After
approximately 2 d, the flask was carefully replaced with a clean flask to
harvest 212Pb and reuse the generator, ensuring no cross-contamination
from the source. To extract the 212Pb, 0.5–1 mL of 0.1 M HCl solution
was added, and the flask was carefully swirled to cover the inner surface
for about 5 min before the solution was collected.

Radioactivity Measurements
A pure source of 224Ra reaches transient equilibrium with 212Pb after

2 d. We evaluated the yield of the 224Ra-based generator when 212Pb
was harvested after 2–3 d, or as the average yield for the 228Th-based
generator when 1 generator was used multiple times with at least a 2-d
interval. The yield was defined as the percentage of 212Pb activity
adsorbed to the flask relative to parent 224Ra or 228Th. The yield was

also evaluated for generators that were milked for the second time.
Radioactivity was quantified by a radioisotope dose calibrator (CRC-
25R; Capintec Inc.) (12).

The breakthrough of 224Ra or 228Th in the washout solution at har-
vesting was quantified indirectly through the 212Pb activity of decayed
samples—activity that was measured in the 60- to 110-keV window on
a g-counter (automatic g-counter; Hidex Oy) (12). The details of the
measurements and calculations are described in Supplemental Section 1
(supplemental materials are available at http://jnm.snmjournals.org).

220Rn emanation from the generator and the dose rate resulting
from x-rays and g-rays were evaluated for radiation safety purposes as
described in detail in Supplemental Section 2.

Radiolabeling
To evaluate the quality of the extracted 212Pb, the tumor-targeting

ligand NG001 (PSMA617-TCMC TFA; MedKoo Biosciences Inc.) and
the S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraaza-1,4,7,10-tetra(2-
carbamoylmethyl)cyclododecane (TCMC)–conjugated cetuximab
(Erbitux; Merck Group) and rituximab (MabThera; Roche) were radio-
labeled and the radiochemical purity was measured as described in
Supplemental Section 3.

RESULTS

Generator Yield, Performance, and Feasibility
The single-chamber 212Pb generator was easy to use and handle.

The 212Pb solution could be extracted at regular intervals, and the gen-
erator cap could be transferred to a clean flask each time for reuse. Its
small size allowedmeasurement in a standard ionization chamber dose
calibrator. The yield was approximately 62% for the tested 224Ra/212Pb
generators of 2–22 MBq, of which 87%–91% of the deposited 212Pb
could be extracted with 0.5–1 mL of 0.1 M HCl (Table 1; Supplemen-
tal Table 1). The 228Th-based generator of approximately 3.5MBq had
a stable yield of 67%–70% (Table 1; Supplemental Table 1). Hence,
approximately 262MBq of 224Ra and 163MBq of 228Th are necessary
initially per 100MBq of 212Pb to be obtained after 2 d.
The breakthroughs of 224Ra and 228Th were attributed to cross-

contamination from the source. The radioactivity of 224Ra and 228Th
was 0.0004%–0.14% and 0.0001%–0.005% relative to 212Pb,

respectively, at the time of harvesting 212Pb
(Table 1; Supplemental Table 1). In 6 of
8 samples (65–269 kBq of 212Pb initially)
from the 228Th-based generator, the mea-
sured radioactivity was below the quantifica-
tion limit of the instrument.

Radiation Safety Aspects
Our evaluation of generator integrity did

not indicate any escape of 220Rn when the
generator was closed. However, radon
exposure from the generator is a potential
radiation safety concern when the genera-
tor is opened, because the half-life of
220Rn is long enough for the gas to reach
its surroundings. In the experimental setup
in which a 1-MBq 224Ra-based generator
was opened inside a sealed bag for 10 s,
approximately 11% of the available 220Rn
escaped (Supplemental Section 2).
Exposure to x-rays and g-rays is another

potential safety concern. The measurements
on the surface of a 2-cm lead shield showed
an average dose rate of 20 mSv/h per MBq

FIGURE 2. Single-chamber 212Pb generator consisting of glass flask and removable cap that con-
tains 228Th or 224Ra source fixed onto porous quartz wool.

FIGURE 1. 228Th series, with 220Rn and 212Pb highlighted.
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of 228Th. The dose rate was considerably reduced to 2.3 mSv/h per
MBq for a 5-cm lead shield and to 0.7 mSv/h per MBq for a 7-cm
lead shield.

Radiochemical Purity of Radioconjugates
The 212Pb extracted from 224Ra-based generators was used

to radiolabel TCMC-conjugated ligands and mAbs with a high
and reproducible radiochemical purity for all tested compounds
(Table 2).

DISCUSSION

Here, we present an experimental 212Pb generator that is compact,
easy to use, and operable without advanced equipment or hazardous
chemicals. These considerations are important for the convenient
and efficient routine production of 212Pb in clinical applications.

To our knowledge, there are no existing 212Pb generators that meet
these criteria entirely (1,14,15). The 228Th-based generator bypasses
the 224Ra separation step from 228Th while being a longer-lived
device that facilitates upscaled production of 212Pb at an industrial
scale. Results show that a single 228Th-based generator could be
milked every 2–5 d to routinely supply high-purity 212Pb for re-
search and development. Radiopharmacies and hospitals must con-
sider the exemption limit of 228Th—which is a tenth of that of 224Ra
and 212Pb in the EuropeanUnion andUnited States—when applying
for permits for certified use. No well-defined criteria for an accept-
able level of 228Th impurity in a radiopharmaceutical exist, but
for 7 of 8 samples, the values were below the acceptance limit
(,0.002%) for the impurity level of another therapeutic radiophar-
maceutical that is described in the European Pharmacopoeia (16).
Assuming a 100-MBq patient dose, the value is comparable to the
effective dose-derived annual limit of intake of 228Th (17). The
breakthrough of 224Ra from the 224Ra-based generator was compa-
rable to the current state of the art (14). Hence, a clinically relevant
purity is achievable with the presented technology.
Decay of 228Th/224Ra results in an increasing accumulation of the

stable daughter nuclide 208Pb in the generator, which potentially
competes with 212Pb in radiolabeling procedures. The cumulative
amount of 208Pb in the extracted 212Pb can be estimated on the basis
of the generator yield (Fig. 3; Supplemental Section 4). In terms of
mAb binding, these fractions may not influence radiochemical
purity, as only 1 in about 2,000 mAbs needs to be bound by a 212Pb
atom for a clinically relevant specific activity (18).
The current generator is a prototype from which a limited num-

ber of 212Pb extractions have been performed. Along with upscal-
ing, the radiation safety and yield may be areas for improvement
in future studies. Both issues can be addressed by design consider-
ations. The source-holding material, its size and volume, and the
inner surface area of the generator can be optimized to increase
the levels of 212Pb depositing onto the surface. It should be veri-
fied that the holding material is not affected when one is working
with higher radioactivity levels. A closed system with an inte-
grated shielding unit for the source in which the source or the
shielding unit is movable (e.g., by a plunger) would facilitate oper-
ation without exposing the source during 212Pb extraction. Han-
dling the generator inside hot cells or inside glove boxes or bags,
or the use of tongs or similar equipment to protect the operator, is
an important measure when working with clinically relevant activ-
ity levels (e.g., 100 MBq). Automation of the extraction process is
considered feasible given that it entails only a surface-washing
step and subsequent recovery of the solution.

TABLE 2
Radiochemical Purity of Various Radioconjugates After

Radiolabeling with 212Pb

Radiolabeled substance
Radiochemical purity

(average 6 SD)

212Pb-NG001 (n 5 11) 97% 6 2%
212Pb-TCMC-cetuximab (n 5 7) 99% 6 1%
212Pb-TCMC-rituximab (n 5 6) 99% 6 1%

FIGURE 3. Relationship between radioactive 212Pb and stable daughter
nuclide 208Pb as function of time, shown as abundance of 212Pb relative to
total amount of lead (black curve) and mass concentration of 208Pb per
1 MBq of extracted 212Pb (red curve), assuming generator yield of 62%.

TABLE 1
Data on Performance of Generators Based on 220Rn Emanation from Source of 224Ra or 228Th in Equilibrium with Its

Daughters

Type of generator Yield Available 212Pb in washout Radioactivity breakthrough of parent source nuclide

224Ra source 62% (56%*) 91% 0.02%† (0.0004%–0.14%)
228Th source 68%‡ 87% 0.0001%–0.005%¶

*Second-time use of generator (n 5 3).
†Average of 9.
‡Average of multiple uses of single generator (n 5 8).
¶In 6/8 samples, measured radioactivity was below quantification limit after .2 mo (,0.0015% breakthrough; Supplemental Section 1).
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CONCLUSION

220Rn emanation can be exploited to create a simple and effec-
tive generator that produces high-purity 212Pb without the need for
advanced equipment, labor-intensive steps, or hazardous chemi-
cals. Future versions of the presented technology should include
simple modifications to shield the source during extraction of the
212Pb. The generator represents a promising method for efficient
212Pb production.
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KEY POINTS

QUESTION: Can 212Pb, intended for radiopharmaceuticals, be
produced by a simple generator based on 220Rn emanation from a
228Th or 224Ra source?

PERTINENT FINDINGS: The proposed generator was easy to
handle and could routinely be used to produce 212Pb of high
purity, suitable for radiolabeling of antibodies and ligands.

IMPLICATIONS FOR PATIENT CARE: Rapid and efficient pro-
duction methods such as the one proposed are important for
212Pb to be available for patients with metastatic cancer.
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Medical radioisotopes produce Cerenkov luminescence (CL) from
charged subatomic particles (b1/2) traveling faster than light in dielectric
media (e.g., tissue). CL is a blue-weighted and continuous emission,
decreasing proportionally to increasing wavelength. CL imaging (CLI)
provides an economic PET alternative with the advantage of also being
able to image b2 and a emitters. Like any optical modality, CLI is limited
by the optical properties of tissue (scattering, absorption, and ambient
photon removal). Shortwave-infrared (SWIR, 900–1700 nm) CL has
been detected from MeV linear accelerators but not yet from keV medi-
cal radioisotopes. Methods: Indium-gallium-arsenide sensors and
SWIR lenses were mounted onto an ambient light-excluding preclinical
enclosure. An exposure and processing pipeline was developed for
SWIR CLI and then performed across 6 radioisotopes at in vitro and
in vivo conditions. Results: SWIR CL was detected from the clinical
radioisotopes 90Y, 68Ga, 18F, 89Zr, 131I, and 32P (biomedical research).
SWIR CLI’s advantage over visible-wavelength (VIS) CLI (400–900 nm)
was shown via increased light penetration and decreased scattering at
depth. The SWIR CLI radioisotope sensitivity limit (8.51 kBq/mL for
68Ga), emission spectrum, and ex vivo and in vivo examples are
reported.Conclusion: This work shows that radioisotope SWIR CLI can
be performed with unmodified commercially available components.
SWIR CLI has significant advantages over VIS CLI, with preserved VIS
CLI features such as radioisotope radiance levels and dose response lin-
earity. Further improvements in SWIR optics and technology are
required to enable widespread adoption.

KeyWords:SWIR; Cerenkov; luminescence; radioisotopes; preclinical
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Subatomic relativistic particles generate Cerenkov luminescence
(CL) in dielectric media (1). The traveling particle polarizes surround-
ing molecules, which generate luminescence upon relaxation (2), with
CL being ultraviolet-weighted. CL production decreases exponen-
tially with increasing wavelength (1/l2) (3). CL’s intensity, but not
the spectrum profile, correlates with the energy of the emitted particle
and has been used in astrophysics, nuclear physics, and recently
in biomedical imaging (4,5). CL imaging (CLI) is a cost- and time-
effective PET alternative for surface-weighted imaging, for example,

for triaging patients into those who do not need PET and those who do
(2,6,7). CLI has focused on CL detection from clinical b- (b1/2) emit-
ting radioisotopes and linear accelerators (LINAC) (4,8,9). Preclinical
discoveries and the development of novel targeted radiotracers, dosim-
etry, and radiotherapy-based treatments have been aided by CLI
(10,11). Clinical CLI has also found applications in image-guided sur-
gery for detecting margins, determining the clinical uptake of radio-
tracers, and making real-time dosimetry readings (7,12–15).
Single-photon-sensitive devices responsive to the CL spectrum are

readily available, including low-dark-noise and low-read-noise optical
devices (2). However, visible wavelength (VIS) CLI (400–900 nm) suf-
fers significant drawbacks in preclinical and clinical settings. Endoge-
nous chromophores limit the achievable VIS CL penetration depths,
with scattering further reducing the resolution, contrast, and sensitivity
of VIS CLI at depth (16,17). Optical imaging has shifted to longer
wavelengths at which light absorption and scattering are reduced (18).
Near-infrared (NIR) imaging (.650 nm) reduces absorption by
approximately 2 orders of magnitude over VIS imaging (16,19). Stud-
ies have used dyes and nanoparticles for the red-shifted conversion of
CL (20–22). Shortwave-infrared (SWIR) imaging (900–1,700 nm) has
shown that tissue absorption, scattering, and autofluorescence are of
negligible levels (23). SWIR’s advantages for resolution and contrast
have been shown via the clinically approved indocyanine green (24).
F€orster resonance energy transfer–based SWIR CL has been achieved
via x-ray-excited nanoprobes and LINAC-excited emission of quantum
dots (20,25–27). LINAC SWIRCLI was demonstrated without second-
ary emitters, showing improvements over VIS-NIR CLI (28). How-
ever, radioisotopes produce CL that is an order of magnitude dimmer
than LINACs and are therefore more demanding to image (LINAC,
6–24 MeV; 68Ga, 0.836 MeV) (29–32). Radioisotope CLI requires
complete exclusion of ambient light combined with efficient optical
imaging systems and cannot be pulse-synchronized in its acquisition as
LINACCLI can (30,33). The already low CL radiance of radioisotopes
is further reduced at SWIR wavelengths, magnifying the difficulty of
SWIR CL detection (3). Nevertheless, in this work SWIR CLI from
radioisotopes was achieved via unmodified and commercially available
imaging components and revealed defined advantages over VIS CLI.

MATERIALS AND METHODS

Radioisotope SWIR Setup
SWIR CLI was achieved via commercially available indium-gallium-

arsenide focal plane arrays (NIRVana 640 TE [Teledyne Princeton] or
ZephIR 1.7 [Photon etc. Inc.]) and a SWIR lens set to f/1.4 (SWIR-16
[Navitar] or 8-mm SWIR lens 83-815 [Edmund Optics]) mounted on an

Received Feb. 28, 2022; revision accepted Jun. 11, 2022.
For correspondence or reprints, contact Jan Grimm (grimmj@mskcc.org).
Published online Jun. 23, 2022.
COPYRIGHT© 2023 by the Society of Nuclear Medicine andMolecular Imaging.

SHORTWAVE-INFRARED CERENKOV RADIOISOTOPE IMAGING ! Mc Larney et al. 177



enclosure (Fig. 1). Figures 1B–1E were acquired without optical filters
(NIRVana 640 TE, 900–1,700 nm) (34). All other figures used a 650- or
900-nm optical density 4.0 long-pass filter (Edmund Optics 84-759 and
84-764). Acquisition (ninety 10s frames [15 min]) was controlled via
respective acquisition software. Equivalent dark noise was recorded and
subtracted for each sensor. White-light images were acquired with room
lights on and enclosure door open as the room lights had SWIR spectral
emission (Pentron 3000K; Osram Sylvania) (35). Radioisotopes were
imaged in suitable containers within a lead pig. Black posterboard (TB5;
Thorlabs) was used to block CL and allow g particles to pass.

Determining the Radioisotope SWIR CLI Temporal Resolution
and Emission Spectrum

The SWIR CL temporal resolution and emission spectrum were
determined using 370 MBq of 32P in 1 mL of water (b2 average,
0.695 MeV; half-time, 14.3 d; NEX060005MC [Perkin Elmer]).
Ninety-frame acquisitions at respective exposure times were per-
formed (Fig. 1D; Supplemental Fig. 1; supplemental materials are
available at http://jnm.snmjournals.org). The limit of detection was
defined as when SWIR CL was not determinable from the noise.
Long-pass filters (1,000–1,500 nm in 100-nm steps (FELH1000:100:

FIGURE 1. SWIR CL radioisotope imaging setup and characterization. (A) A dark enclosure was used for all imaging. Mounted on the camera was a 16
or 8 mm f/1.4 SWIR lens. (©2022 Memorial Sloan Kettering Cancer Center. All rights reserved.) (B) Linearity assessment of the camera via 68Ga imaged at
positions (P1, P2) across the field of view, with P1 1 cardboard confirming that detection was not as a result of g strikes. (C) SWIR gray levels and corre-
sponding 68Ga activity (MBq). Linear regression and 95% CIs are shown (Pearson R2 5 0.9839, 2-tailed P , 0.0001). SWIR CLI is linearly responsive and
quantitative as found with VIS CLI. (D) 32P SWIR gray-value intensity in relation to exposure time changes. (E) Graphical representation of radioisotope (32P)
SWIR CL emission spectrum from 900 to 1,500 nm, with the blue line representing a 1-phase exponential decay function (R2 5 0.9812). Inherent system
noise, low photon production, and water absorption prevent detection . 1,400 nm. (F) Descending radioisotope radiance (32P, 68Ga, 89Zr, 18F, and 131I)
corrected for concentration (kBq/mL) and spatial field of view (cm2). Student t test (unpaired, 2-sided) P values are shown. In all cases, mean measurements
(red line), SDs (black lines), and individual measurements (n5 90 technical replicates, gray dots) are shown, for radiance comparison negative values were
excluded.
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1500, SM1L03, and SM1A57; Thorlabs) elucidated the SWIR radio-
isotope spectrum.

Image Processing and Statistical Analysis
Fiji (ImageJ, version 2.0 (36)) was used for image processing (Sup-

plemental Fig. 2). Dark noise was subtracted from the data followed
by binning (8 3 8, to improve sensitivity), median filtering (outlier,
g strike removal), fast-Fourier-transform bandpass transformations (arti-
fact removal), and rolling-ball background subtraction (37). Images
were resized for white-light overlays. Statistical analysis graphing was
performed in Prism, version 9 (GraphPad Software LLC). Statistical
analyses and replicate information are shown in all cases. Radiance was
calculated via gray values corrected for isotope concentration (kBq/mL)
and field of view (cm2). Full width at half maximum was measured in
MATLAB (version 2020b; MathWorks Inc.).

Silica Nanoparticle Radiolabeling and Injection
Silica nanoparticles (SiNPs) were labeled with 68Ga or 90Y as previ-

ously described (38). SiNPs were incubated with free isotope at a pH of
8.8 for 60 min, on a thermomixer at 70"C and 500 rpm. Radiolabeled
SiNPs were resuspended in 30 mL of saline for footpad injection.

Preclinical SWIR CLI
All experiments were performed in accordance with Institutional Ani-

mal Care and Use Committee guidelines at Memorial Sloan Kettering
Cancer Center and with National Institutes of Health guidance on the care
and use of laboratory animals. Three percent isoflurane in 100% O2 v/v
was followed by 1%–2% isoflurane in 100% O2 v/v for maintenance of
anesthesia; euthanasia was performed using CO2 in accordance with
approved protocols. All mice (10 in total, FoxN1NU, stock no. 069;
Envigo) were suitably housed with food and water ad libitum. Four xeno-
graft mice were generated by injecting 0.33 106 4T1 cells (ATCC, CRL-
2539) suspended in 30 mL of Matrigel (catalog no. 354234; Corning) into
the fourth mammary fat pad (Supplemental Fig. 3). Three euthanized xen-
ografted mice were injected (mice were randomized to receive a range of
activity from 0–166.5 MBq) with up to 166.5 MBq of 18F-FDG, with 1
mouse acting as a negative control. One non-xenografted euthanized
mouse was injected into the footpad with 68Ga-labeled SiNPs. Four non-
xenografted mice were injected with 90Y-labeled SiNPs, with an addi-
tional mouse acting as a negative control for in vivo experiments.

RESULTS

Confirmation of SWIR CL Detection from Radioisotopes
In Figure 1A, the SWIR CLI radioisotope setup is shown detecting

68Ga suspended in 0.1 M HCl (39,40). Figure 1B shows the processed
SWIR CL image overlaid onto the white-light image. This demon-
strates that SWIR signal is coming from 68Ga and that the processing
steps sufficiently removed g strikes while retaining CL signals. CL
detection is further confirmed by a lack of signal when cardboard was
placed over the sample, blocking light but not the highly energetic
photons from 68Ga’s decay (e.g., 511 and 1,077 keV). The 68Ga source
was further moved and detected around the field of view, decaying in
the process, visible via a decreasing SWIR signal, following the decay
half-life of the isotope. Manual regions of interest were measured to
determine the signal intensity (gray values) of the sensor for each posi-
tion and time point. SWIR CLI showed quantitative linearity to 68Ga
levels, as previously reported for VIS CLI (4). We then successfully
detected 4 additional radioisotopes under comparative conditions:
32P,18F, 89Zr, and 131I (Fig. 1; Supplemental Fig. 4). The SWIR radi-
ance of each was calculated as before (Fig. 1), with values corrected
for concentration (kBq/mL) and spatial field of view (cm2). SWIR CLI
readily differentiated the tested radioisotopes in line with VIS CLI, as
shown by the P values in Figure 2B (41,42). Theoretically 68Ga has a
higher radiance than 32P; however, the increased sensor strikes from
511- and 1,077-keV photons by 68Ga prevent SWIR CLI from con-
firming this, as the setup did not incorporate lead shielding (42).

SWIR CLI Radioisotope Temporal Detection Limit and
Emission Spectrum
The system was characterized using 32P (b2), with concentrations

used to facilitate SWIR CLI at a temporal resolution of 0.25 s (Fig, 1;
Supplemental Fig, 1). 32P’s radiance and half-life enabled determina-
tion of the radioisotope SWIR CL emission spectrum (42). No filter
was used (.920 nm, spectral response of the sensor), and long-pass
filtered acquisitions (1,000–1,500 nm, 100-nm steps) were performed.
This sensor has a nonthinned indium phosphide substrate bandgap
(1.35 eV) preventing detection of light less than 920 nm, and the
bandgap of indium-gallium-arsenide (0.75 eV) results in a short-pass
cutoff at 1,700 nm (43–45). The radioisotope SWIR CL spectrum is
shown in Figure 1E, with intensity exponentially decreasing (1-phase

FIGURE 2. Reduced scattering via SWIR CLI (900–1,700 nm) over VIS CLI (400–900 nm). (A) Left, normalized VIS CLI line intensity profiles of a 90Y source
(Eppendorf, 55.5 MBq in 200 mL of saline) at increasing scattering tissue depths (chicken breast: 0, 10, and 15 mm). Full widths at half maximum increase
with scattering tissue depth at 0, 10, and 15 mm with respective full widths at half maximum of 6.38, 13.05, and 33.64 mm. Right, representative VIS CLI
images. (B) Left, normalized SWIR CLI line intensity profiles from the phantom setupwith full widths at half maximums of 6.24, 6.40, and 7.04mm. Right, rep-
resentative SWIR CL images. In all cases, 3 separate line measurements are made from images at each depth (dotted lines), with mean shown (solid line).
FWHM5 full width at half maximum.
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exponential decay, R2 5 0.9812), as expected and reported for VIS
CLI and LINAC SWIR CLI (2,28). Detection above 1,400 nm is chal-
lenging because of system noise, lens inefficiency, and water absorp-
tion (Figs. 1E and 1F; Supplemental Figs. 1 and 7) (19,46).

Reduced Scattering via SWIR CLI over VIS CLI
A 55.5-MBq quantity of 90Y in an Eppendorf tube (b2 emitter;

average, 0.94 MeV; half-time, 64 h in 200 mL of saline) was imaged
on both the SWIR (900–1,700 nm) and the IVIS (PerkinElmer) (VIS
CLI, 400–900 nm) imaging systems to assess the advantages of SWIR
CLI. 90Y is clinically administered from 0.500 to 5.291 GBq to treat
primary liver cancer (hepatocellular carcinoma) and metastases in the
liver (47,48). Scattering medium (raw chicken breast: 0, 10, and
15mm) was placed over the source before CLI was performed. Respec-
tive exposure times without scattering medium (VIS CLI, 10 s; SWIR
CLI, 900 s) were maintained at all tissue depths. SWIR CLI shows an

improvement in resolution compared with VIS CLI when imaging
through scattering tissue (Fig. 2). In SWIR CLI, the Eppendorf tube
shape is consistent up to 15 mm of tissue, whereas the shape is dis-
torted and enlarged over 5 times from scatter in VIS CLI. In this inves-
tigation SWIR CLI provided greater resolution at depth than VIS CLI
for radioisotope location. This increased accuracy is demonstrated by
the full widths at half maximum (6.38, 13.05, and 33.64 mm for VIS
CLI and 6.24, 6.40, and 7.04 mm for SWIR CLI at 0, 10, and 15 mm
of tissue, respectively) (Fig. 2).

Sensitivity Limits of SWIR CLI Radioisotope In Vitro and
Ex Vivo
Commercial SWIR sensors are insensitive to light of less than

920 nmwithout indium phosphide cap thinning. In systemswith indium
phosphide thinning, the sensor has a largely increased range but is rather
insensitive compared with silicon-based electron-multiplying charge-
coupled devices. One such SWIR sensor, the ZephIR 1.7x [Photon
etc. Inc.]), was used with significantly reduced quantum efficiency in
the VIS range (%25% at 600 nm). The sensor enabled a comparison
of the spatial localization of radioisotope VIS-SWIR (400–1,700 nm),
NIR-SWIR (650–1,700 nm), and SWIR (900–1,700 nm) CLI. 68Ga-
conjugated SiNPs (in 30mL of saline) opposite a nonradiolabeled SiNP
control were imaged at VIS-SWIR, NIR-SWIR, and SWIR spectra for
numerous half-lives via appropriate long-pass filters. The detected CL
signals are localized to the radiolabeled SiNPs throughout the spectra
(Supplemental Figs. 5A–5D). The phantom detection limit of radioiso-
tope SWIR CLI was 259 kBq (8.51 kBq/mL) for 68Ga-labeled SiNPs
(Figs. 3A–3B). Theoretical limits for radioisotopes tested here in SWIR
CLI are shown in Supplemental Table 1 (42).
Next, the SWIR CLI detection limit in tissue was assessed. A

euthanized mouse received 30 mL of respective paw injections of
varying 68Ga-SiNP activities. As can be seen in Figures 3C–3D,
68Ga-SiNPs were detected via SWIR CLI down to 403.3 kBq,
within clinically administered levels (%148 MBq) (49).

In Vivo Detection of Radioisotope SWIR CLI
90Y conjugated to SiNPs was used for in vivo SWIR CLI radio-

isotope detection (38). 90Y has been shown to improve the SNR of
CL detection over, for example, 18F or 68Ga because of reduced
g sensor strikes (50). During in vivo imaging, the long exposure
times for SWIR CLI contaminated the SWIR CL image with ther-
mal signatures (removed in postprocessing via rolling-ball back-
ground subtraction), complicating SWIR CLI over VIS CLI. Mice
were injected with approximately 7.4 MBq of 90Y-labeled SiNPs
into a single footpad and imaged 3 h later. 90Y is administered
clinically for radioembolization at activities ranging from 500 to
5,291 MBq (47,48). The resulting SWIR CLI signal was readily
detected over background thermal signatures present in vivo
(4 mice; Fig. 4; Supplemental Fig. 6). Footpad-injected radiolabeled
SiNPs slowly migrate through the lymphatic system (48 h), prevent-
ing CL contamination of the endogenous thermal signature (38).
Respective residual thermal signatures remaining after background
subtraction from each mouse were used to divide the image, produc-
ing measurements in terms of signal-to-thermal-background ratio
(Supplemental Fig. 2). Signal-to-background ratios from injected
mice ranged from 1.68 to 4.63, with a mean of 3.07 (Fig. 4B).

DISCUSSION

This work aimed to detect the theoretical SWIR CL emission
from clinical radioisotopes via commercially available components
(Supplemental Fig. 7). To date, SWIR CL has been detected only

FIGURE 3. In vitro and ex vivo SWIR CLI (900–1,700 nm) radioisotope
sensitivity limit for 68Ga radiolabeled SiNPs. (A) SWIR CLI radioisotope
in vitro detection limit for 68Ga-SiNPs after multiple half-lives. (B) SWIR
CLI decay tracking to the limit of detection, linear regression (solid black
line, R2 5 0.9882) and 95% CIs (solid gray lines) are shown. (C) Ex vivo
SWIR CLI limit of detection for 68Ga-labeled SiNPs. The detection limit
slightly worsens in tissue compared with in vitro imaging (%140 kBq less
sensitive). (D) Linear regression analysis (R2 5 0.9923) of ex vivo SWIR CLI
of 68Ga-labeled SiNPs to limit of detection (403.3 kBq, C), 95% CIs are
shown (solid gray lines). Detection limit paw is labeled with a white arrow.

FIGURE 4. In vivo SWIR CLI detection of 90Y-labeled SiNPs 3 h after
injection into footpad. (A, left) Representative image of mouse injected (1)
with 90Y-labeled SiNPs (%7.4 MBq). (A, right) Image of control mouse with-
out any injection. (B) Quantified signal-to-background ratios of injected
(n 5 4) vs. control mice (n 5 1). All images are shown in respective signal-
to-background ratios. SBR5 signal-to-background ratio.
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from LINAC sources, which produce CL that is an order of magni-
tude brighter (25,28). The devised setup and enclosure provided
ambient light-free imaging (51,52). The state-of-the-art thermoelec-
tric cooled (TEC) SWIR sensors used in our study produce dark
noise 2–3 orders of magnitude higher than cameras based on silicon
electron-multiplying charge-coupled devices. This intrinsic noise
within the SWIR setup, an obstacle not only for SWIR CLI, has
been the main limiting factor throughout this work (53). In addition,
the even further reduced light output at longer wavelengths necessi-
tated longer exposure times (minutes for SWIR CLI vs. seconds for
VIS CLI). Nevertheless, the radioisotopes we explored produced
detectable SWIR CL (Fig. 1), with relative radiances in line with
VIS CLI (3,41,42). Importantly, SWIR CLI increased linearly with
radioisotope levels (Fig. 1; Fig. 3). SWIR CLI radioisotope sensitiv-
ity was found to be 259 kBq (8.51 kBq/mL) in vitro and 403.3 kBq
in tissue with 68Ga. VIS CLI is 4 orders of magnitude more sensitive,
with 68Ga detection reported at 0.00333 kBq/mL (54). The insensi-
tivity of SWIR CLI limits applications with the current generation of
SWIR cameras. However, its advantage of reduced scattering in
combination with the increased transmission of CL in the SWIR
region (Fig. 2; Supplemental Fig. 7), potentially paired with SWIR-
void room lighting, could open new applications for radioisotope
SWIR CLI (28) without light-excluding enclosures that also benefit
from improved radioisotope resolution at depth. Combining the
strengths of indium-gallium-arsenide–based (900–1,700 nm) and sil-
icon-based (400–900 nm) sensors would open further applications
for CLI and is worth investigating (16,19,46,55,56). Assuming suffi-
cient radioisotope levels, SWIR CLI can be performed close to video
rates (0.25 s; Fig. 1).
The detected radioisotope SWIR CL spectrum was found to be

in line with the SWIR LINAC spectrum (28). Similarly to SWIR
LINAC CL, theoretically emitted CL above 1,400 nm could not be
reliably detected, likely because of sensor noise and water absorp-
tion (Supplemental Fig. 7). However, the advantage of wavelengths
above 1,400 nm compared with 900–1,300 nm is unclear for SWIR
CLI in any case because of the increased absorption of water above
1,300 nm (19,46).
The preclinical applicability of SWIR CL was investigated and ini-

tially focused on the ex vivo SWIR CLI of intratumorally injected
18F-FDG (Supplemental Fig. 3). The weak CL of 18F (26 times dim-
mer than 68Ga) required 1h acquisition times for accurate signal detec-
tion (42,54). 90Ywas used to overcome the limitations of 68Ga and 18F
for this investigation (negligible g emission, brighter CL, longer half-
life than 68Ga, 64.2 h vs. 1.13 h) (2,41). 90Y-labeled SiNPs were
injected into the footpad of live mice for in vivo SWIR CLI detection
(38). Mice were imaged 3 h after injection (%7.4 MBq of 90Y-SiNPs)
together with a noninjected control mouse. Exposure times of 15 min
along with suitable image processing steps provided a reliable SWIR
CL signal that was detected over the endogenous thermal signature
and inherent noise (Fig. 4).

CONCLUSION

Our study presents the first example and proof-of-principle of
in vivo radioisotope SWIR CLI. Considering the optical properties of
tissue, it has been shown that most CL emitted from tissue at depth is
above 600 nm (3,16). Therefore, the ideal radioisotope CL camera
would be one that combines the spectral range of thinned SWIR sen-
sors (600–1,700nm, see Supplemental Fig. 7) with the photon sensi-
tivity of sensors based on silicon electron-multiplying charge-coupled
devices. Future iterations of SWIR CLI should aim to tackle its main

limitations via improved lenses (f/0.95) and a dark-noise–reduced
camera sensor to improve overall sensitivity, along with lead shielding
to further increase sensitivity via g strike reduction. Such components
would be highly customized and outside the scope of this proof-of-
principle work. Human eyes respond to light from approximately 400
to 700 nm, and by changing ambient lighting to non–SWIR-emitting
light-emitting diodes, radioisotope SWIR CLI might be performed in a
well-lit room and without the need for a dark enclosure, as achieved for
VIS and SWIR LINAC CLI (7,30). This would directly impact radio-
isotope preclinical CLI, which is a common, fast, and cost-effective
PET alternative for novel radiotracers and treatment tracking (57,58).
However, significant improvements are required in SWIR optics and
technology before this can be realized.
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KEY POINTS

QUESTION: SWIR CLI (900–1,700 nm) has so far only been
detected from LINACs. Is it possible to detect SWIR CLI from
radioisotopes, orders of magnitude dimmer?

PERTINENT FINDINGS: This work detected SWIR CLI via
commercially available components from numerous preclinical
and clinical radioisotopes, with the radiances and spectrum
performing in a manner consistent with VIS CLI (400–900 nm).

IMPLICATIONS FOR PATIENT CARE: SWIR CLI has distinct
advantages over VIS CLI in terms of reduced scattering and
absorption at depth; however, significant technologic and optical
improvements are required for comparable sensitivity.
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L E T T E R S T O T H E E D I T O R

What Does an Imaging “Selection” Claim
Actually Mean?

TO THE EDITOR: I applaud the clear description of the develop-
ment of imaging “selection” criteria for the VISION (177Lu-PSMA-
617 for Metastatic Castration-Resistant Prostate Cancer) clinical
trial, as published in this journal (1). Accordingly, I highlight a
risk for misinterpreting the use of 68Ga-PSMA-11 PET imaging
agents in selecting patients for 177Lu-PSMA-617 radioligand ther-
apy (RLT). I refer to, first, tenuous clinical logic in claiming that
an imaging test selects patients for a therapy and, second, the lack
of clinical data assessing whether PET agents alone are useful in pre-
dicting which patients are and are not likely to respond to RLT.
The patient selection claim is described in labeling for the PET and

RLT drugs, which have been approved by the U.S. Food and Drug
Administration. The claim is based entirely on VISION clinical trial
results (1–3). VISION demonstrated improved survival for patients
with metastatic castration-resistant prostate cancer who received
RLT (4). For VISION enrollment, imaging selection criteria inte-
grated CT anatomic information with PET/CT findings. The criteria
were developed using professional opinion and vetting of trial logis-
tic considerations (1). The usefulness of the criteria was not piloted in
clinical trials before their use in VISION (5).
Clinical practice has long recognized that selection of a therapy for a

patient is generally a decision-making process integrating patient
choice with the caregiver’s clinical expertise and insight regarding
therapeutic options. In short, no test selects the patient for a specific
therapy. Instead, a therapy is selected for the patient.
TheVISION trial was not designed to determinewhether the PET/

CT imaging criteria were useful in predicting the response to RLT, a
design limitation particularly important for patients who might be
excluded from the trial because of the criteria. On the basis of imaging
selection criteria, 126 of 995 patients were excluded from enrollment in
the trial (4). These exclusions were determined by a single image-
reader (6,7). Still, imaging criteria were not themain patient selection
determiners for VISION. Among 1,179 patients assessed for trial eli-
gibility, 176 were excluded before PET/CT imaging, whereby most
of these nonselected patients did not meet the protocol’s clinical eli-
gibility determiners (e.g., performance status and prognosis) (4,6).
Considering the assumptions and limitations surrounding the PET/

CT selection for RLT, I was concerned when I heard one of the pre-
senters at the recent Society of Nuclear Medicine and Medical Imag-
ing annual meeting state that 68Ga-PSMA-11 helps physicians
determine whether patients should or should not be considered for
RLT. The implication was that VISION verified no reasonable like-
lihood of treatment benefit among patients with negative PET/CT
results. Unfortunately, there is a disconnect between VISION data
and a clinical understanding that a selection claim for a PET/CT
imaging agent means the test predicts who is likely to respond to
RLT as well as who is not likely to respond.
Given the magnitude of benefit observed in VISION and the lim-

itations associated with using a single image-interpreter, some
patients may have been inadvisably excluded fromVISION. Indeed,

68Ga-PSMA-11 drug labeling includes a warning that emphasizes
the risk for unreliability in single-reader interpretations using
VISION PET/CT selection criteria (e.g., reader unanimity for nega-
tive image interpretation was 34% across a pool of 4 readers) (1). This
concern is reflected in the Food and Drug Administration 177Lu-
PSMA-617 approval letter, which describes a postmarketing commit-
ment to studying the effects of RLT among patients who would have
been excluded from VISION because of the imaging criteria (8).
Concern about the selection claim for 68Ga-PSMA-11 does not

lessen the profound usefulness of the imaging agent in evaluating
the distribution of PSMA-positive or -negative lesions among men
with prostate cancer. This information may be essential to optimize
treatment option considerations. Misunderstanding the selection
claim may limit patient access to RLT, particularly if imaging reim-
bursement or clinical practice administrative factors require strident
compliance with VISION selection criteria. Further, marketing of
imaging drugs relies on information in drug labeling. Hence, an
imaging drug manufacturer’s claim that the test selects patients for
RLT may ultimately change how we think about caring for our
patients—with the extreme being a prioritization of the selection
test results over patients themselves. This risk may be lessened
with updated drug labeling that briefly describes the strengths and
limitations of PSMA PET imaging information in helping select
RLT for men with prostate cancer.
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Reply: What Does an Imaging “Selection” Claim
Actually Mean?

REPLY: Thank you for the opportunity to respond and provide fur-
ther insight into this complex and rapidly evolving field.
Amultitude of experts took no issuewith use of theword selection

for the screening criteria for prostate-specific membrane antigenCOPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.
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(PSMA)PET in theVISION trial (1), but I appreciate concerns about
the word choice and hope to clarify. Patient selection is a commonly
used termin typicalparlanceandwrittenprotocols forclinical trials. It
was not intended that using selection versus some other term would
necessitate obtaining some special burden of clinical data or meet
some sort of claim, like a legal term. If not selection, then what
term should we use?My colleagues and I have also used the term eli-
gibility or screening criteria in discussions and presentations if that
would be less controversial or preferable.
I do not understand how the term selectionwould be interpreted to

mean that “PET agents alone are useful in predicting which patients
are and are not likely to respond to [radioligand therapy (RLT)].”
Clearly, PET alone is not the only important factor to consider. The
VISION trial had nonimaging exclusion criteria. Indeed, Gafita et al.
published a retrospective analysisdemonstrating thatmanynonimag-
ing factors are important to outcomes (2).
Theauthor criticizes that theFoodandDrugAdministration (FDA)

label isbasedon theVISIONtrial.FDAlabels shouldbebasedondata
and thus strongly influenced by the phase 3 trials used for the drug
approval. Conversely, the FDA could have been criticized for not
includingPSMAPETonthe label,as itwascriticizedfornot including
amyloid PET initially on the label for aducanumab. In my opinion,
using an alternative to the word selection would not have changed
theFDA’sdecision,whichwasbasedonthetrialmethodologyregard-
lessof the semantics.Thepracticeofmedicineneednot strictly follow
the FDA label, and the longer after a drug has been approved and the
moretrials thathavesincebeenperformed,thegreater is thelikelihood
that it routinely does not.
Regarding the point that the “usefulness of the criteria was not

piloted in clinical trials before their use in VISION,” a phase 3 trial
does not need to replicate the methodology of the preceding phase 2
trial. Indeed, one should apply lessons from the phase 2 trial to opti-
mize phase 3. In this case, we used results from phase 2 trials pub-
lished in the scientific literature to develop this protocol, which (to
our knowledge) was the first phase 3 registrational trial for a
PSMA-targeted theranostic.
At the request of the FDA, a VISION substudy was designed and

conducted to test whether baseline PSMAPET could be a prognostic
tool for clinical outcomes from 177Lu-PSMA-617. A higher whole-
body SUVmean was strongly associated with improved outcomes
(overall survival and radiographic progression-free survival) from
177Lu-PSMA-617. Even the patients in the lowest quartile of the
whole-bodySUVmean showedgreater survival than the arm receiving
the standard of care alone (3). Analysis of the baseline PSMA PET
scans from the standard-of-care–alone arm is under way. Ultimately,
I hope that analyses suchas thesewill allowformorepersonalizeduse

ofRLT,particularlyasmore therapeuticoptionsareapproved.Earlier
this year, an important retrospective study by Hotta et al. classified
patients treatedwith 177Lu-PSMAusing thePSMAPETVISIONcri-
teria and found a survival difference between the groups (4).
We need more research into the group of patients excluded by the

VISION PSMA PET selection or eligibility criteria. Although the
VISION trial was not designed to answer many important questions
that remain, it has provided us the breakthrough approval of a
PSMA-targeted RLT. In my view, criteria are not meant to be static.
The VISION selection criteria were not intended to be the only and
everlasting criteria for PSMA-targeted trials. If the intention is to
maximize benefit, then the criteria should be more restrictive; on
theotherhand, oneneeds to loosen the criteria to benefit a greater pro-
portionof thepatientpopulation.Criterianeed tobeadjusted todiffer-
ent patient populations and different pharmaceuticals (5). The
VISION trial has given us this first phase 3 level of data, and as
more large trials give us high-level evidence, the criteria should con-
tinue to evolve to serve patients better.
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