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FOR YOUR PATIENTS WITH ADVANCED PROSTATE CANCER

Phenotypic precision medicine facilitates clinical decision making based
on observable characteristics, or phenotypes.1-3

PSMA PET imaging is a noninvasive diagnostic that can
detect phenotypic biomarkers, such as PSMA, which may

simplify your approach to precision medicine.1-7

HOW CAN PHENOTYPIC BIOMARKERS
INCREASE THE USE OF PRECISION MEDICINE

IN ADVANCED PROSTATE CANCER?
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PET, positron emission tomography; PSMA, prostate-specific membrane antigen.

Learn more at www.PhenotypicPrecisionMedicine.com.
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Make your plans to attend the 2022 SNMMI Mid-Winter and ACNM Annual Meeting—
January 27-29 in Orlando, Florida.

Featuring a dedicated track on cardiovascular nuclear medicine, the 2022 meeting’s
intimate, focused setting provides you with an ideal environment to learn and collaborate
with luminaries in the field and expand your knowledge on the latest clinical applications
and best practices in cardiovascular imaging.
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The 2022 SNNMI Mid-Winter and ACNM Annual Meeting is scheduled to be held in person in Orlando, Florida. We will continue to monitor the ongoing
conditions in Florida and across the world and communicate any changes to the meeting should they arise. Currently, there is no plan to offer a virtual
or hybrid element for this meeting.

Please note: SNMMI is committed to ensuring that appropriate and necessary health and safety protocols will be in place for this event. We will
follow all Centers for Disease Control and Prevention (CDC) safety protocols and recommendations and will comply with all federal, state, and local
regulations. Attendees must be fully vaccinated for COVID-19 and masks will be required.
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2021 SNMMI Highlights Lecture: Cardiovascular Track
Sharmila Dorbala, MD, MPH, Professor of Radiology, Harvard Medical School, and Director of Nuclear Cardiology,
Brigham and Women’s Hospital, Boston, MA

From the Newsline Editor: The Highlights Lecture, pre-
sented at the closing session of each SNMMI Annual Meeting,
was originated and presented for more than 30 years by
Henry N. Wagner, Jr., MD. Beginning in 2010, the duties of
summarizing selected significant presentations at the meeting
were divided annually among 4 distinguished nuclear and
molecular medicine subject matter experts. Each year News-
line publishes these lectures and selected images. The 2021
Highlights Lectures were delivered on June 15 as part of the
SNMMI Virtual Annual Meeting. In this issue we feature the
lecture by Sharmila Dorbala, MD, MPH, a professor of radi-
ology at the Harvard Medical School and Director of Nuclear
Cardiology at Brigham and Women’s Hospital (Boston, MA),
who spoke on highlights from the cardiovascular track at the
meeting. Note that in the following presentation summary,
numerals in brackets represent abstract numbers as published
in The Journal of Nuclear Medicine (2021;62[suppl 1]).

I
t is a pleasure to present the 2021 Cardiovascular High-
lights at the SNMMI Virtual Annual Meeting. The Car-
diovascular Highlights session represents the key science

selected for presentation based on novelty of the research,
advances in the field, and thematic tracks. This year, the meet-
ing featured 935 scientific abstracts, of which 75 (7%) were in
the Cardiovascular Science track. Of these, 20% were in the
basic sciences, with the remaining 80% covering clinical
topics. These abstracts showcased research from Canada,
China, Denmark, Germany, Japan, Republic of Korea, South
Africa, Switzerland, Taiwan, and the United States. Major
emerging themes from this year’s cardiovascular presentations
included: perfusion imaging advances (SPECT flow quantifi-
cation, peripheral vascular disease); novel molecular tracers
(fibrosis imaging, both human and preclinical; mitochondrial
function imaging); volumetric SPECT/CT amyloidosis imag-
ing; microcalcification imaging (perioperative myocardial
infarction [MI] prediction, total atherosclerotic burden); and
machine learning (automatic quantitation of microcalcification
and of SPECT and PET myocardial perfusion imaging
[MPI]). I have selected 10 key research presentations to high-
light these themes, and I urge you to follow the SNMMI Vir-
tual Meeting to get an overview of the entire spectrum of the
novel cardiovascular research presented this year.

One highlight of the Annual Meeting is the naming of the
Cardiovascular Council Young Investigator Award Winners.
The awardees were the presenting authors on investigations
from outstanding teams of researchers. In the Basic Science/
Preclinical category, the first-place awardee was Felicitas J.
Detmer, PhD, (Massachusetts General Hospital/Harvard Medi-
cal School; Boston, MA) for “Imaging of mitochondrial func-
tion in doxorubicin-induced cardiotoxicity.” Recognized in

second place was Benjamin Wilk
(Western University; London, Can-
ada) for “Myocardial glucose sup-
pression interferes with the detection
of inflammatory cells with FDG PET
in a canine model of myocardial
infarction.” The third-place award in
this category went to Zhao Liu, PhD,
(Yale University; New Haven, CT)
for “Assessment of lower extremi-
ties flow using dynamic 82Rb PET:
Acquisition protocols and quantifi-
cation methods.” The first-place
Cardiovascular Council Young Investigator Award in the
Clinical category went to Ananya Singh, MS, (Cedars-Sinai
Medical Center; Los Angeles, CA) for “Improved risk assess-
ment of myocardial SPECT using deep learning: Report from
the REFINE SPECT registry.” The second-place award was
presented to Sarah Boughdad, MD, PhD, (CHUV; Lausanne,
Switzerland) for “68Ga-DOTATOC PET/CT to detect immune
checkpoint inhibitor-related myocarditis.” The third-place
award in this category went to Xuezhu Wang (Peking Union
Medical College Hospital/Chinese Academy of Medical Sci-
ence; Beijing, China) for “Dynamic analysis of 11C-PIB
PET/CT in amyloid light-chain cardiac amyloidosis.” I will
be highlighting several of these presentations in this lecture.

Brenande de Oliveira Brito et al. from the University of
Ottawa Heart Institute (Canada) reported that “SPECT blood
flow improves per-vessel sensitivity of myocardial perfusion
imaging to detect ischemia” [26]. They studied 172 patients
who underwent SPECT MPI and blood flow quantitation.
Their results showed that myocardial blood flow assessment
had higher sensitivity than MPI on a per-vessel basis to
detect hemodynamically obstructive disease compared to the
per-patient basis, where there was no significant difference.
Figure 1 shows imaging data from an example patient, in
whom the stress and rest perfusion SPECT images demon-
strate a perfusion defect. Coronary angiography, however,
confirmed previous obstructive coronary artery disease
(CAD). The polar maps show reduced peak stress myocar-
dial blood flow and myocardial flow reserve in all 3 vascular
territories. This research is important, because quantitational
SPECT myocardial blood flow is now feasible with some of
the modern solid-state SPECT cameras and, as SPECT is
widely available, routine use of quantitative SPECT in clini-
cal practice may enable better identification of the extent of
hemodynamically significant obstructive CAD.

Liu et al. from Yale University/Yale University School
of Medicine and Bridgeport Hospital (all in New Haven,

Sharmila Dorbala,
MD, MPH
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CT) reported on “Assessment of lower extremities flow
using dynamic 82Rb PET: Acquisition protocols and quantifi-
cation methods” [53]. The aim of this study was to investi-
gate and optimize data acquisition protocols and quantitative
data processing methods for dynamic 82Rb PET imaging in
an established porcine model of peripheral arterial disease
through tracer candidate modeling. Their report also included
initial human studies. The researchers acquired a 7-minute
single-bed dedicated cardiac imaging scan to define the gold
standard input function from the left ventricle (LV) blood pool
scan, followed by a 2-minute single-bed scan of the abdominal
aorta and then 5.5-minute multiple fast continuous-bed motion
scanning for the lower extremities. The estimated arterial input
function on the images was validated with blood sampling in
animal models. The authors noted that the peak input function
derived from the abdominal aorta was consistently about 60%
underestimated compared to the LV function. They used a
single-compartment model to measure K1 values. In an acute
ischemic hindlimb imaged at rest and stress in the pigs (Fig.
2), K1 values were lower in ischemic than nonischemic limbs.
After developing and refining their investigational technique
in the animal model, the authors studied 4 healthy humans and
1 diabetic patient (Fig. 2). The K1 values in the diabetic patient
were much lower than those in healthy subjects. The authors
concluded that “It is feasible to quantify skeletal muscle blood
flow in the lower extremities using dynamic 82Rb PET.” These
results are important because peripheral arterial disease is a
major public health problem. Imaging of peripheral arterial
disease and blood flow to the lower extremities is emerging as
a novel application in nuclear cardiology. This project opens
the door to perfusion imaging in peripheral arterial disease—
an entirely new cardiovascular application.

Diekmann et al. from the Hannover Medical School
(Germany) reported that “The area of fibroblast activation
exceeds the hypoperfused infarct region in patients with
acute myocardial infarction” [135]. The study included 12
patients who underwent cardiac MRI, perfusion SPECT, and
68Ga-FAPI-46 PET/CT at 6–11 days after reperfused acute

MI. MRI defined cardiac function and the extent of late gad-
olinium enhancement (LGE). All patients showed regional
FAP signal enrichment at the infarct site relative to blood
pool. The extent of FAPI signal was also found to be much
greater than that of the perfusion defect. Figure 3 (left)
shows an example patient with a matching pattern of a

FIGURE 1. SPECT blood flow and per-vessel
sensitivity of myocardial perfusion imaging
(MPI) to detect ischemia. Imaging data from
example patient who underwent SPECT MPI
and blood flow quantitation. Stress and rest
perfusion SPECT images (top left) demonstrate
a perfusion defect. Polar maps show resting
blood flow (top), stress blood flow (middle), and
myocardial flow reserve (bottom), indicating
reduced myocardial flow reserve and peak
stress flow in all 3 vascular territories. Coronary
angiography confirmed previous obstructive
coronary artery disease. These results indicated
that SPECT myocardial blood flow assessment
can improve the sensitivity of ischemia detec-
tion by MPI.

FIGURE 2. Assessment of lower extremities flow using dynamic 82Rb
PET. A 1-tissue compartmental model with a blood volume term was used
to quantify K1. Top: Representative K1 parametric images at rest (left) and
adenosine stress (right) in a pig with acute hindlimb ischemia (left in each
image). Adenosine stress increased the K1 heterogeneity and enhanced
the relative flow deficit in the ischemia zone. K1 values were significantly
lower in the ischemic limb than in nonischemic areas. Bottom: Represen-
tative summed dynamic skeletal muscle images (left) and K1 parametric
maps (right) with 82Rb PET (top) compared to 15O-water PET (bottom) for
validation in a control human subject. In humans, K1 values were much
lower in diabetic patients than in healthy controls.
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perfusion defect and FAPI upregulation. Figure 3 (right)
shows a mismatch pattern in a patient with an anterior wall
perfusion defect where the area of FAPI-upregulation signif-
icantly exceeded that of the perfusion defect and region of
late enhancement on MRI. No relevant signal was observed
in remote myocardium or other peripheral organs, including
liver, spleen, bone marrow, or lungs. No correlation was
detected between the FAP signal and available clinical
variables, including measures of myocardial damage. FAP
signal was present on MRI in segments with transmural
infarct (.75% transmural LGE) and nontransmural infarct
(25%–75% LGE). Notably, even among patients with

,25% LGE the authors found that about half of segments
demonstrated significant FAP signal, suggesting fibroblast
activation in the noninfarcted myocardium as well. The
authors concluded that the fact that fibroblast activation
markedly exceeds the hypoperfused infarct region in
patients after acute MI and early reperfusion therapy and
that the extent of this regional upregulation varies so sig-
nificantly among individuals should be further explored to
illuminate the underlying mechanisms. This is a study
with current relevance, because imaging of activated fibro-
blasts is of critical importance for development of novel
therapies to prevent ventricular remodeling, not only in

MI but in a number of other cardio-
vascular diseases and in heart failure.

Hess et al. from the same group at
the Hannover Medical School (Germany)
reported on “Preliminary characteri-
zation of 68Ga-FAPI-46 for molecular
imaging of cardiac fibroblast activa-
tion” [134]. They used FAPI here for
in vitro and in vivo studies of cardiac
fibroblast activation. In vitro studies
showed selective 68Ga-FAPI-46 uptake
by transfected HT1080 cells overex-
pressing mouse or human FAP. Human
cardiac fibroblasts also exhibited a

FIGURE 3. Fibroblast activation in patients imaged with cardiac MRI, perfusion SPECT, and 68Ga-FAPI-46 PET/CT at 6–11 days after reperfused acute
myocardial infarction (MI). Patient examples show (top to bottom) 99mTc-tetrofosmin perfusion imaging, 68Ga-FAPI-46 fibroblast imaging, initial cardiac
MRI/late gadolinium enhancement, and perfusion defect maps with FAPI signal areas in red. Left block shows a patient example with a matching pattern
of perfusion defect and FAPI upregulation. Right block shows a patient in whom FAPI upregulation significantly exceeds perfusion defect and enhanced
area on MRI. Fibroblast activation markedly exceeded the hypoperfused infarct region in patients after acute MI and early reperfusion therapy, and the
extent of this regional upregulation varied significantly among individuals.

FIGURE 4. Preclinical 68Ga-FAPI-46 for molecular imaging of cardiac fibroblast activation. In vivo
PET studies in mice showed (left to right): low background tracer uptake in controls, selective
68Ga-FAPI-46 in a myocardial infarct model at 7 days after infarct, 18F-FDG co-injection uptake at 7
days after infarct, and decline of 68Ga-FAPI-46 uptake by 21 days. Localization of the FAPI signal
was confirmed by ex vivo autoradiography (right), where the signal exceeded the Masson
trichrome–derived infarct area, suggesting sensitivity to replacement and reactive fibrosis.
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FIGURE 5. Imaging of mitochondrial function
in doxorubicin-induced cardiotoxicity. 18F-tri-
phenylphosphonium (18F-TPP1) PET was used
to image mitochondrial function in an acute
doxorubicin-induced cardiomyopathy porcine
model and to explore the utility of the tracer
for total membrane potential mapping in moni-
toring cardiotoxicity during and after chemother-
apy. Seven pigs were studied with 18F-TPP1

PET before (left in each parametric image
set) and after (right in each image set) acute

doxorubicin (right set) or control saline (left set) infusions into the mid-left anterior descending (LAD) coronary artery. Results showed local depolarization
of total membrane potential during or following doxorubicin infusion in LAD segments but no changes in control segments or after saline infusion.

FIGURE 6. Multimodality cardiac imaging for prediction of postoperative myocardial infarction (MI) in example cardiac artery disease patients with (top
block) and without (bottom block) postoperative MI. Top block shows: (A) Elevated 18F-NaF uptake on PET at left main (LM) (white dotted arrow) and left
anterior descending (LAD) (white solid arrow) arteries on fused PET/CT images. (B) Intense calcium density of LM (white dotted arrow) and LAD proximal
stenosis (white solid arrow) on CT. (C) Stenosis at the corresponding lesion site on coronary angiography. (D) Histology and immunohistochemistry of
the excised coronary atherosclerotic plaque (inflamed lesion). (E) H&E pathology staining. (F) CD68 immunostaining, with strong expression indicating
significant macrophage infiltration in corresponding excised coronary atherosclerotic plaque. Microcalcification (black dotted arrow) and macrocalcifica-
tion (black solid arrow) regions on H&E corresponded to high (black dotted arrow) and low (black solid arrow) inflammation on immunostaining, respec-
tively. Bottom block shows: (A) Elevated 18F-NaF uptake at proximal LAD (white-solid arrow) on fused PET/CT images. (C) Stenosis of proximal LAD with
coronary stent (white solid arrow) on coronary angiography and (B) intense calcium density at the corresponding lesion site on CT. (D) Histology and
immunohistochemistry of excised coronary atherosclerotic plaque (noninflamed lesion). (E) H&E pathology staining. (F) CD68 immunostaining indicated
no significant macrophage infiltration in corresponding excised coronary atherosclerotic plaque.
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moderate specific tracer uptake. Imaging in healthy control
mice showed low background tracer accumulation in myo-
cardial regions and liver, with rapid renal clearance. FAP
expression on PET tended to be higher in mice 7 days after
MI than in control mice (Fig. 4), with upregulation in
infarct areas declining by 21 days. Co-injection of unla-
beled precursor lowered the infarct FAP signal on day 7.
Localization of the signal was confirmed by ex vivo autora-
diography, where the FAP signal exceeded the Masson
trichrome–derived infarct area, suggesting sensitivity to
replacement and reactive fibrosis. The authors concluded
that their findings support the feasibility of FAP imaging for
cardiac fibroblast activation in mice but noted that the low
absolute uptake in this animal model may complicate quan-
titative measurements in vivo. The clinical data presented in
the previous study and the preclinical data presented in this
study set the stage for innovative future investigations in
imaging activated fibroblasts in various cardiovascular
diseases.

Detmer et al. from the Massachusetts General Hospital/
Harvard Medical School (Boston, MA) reported on
“Imaging of mitochondrial function in doxorubicin-induced
cardiotoxicity” [51]. These investigators used a novel tracer,
18F-triphenylphosphonium (18F-TPP1), for PET imaging of
mitochondrial function in an acute doxorubicin-induced car-
diomyopathy model and to explore the utility of the tracer for
total membrane potential mapping in monitoring cardiotoxic-
ity during and after chemotherapy. Seven pigs were studied
with 18F-TPP1 PET after acute doxorubicin or control saline
infusions into the mid-left anterior descending (LAD) coro-
nary artery. The results showed local depolarization of total
membrane potential during or following doxorubicin infusion
in LAD segments but no changes in control segments or after
saline infusion (Fig. 5). The results of this study are signifi-
cant, because mitochondrial dysfunction forms the basis for a
number of cardiomyopathies. If these results are validated in
a larger study and in human studies, novel tracers such as
18F-TPP1 can enhance molecular imaging of cardiomyopa-
thies and our understanding of mitochondrial dysfunction.

Watanabe et al. from Kanazawa University Hospital
(Japan) reported on “Volumetric evaluation of 99mTc-pyro-
phosphate (99mTc-PYP) SPECT/CT in patients with trans-
thyretin cardiac amyloidosis (ATTR-CA): Optimization and
correlation with cardiac functional parameters” [137]. In a
retrospective study of 43 patients assessed with 99mTc-PYP
SPECT/CT for ATTR-CA, the researchers evaluated aortic
blood pool 99mTc-PYP activity using SUVmax in the ascend-
ing aorta at the level of the pulmonary artery bifurcation; total
volume of the myocardial region where 99mTc-PYP uptake
was .1.03, .1.23, and 1.43 of the aortic blood pool
SUVmax within the left and right ventricular myocardium
(defined as cardiac metabolic volumes); and conventional pla-
nar heart-to-contralateral lung uptake ratio. Thirty-seven of
the patients had undergone endomyocardial biopsy. The key
findings in this study were that the cardiometabolic volume
of 1.23 aortic blood pool activity achieved the highest

sensitivity and specificity (91% and 100%, respectively) for
identifying patients with ATTR-CA, with overall accuracy
better than that of the other metrics. The authors also showed
that volumetric evaluation of amyloid activity using the car-
diac metabolic volume 1.23 correlated linearly with brain
natriuretic peptide, a measure of heart failure, and correlated
inversely with left ventricular ejection fraction. This study is
important because it adds to the growing body of literature
supporting the use of volumetric SPECT-based methods for
evaluating the disease burden of cardiac amyloidosis.

Wen et al. from the Beijing Anzhen Hospital/Capital Med-
ical University (China) and the Vienna General Hospital (Aus-
tria) reported on “Comparative analysis of multimodality
cardiac imaging for prediction of postoperative myocardial
infarction” [1665]. These researchers aimed to validate and
compare the value of coronary microcalcification, macrocal-
cification, stenosis, and serum inflammatory biomarkers in
postoperative MI prediction. The prospective study included
75 patients with CAD scheduled for coronary artery bypass
graft procedures. Patients underwent cardiac 18F-NaF PET
imaging, coronary artery calcium scoring, coronary angiog-
raphy, and plaque analysis. Figure 6 shows multimodality
cardiac imaging in CAD patients with (top block) and

FIGURE 7. Global cardiac atherosclerotic burden assessed by fast auto-
mated artificial intelligence (AI)–based heart segmentation in 18F-NaF PET/
CT scans. Top block: Axial (a), coronal (b), and sagittal (c) reconstruction
of manual (top row) and convolutional neural network (CNN)–based
(bottom row) heart segmentation in the same patient. Bottom block: 3D
reconstruction of manual (left) and CNN-based (right) segmentation of the
heart. The automated method was much faster than the manual method
(averages of 1 and 30 minutes, respectively). The CNN method provided
values for segmented volume and SUVtotal that were about 20% lower
than manually obtained values, whereas SUVmean and SUVmax values
were comparable.
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without (bottom block) postoperative MI. On the left are
patient images showing intense 18F-NaF activity in the coro-
nary arteries and calcified plaque, with corresponding angi-
ography showing obstructive coronary disease. Pathology
data indicated microcalcification and macrocalcification
regions corresponding to areas of high and low inflamma-
tion on immunostaining. In contrast example patient images
without postoperative MI showed no significant 18F-NaF
uptake at the proximal LAD on PET/CT, stenosis of the
proximal LAD with coronary stent on coronary angiogra-
phy, and intense calcium density at the corresponding le-
sion site on CT. Pathology, however, showed no significant
macrophage infiltration in excised coronary atherosclerotic
plaques. This study showed that coronary microcalcifica-
tion activity was substantially higher in patients who devel-
oped postoperative MI, whereas calcium score and baseline
coronary stenosis level (SYNTAX score) did not differ
between the groups. They also found increased inflamma-
tory infiltration and CD68 expression in plaques showing
18F-NaF uptake. High-risk plaques quantified by 18F-NaF
PET had significantly higher target-to-background ratios
(TBRs) compared to low- and medium-risk plaques, and a
lesional TBR $1.30 had a high diagnostic accuracy for
detecting such high-risk plaques and thereby detecting
patients likely to develop postoperative MI.

On a related topic, Skovrup et al. from Odense University
Hospital (Denmark), University of Southern Denmark
(Odense), Sahlgrenska Academy/University of Gothenburg
(Sweden), Eigenvision AB (Malmo, Sweden), and Chalmers
University of Technology (Gothenburg, Sweden) reported on
“Global cardiac atherosclerotic burden assessed by fast auto-
mated artificial intelligence (AI)–based heart segmentation in
18F-sodium fluoride PET/CT scans: Head-to-head comparison

with manual segmentation” [29]. Heart
segmentation in the study was based on
a convolutional neural network (CNN)
used in 18F-NaF PET/CT scans of 29
healthy control subjects and 20 patients
with angina pectoris, compared with
data obtained by manual segmentation
in the same scans. The researchers
found that the automated method was
much faster than the manual method
(averages of 1 and 30 minutes, respec-
tively). The CNN method provided val-
ues for segmented volume and SUVtotal

that were about 20% lower than manu-
ally obtained values, whereas SUVmean

and SUVmax values were comparable.
The important point here is that we can
use technology now to estimate in an
unbiased fashion the total amount of
atherosclerotic burden in these patients.
Figure 7 includes examples of 3D
reconstruction with both the manual
and automatic methods. Automatic

methods for estimating the burden of atherosclerosis add to
the growing body of literature on machine learning for diag-
nosis, quantitation, and risk assessment in evaluation of heart
disease.

The next 2 presentations are on a similar theme. Singh
et al. from Cedars-Sinai Medical Center (Los Angeles, CA),
University of Calgary (Canada), Assuta Medical Centers
(Tel Aviv, Israel), Ben Gurion University of the Negev
(Beer Sheba, Israel), Columbia University Irving Medical
Center/New York Presbyterian Hospital (New York, NY),
Oregon Heart and Vascular Institute/Sacred Heart Medical
Center (Springfield, OR), University of Ottawa Heart Insti-
tute (Canada), University Hospital Zurich (Switzerland),
Yale University School of Medicine (New Haven, CT), Car-
diovascular Imaging Technologies LLC (Kansas City, MO),
and Brigham and Women’s Hospital (Boston, MA) reported
on “Improved risk assessment of myocardial SPECT using
explainable deep learning: Report from the REFINE SPECT
registry” [50]. In this large study of 20,401 patients undergo-
ing SPECT MPI, the authors reported on development and
evaluation of a novel deep-learning network for prediction
of major adverse cardiac events (MACE). The deep-learning
network was developed with polar map image inputs of
raw perfusion and gated derived maps of motion, thickening,
phase angle, and amplitude combined with age, sex, and end-
systolic and -diastolic volumes. A novel part of this approach
is the use of deep-learning attention maps, highlighting regions
associated with MACE risk as an overlay on polar map images
(Fig. 8). These maps can be generated in less than 1 second to
explain results to summarize results for physicians. The authors
showed that their deep learning approach was a significantly
better predictor of MACE than stress and ischemic total perfu-
sion defect assessment. The authors concluded that the use of a

FIGURE 8. Improved risk assessment of myocardial SPECT using a novel deep-learning network
for prediction of major adverse cardiac events (MACE). From multiple data sources, deep-learning
attention maps were generated, highlighting regions associated with MACE risk as an overlay on
polar map images. The deep learning approach was a significantly better predictor of MACE than
stress and ischemic total perfusion defect assessment. This image summarizes the model architec-
ture, with the resulting deep-learning attention map at upper right.

(Continued on page 17N )
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SNMMI Adopts Family Leave Statement
The SNMMI Women in Nuclear Medicine Committee,

Nuclear Medicine Program Directors Committee, and
Diversity, Equity and Inclusion Task Force announced on
November 12 the collaborative creation of an SNMMI Fam-
ily Leave Statement. The statement, which was adopted by
the SNMMI Board of Directors on November 1, is included
here in its entirety:

SNMMI believes in communities, families, and partner-
ships where each person’s values and needs are held in
high regard and that a family’s benefits, burdens, and responsi-
bilities are shared among all its members. Caregiver responsi-
bilities are part of a family’s natural life cycle, from birth to
death, encompassing self, partner, parents, and children.

The benefits of leave are well established, and supported
family/medical leave promotes equity, creates a more inclu-
sive environment, and contributes to a person’s well-being.
Employers and training programs with equitable workplaces
must address family/medical leave to support their current
employees and trainees and attract and retain future employ-
ees and trainees.

To that end, SNMMI believes that:

� Taking family/medical leave should not prevent a per-
son from having a successful career in nuclear medi-
cine and molecular imaging.

� Employers should develop transparent policies regard-
ing family/medical leave and make that information
readily available to current and prospective employees.

� Employers should inform all employees of their leave
entitlements, including those provided under federal

(1) and state laws and relevant NIH (2) and institu-
tional policies.

� Training program directors and supervisors should
inform all trainees of their leave entitlements, includ-
ing those provided under federal (1) and state laws and
relevant NIH (2), ACGME (3), institutional, and spe-
cialty board (3,4) policies.

� Employers, supervisors, and training program directors
should ensure that employees and trainees eligible for
leave are supported in taking leave.

� Employers, supervisors, and training program directors
should provide lactation support and accommodations
in accordance with federal law (5) during the postpar-
tum period.
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deep-learning network allows for prediction of MACE
directly from polar map images with improved accuracy
compared to automatic quantitation of perfusion.

Authors from the same group extended this approach to
82Rb PET perfusion imaging with similar results. Singh et al.
from Cedars-Sinai Medical Center (Los Angeles, CA) and
the University of Calgary (Canada) reported on “Explainable
prediction of all-cause mortality from myocardial PET flow
and perfusion images using deep learning” [28]. Here their
goal was to develop and evaluate a novel explainable deep-
learning network for prediction of all-cause mortality
directly from PET MPI flow and perfusion polar map
image data. The study included 3,206 patients referred
for regadenoson (91%) and adenosine (9%) stress and rest
82Rb PET. The deep learning approach was trained using
stress and rest polar map image data of raw perfusion,
myocardial blood flow, spill-over fraction, and myocardial
flow rate combined with end-systolic and -diastolic vol-
umes, age, and sex. Over a mean follow-up of 4.7 years,
654 patients died. Again, the deep learning model had a

much better accuracy for predicting all-cause mortality.
Survival curves presented by the authors emphasized the
potential value of deep learning in prediction of adverse out-
comes. Deep-learning attention maps generated from these
results showed again the value of rapid aggregation of indi-
vidual patient data for physician assessment. These presenta-
tions are very important, because the field of machine
learning and AI is rapidly growing not only in cardiac imag-
ing but in all of medicine. Quantitation is one of the biggest
assets of nuclear cardiology, and we hope that studies such
as this will advance further risk estimation using PET and
SPECT MPI.

Thank you all for your attention. Although I was able to
highlight only a few of the many cardiovascular research
papers presented at this meeting, I urge you to look at the
entire meeting available online to see the full spectrum of
outstanding research. I want to end by congratulating Omar
Mahmood, MD, PhD, and the entire SNMMI Scientific Pro-
gram Committee for a fantastic meeting and for inviting me
to present these highlights.
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Ensuring Quality and Safety in Nuclear Medicine
Imaging and Therapy
Richard L. Wahl, MD, SNMMI President

T
he field of nuclear medicine and molecular imaging has seen
extraordinary advances over the past several years. From the
approval of 177Lu-DOTATATE and the promising published

results of the 177Lu-PSMA-617 phase 3 VISION trial in prostate cancer
to advances in quantitative SPECT imaging and commercial internal
radiation dosimetry software, we have made great strides in providing
exceptional patient care. As more patients with prostate cancer benefit
from nuclear medicine imaging and therapies, we must be prepared to
safely expand our clinical services. SNMMI offers programs and serv-
ices to ensure the quality and safety of these innovations. By supporting
the field in this way, SNMMI helps to pave the road for the growth of
nuclear medicine and molecular imaging domestically and around the
world. SNMMI helps ensure that appropriately trained professionals,
excellent facilities, and the best protocols are available to safely deliver
growing patient care services in the radiopharmaceutical therapy space.

SNMMI provides a wide range of educational opportunities to help
nuclear medicine physicians, technologists, physicists, pharmacists, radiol-
ogists, and others develop expertise in the latest innovations in nuclearmedi-
cine and molecular imaging. These educational offerings are presented at
SNMMI’s Mid-Winter and Annual Meetings and other in-person conferen-
ces, as well as virtually through online education programs, case reviews,
and continuing education articles in The Journal of Nuclear Medicine. A
record number of programs have beenmade available during the pandemic.

The society has taken several steps to ensure that comprehensive
education is available on advances in radiopharmaceutical therapy. An
inventory of existing SNMMI continuing education material related to
therapy—including articles, courses, webinars, videos, specialty con-
ferences, and more—has been curated and reviewed for gaps in con-
tent. In addition, SNMMI has conducted a thorough needs assessment
for residency training programs. The results of this assessment are
being analyzed and used to develop new content for students. SNMMI
is also offering support for new therapy fellowships and for practi-
tioners. The Therapeutics Conference in March 2022 will be delivered
in person and will provide a comprehensive update on radiopharmaceu-
tical therapies. With such a robust education program, we are confident
that our trained nuclear medicine professionals can meet the needs of
their patients, serving as their “nuclear oncologists” during their thera-
peutic interactions.

To ensure excellence in imaging, SNMMI provides guidance for
nuclear medicine and molecular imaging professionals through appro-
priate use criteria, value and quality metrics, and procedure standards.
By standardizing best practices to enhance operational efficiency, we
can improve the quality of nuclear medicine and molecular imaging.

The SNMMI Dosimetry Task Force has been focused on developing
processes and standards for performing dosimetric measurements of
radiopharmaceutical therapy in research and clinical settings. A special
JNM supplement was published in December 2021 comprising 7 articles
that address both the rapid progress and the challenges in applying
patient-specific radiation dosimetry to guide radiopharmaceutical
therapies. The task force is working on reimbursement issues, a com-
pendium of dosimetry software and hardware, and a white paper on
the use of dosimetry in drug development and clinical practice, as
well as compiling data from the SNMMI 177Lu Dosimetry Chal-
lenge. The dosimetry supplement illustrates SNMMI’s leadership

in this important space, which is likely
to be increasingly important in precision
nuclear medicine.

SNMMI is also developing a Radio-
pharmaceutical Therapy Registry (RaPTR)
that will provide the framework to support a
community of practices committed to
patient-centered imaging and therapy,
patient safety, optimized radiation dose,
improved outcomes, practice transformation,
and innovation through ongoing data collec-
tion and quality improvement. RaPTR will
initially focus on 177Lu-DOTATATE data,
and launch is planned for January 2022.

To further promote quality and safety in therapy, SNMMI has
launched a Radiopharmaceutical Therapy Center of Excellence Pro-
gram (CoE) designed to further raise the quality bar on centers per-
forming radiopharmaceutical therapies. Its mission is to establish
criteria and standards to recognize facilities that provide excellence in
clinical practice, research, and teaching. Certification and accreditation
are planned for these centers, which will provide a clinical and compre-
hensive level of assessment. These programs will help ensure patients
and providers that sites performing therapies meet specific standards.
The Therapy CoE is dedicated to advancing quality patient care and
promoting health care by ensuring that these centers meet rigorous
standards for transdisciplinary, state-of-the-art research focused on
developing new and better approaches to preventing, diagnosing, and
treating cancer.

In addition, a comprehensive resource for nuclear medicine therapy
has been launched for SNMMI members. Available at https://therapy.
snmmi.org, the SNMMI Radiopharmaceutical Therapy Central portal pro-
vides information and content related to education, research, dosimetry,
clinical guidelines, coding and reimbursement, accreditation, and other
aspects of radiopharmaceutical therapies. SNMMI will continue to monitor
the content of this portal and provide feedback for regular updates.

With the volume of recent advances in radiopharmaceutical
therapy, however, challenges still remain. Patient service needs will be
large, and we must meet the needs of our patients, safely. A recent sur-
vey published in Advances in Radiation Oncology showed that more
than half of radiation oncologists would like to prescribe radiopharma-
ceutical therapy but cite infrastructure, interspecialty relations, lack of
training, and financial considerations as barriers to doing so. Nuclear
medicine facilities generally have training and equipment in place for
radiopharmaceutical therapies.

No one can work in a vacuum, and collaboration and teamwork are
critical in our efforts to ensure quality and safety. Teams of physicians
working together for the best in patient outcomes through effective collabo-
rations are often the best approach. SNMMI will continue its work with its
partners to address all aspects related to quality and safety for new innova-
tions in nuclear medicine and molecular imaging. We are confident that
with dedicated training and resources, our nuclear medicine and molecular
imaging professionals can improve the health of patients around the world
and that the term nuclear oncologist will be more widely applied to discuss
nuclear medicine physician activities in this space.

Richard L. Wahl, MD
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Regarding LNT: Scientifically Worthless and
Increasingly Indefensible

TOTHENEWSLINE EDITOR: I am delighted with the commen-
tary by Siegel, Sacks, and Greenspan in the November issue of JNM
Newsline (2021;62[11]:17N–18N, 22N) regarding my petition and
those of 2 others asking the Nuclear Regulatory Commission
(NRC) to cease using the linear no-threshold (LNT) theory as the
basis for radiation safety regulation. The authors did an excellent
job in this commentary as part of a continuing effort over the years
to refute LNT. It is shameful that government regulators have hood-
winked the entire nation with nearly 70 years of LNT-based regula-
tions, including the corollary “as low as reasonably achievable”
(ALARA) principle. The NRC-required public dose limit is set at
1mSv, despite the fact that credible evidence of imaging-related
low-dose (,100mSv) carcinogenic risk is nonexistent. As pointed
out in the commentary, NRC lacks necessary in-house expertise and
therefore relies on recommendations from the equallymisguided Inter-
national Commission on Radiological Protection (ICRP) and National
Council on Radiation Protection and Measurements (NCRP). NRC
pays the NCRP for its opinion, and NCRP conveniently gives NRC
the opinion it bought and paid for. (One might question the value of
theNRC if it lacks the in-house expertise to evaluate radiation science.)
The LNT theory of radiation carcinogenesis is based on 4 assump-

tions, each of which is obviously incorrect and which together rely
on illogical and circular reasoning: (1) The first assumption is that
there is no such thing as repair of radiation damage. However,
more than 150 genes have been found to be involved in gene repair,
and in 2015 the Nobel Prize in Chemistry went to scientists who for
more than 40 years had been elucidating the mechanisms of DNA
repair. (2) The second assumption (which actually follows from
the first) is that LNT is applicable whether a specific dose of radia-
tion is delivered slowly over time or all at once—the putative effect
is the same. We know, however, that a given quantity of radiation
delivered slowly is much less damaging than the same quantity
delivered all at once. Patients in radiation oncology routinely receive
high doses given gradually, often over a 6-week period. If the total
dose were delivered all at once, repair mechanisms would be over-
whelmed and damage to normal tissue would be much greater. (3)
The third assumption is that a single radiation interaction causing
1 DNA mutation can cause a fatal cancer. However, stem cells
that give rise to cancer contain thousands of mutations, including
numerous essential driver mutations. According to J. Michael
Bishop, MD, 1989 Nobel laureate discoverer of the oncogene, “A
single mutation is not enough to cause cancer. In a lifetime, every
single gene is likely to have undergone mutation on about 1010 sep-
arate occasions in any individual human being. The problem of can-
cer seems to be not why it occurs, but why it occurs so infrequently.”
(4) The fourth assumption is that no processes exist at low radiation
doses that do not exist at high doses. However, at high doses repair
enzymes that exist at low doses are often inhibited from being
synthesized.
Let us focus on radiation hormesis at low doses: Low doses of

radiation result in stimulation of enzymes that not only repair

radiation damage but repair damage caused by other mutagens, the
most important being oxygen—yes, oxygen. The cost of being an
aerobic organism is huge. According to the late Myron Pollycove,
MD, breathing oxygen causes 10,000 DNA mutations/cell/hour.
One rem causes 20 DNA mutations/cell/year. Oxygen therefore
causes 4.4 million times as many mutations per year as 1 rem.
Low-dose radiation hormesis is pervasive, having been found in
microorganisms, algae, plants, insects, invertebrates, vertebrates,
and humans. Unlike low-dose carcinogenic risk, radiation hormesis
has been demonstrated to exist.
So why have radiation professionals accepted LNT and not

condemned this demonstrably false theory? Ignorance? Laziness?
Fear? LNT has become an illogical religion among scientists who
need to recognize their problem. It is time to stand up to the reg-
ulators, challenge the scientific organizations, and demand
change. We should all better educate residents and other physi-
cians, as well as patients, on this issue. LNT is scientifically
worthless and indefensible.

Carol S. Marcus, PhD, MD
David Geffen School of Medicine (ret)
University of California at Los Angeles

Regarding LNT: NRC Wrongfully Rejects
Petitions to End LNT Model Use

TO THE NEWSLINE EDITOR: I would like to offer a historical
perspective on the commentary by Siegel, Sacks, and Greenspan in
the November issue of JNM Newsline (2021;62[11]:17N–18N,
22N) on the Nuclear Regulatory Commission (NRC) rejection of
three 6-year-old petitions requesting repudiation of the linear
no-threshold (LNT) model. First, I am reminded of a 1980 speech
by Lauriston Taylor, who said that studies “calculating the numbers
of people who will die as a result of having been subjected to diag-
nostic X-ray procedures [by applying the LNTmodel]… are deeply
immoral uses of our scientific knowledge” (1).
In 1954, soon after President Eisenhower’s Atoms for Peace

Speech to the United Nations, the Rockefeller Foundationmobilized
and managed a National Academy of Sciences (NAS) study of radi-
ation effects “with particular attention to the possible danger to the
genetic heritage of man” (2,3). The 10-year study, by Neel and
Schull, on 75,000 children of atomic bomb survivors, showed no evi-
dence of hereditary damage (2,4). Nevertheless, the NAS rejected
these data and in 1956 recommended use of the LNTmodel to assess
the risk of radiation-induced mutations, based largely on controver-
sial studies that irradiated fruit flies.
I previously reviewed the 1957 study by Lewis that linked the

incidence of leukemia in atomic bomb survivors to their radiation
exposures (5). The study was flawed because it combined data in
the low-dose ZoneDwith data in the control Zone E. This concealed
the high 1.1-Gy threshold for inducing leukemia, shown in Figure 1
(6–8).
Discussions in the NCRP about this cancer risk controversy led to

a compromise and the NCRP decision in 1960 to adopt policies
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governed by the precautionary principle and the “as low as reason-
ably achievable” (ALARA) benchmark. This policy included using
the LNT model to estimate the risk of radiation-induced cancer (9).
The NCRP decision was based on widespread public concern over
the effects of radiation from fallout and the possibility of new infor-
mation regarding effects on humans (10). The United States and
other countries followed the NCRP policy.
This policy has not changed in more than 61 years, despite evi-

dence in 1960 and much more evidence today that contradicts the
LNT model and demonstrates that low doses of radiation benefit
health (7). It was wrong for the NRC to reject the petitions that
requested amendment of 10 CFR Part 20 to protect people based
on scientific evidence that contradicts the LNT hypothesis. Instead
of following the antinuclear NCRP policy based on taking precau-
tions against fearful myths, the NRC should recognize the evidence
of radiation’s beneficial health effects for exposures that are below
thresholds for detrimental effects (11).
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Regarding LNT: The Negative Consequences of
Reliance on LNT/ALARA

TOTHENEWSLINEEDITOR: I was intrigued by the commen-
tary from Siegel, Sacks, and Greenspan (1) regarding 3 petitions
(2) requesting that the Nuclear Regulatory Commission (NRC)
cease using the linear non-threshold (LNT) hypothesis as the basis
for radiation safety regulations. These regulations accept the LNT
hypothesis and its “as low as reasonably achievable” (ALARA)
partner principle. Any challenge to the established NRC dogma
merits a thorough and rigorous discussion. Unfortunately, the
NRC relied on only a portion of relevant information that sup-
ported their position and failed to consider the complete set of
data that offers a scientific basis for rejecting the LNT hypothesis.
Arguments against the NRC’s rejection have considerable merit
and must not be ignored by regulators.
By its very nature LNT/ALARA focuses on radiation detriment and

not the collective set of repair mechanisms that mitigate the effects of
ionizing radiation, particularly at low doses. The NRC does not prop-
erly evaluate the well-known repair and mitigative mechanisms,
including adaptive response, the human immune system, and DNA
repair mechanisms. In addition, hormesis and radiation damage thresh-
olds are not considered (3,4). Although these comments outline a lim-
ited number of concerns, the case against LNT/ALARA is strong (1,2).
In addition, there are numerous negative consequences of perpetuating
the reliance on LNT/ALARA including:

(1) LNT/ALARA creates an atmosphere that fosters and perpetu-
ates radiophobia and inhibits research using low-dose radiation
in the detection, prevention, and treatment of cancer and other
diseases, including COVID-19. Unwarranted fears have effec-
tively retarded research and could result in missed diagnoses
in instances where imaging doses are too low to produce ade-
quate tissue resolution (5).

(2) The continued development and utilization of nuclear power in
the United States and Western Europe have been inhibited by
LNT/ALARA exaggerations of the impacts of nuclear acci-
dents. These mischaracterizations reinforce unjustified fears
regarding the detrimental effects of radiation (6,7) and inadver-
tently promote the use of higher-polluting energy-generating
sources.

(3) Increased regulation of radiation and radioactive materials and
the associated costs to implement LNT/ALARA compliance
further dampen the expansion and use of the beneficial uses of
nuclear technology.

(4) Nuclear facilities, particularly in the commercial nuclear
power reactors and fuel cycle areas, devote significantly
more resources and attention to imagined safety efforts driven
by LNT/ALARA than to real industrial safety hazards that
have injured workers.

Figure1. Graphof incidenceof leukemia in95,819Hiroshimaatomicbomb
survivors versus absorbeddose, from1950 to 1957, showingevidenceof the
threshold at 1.1 Gy for radiation-induced leukemia (7). UNSCEAR 5 United
Nations Scientific Committee on the Effects of Atomic Radiation; NEA 5

OECD Nuclear Energy Agency; NPP 5 nuclear power plant; ARS 5 acute
radiation syndrome. Blue broken lines show 2-s error band.

(Continued on page 22N )
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N E W S B R I E F S

MPFS and OPPS Final Rules
Expand Nononcologic
PET Coverage

On November 9 SNMMI issued
comments on the newly finalized Centers
for Medicare and Medicaid Services
(CMS)Medicare Physician Fee Schedule
(MPFS) and Hospital Outpatient Pro-
spective System (OPPS) rules. SNMMI
summarized and provided commentary
on the highlights of the final rules:

� CMS removed the “exclusionary
language” from NCD 220.6 Positron
Emission Tomography (PET) Scans. This
will leave nononcologic PET indications
(unless noted by NCD 220.6.1–220.6.
20) to the discretion of local Medicare
Administrative Contractors (MACs). The
SNMMI applauded the coverage deci-
sion, noting that it resulted from years of
work by SNMMI and industry partners,
saying in a press release: “We resound-
ingly agree that ‘local contractor discre-
tion provides an immediate avenue to
potential coverage in appropriate candi-
dates for nononcologic indications.’ Vari-
ous new PET agents for nononcologic
indications are currently in FDA trials.
Retiring the national noncoverage policy
for nononcologic indications upon the
agents’ FDA approval will eliminate the
regulatory bottleneck leading to Medicare
beneficiary access issues.”

� CMS did not retire national noncoverage
decisions for amyloid PET (220.6.20) and
NaF (220.6.19). SNMMI noted that the
society is working with CMS to rectify
coverage decisions for both: “We hope
CMS will change its position on amyloid
PET when they release their national cov-
erage analysis decision on Monoclonal
Antibodies Directed Against Amyloid for
the Treatment of Alzheimer’s Disease on
January 12, 2022.”

� The PFS final rule cuts the conversion
factor to $33.59 in CY 2022 from
$34.89 in CY 2021. This follows the ex-
piration of the 3.75% payment increase,
a 0.00% conversion factor update, and a
budget neutrality adjustment. SNMMI
reported that the society is working
with the medical community to prevent
cuts to physician reimbursement.

� CMS delayed implementation of the pay-
ment penalty phase of the Appropriate
Use Criteria program to the later of Jan-
uary 1, 2023, or the January 1 that

follows the end of the current public
health emergency.

� CMS will be phasing in the clinical staff
wage increase over 4 years. As a result,
the impact to nuclear medicine proce-
dure codes will not be as acute as in the
proposed rule (3%–4% decrease versus
a 10%–15% decrease).

� The final CY 2022 OPPS Rule included
no changes to what the SNMMI termed
the “inequitable” reimbursement policy
of precision diagnostic radiopharmaceuti-
cals. These drugs continue to be packaged
after the expiration of a 3-year pass-
through period. SNMMI urged members
and interested members of the community
to send a letter to Congress in support of
the Facilitating Innovative Nuclear Diag-
nostics (FIND) Act, legislation aiming
to expand patient access through appro-
priate payment. More information is
available at: https://snmmi.quorum.us/
campaign/34856/.

SNMMI

U.S., Canada, UK Collaborate
on Good Machine Learning
Practice

On October 27, the U.S. Food and
Drug Administration (FDA), Health
Canada, and the United KingdomMed-
icines and Healthcare Products Regula-
tory Agency jointly issued the “Good
Machine Learning Practice for Medical
DeviceDevelopment: Guiding Principles”
to identify 10 principles that are impor-
tant in development of Good Machine
Learning Practice (GMLP). GMLP is
intended to advance high-quality artifi-
cial intelligence/machine learning–en-
abled medical device development. The
10 principles identify areas in which
alignment in efforts related to research,
building resources and tools, regulatory
policies, regulatory guidelines, interna-
tional harmonization, and consensus
standards could be developed by the
InternationalMedical Device Regulators
Forum, international standards organiza-
tions, and other collaborative bodies to
advance thematuration of GMLP.

In a press release, FDA said that
these guiding principles could be used
to either specifically tailor practices

applicable to health care, create new
practices, or adopt from practices that
have been proven in other domains.
“With artificial intelligence and machine
learning progressing so rapidly, our 3
regulatory agencies, together, see a
global opportunity to help foster good
machine learning practice by providing
guiding principles that we believe will
support the development and maturation
of good machine learning practice,” said
Bakul Patel, director of the FDA Digital
Health Center of Excellence in the Cen-
ter for Devices and Radiological Health.
The GMLP guiding principles are avail-
able at: https://www.fda.gov/medical-de
vices/software-medical-device-samd/go
od-ma chine-learning-practice-medical-
device-development-guiding-principles.

U.S. Food and Drug Administration

DOE Tri-Lab Project and 225Ac
In a news feature released on

November 17, the Department of
Energy (DOE) Oak Ridge National
Laboratory (ORNL; TN) described a
national laboratory collaborative effort
to provide accelerator-produced 225Ac
for therapeutic use. Since 2014, the
DOE Isotope Program has sponsored the
Tri-Lab research project with a goal of
production of large batches of 225Ac
more quickly and more frequently in
anticipation of regulatory approval of
routine use in clinical treatment. A num-
ber of private and global public/private
partnerships are also addressing the chal-
lenge to safely and reliably produce
225Ac.

ORNL currently produces the major-
ity of the world’s 225Ac by harvesting it
from a supply of 229Th, produced by
232Th targets irradiated in proton accel-
erators at Los Alamos and Brookhaven
National Laboratories. However, the
amount of the radioisotope currently
“milked” from the 229Th “cow” (about
1 Ci/year) is not enough even for large-
scale clinical trials, and options for
scaling up production are limited. In
June, ORNL processed the largest batch
of 225Ac ever put into its inventory,

Newsline 21N
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processed from targets irradiated at
Brookhaven, which produces 225Ac
using a high-energy proton beam. “We
demonstrated that the accelerator route
can generate about 60% of the current
annual supply of 225Ac in just 12 days,”
said Dmitri Medvedev, a scientist in
the Brookhaven Collider Accelerator
Department.

In 2020, FDA acknowledged receipt
of a drug master file for the Tri-Lab
accelerator-produced 225Ac, outlining
details about the facilities and processes
used in manufacturing, processing, pack-
aging, and storing the radioisotope to
ensure that the product meets specifica-
tions. “The drug master file is one step
forward toward this ultimately being
used in an FDA-approved product,” said
Roy Copping, who leads the Tri-Lab
production program from the ORNL
side. Researchers at ORNL are currently
looking at 2 ways to further increase out-
put: processing batches more frequently
and processing larger targets. As part of
the Tri-Lab effort, a research and devel-
opment team developed in-cell technol-
ogy to manage gas created in the
production process. The team began
developing the technology in Novem-
ber 2020, spent several months testing
it outside the hot cell, then imple-
mented it in the hot cell in April 2021.
The technology benefits production at
ORNL and is extensible to future target
processing at Brookhaven and Los Ala-
mos. For more information about the
Tri-Lab effort, see: https://www.isotopes.
gov/sites/default/files/2021-01/Actinium

225Brochure%20-%20FINAL%20for%
20web_sm.pdf.

Oak Ridge National Laboratory

Gene Therapies for Rare
Diseases

On October 27 the National Insti-
tutes of Health (NIH), U.S. Food and
Drug Administration (FDA), 10 phar-
maceutical companies, and 5 nonprofit
organizations announced a partnership to
accelerate development of gene therapies
for individuals who suffer from rare dis-
eases. Although �7,000 rare diseases
have been identified, only 2 heritable dis-
eases currently have FDA-approved gene
therapies. The new Bespoke Gene Ther-
apy Consortium (BGTC), part of the NIH
Accelerating Medicines Partnership pro-
gram and project-managed by the Founda-
tion for the National Institutes of Health,
is intended to optimize and streamline the
gene therapy development process.

“Most rare diseases are caused by a
defect in a single gene that could poten-
tially be targeted with a customized or
‘bespoke’ therapy that corrects or replaces
the defective gene,” said NIH Director
Francis S. Collins, MD, PhD. “There are
now significant opportunities to improve
the complex development process for
gene therapies that would accelerate sci-
entific progress and, most importantly,
provide benefit to patients by increasing
the number of effective gene therapies.”

Gene therapy development for rare
diseases is time consuming and expen-
sive. NIH cited numerous challenges,

including limited access to tools and
technologies, lack of standards across
the field, and a “1-disease-at-a-time”
approach to therapeutic development.
A standardized therapeutic development
model that includes a common gene deliv-
ery technology (a vector) could allow for
a more efficient approach to specific gene
therapies, saving time and cost.

A clinical component of BGTC-
funded research will support between 4
and 6 clinical trials, each focused on a dif-
ferent rare disease, expected to be rare,
single-gene diseases with no gene thera-
pies or commercial programs in develop-
ment but with substantial groundwork
already in place to rapidly initiate preclini-
cal and clinical studies. For these trials,
the BGTC will aim to shorten the path
from studies in animal models of disease
to human clinical trials. The BGTC also
will exploremethods to streamline regula-
tory requirements and processes for FDA
approval of safe and effective gene thera-
pies, including developing standardized
approaches to preclinical testing.

NIH and private partners will con-
tribute �$76 million over 5 years to
support BGTC-funded projects. This
includes about $39.5 million from the
participating NIH institutes and centers,
pending availability of funds. Additional
information and a complete list of partic-
ipating NIH entities, industry partners,
and nonprofit groups is available at:
https://www.nih.gov/research-training/
accelerating-medicines-partnership-amp/
bespoke-gene-therapy-consortium.

National Institutes of Health

(Continued from page 20N)

(5) Following the Fukushima-Daiichi accident, more than 100,000
individuals were evacuated and forced to abandon their family
farms, homes, and jobs. The physical and psychological harm
caused by these LNT/ALARA–driven evacuations vastly out-
weigh the imagined hazard of low levels of ionizing radiation.

I offer the following rallying cry to those seeking to use
reason and scientific evidence to overthrow the LNT/
ALARA dogma (with apologies to Winston Churchill): We
shall challenge the proponents of LNT/ALARA in scientific
journals, at conferences, in the media, on the internet, in
public forums, and in classrooms. We shall defend valid sci-
ence, whatever the cost may be.
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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

Advancing Nuclear Medicine in Australia over 3 Decades
A Conversation Between Rodney Hicks, Johannes Czernin, and Ken Herrmann

Rodney Hicks1, Johannes Czernin2, and Ken Herrmann3

1Peter MacCallum Cancer Institute, Melbourne, Australia; 2David Geffen School of Medicine at UCLA, Los Angeles, California; and
3Universit€atsklinikum Essen, Essen, Germany

Johannes Czernin, editor-in-chief of The Journal of Nuclear
Medicine, and Ken Herrmann, a professor of nuclear medicine at
the Universit€atsklinikum Essen (Germany), talked with Rodney
Hicks, a professor of medicine and radiology at the University of
Melbourne, head of the Molecular Imaging and Targeted Thera-
peutic Laboratory at the Sir Peter MacCallum Department of
Oncology, and cochair of the Neuroendocrine Service at the Peter
MacCallum Cancer Centre (Melbourne, Australia). Dr. Hicks is
recognized as a pioneer in PET assessment of cancer and contin-
ues to be an international leader in clinical trials and implementa-
tion of novel PET tracers and theranostic pairs. The PET program
he founded in Australia included only the third such scanner in the
country. In 2019, the unit passed the milestone of 100,000 scans.
Today, the Hicks laboratory, as part of the Centre for Cancer
Imaging, uses genomic approaches and in vivo imaging of tumor
biology in models of human cancer, with remarkable accomplish-
ments in neuroendocrine tumor (NET) imaging and treatments. In
2018, his group was the first outside Europe to be recognized as a
Centre of Excellence in the European Neuroendocrine Tumor
Society Network.
Dr. Hicks holds numerous national and international research

grants and is editor-in-chief of Cancer Imaging, as well as serving
on multiple editorial boards. He has authored more than 500 peer-
reviewed articles. In 2015, he was inducted as a Fellow of the
Australian Academy of Health and Medical Sciences. In 2019 he
received the gold medal from the International Cancer Imaging
Society in recognition of his exceptional contribution to oncologic
imaging and international education.
Dr. Czernin: There is an interesting parallel between us that I

had almost forgotten, and that is that we both started out in
nuclear cardiology. I was fortunate to be trained and mentored by
Heinrich Schelbert. Markus Schwaiger served as your mentor at
Ann Arbor, MI. Can you tell us a little bit about how you got to
Michigan from Australia and why you later focused on oncology?
Dr. Hicks: I thought exactly the same thing—that our roots are

so similar and how lucky we’ve both been to have come in contact
with absolute pioneers in PET. As you know, PET really started
with the idea of looking at the brain and the heart. Oncology came
in as a poor third place in people’s thinking, partly because there
was no whole-body reconstruction. When I saw the first whole-
body image reconstruction come out of the UCLA in a paper writ-

ten by Magnus Dahlbom, I knew that
PET was going to be the future of onco-
logic imaging. This changed my career
direction. I had seen the work that Rich-
ard Wahl did in the very early days on
breast cancer. On the first oncologic
PET scan I ever saw, we identified an
internal mammary and axillary node and
a bone metastasis that were completely
occult on CT. So my career direction
changed from being a noninvasive car-
diologist doing echocardiography, cardiac CT, MRI, and nuclear
cardiology to being fascinated by oncology.
Dr. Czernin: I saw your paper from 1993 in the American Jour-

nal of Cardiology (1993;71:529–535) on 11C-acetate and measur-
ing oxygen use of the heart in patients with aortic stenosis. You
were already involved early on in cardiac molecular imaging.
Dr. Hicks: This was certainly Markus’ influence. A lot of what I

learned from nuclear cardiology directly translated into my thinking
about oncology: the concept that you could look at more than one
aspect of biology with tracers that were quantitatively and qualita-
tively evaluable on PET or the idea to combine perfusion and meta-
bolic imaging to identify different myocardial cell populations,
including necrosis, hibernation, ischemia, and normal tissue. For
me, this became the model for nuclear oncology. 18F-FDG is
extremely good at identifying sites of disease, by informing us
about glycolytic tissue activity, an important hallmark but not the
only aspect of tumors. We subsequently added hypoxia imaging at
Peter Mac to look at how hypoxia impacts prognosis. The idea that
2 tracers could be used to identify subpopulations of cells that coex-
isted in the same tumor became really important. We’ve extended
that into conceptual thinking about tumor heterogeneity. For
instance, NETs can have populations that express somatostatin
receptors and are highly glycolytic, whereas others have low recep-
tor expression and high glycolysis and still others have high recep-
tor expression and low glycolysis. They all behave in different
ways. They have different available therapeutic options and cer-
tainly different prognoses. Similar phenotyping by imaging can
now be done in many cancers, including, of course, prostate cancer.
Dr. Herrmann: Let us get back for a moment to your career

switch from cardiology to oncology.
Dr. Hicks: After returning to Australia from Michigan I worked

at the Repatriation General Hospital in Adelaide in a dual role,
with coronary care 1 week per month and as director of nuclear
cardiology in the nuclear medicine department. Our pay was really

Rodney Hicks, MD
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low, so we were allowed to have 1 day per week where we could
go and earn a real living. A friend of mine at Peter Mac invited me
to go along in the early 1990s, just after I got back from Michigan.
There, I became really fascinated by the opportunities in oncology.
This also coincided with the outbreak of the AIDS epidemic in
Australia. We served many patients who had Kaposi sarcoma and
lymphomas. We became involved in dual-tracer SPECT phenotyp-
ing studies that helped to arrive at correct diagnoses. This again
got me very interested in the pluralistic nature of nuclear medicine
and the concept of using imaging for phenotyping.
Dr. Czernin: Were you actually trained in radiology?
Dr. Hicks: No, I was trained in internal medicine. Although I

had limited experience in oncology at the time, nuclear medicine
at Peter Mac was very poorly equipped. They needed someone to
bring it into the modern era of molecular imaging. It was staffed
by a couple of radiologists who were nearing retirement, and they
mostly performed bone scans. We eventually ended up changing
from planar to SPECT and started doing some interesting work.
From a very early stage, I was educating the oncologists in the use
of molecular imaging to characterize cancers, particularly using
67Ga-citrate in lymphoma and melanoma and 201Tl in sarcoma.
So, when PET became available, we were early adopters. In 1996,
we started our PET program—it is 25 years old in 2021.
Dr. Herrmann: What was the size of your department at that

time?
Dr. Hicks: In 1996, I was the only nuclear medicine physician

in the department. We had 2 full-time technologists working in the
PET section downstairs and 2 full-timers and a part-timer upstairs
in the nuclear medicine department. In the PET facility, one of the

technologists did nuclear cardiology on the other side of the corri-
dor from the PET scanner. At the time, we had no funding and I
had quite a profitable private practice in nuclear cardiology, so I
made money on one side of the corridor, which my CEO (who
was a nuclear physicist and quite an enlightened man) allowed me
to spend to fund PET on the other side of the corridor. From a
very early stage, then, we did PET at no charge to our patients.
Dr. Herrmann: Did you have a radiopharmacy? How did this

compare to the size of the team now?
Dr. Hicks: Initially we purchased 18F-FDG from the Austin

Hospital. The federal government set up 2 PET scanners, one in
Sydney and one in Melbourne. The unit in Melbourne at the Aus-
tin Hospital was primarily a research facility to study the brain.
They became increasingly interested in oncology, as Andrew Scott
had come back from Memorial Sloan Kettering and was clearly
very interested in oncologic PET. Soon it became clear that we
needed our own supply, particularly since I was interested in
developing radiotracers to complement 18F-FDG. We purchased a
cyclotron that had been purchased by Emory University but
couldn't then be installed because the allocated space was co-opted
as an MRI facility used for scanning athletes injured during the
Olympic Games held in Atlanta in 1996. We set up solid targetry
to make 64Cu, 86Y, and 124I. I had a wonderful radiopharmacist,
Peter Eu, and recruited a radiochemist, Peter Roselt, and got to
play with some of these really cool longer-lived radioisotopes. We
were very fortunate to get a couple of large government grants to
develop novel radiopharmaceuticals.

Dr. Herrmann: You have a big operation now. We want to
make sure that our readers understand that you took a very small
group and converted it into something big.
Dr. Hicks: We have 6 or 7 nuclear medicine attendings, 3 fel-

lows, 2 radiopharmacists, and 3 radiochemists, so it’s a moderate-
sized program. We have 30–40 technologists and run a very busy
theranostic program.
Dr. Czernin: How many patients are you treating every day?
Dr. Hicks: In the pre-COVID era, our therapeutic nuclear

medicine program was much busier than it is at present. We
were delivering close to 700 treatments per year, primarily to
patients with NETs. In recent years, we have seen growth in
prostate cancer treatment using 177Lu–prostate-specific mem-
brane antigen (177Lu-PSMA), primarily in a clinical trial setting.
Recently we have been treating about 8 neuroendocrine patients
and about 10 prostate patients per week. Our prostate cancer
program has gone kind of nuts—almost threatens to overwhelm
the theranostic program.
Dr. Herrmann: It’s a pretty decent number.
Dr. Hicks: It’s a busy program. It keeps us on our toes, espe-

cially since we are very actively involved in obtaining patient con-
sent, checking laboratory results, delivering therapy, and then
having consultations with patients after posttreatment scanning to
discuss further management or follow-up plans. We also do many
consultations for patients either being considered for peptide-
receptor radionuclide therapy (PRRT) or in surveillance programs.
As well as NET and prostate cancer, we treat pheochromocytoma
and paraganglioma, Merkel cell carcinoma, thyroid cancer, and
children with neuroblastoma. I like to think that we have the most

interesting oncologic practice in the building and act as what I call
“theranosticians.”
A key to our program has been the integration of PET into our

theranostic selection and monitoring. We introduced 68Ga-DOTA-
octreotate into Australia in 2009 and 68Ga-PSMA-11 in 2014.
Coincidentally, we started our PRRT program in the same week in
1996 as that in which we did our first PET scan at Peter Mac.
We’re celebrating the 25th anniversary of both programs. Our first
PRRT patient was treated with a high administered activity with
111In-octreotide using peptide and a protocol kindly supplied by
Eric Krenning of the Erasmus Medical Center in Rotterdam (The
Netherlands). That patient was actually my cardiac stress nurse and
had a fantastic response in several of her deposits, although one
continued to grow. I thought this might have been a different
pathology and so organized a PET scan. This turned out to be the
only 18F-FDG-avid lesion and had demonstrated no uptake on her
initial SPECT study. When we biopsied it, we found that it was a
high-grade NET, and, unfortunately, she eventually died of that
high-grade tumor. We used 111In-octreotide up until 2005 and com-
bined it with chemotherapy after 1999. Although innovative at the
time, it was very natural for our oncologists to consider combining
radionuclide therapy with radiosensitizing chemotherapy, because
they were doing it with external-beam radiotherapy. We were also
involved in early trials with 90Y-DOTATOC and continued to use
this for patients with larger tumor burdens until recently, even
though we transitioned for the most part to 177Lu-DOTA-octreotate
from 2005 onward. I still think that there is a place for 90Y- and

`̀ I like to think that we have the most interesting oncologic practice in the building and act as what
I call `theranosticians.´´́
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Auger electron–based radioligand therapy. The challenge we face
now is that the nuclear medicine world seems to feel that the
answer to all theranostic applications is 177Lu. It is my view that a
strength of our specialty is that we have a panoply of isotopes with
different half-lives and different physical energies, and we need to
start to optimize how we combine these with the kinetics of uptake
and retention of our targeting moieties.
Dr. Czernin: Optimization requires industry support. For exam-

ple, 225Ac-PSMA will require a phase 3 trial, like the VISION
trial. The same is true for 225Ac-DOTATATE trials that are com-
ing up for NETs. My question is always: with all the different
theranostic pairs emerging for various diseases, how is the supply
problem going to be solved?
Dr. Hicks: We talk about personalized medicine, and yet we

embrace these one-size-fits-all protocols in a regulatory sense. To
me, this is absolutely nuts. As indicated earlier, I think we should
use 90Y for large lesions where responses to 177Lu-DOTATATE
are not good. We achieved almost the best responses we’d ever
seen in NETs when starting with yttrium and moving to lutetium.
What we don’t deal with is the small-volume stuff that’s below
the level of our detectability, and that’s where the a-emitters or
Auger electrons come in. How are we ever going to design a clini-
cal trial that cycles a patient through yttrium, lutetium, or a combi-
nation of lutetium plus actinium to hit both large and small
lesions? Such trials are not doable. No industry partner is going to
fund them. I believe that there needs to be a combination of cen-
ters that supply standardized protocols and also support for aca-
demic centers of excellence to provide more personalized
treatments for complex cases, perhaps on the compassionate-use
model used in Germany and Australia.
Dr. Herrmann: I would like to get your opinion on the supply

problem. Do you think that 177Lu can become a commodity within
2 or 3 years, or will this remain a critical issue as you’re
experiencing right now? Which other radionuclides will be com-
modities and which will still be limited in the next 5 years?
Dr. Hicks: One issue is regulatory, whether agencies are going

to demand no-carrier-added lutetium. The no-carrier-added version
increases cost and decreases availability. But, in my view, if the
demand is there, money will be available to produce it. There will
be an industrial solution that includes other agents or pairs, such
as 64/67Cu, where 67Cu can be made on a linear accelerator. Again,
it’s not very widely available yet, but industry will respond.
Dr. Herrmann: What do you think the role of dosimetry will be

5 years from now? How do we get there?
Dr. Hicks: It’s like a bell-shaped curve. What we give as a

standard administered activity is what people have learned is gen-
erally effective and generally safe. But this deals with only 2 SDs
of the population in whom we’re getting reasonable dose delivery
to tumor with what I think is probably an excessive safety margin.
Long-term follow-up studies suggest that we are delivering a very
safe therapy. If medical oncologists were as worried about safety
as we are, they would have almost no therapies, because their
treatments tend to be much more toxic.
Dr. Czernin: But oncologists do individualize patient doses

and would never accept the concept of one dose that fits all.
That’s why I think dosimetry will be very important. We are budg-
eting now for 2 or 3 dosimetrists to be hired over the next 4 or
5 years.
Dr. Hicks: I agree that there are a lot of inconsistencies in the

ways oncologists judge our toxicity compared with their own, but
we can take their lead and adapt our treatment to the individual

circumstances of our patients. For example, there are clearly
patients with large tumor burdens to whom we can give a lot more
activity quite safely because of the tumor sink effect, with little
collateral damage to normal tissues. At the other end of the spec-
trum are patients with impaired renal function, low bone marrow
reserves, or a small tumor burden, in whom the standard adminis-
tered activity may be too toxic. Perhaps on current protocols
they would be excluded from treatment, but reduced administered
activity might still be very effective. These 2 groups of patients,
I think, are the ones in whom dosimetry should be mandatory
and ideally prospective, not based on measuring the dose
delivered after treatment, which is dose verification rather than
dosimetry.
Dr. Herrmann: I want to pick your brain: What would kidney

dose limits be? Would it still be 23 Gy as proposed by the U.S.
Food and Drug Administration?
Dr. Hicks: Way above 23 Gy. We have been collecting post-

treatment, quantitative SPECT/CT data for almost a decade. We
have very long-term follow-up data on a large group of patients in
whom we’ve measured the amount of delivered radiation. We
know that we sometimes get in excess of 30 or 40 Gy to the kid-
neys without any significant long-term damage. We’ve been
retreating patients with PRRT, some up to 20 cycles over a 14-year
period, and many still have normal renal function, although some
show damage to the kidneys. The main risk factor, in my opinion,
is renal cortical thickness. Hydronephrotic kidneys, even if stented,
seem particularly at risk because the residual nephron mass comes
into closer proximity to the proximal convoluted tubules.
Dr. Czernin: The other issue that is often forgotten is that it

depends on the population at which we are looking. For the
VISION trial population, for example, I see no reason to be overly
conservative with administrated activity. For such treatment in
patients with hormone-sensitive disease, it might be a different
story.
Dr. Hicks: The basis of the 23-Gy threshold was to keep the

risk of dialysis at 5 years posttherapy at 5%. Five years is a long
way off for most patients with castrate-resistant metastatic prostate
cancer but, as you note, may be an issue if treatment is moved ear-
lier in the disease evolution.
Dr. Herrmann: And this 23-Gy limit was related to external-

beam radiation.
Dr. Hicks: Exactly, this was for external-beam radiation. If we

put it in the context that few patients with uncontrolled progressive
disease will live for 5 years and that they have an almost 100%
chance of dying in that interval if disease is not controlled, then
the imbalance in risk evaluation by regulators is evident. We have
become so risk-averse that we don’t see the clear and present dan-
ger that cancer poses to these patients.
Dr. Herrmann: How would you use dosimetry information in a

prospective dosimetry trial?
Dr. Hicks: We have to collect the data to create the evidence

for using dosimetry. But it is my experience that with sequential
cycles of treatment, tumor dose decreases, the dose to normal
organs increases, and thus the therapeutic index narrows with
additional cycles. If that is the case, then isn’t it logical to increase
the administered activity for the early cycles when the therapeutic
index is highest to try and achieve the greatest radiation delivery?
The idea that NETs or prostate cancers don’t have a
dose–response curve is the most unscientific claptrap I’ve ever
heard. Every single cancer and almost every single kind of treat-
ment has a dose–response curve. Just because you can’t measure it
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accurately or choose not to measure it doesn’t make it go away.
It’s there. You can’t ignore it. How many times do we use frac-
tionated doses of radioactive iodine in the treatment of differenti-
ated thyroid cancer? Give them a big dose, and you can cure them.
Somehow we’ve forgotten that, and I think it plays into corporate
interests to have 4 or 6 cycles of treatment whether or not these
are needed.
Dr. Herrmann: You are a big supporter of the dual-tracer

approach. Now we have the NETTER 2 study, for example, in
higher-grade NETs. Do you think that in these kinds of patients a
dual-tracer approach including 18F-FDG for patient selection is
necessary?
Dr. Hicks: I personally think it’s unethical not to do 18F-FDG

in patients with G3 tumors. The prevalence of 18F-FDG–avid
non–somatostatin receptor–expressing tumor deposits is suffi-
ciently high in that population that if you miss it, patients cannot
benefit. That clone becomes the dominant clone very quickly, and
the patients derive no benefit at all. Conversely, a short course of
chemotherapy can eradicate these more aggressive clones and ren-
der the patient suitable for treatment with radioligand therapy.
Again, this represents an example of the need for personalized
therapy that involves appropriate sequencing of therapies rather
than seeing them as competing treatment modalities.
Dr. Czernin: One of the most impressive achievements in

nuclear medicine in Australia was the creation of the Australasian
Radiopharmaceutical Trials Network. You were instrumental in
starting this quite some time ago. Can you tell us a little bit about
how that started and where it is going?
Dr. Hicks: Although Australia is a very big country geographi-

cally, it’s a small country scientifically. The number of hospitals
delivering specialized services is relatively small. We’re also not a
very mobile population. That makes follow-up less difficult,
because patients don’t change their primary care institutions or
oncologists very often. We had the perfect storm, I think, in terms
of a relatively immobile population being looked after in a few
academic centers that all know each other, talk to each other,
don’t dislike each other, and aren’t particularly competitive
because we’re in different cities a long way away apart, and
patients tending not to travel anyway. So that was a real advantage
and gave us the opportunity to do these sorts of collaborative

trials. We also had (perhaps in the beginning more than now) a
rather conducive regulatory environment within the public hospital
system that allowed us to do investigator-driven trials.
Dr. Czernin: When did the network start?
Dr. Hicks: The forerunner of it was started in the late 1990s.

We got together to be involved in the 90Y-DOTATOC trial that
was run by Novartis in the late 1990s, which was eventually pub-
lished around 2010. We set up this network of people who were
delivering or were interested in delivering PRRT in the late 1990s,
and that was really the first cooperative trial. The broader network
for clinical trials was subsequently driven by the Australasian
Association of Nuclear Medicine Specialists. As you know, they
have done both diagnostic and therapeutic trials in prostate cancer
in recent times.
Dr. Herrmann: You told us that you are leaving Peter Mac in

September 2022 after taking it from a very small shop to one of
the most well-known sites worldwide. Everyone wants to know
what is coming next. You’re way too young to retire. What are you
going to do next?
Dr. Hicks: I’ve learned a lot from Michael Phelps, David Kuhl,

and, as noted, Markus Schwaiger, pioneers in our field. It’s just
been so special. At the same time, I’ve interacted with many
industry groups involved in development of new paradigms. There
is a mutual distrust between academia and industry that is not to
the benefit of patients. A clear voice is needed to try to bring those
things together for the benefit of patients. I’m planning to develop
a company that will be focused on linking academia, industry, and
government in a rational process to reframe the discussion around
theranostics in such a way that it becomes patient-centered, not
centered on the needs of industry, of the provider, and certainly
not of government fiscal minimization, which is, in my mind,
incredibly shortsighted. So many compelling economic arguments
can be made for better health care. I figured that after 30 years,
I’ve worked some of that out. What we practice at Peter Mac is a
high level of patient-centered care. If I can bring that experience
in a global sense, I think it will be beneficial for all 3 parties:
industry, clinicians, and government.
Dr. Herrmann: This seems to be the perfect ending of this con-

versation. We wish you all the best in your future endeavors, and
thank you for taking the time to talk to our readers.
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Targeted a-therapy (TAT) is an emerging powerful tool treating late-
stage cancers for which therapeutic options are limited. At the core of
TAT are targeted radiopharmaceuticals, where isotopes are paired
with targeting vectors to enable tissue- or cell-specific delivery of
a-emitters. DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetic acid) and DTPA (diethylenetriamine pentaacetic acid) are com-
monly used to chelate metallic radionuclides but have limitations.
Significant efforts are underway to develop effective stable chelators
for a-emitters and are at various stages of development and commu-
nity adoption. Isotopes such as 149Tb, 212/213Bi, 212Pb (for 212Bi),
225Ac, and 226/227Th have found suitable chelators, although further
studies, especially in vivo studies, are required. For others, including
223Ra, 230U, and, arguably 211At, the ideal chemistry remains elusive.
This review summarizes the methods reported to date for the incorpo-
ration of 149Tb, 211At, 212/213Bi, 212Pb (for 212Bi), 223Ra, 225Ac, 226/227Th,
and 230U into radiopharmaceuticals, with a focus on new discoveries
and remaining challenges.

Key Words: a-emitter; targeted a-therapy; chelation; radiolabeling;
review
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Targeted radionuclide therapy has demonstrated significant
therapeutic efficacy and survival benefit for some conditions, espe-
cially for late-stage disease with limited therapeutic alternatives
(1,2). Several isotopes, such as 177Lu, 90Y, 89Sr, 153Sm, and 131I,
are in clinical use for treatment of neuroendocrine tumors (177Lu-
DOTATATE [Lutathera; Advanced Accelerator Applications]),
hepatobiliary tumors (90Y-glass microspheres [TheraSphere;
Boston Scientific]), bone metastases (89Sr-chloride [Metastron;
GE Healthcare] and 153Sm-lexidronam [Quadramet; Lantheus
Medical Imaging]), and non-Hodgkin lymphoma (tositumomab
and 131I-tosutumomab [Bexxar; GlaxoSmithKline]), respectively.
Most isotopes used for targeted radionuclide therapy are b-emitters,
with 223Ra ([223Ra]RaCl2, Xofigo; Bayer) being the only Food and
Drug Administration–approved a-emitter to date for the

treatment of patients with metastatic castration-resistant prostate
cancer with symptomatic bone metastases and no known visceral
metastatic disease. a-emitters have much higher linear energy
transfer (energy deposition per unit pathlength) than do b-emitters
(�100 keV/mm vs. 1–2 keV/mm) and generate substantially more
free radicals and lethal DNA double-strand breaks (3,4).
When delivered via tumor-specific targeting vectors, the short

range of a-particles (40–100mm) enables highly selective target-
ing of cancers, including micrometastases, while potentially spar-
ing surrounding healthy tissues. The cytotoxicity of a-emitters is
also independent of cell cycle or oxygen concentration (5,6), pro-
viding an advantage for treating hypoxic, often radiation-resistant
tumors (7).
Targeted a-therapy (TAT) has been fast-tracked by the Food

and Drug Administration approval of [223Ra]RaCl2 for the treat-
ment of bone metastases of metastatic castration-resistant prostate
cancer, and 225Ac-PSMA617, which is in pilot trials to treat meta-
static castration-resistant prostate cancer, has shown remarkable
clinical effectiveness (8,9).
Few a-emitting radionuclides suitable for clinical use are avail-

able, considering half-life, decay mode, and availability. Isotopes
with potential medical applications and their properties are listed in
Table 1. With the exception of [223Ra]RaCl2, TAT typically com-
prises an isotope, a targeting vector (e.g., small molecule, peptide,
antibody, or engineered antibody), and a chelator that can form a
stable complex and carry the isotope to deliver high–linear-energy-
transfer radiation directly to cancer cells and the tumor microenvi-
ronment. An ideal chelator exhibits fast metal-complexation kinetics,
selectivity for the radionuclide (because of inevitable metal impuri-
ties), high thermodynamic stability, high in vivo stability, and the
ability to bind an imaging isotope for theranostics applications.
Many of the isotopes in this review decay through multiple daughter
products, each with its own unique coordination chemistry. The
issue of daughter recoil and coordination presents a unique set of
physics and chemistry challenges that are beyond the scope of this
review (10).
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)

has been a standard chelator for radiometals and is still useful for
coordinating Ac, Bi, Tb, Th, and Pb; however, issues remain with
this chelate, including decreased thermodynamic stability toward
large metal ions and slow chelation kinetics. High ligand concentra-
tion, which reduces the molar activity, and heating are required,
which may compromise some targeting vectors. Sensitivity to metal
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impurities is another shortcoming. Thus, much work is required to
develop suitable chelators for a-emitters, particularly Ra, U, and
arguably At. The need for novel, suitable labeling methods remains
unmet for the rapidly expanding field of TAT. In this review, we
will discuss the current state of the art of labeling method develop-
ment for medically relevant a-emitters and their applications in
TAT.

CHEMISTRY TO LABEL a-EMITTERS

149Tb
Cyclen-based chelators, diethylenetriamine pentaacetic acid

(DTPA), and dipicolinic acids are among the many chelators
reported to complex Tb31 (11,12). Chelators that form stable com-
plexes with Lu31 may also do the same with Tb31, although bind-
ing may be weaker, as Tb31 has a larger atomic radius.
Medical applications of Tb isotopes are at an early stage; they

bind DOTA effectively, and also (S,S)-cyclohexane-1,2-diamine-
pentaacetic acid (CHX-A99-DTPA), preferentially for antibody
labeling because of the fast kinetics and ambient temperature
metal incorporation. PET imaging with 149Tb-DOTANOC has
shown excellent tumor visualization (13), 149Tb-DOTA-folate
(cm09) was found to delay tumor growth in a dose-dependent
manner (14), and 149Tb-CHX-A99-DTPA-rituximab (anti–CD-20)
demonstrated tumor-free survival in 89% of the mice treated 2 d
after tumor inoculation (15).
To date, only DOTA and CHX-A99-DTPA have been studied

with radio-Tb isotopes, and reports on their preclinical applica-
tions are limited (Fig. 1); additional Tb chelates would yield more
ideal candidates with improved kinetics or stability. The intense
luminescent properties of various Tb complexes may be leveraged
for use in optical/radio multimodality imaging.

NOTEWORTHY

� a-emitting radionuclides may require new methods to be efficiently
incorporated and stably delivered in vivo.

� New chemistry (chelators or astination methods) is quickly emerging,
although more in-depth investigation of the applications and limita-
tions are required.

� For 223Ra and 230U, stable chelators are yet to be discovered.

211At
Comprehensive reviews summarizing organic and inorganic

chemical methods for producing radioastatinated compounds have
been published (16–18). Briefly here, isotopes of At have relatively
short half-lives (the longest is 8.1 h, none are stable), and radioio-
dine is commonly used as a surrogate when studying At chemistry,
despite a divergence in reactivity with different labeling reagents
and in vivo stability of the products formed. Although At has
metallic character, to date no chelating ligand evaluated provides
an 211At complex with enough in vivo stability for TAT applications
(16–18). An exception may be a rhodium(III) astatide complex stabi-
lized by a macrocyclic crown thioether (16aneS4-diol) (19). Differ-
ences in the biodistribution of Rh[16aneS4-diol]

131I and
Rh[16aneS4-diol]

211At suggest some deastatination of the latter, but
the in vivo stability may be potentially useful (19). How stable the
211At label must be before it can be useful for patient treatment has
not been established.
A few At labeling methods use a nonactivated aryl-At bonding

approach (16–18), with the most widely used method involving
organometallic compounds such as N-succinimidyl 3-(tri-alkylstan-
nyl)benzoate, compound 2, in electrophilic substitution reactions
(Fig. 2). This approach was used in many preclinical studies and
more recently in two phase I clinical trials for treating brain or
ovarian cancer (20,21). In these trials, the 211At-labeled radiophar-
maceutical was prepared using a 2-step labeling approach. A 1-step
labeling approach has been demonstrated by the Gothenburg team
wherein the tri-alkylstannyl benzoate is conjugated before radiolab-
eling (22).
Nonactivated arylboronic acid derivatives were shown to react

rapidly with electrophilic At species. More recently, nucleophilic
substitution reactions using aryl boronic acids/esters have been
shown to provide highly efficient 211At-labeling. A series of 211At-
labeled compounds was prepared using boronic ester precursors
and a Cu catalyst, including the 211At-labeled poly(adenosine
diphosphate-ribose)polymerase-1 inhibitor [211At]MM4 (compound
3a, Fig. 2), which exhibited a biodistribution profile similar to that
of its 18F and 125I analogs and could potentially be useful for TAT
applications (23,24). Cu-catalyzed astatination and radioiodination
reactions using arylboronic acids can be conducted in aqueous
solution at ambient temperature and thus are suitable for monoclo-
nal antibody (mAb) labeling. Cu-catalyzed astatination and

TABLE 1
Isotopes for TAT

Isotope Half-life Common ion Ionic radius (Å)
Common

coordination number Hard/soft pKa (aqueous)

149Tb 4.1 h Tb31 1.04 8–9 Hard 7.9
211At 7.2 h At1, AtO1

— — — —

212Bi 60.6 min Bi31 1.17 8 Intermediate 1.1
213Bi 45.6 min Bi31 1.17 8 Intermediate 1.1
212Pb (for 212Bi) 10.6 h Pb21 1.43 8 Intermediate 0.9
223Ra 11.4 d Ra21 1.48 8–12 Hard 3.1
225Ac 9.9 d Ac31 1.12 9–10 Hard 9.4
226Th 30.7 min Th41 1.05 .8 Hard 3.2
227Th 18.7 d Th41 1.05 .8 Hard 3.2
230U 20.8 d [UO2]

21
— 6 Hard 4.2
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radioiodination of arylboronic acid–conjugated mAbs (compound
4, Fig. 2), such as anti-CD138 antibody, 9E7.4 (25), have been
reported.
Aryliodonium salts can also be used for mAb conjugate labeling

via nucleophilic substitution. For example, asymmetric aryliodonium
salts with one of the aryl rings bearing an N-hydroxysuccinimidyl
ester (compounds 5a–5c, Fig. 2) were conjugated to anti-CD138
mAb for astatination and radioiodination studies (25). Striking differ-
ences were observed between radioiodination and astatination reac-
tions in regioselectivity and in reaction conditions required to obtain
optimal radiochemical yield; the astatination reaction using aryliodo-
nium salts is more efficient than the radioiodination.
Another 211At-labeling reagent that has been used in preclinical

and clinical studies is the isothiocyanatophenyl-closo-decaborate(22)
(B10) boron cage molecule (compound 6, Fig. 2) (25). The 211At-
labeled B10-conjugated anti-CD45 mAb BC8 is currently being eval-
uated in 2 phase I/II trials for hematopoietic cell transplantation in
patients with leukemia, myelodysplastic syndrome, and nonmalignant
diseases. The aromatic B10 moiety provides high 211At labeling

efficiency (75%–90% radiochemical yield, 1
min) with high in vivo stability. New boron
cage 211At-labeling reagents to potentially
stabilize 211At in a higher oxidation state,
13 or 15, are being evaluated for improved
tissue distribution and more favorable phar-
macokinetic properties (25).
Overall, 211At is a highly attractive

radionuclide for TAT applications. To
date, electrophilic substitution on unacti-
vated aromatic rings is the most widely
used astatination method for TAT preclini-
cal and clinical radiopharmaceutical syn-
thesis. Other recent studies demonstrate
the potential of nucleophilic substitution
reactions for astatination of small mole-
cules and mAbs (23,24). In addition to the

aryl-At bonding approach, boron-At bonding provides an alterna-
tive astatination strategy. Other astatination strategies that involve
the use of chelation chemistry, nanoparticles, and others have been
explored but have yet to show potential for use in humans (26).

212/213Bi
DOTA and CHX-A99-DTPA are frequently used for Bi labeling,

but neither chelate is a good match for Bi31. Bi-DOTA or Bi-
CHX-A99-DTPA complexes are not sufficiently stable in human
plasma (85% DOTA, 76% CHX-A99-DTPA, 2 h) (27). Nonethe-
less, their efficacy was tested successfully in vivo for antibodies
and peptides, with CHX-A99-DTPA used primarily for antibody
conjugates and DOTA for peptides (Fig. 3). Radiopharmaceuti-
cals in clinical studies include 213Bi-HuM195, 213Bi-anti-CD20-
mAb, 213Bi-anti-EGFR-mAb, 213Bi-anti-MCSP-mAb (9.2.27),
213Bi-DOTA-substance P, and 213Bi-DOTATOC. The reader is
directed toward another recent review for additional information
on 213Bi radiopharmaceuticals (8).

FIGURE 2. 211At labeling methods. DMF5 dimethylformamide; NaX5 [125I]NaI or [211At]NaAt.

Radiometal Ligand Bioconjugates Labeling 
conditions

In vivo
stability

Ref.

149Tb DOTA DOTANOC
DOTA-folate 
(cm09)

95˚C, 15 min, 
α-HIBA pH4.7 

Stable (13,14)

p-SCN-Bn-CHX-A”-DTPA Rituximab RT, 1 hr, α-
HIBA

Stable    (15)

FIGURE 1. Chelates for 149Tb. RT5 room temperature.
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The nitrogen-rich cyclen-pyridine ligand Lpy and analogs are
reported to form highly stable complexes with 213/207Bi at room tem-
perature (28). Lpy showed selectivity toward Bi31 over Ac31 and
showed resistance to transmetalation when challenged with Cu21,
Zn21, Fe21, or Bi31, but in vivo studies are not yet reported.
The phosphorus-containing cyclen chelates DOTP (also named
DOTMP, Fig. 3) and analogs form stable complexes with 213Bi
at room temperature as well, and 213Bi-DOTP showed higher
stability in human serum at 120 min than did 213Bi-DOTA or
213Bi-CHX-A99-DTPA (27). 213Bi-DOTP accumulates primarily
in bone, unlike free Bi31, which accumulates in the kidneys.

205/206Bi has been used to evaluate novel chelates such as {4-[2-
(bis-carboxymethyl-amino)-ethyl]-7-carboxymethyl-[1,4,7]tri-
azonan-1-yl}-acetic acid (NETA, a NOTA derivative) and
7-[2-(bis-carboxymethyl-amino)-ethyl]-4,10-bis-carboxymethyl-
1,4,7, 10-tetraaza-cyclododec-1-yl-acetic acid (DEPA, a DOTA
derivative), synthesized specifically to provide a larger cavity
to coordinate with Bi31. Both coordinate 205/206Bi at low or ambi-
ent temperature with high efficiency (29,30). Using a 3-carbon linker
in the bifunctional chelates, 205/206Bi-3p-C-NETA- and 205/206Bi-3p-
C-DEPA-trastuzumab both showed effective tumor accumulation and
low kidney uptake (29,30).
Overall, because of the short half-life of the Bi isotopes, devel-

opment of novel chelators such as Lpy, DOTP, NETA, and DEPA,
capable of rapid, ambient temperature metal incorporation, may

help to improve the radiochemical yields
and molar activity of potential radiophar-
maceuticals. Additional in vivo studies
are required to evaluate stability and dem-
onstrate suitability for TAT. There also
remains potential for further development
of S-donor chelates, informed by meso-
2,3-dimercaptosuccinic and 2,3-dimercap-
topropane-1-sulfonic acid, which were
used for chelation therapy to prevent Bi
overdose in humans (31).

212Pb
Although not an a-emitter itself, 212Pb

is used as an internal generator for 212Bi.
DOTA was one of the first chelators stud-
ied with 212Pb (Fig. 4). Although data
suggest favorable kinetic stability of
Pb-DOTA complexes (32), release of Pb
in vivo in the acidic tumor environment
was reported in some cases and may prove
to be a source of toxicity upon internaliza-
tion and metabolic processing (33).

In a pretargeting approach where 212Pb-
DOTA-biotin was injected into mice preino-
culated with streptavidin-NR-LU-10 mAb,
despite the elevated dose to kidneys from
free 212Bi, the biodistribution relative to the
203Pb counterpart was identical for all other
organs, indicating little migration of 212Bi
once in tissue (34). 212Pb-DOTA-Re(Arg11)
CCMSH, a melanoma-targeting peptide,
was evaluated in B16/F1 xenografts (35)
and provided measurable therapeutic out-
comes. 212Pb-DOTA-103A mAb was stud-
ied for treating Rauscher leukemia virus

(RVB3) (36). Despite success in eradicating the target, all animals
succumbed to bone marrow toxicity, in contrast to the lack of marrow
toxicity in a similar study using 212Bi-103A-mAb. Given the observed
susceptibility for some DOTA derivatives to be acid-labile at lower
pH, it has been postulated that 212Pb dissociation, followed by clear-
ance from the target tissue and localization of the free Pb/Bi in bone
marrow, leads to the observed toxicity.
A more efficient and stable chelate for Pb, TCMC (1,4,7,10-tet-

raaza-1,4,7,10-tetra-(2-carbamoyl methyl)-cyclododecane), has since
become the standard for Pb labeling (37). Bifunctional
4-nitrobenzylisothiocyanate derivatives were used to generate 203Pb-
TCMC-CC49 (37) and 212Pb-TCMC-trastuzumab (38). TCMC-
trastuzumab conjugates were determined to be more stable and more
efficient at metal conjugation than their DOTA counterparts. Pb-
TCMC-trastuzumab radioconjugate stability was analyzed in vitro,
coupled with the demonstrated therapeutic effect and minimal tox-
icity of 212Pb-trastuzumab in an orthotopic model of human pros-
tate cancer cells (38). 212Pb-TCMC-trastuzumab was used in a
first-in-humans dose escalation clinical trial and was well toler-
ated (39).
In 2020, a biodistribution study of several 203Pb- and 212Pb-

labeled TCMC-PSMA derivatives was also reported (40). One
derivative demonstrated tumor growth delay, with the kidney as the
dose-limiting organ. Another PSMA ligand, [212Pb]Pb-NG001,
showed that 212Pb and 212Bi colocalized during the 24-h study

Radiometal Ligand Bioconjugates Labeling 
conditions

In vivo
stability

Ref.

213Bi DOTA (see Figure 2) DOTATOC, 
Substance P

95˚C, 5 min, 
TRIS buffer

Stable (8)

CHX-A”-DTPA (see Figure 2) lituzumab, anti-
CD20-mAb, anti-
EGFR-mAb, anti-
MCSP-mAb 
(9.2.27),

RT or 80˚C, 5 
min, NH4OAc 
pH 5 

Stable (8)

LPy N/A RT, 30 min, 
NH4OAc pH 5

N/A (28)

DOTP (DOTMP) N/A RT, 5 min, 
NaOAc pH 5

N/A (27)

3p-C-NETA Trastuzumab 37˚C 30 min, 
NaOAc pH 5.5

Stable (29)

3p-C-DEPA Trastuzumab RT, 1 min, 
NaOAc pH 5.5

Stable (30)

FIGURE 3. 212/213Bi chelators. N/A5 not applicable; RT5 room temperature.
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period, leading the authors to suggest that the rapid target internaliza-
tion and nontarget clearance of [212Pb]Pb-NG001 prevented measur-
able amounts of 212Bi from being released from the target tissue (41).
Recently, 212Pb-TCMC mAb376.96 was shown to bind the B7-H3
epitope found on ovarian cancer cells, with a 2- to 3-fold increased
survival in tumor-bearing mice over the control group (42).
Recently, a series of cyclen-based chelators (described as

DOTA-1Py, -2Py, and -3Py) was compared with the established
chelators DOTA and TCMC. All chelates incorporated 212Pb (and
203Pb) efficiently, with radiochemical yields higher than for
DOTA and lower than for TCMC (43). A separate report exam-
ined the complexation between Pb and calix[4]arene-1,3-crown-6,
where the formation of a 1:1-Pb(II)-calix complex was confirmed
by 207Pb NMR (44). The phosphonic acid chelates DOTP
(DOTMP) and tetra-methylenephosphonic acid (EDTMP) were
labeled with Pb but found to have low stability in vivo (32).
Overall, 212Pb coordination chemistry appears to have emerged

from a multidecade preclinical development phase and has advanced
into a limited number of human clinical trials. The availability of the
isotope and an imageable element-equivalent companion (203Pb),
coupled with extensive development of key chelators (i.e., TCMC),
suggests an exciting future for this isotope.

223Ra
So far, the only 223Ra21 chelator with demonstrated in vivo sta-

bility is macropa, manifesting in low bone uptake of [223Ra]
[Ra(macropa-b-alanine)] (Fig. 5) (45).
However, a PSMA-macropa conjugate,
DUPA, showed no difference from
[223Ra]RaCl2 in subsequent biodistribu-
tion studies, highlighting the difficulty of
developing stable chelates for Ra21.
DOTA and Kryptofix 2.2.2 (Merck) bind
Ra21 as well, evidenced by competition
extraction experiments against calix[4]ar-
ene tetraacetate (46), but the stability of

these complexes has yet to be deter-
mined. Although calix[4]arene is effec-
tive in extracting Ra21 in neutral pH
solution, the stability of the complex is
poor (46). A recent review examines
the use of nanoparticles to immobilize
223Ra, including liposomes, barium
sulphate, lanthanum phosphate, and
hydroxyapatite, among others (26).

No suitable chelator for in vivo delivery
of 223Ra has been identified to date;
although macropa shows promise, much
work remains to develop a suitable chelate
for Ra21.

225Ac
Most 225Ac chelates developed to

date are macrocycles; DOTA remains
the gold standard for Ac labeling for
all clinical work. Examples inclu-
de225Ac-PSMA617, 225Ac-DOTATOC,
and 225Ac-DOTA-HuM195 (Fig. 6) (8).
Labeling can be performed using 1-step
(47) or 2-step (48) methods, with the latter
being used for heat-sensitive targeting bio-

molecules. On the clinical front, 225Ac-DOTA bioconjugates of
225Ac-PSMA617, 225Ac-DOTATOC, and 225Ac-DOTA-HuM195
(8) have been evaluated. On the preclinical front, 225Ac-DOTATOC
(49,50), -F3 (51), -c(RDGyK) (52), -MC1RL (53), -HuM195 (48),
-J591 (anti-PSMA) (48), -B4 (anti-CD19) (48), and -trastuzumab
(54) are all reported. It is noteworthy that unexpected high liver or
spleen uptake observed in some studies may not be related to the
in vivo stability of 225Ac-DOTA but rather to radiolysis (55), neces-
sitating further study.
Large macrocyclic chelates have been used to ease the steric con-

straints for large metal ions and to increase the coordination number.
18-membered macrocycles with 6 donor atoms (N or O) have been
extensively studied. Macropa showed high specificity toward Ac31

(56). It has been used to label PSMA-targeted RPS070 (56) and
RPS074 (57) and showed good in vivo stability, effective tumor
uptake, and therapy efficacy. Crown, another emerging chelate with
structural similarity to DOTA, showed high labeling yields with
Ac31 at low concentrations (55,58). It was conjugated to an aMSH
peptide targeting melanocortin 1 receptor and showed high tumor
uptake and very low uptake in normal tissues and organs (55).
HEHA, one of the first chelates developed specifically for Ac31,
showed promise in early studies (59,60), but a conjugate with mAb-
B201B slowly released free Ac31 from the targeting organ (lungs)
(61). Other macrocyclic chelates, such as PEPA (59), TETPA (62),
TETA (62), DOTP (63), and macropid (Macrobid; Allergan Pharma-
ceuticals International Ltd.) (64), suffer either low labeling yield or

Radiometal Ligand Bioconjugates Labeling 
conditions

In vivo
stability

Ref.

212Pb, 203Pb DOTA (see Figure 2) mAb: AE1; 
103A; CC49; 
B72.3

peptide/small 
molecule: biotin; 
CCMSH; 

mAb: 35°C, 45 
m, NH4OAc 
pH 4

peptide/small 
molecule: 
80˚C, 40 m, 
pH 4-9 
(various 
buffers);

Acid-labile, 
lysosomal 
degradation

(32)

TCMC CC49, 
trastuzumab, 
PSMA, NG001; 
PSMA; 376.96; 
VCAM-1

37˚C, 30 min. 
NH4OAc in 0.1 
M HCl 

Stable (37–
39,42)

DOTA-2Py and DOTA 3Py N/A RT, <1 hr,  
NH4OAc, pH 7

N/A (43)

FIGURE 4. Chelators for 212Pb. N/A5 not applicable; RT5 room temperature.

Radiometal Ligand Bioconjugates Labeling 
conditions

In vivo
stability

Ref.

223Ra

macropa 

DUPA (PSMA 
ligand)

RT, 5 m, 
NH4OAc pH 6

Stable with 
β-alanine, 
unstable 
with DUPA

(45)

FIGURE 5. Chelators for 223Ra. RT5 room temperature.
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poor in vivo stability, indicating that increasing ring size or adding
more donor atoms may not always work.
Acyclic chelates with picolinic acid moieties have shown signif-

icant promise as Ac31 chelates as well. Py4pa demonstrated a
high Ac labeling yield at low chelate concentrations (65). The bio-
distribution of 225Ac-py4pa-trastuzumab showed effective tumor
accumulation and relatively low liver uptake. Bispa2, CHXoctapa,
and noneunpa all showed an excellent labeling yield at low chelate
concentrations (66–68). Those chelates can coordinate 111In as
well, giving the advantage of potential theranostic pairs.
Overall, new chelators such as macropa, crown, and py4pa are

highly promising because of the improved radiochemical yield,
specific activity, and mild labeling conditions. One important area
to address is whether the new chelators are capable of binding
with an easily accessible imaging isotope, such as 68Ga (imaging
is essential for clinical translation of 225Ac-DOTA radiopharma-
ceuticals). For the chelators with a demonstrated ability to bind
with an imaging isotope (Bispa2, CHXoctapa, noneunpa), in vivo
studies are necessary to assess the stability and applications.

226/227Th
Early studies of 227Th chelation used polyphosphonate-based

chelates to target bone. Acyclic chelators ethylenediamine
tetra(methylene phosphonic acid) (EDTMP) and diethylenetriamine

penta(methylene phosphonic acid)
(DTPMP) were evaluated in addition to
the macrocyclic ligand (DOTMP) for
this purpose (69,70). In animal studies,
all 3 complexes exhibited enhanced bone
uptake compared with free [227Th]Th41,
indicating that the phosphonate groups
can facilitate bone targeting of this radio-
nuclide and that these chelators form
stable in vivo complexes with Th41.

On the basis of its success with many
other radiometals, the bifunctional analog
of DOTA was studied to chelate 227Th.
Early coordination chemistry studies, as
well as more recent solid-state structural
studies of Th-DOTA complexes (71–73)
indicate that they should be stable in
aqueous solution (Fig. 7). The most com-
mon process involves a low-yielding 2-step
reaction; 227Th is initially radiolabeled with
bifunctional DOTA-NCS at an elevated
temperature and then is conjugated to
an antibody (74,75). A single-step
radiolabeling reaction with a trastuzu-
mab conjugated to DOTA required
very long (2 d) reaction times (76).
Despite the poor radiolabeling kinetics,
the Th-DOTA complex retains good
stability in vivo (75), enabling its use
for various TAT applications.

Alternative chelators such as the pico-
linic acid “pa” chelators octapa, neunpa-
p-Bn-NO2, pypa, and py4pa were inves-
tigated for their ability to complex 277Th
(77). Among those 4 chelates, py4pa gave
a high radiochemical yield (87% in 2.5 h),
and the complex remained intact in phos-

phate-buffered saline solution for over 2weeks. In view of these
promising results, py4pa was investigated for chelating the
shorter-lived 226Th (77). Microwave irradiation afforded the radiola-
beled complex in high yield, marking the first occasion of complexa-
tion of the 226Th radionuclide.
Given the oxophilic nature of the Th41 ion, the use of

oxygen-rich chelating agents for these radionuclides is
a promising approach. An octadentate hydroxypyridonate-based
chelator bearing 4 bidentate 3-hydroxy-N-methyl-2-pyridinones
(Me-3,2-HOPO) was validated to be an effective chelator for
227Th (78). This ligand quantitatively incorporated 227Th after
30 min at ambient temperature, marking a significant enhance-
ment over the elevated temperatures required for DOTA; the
resulting 227Th complex was stable in vivo, as reflected by a
lack of bone uptake. This chelator enabled several tumor-
targeting constructs to demonstrate the in vivo therapeutic
potential of TAT with 227Th (79–81). Detailed analytic studies
on Th41 chelation with this ligand revealed that it possesses a
large (.20 orders of magnitude) thermodynamic selectivity for
14 over 13 ions (82). This large selectivity for 14 ions may
explain the high stability of its Th41 complex in vivo, as biolog-
ically common 13 ions such as Fe31 cannot effectively displace
the actinide. The status of the Me-3,2-HOPO chelate as the cur-
rent gold standard for 227Th chelation has inspired additional

Radiometal Ligand Bioconjugates Labeling 
conditions

In vivo
stability

Ref.

225Ac DOTA (see Figure 2) PSMA617, TATE, 
TOC, substance P, 
RGD, lintuzumab, 
trastuzumab, �MSH, 
PP-F11N 

45-90˚C, 30-60 
min, NaOAc, 
NH4OAc, or 
TRIS, pH 4.5-9

Stable (48–
51,53,54,67)

HEHA mAb 201B, mAb 
CC49, hu-�CH2CC49

RT, or 40˚C, 30 
min, NH4OAc, 
pH 5 or 5.8

May 
slowly 
release 
Ac over 
time 

(59–61)

macropa (see Table 5) RPS070, RPS074 RT, 5 min, 
NH4OAc, pH 
5.5-6

stable (56,57)

py4pa trastuzumab RT, 30 min, 
NH4OAc, pH 7

stable (65)

crown �MSH, TATE RT, 15 min, 
NH4OAc, pH 5-
7

stable (55,58)

bispa2 N/A RT, 15 min, 
NH4OAc, pH 6

N/A (66)

CHXoctapa N/A RT, 60 min, 
NH4OAc, pH 
5.5 or 7

N/A (67)

Noneunpa N/A RT, 10 min,  
NH4OAc, pH 7

N/A (68)

FIGURE 6. Chelators for 225Ac. N/A5 not applicable; RT5 room temperature.
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studies on ligands of this type. A recently reported macrocyclic
tetrapthalimide ligand was found to have the highest thermody-
namic affinity for Th41 discovered to date (log K 5 1054), repre-
senting a promising candidate for 227Th TAT (83).
Overall, oxygen-rich chelators are effective for stabilizing the

hard, oxophilic Th41 ion in vivo. The HOPO-containing ligands are
among the most promising candidates for use with Th-based TAT,
but these chelators suffer from challenging chemical syntheses. The
development of more readily accessible polydentate oxygen-rich
chelators will meet an important need for advancing Th-based TAT.

230U
The chemically hard and oxophilic nature of the [UO2]

21 ion dic-
tates anionic oxygen-donor ligands. These conclusions are supported
by many decades of [UO2]

21 coordination chemistry (84). Neverthe-
less, there have been surprisingly few studies to develop chelators
specifically for 230U TAT. The lack of 230U TAT studies is a conse-
quence of the limited availability of the radionuclide and narrow
knowledge of its potential importance in nuclear medicine. Research-
ers have investigated the interactions of the [UO2]

21 ion with the
human serum proteins transferrin and albumin, in addition to other
small molecules, such as carbonate, that are present in blood in order
to assess the needed efficacy of a potential 230U chelator (85). An
effective chelator for this radionuclide was predicted to have a stabil-
ity constant in excess of 1019 (85); there are few chelators with such
a high stability constant for [UO2]

21. For example, calixarene
ligands were found to form unstable complexes with [238UO2]

21 that
dissociated in serum (86). Given the expansive literature and efforts
to develop U decorporation agents, however, it is likely that there are
promising candidates for 230U chelation extant. For example, the
deferoxamine complex of UO2

21 has a stability constant within this
range (87), as does a class of hexadentate equatorial-spanning tereph-
thalamide(bis-hydroxypyridinone) ligands (88), suggesting that these
chelators may be useful for 230U TAT applications.
Although the [UO2]

21 ion predominates in aqueous solution,
U41 is also found. DOTA complexes of U41 are well character-
ized and are stable to oxidation in aqueous solution (72,73,89).
HOPO-based ligands can facilitate the reduction of [UO2]

21 to

U41 in water (90). HEHA, investigated
for 225Ac, also forms a stereochemically
rigid and therefore potentially inert com-
plex with U41 (91). Thus, these results
suggest that targeting the chelation of
U41, perhaps by modulating the redox
conditions of the radiochemical isolation
and separation of 230U, may provide an
alternative effective means for delivering
this radionuclide to tumor cells. Although
230U has been proposed to be a promising
candidate for TAT, there are currently no
in vivo or in vitro studies that have demon-
strated its efficacy for eliminating malig-
nant cells. As such, chelation efforts for
this radionuclide are somewhat underdevel-
oped; however, the principles of U chela-
tion that have been established for other
applications are likely pertinent to future
230U TAT applications.

CHALLENGES AND OPPORTUNITIES

Lutathera, as the first regulatory body–approved (United States
and European Union) compound for peptide receptor radionuclide
therapy, has stimulated substantial interest in targeted radiother-
apy, particularly to treat patients with metastatic disease.
a-emitters are highly promising for radiotherapeutic agents, illus-
trating viability in the treatment of a wide range of malignancies.
This surge of interest, particularly in the actinides, however, has
outpaced the understanding of the chemistry of each individual ele-
ment; this understanding remains poorly developed because of the
limited supply of the elements and the usually intense radioactivity
of all isotopes. Any future coordination chemistry research will
depend on reliable availability of a-emitting radionuclides. New pro-
duction methods coming on-line now mean that supply is approach-
ing levels capable of supporting preclinical as well as clinical studies
on a routine basis, and further research into the coordination chemis-
try of these isotopes is now possible. With half-lives that range from
around 1h (212,213Bi) to weeks (227Th), coupled with the radiologic
and biologic considerations needed, the challenges in chelating these
metals are considerable.
An important step to advance novel chelates is to find a readily

available imaging isotope for those specific chelates for patient
stratification and treatment monitoring, which can be challenging
because relevant a-emitters typically maintain significantly differ-
ent chemical properties. The challenge can be addressed either by
designing and testing chelates that can accommodate both (68) or
by developing imaging radioisotopes, such as 134Ce/134La (92),
that are closer in nature to emerging actinide-based a-emitters.
One of the major impediments to using a-emitting radionuclides

has been the need for improved chelators or labeling methods to
ensure that they remain stable in vivo in order to deliver their pay-
load to the target tissue and minimize the dose that can arise
because of dissociation and off-target tissue localization.
Metal-ligand bonding in actinide complexes has been thought to

be driven primarily by electrostatic interactions and steric con-
straints, with limited orbital interaction. Early efforts show that
one can match isotopes to chelators, but actinides show signifi-
cantly more covalency than lanthanides (68). Further studies of
fundamental actinide coordination and organometallic chemistry
will enlighten more specific chelate designs.

Radiometal Ligand Bioconjugates Labeling 
conditions

In vivo
stability

Ref.

226/227Th DOTA (see Figure 2) Rituximab, 
trastuzumab

55-60oC, 30 m, 
NMe4OAc, pH 5.5

Stable (71–76)

Me-3,2-HOPO Anti-CD33 
mAb, anti-
CD70 mAB, 
mesothelin 
targeted mAb. 

RT, 30 m, citrate 
pH 5.5

Stable (78–82)

py4pa (see Table 6) N/A RT, 2.5 h, citrate 
pH 5-5.5

N/A (77)

macrocyclic tetrapthalimide N/A Reflux in MeOH, 
3 h

N/A (83)

FIGURE 7. Chelators for 226/227Th. N/A5 not applicable; RT5 room temperature.
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a-recoil will cause the progenies to leave the chelates and free the
daughters, which may carry significant or even most of the energy,
as in the case of 225Ac decay. Fast pharmacokinetics and sufficient
internalization are highly desirable to limit off-target toxicity and
maximize the tumor dose. Other methods to mitigate the risk include
encapsulating in nanoparticles or localized administration (10).
The tumor microenvironment includes, as 3 major cell types,

immune, stromal, and vascular cells, and the potential to target
each will become more exact using unique combinations of ele-
ments/isotopes with chelators and more specific targeting vectors.
The incorporation of a-emitters into nanomaterials (with or with-
out chelation) presents another front of interest to TAT.
In summary, a focus on new tightly binding, selective chelating

ligands that can yield high specific activity radiopharmaceuticals
will soon be necessary. Reproducibly versatile and subsequently
translatable chelation chemistry is required. Other areas important
for realizing the full potential of a-emitting radiopharmaceuticals
include, but are not limited to: modular and automated (smart)
technologies for high-level synthesis, kit-formulation for ease of
preparation, as well as a better understanding of the biology of
daughter isotopes released via recoil, as this could be a limiting
factor in the efficacy of emerging radiopharmaceuticals due to
their toxicity. All of these challenges represent opportunities for
research in the expanding field of TAT.
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Immune checkpoint inhibitors (ICIs) are a novel therapy that
directs the immune system to recognize cancer cells and promotes
their elimination. Briefly, T cells are activated by antigen-
presenting cells or tumor cells primarily via the interactions of the
major histocompatibility complex with T-cell receptors and of
CD80 (antigen-presenting cells) with CD28 (T cells). Cytotoxic
T-lymphocyte–associated protein 4 is an inactivating coreceptor
on T cells that has a higher affinity for CD80 and leads to inactiva-
tion of T cells. Another inactivating receptor on T cells is pro-
grammed death 1 (PD1), which interacts with programmed death
ligand 1, which in turn is induced by inflammatory signals and is
thought to preserve collateral damage in healthy tissue. Monoclo-
nal antibodies that block cytotoxic T-lymphocyte–associated
protein 4 (e.g., ipilimumab), PD1 (e.g., nivolumab and pembroli-
zumab), or programmed death ligand 1 (atezolizumab) result in
T-cell reactivation, which in turn increases the antitumor response
but also causes immune-related adverse events (irAEs).
ICI therapy is based on knowledge of these processes, is undoubt-

edly one of the most significant and promising developments in can-
cer therapy in recent years, and is increasingly being used for
various tumors (1). As impressive as the results may seem for cer-
tain tumor types (e.g., the administration of ipilimumab achieves a
long-term remission in about 25% of patients with an advanced
stage of malignant melanoma, which was considered a terminal dis-
ease before immunotherapy (2)), the so-called ICI-associated side
effects must not be underestimated (3). Generally speaking, irAEs
occur frequently during therapy with ICIs, depending on the
affected organ. For example, irAEs occur in up to 60% of patients
treated with ipilimumab, with 10%–30% of the cases being consid-
ered serious (grade 3–4 according to the National Cancer Institute’s
Common Terminology Criteria for Adverse Events) (4).
The most common irAEs include diarrhea and colitis, and the

earliest-occurring adverse events include skin rashes. Less com-
mon irAEs include hepatitis and endocrinopathies (such as thy-
roiditis) (4). Cardiovascular irAEs are substantially less common

but may be associated with substantially higher fatality rates (3,5).
In one study, an evaluation of VigiBase (the World Health Organi-
zation’s global database of individual case safety reports from
over 130 countries) identified more than 16 million adverse events,
of which approximately 31,000 were cardiovascular in origin (6).
In this work, it was observed that myocarditis, pericardial disease,
and vasculitis increased with ICI therapy and that these cardiovas-
cular irAEs were severe in most cases (.80%) and were partly
associated with high mortality (50%, 21%, and 6% in cases of
myocarditis, pericardial disease, and vasculitis, respectively). This
finding clearly demonstrates that cardiovascular irAEs under ICI
therapy need to be detected early in order to adjust the therapy reg-
imen if necessary and monitor patients closely.
Algorithms for early detection of ICI therapy–induced myocar-

ditis have already been proposed and include recording cardiovas-
cular symptoms, performing electrocardiography, and determining
troponin (7,8). However, additional procedures such as cardiac
MRI may be required to establish the diagnosis of myocarditis.
Recently, the potential of nuclear imaging to detect, in particular,
the cardiac complications of ICI therapy has been recognized. We
have already shown in previous work that 18F-FDG PET/MRI is
well suited for high-sensitivity detection of myocarditis and for
assessment of the course of disease (9). There are preliminary
reports demonstrating the utility of 18F-FDG PET in ICI-induced
myocarditis. A recent case report demonstrated that 18F-FDG
PET/CT can detect ICI-induced myocarditis, which was also mani-
fested by mild troponin elevation, despite unremarkable electrocar-
diography, echocardiography, and cardiac MRI results (10).
Furthermore, 18F-FDG PET was also shown to be suitable for
assessing the course of disease in this case.
In a recent landmark paper, we demonstrated that PD1 and its

ligand, which are the targets of ICI therapy, are strongly expressed
on cardiac endothelial cells (11). In a melanoma mouse model, we
demonstrated that anti-PD1 therapy causes myocardial infiltration
of activated CD4- and CD8-positive T lymphocytes, which led to
a significant impairment of left ventricular function under dobut-
amine stress testing. Furthermore, anti-PD1 ICI therapy signifi-
cantly affected myocardial metabolism, as evidenced by changes
in the proteome and lipidome. Analogous to these findings from
the mouse model is that patients receiving anti-PD1 therapy with
nivolumab for metastatic melanoma showed an ejection fraction
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reduction on echocardiography both at rest and under dobutamine
stress. In some patients recruited for this study, 18F-FDG PET/
MRI detected active ICI-induced myocarditis (Fig. 1), also demon-
strating the potential of 18F-FDG PET to detect this irAE.
Although the case shown in Figure 1 appears promising, the disad-
vantage of 18F-FDG PET imaging is that 18F-FDG uptake is rela-
tively nonspecific and that successful imaging depends strongly on
patient preparation and cooperation to successfully suppress
myocardial glucose metabolism. Accordingly, imaging is compro-
mised in certain patient populations with preexisting conditions
(e.g., diabetes mellitus) or under certain medications such as
glucocorticoids.
An alternative and promising target is the fibroblast activation pro-

tein (FAP). FAP is strongly overexpressed in the stroma of various
tumors (so-called cancer-associated fibroblasts) and is already used
as a target for imaging and radioligand therapy (12,13). However,
FAP is also known to be strongly overexpressed in benign remodel-
ing processes of tissue healing and thus can be detected after, for
example, an acute myocardial infarction, which could reduce the spe-
cificity for imaging inflammation in the setting of irAEs (14,15). Ini-
tial work has demonstrated the potential of 68Ga-FAPI PET in a
small group of patients with suspected ICI-induced myocarditis (16).
In this work, patients with elevated troponin, electrocardiography
changes, lymphocytic infiltration of the myocardium on biopsy, and
wall motion abnormalities on echocardiography showed increased
68Ga-FAPI uptake compared with ICI-treated patients without evi-
dence of myocarditis. Although the results appear promising, studies
with larger patient collectives are warranted, and these initial results
should be viewed with caution.
Furthermore, there are other potential radiotracers that show

high potential but for which data are lacking to date (e.g., imaging
of innervation, somatostatin receptors, mitochondrial damage, or

reactive oxygen species). In view of the increasing numbers of ICI
therapies, the development of new ICIs, and the improved moni-
toring of these patients, referrals to nuclear medicine institutes will
increase, with the question of irAEs and especially of severe ICI-
induced myocarditis.
In conclusion, nuclear imaging may be helpful with regard to

the detection of cardiotoxicity from ICI therapies. Cardiooncologic
monitoring during therapy for early detection of irAEs includes
physical examination, electrocardiography and Holter electrocardi-
ography, cardiac biomarkers, and echocardiography. In patients
with suspected ICI-induced myocarditis, further workup may
include MRI, nuclear medicine imaging, or cardiac catheterization.
Nuclear medicine imaging is characterized by a high sensitivity
and may help when there are unclear findings on MRI or echocar-
diography or can be used for follow-up. However, a broader data-
base is still needed before a final recommendation can be made. In
addition, given the complexity of cardiovascular irAEs, interdisci-
plinary teams should determine treatment, and interdisciplinary
guidelines need to be elaborated.
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Molecular breast imaging (MBI) using 99mTc-sestamibi has advanced
rapidly over the past decade. Technical advances allow lower-dose,
higher-resolution imaging and biopsy capability. MBI can be used
for supplemental breast cancer screening with mammography for
women with dense breasts, as well as to assess neoadjuvant therapy
response, evaluate disease extent, and predict breast cancer risk.
This article highlights the current state of the art and future directions
in MBI.

Key Words: molecular breast imaging; MBI; breast specific g-imag-
ing; nuclear breast imaging; sestamibi

J Nucl Med 2022; 63:17–21
DOI: 10.2967/jnumed.121.261988

The term molecular breast imaging (MBI) may broadly refer
to all nuclear medicine and advanced MRI techniques for breast
imaging. However, MBI usually refers to dedicated breast imaging
systems using 99mTc-sestamibi with dual-head solid-state cadmium-
zinc-telluride (CZT) detectors. Compared with breast-specific g-imag-
ing that uses single-head scintillation detectors, MBI uses dual-head
CZT detectors and advanced collimator designs to improve spatial
resolution, shorten imaging times, and facilitate lower-dose imaging.
This article summarizes the current state of the art and the future uses
of MBI.

CURRENT STATE OF THE ART

There are 2 commercially available MBI systems: LumaGem
(CMR Naviscan) and Eve Clear Scan (SmartBreast Corp.). Both use
CZT semiconductor detectors that directly convert g-photons into
electrons. Compared with single-head breast-specific g-imaging
systems, dual-head CZT detectors improve detection of small
lesions (1).
The primary radiopharmaceutical used for MBI is 99mTc-sesta-

mibi. 99mTc-sestamibi uptake in breast tumors results from
increased mitochondrial density, increased blood flow, and nega-
tive membrane potentials of tumor cells (2). 99mTc-sestamibi has
been used in hundreds of thousands of patients with a favorable
safety profile and few contraindications, namely pregnancy and a

prior allergic reaction to 99mTc-sestamibi (2). Patients who are
breast feeding may continue to do so, unless otherwise specified
by institutional guidelines. 99mTc-sestamibi clears from the blood-
stream rapidly within 2–3 min; thus, image acquisition can begin
within 5 min after injection (3). Having the patients fast, warming
them with a blanket, and having them keep still may reduce back-
ground breast uptake (4).
Standard craniocaudal and mediolateral oblique projections of

each breast are acquired using gentle compression, with 7–10 min
per view (4). Breast positioning is comparable to mammography,
aiding correlation of findings between mammography and MBI.
MBI detector size is 20 3 16 cm or 24 3 16 cm, compared with
24 3 29 cm for mammography. Tiled acquisitions may be required
with MBI if the breast size exceeds the field of view. Lesions near
the chest wall and axillary lymph nodes may be difficult to visual-
ize with MBI, because of increased dead space at the edge of the
field of view (8mm) compared with mammography (4mm) (4).
Furthermore, MBI detectors are opaque, making maximal poste-
rior positioning difficult to confirm (4). The patient can breathe
normally during imaging, with instructions to otherwise remain
still to reduce motion blur. Performing screening MBI during the
follicular phase may minimize background parenchymal uptake
(BPU), and menstrual cycle phase may be included in the report
(5). However, no studies have examined menstrual cycle timing
and MBI diagnostic performance, and recent data from screening
breast MRI outcomes indicate that scheduling based on menstrual
cycle phase is not necessary (6). MBI should not be scheduled
within 4 half-lives of other 99mTc-based studies, PET/CT, or tar-
geted radionuclide therapies because of photon energy window
overlap.

RADIATION EXPOSURE

The absorbed radiation dose during MBI is proportional to the
administered activity of 99mTc-sestamibi. Optimizations in detec-
tor design, patient preparation, and tracer delivery have reduced
the administered activity from 740–1,100MBq (20–30mCi) to the
current off-label standard of 240–300MBq (6.5–8mCi) (7,8).
Weight-based adjustments for injected activity are not necessary
for MBI (9). The average absorbed radiation dose to the breast
from 300MBq (8mCi) of 99mTc-sestamibi is estimated to be
1.1mGy, compared with 3.0–4.5mGy with mammography and
tomosynthesis.
Since 99mTc-sestamibi is systemically distributed, tissues out-

side the breast receive the largest radiation dose. The estimated
effective (whole-body) dose for 300MBq (8mCi) of 99mTc-sesta-
mibi is 2.1–2.6 mSv, which is at, or lower than, annual natural
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background levels (�3 mSv) (10). For reference, the effective
dose of chest CT can approach 6 mSv (11). Tissues with the highest
exposures include the colon (7.1mGy), urinary bladder (3.2mGy),
and gallbladder (11.5mGy) (12). Various organizations assessing
radiation risk and radiation protection (Health Physics Society,
American Association of Physicists in Medicine, International
Organization for Medical Physics, and United Nations Scientific
Committee on the Effects of Atomic Radiation) state that risks from
radiation doses of less than 100 mSv are not significantly different
from zero (10). Thus, current MBI radiation exposure is deemed to
pose negligible risk to the patient, with minimal theoretic risk of
inducing cancer in any of these organs (10).
The administered activity of 99mTc-sestamibi for MBI continues

to decrease with technologic advancement. Tao et al. showed that
new image-processing algorithms maintain lesion conspicuity with
a simulated half-dose (150MBq [4mCi]) injection (13). Continued
advances in CZT module design will improve sensitivity and
should allow further dose reduction.

INDICATIONS AND CLINICAL APPLICATIONS

Supplemental Screening
Approximately 43% of the 40 million individuals in the U.S.

screening population have dense breast tissue (14–16). Screening
mammography has relatively reduced sensitivity for breast cancer
detection in individuals with dense breasts (15). Furthermore, breast
cancer risk is higher for individuals with dense breasts (15,17). Sup-
plemental screening may therefore benefit 16–20 million U.S. indi-
viduals with dense breasts who are at risk for false-negative results
on screening mammography. Breast cancer detection with supple-
mental screening methods such as whole-breast ultrasound, breast
MRI, contrast-enhanced mammography, and MBI is not limited by
dense breast tissue (15).
The ideal supplemental screening modality would have a high

breast cancer detection rate and a high negative predictive value
while maintaining safety, affordability, ease of access, quick imag-
ing acquisition and interpretation times, and acceptable rates of
false-positive findings. Although MBI addresses some of these
issues, it also has some limitations as a screening test. MBI excels
with high lesion-to-background contrast in individuals with dense
breasts or breast implants (18), with an incremental cancer detec-
tion rate of 8.8 per 1,000 exams on the first MBI screening (8).
For comparison, the baseline detection rate of screening mammog-
raphy is approximately 3.2 cancers per 1,000 individuals screened
(19). The incremental cancer detection rate per 1,000 exams in
individuals with dense breasts is approximately 1.7 for tomosyn-
thesis, 2.7 for ultrasound, 15 for full-protocol MRI, and 10 for
abbreviated MRI (15). MBI also provides favorable false-positive
rates (20), favorable recall rates (8), rapid interpretation times
(18), low cost (15), few contraindications (21), and a high negative
predictive value (22). Disadvantages of MBI for supplemental
screening include an imaging exam time of 28–40 min (15), the
need for nuclear medicine licensing and coordination between
nuclear medicine and breast imaging sections, lack of widespread
availability, variable insurance coverage, and a higher whole-body
radiation exposure than for other supplemental screening options
(10,13,15).
When used for supplemental screening, the estimated benefit of

MBI in terms of deaths averted is 5–9 times greater than the esti-
mated risk of lives lost (23), and the estimated benefit-to-radiation
risk ratio now approaches that of mammography (23). However,

concerns regarding MBI radiation risks, though disputed, have
delayed widespread use for supplemental screening (10,21,23).
The American College of Radiology appropriateness criteria for
supplemental breast cancer screening based on breast density cur-
rently do not recommend MBI (24).
The prospective multicenter Density MATTERS trial compares

MBI with tomosynthesis for supplemental screening in women
with dense breasts. This is the first trial to examine incidence
screening MBI in which performance is evaluated not only for the
initial scan but also at a subsequent screening round. Preliminary
results show an incremental cancer detection rate for MBI beyond
tomosynthesis of 9.3 per 1,000 screened, with 6 invasive cancers
seen only on MBI (median size, 1 cm; 5 of 6 lymph node–nega-
tive) among 537 of the planned 3,000 participants (25). By com-
parison, the Eastern Cooperative Oncology Group/American
College of Radiology Imaging Network EA1141 trial of abbrevi-
ated breast MRI for screening women with dense breasts found
that abbreviated breast MRI after tomosynthesis had an incremental
invasive cancer detection rate of of 7 per 1,000 screened (26). Thus,
MBI may detect invasive breast cancers occult on tomosynthesis in
women with dense breasts at a rate similar to that of abbreviated
breast MRI. Studies of women invited to undergo screening breast
MRI showed that 41%–42% declined participation for reasons
including lower socioeconomic status, self-reported contraindica-
tions to MRI (27), claustrophobia, and financial concerns (28). MBI
may be considered an alternative for such individuals.

Local Tumor Extent
For newly diagnosed breast cancer, accurate determination of

disease extent is important for defining clinical stage and for plan-
ning therapy and surgery. MBI can be used for local tumor staging
to detect multifocal, multicentric, or contralateral malignancy,
especially for patients who cannot obtain preoperative breast MRI
(Fig. 1). A study comparing extent of disease using MBI, contrast-
enhanced mammography, and MRI found that MBI and contrast-
enhanced mammography were effective for local staging, with
similar visualization of the index cancers and increased specificity
for additional cancers compared with MRI (20). However, unlike
MRI, MBI is limited for evaluation of axillary and chest wall dis-
ease. In a study of 90 patients with breast cancer before starting
neoadjuvant chemotherapy (NAT), MBI detected 16 of 20 tumors
smaller than 1 cm, compared with 17 of 20 tumors for MRI (29).
An additional limitation of MBI for surgical planning regards
invasive lobular carcinomas, which have less intense sestamibi
uptake than invasive ductal carcinomas, resulting in lower detec-
tion (30).

NAT
NAT is often the standard of care for locally advanced breast

cancer. NAT can reduce tumor burden, allowing less extensive
surgery. MBI is relatively accurate for prediction of pathologic
response and evaluation of residual disease after NAT (Fig. 2). A
metaanalysis of 14 studies with 529 breast cancer patients found
that MBI had a sensitivity of 70.3% (95% CI, 56.5%–81.3%) and
a specificity of 90.1% (95% CI, 77.5%–96.0%) for residual dis-
ease (31). A retrospective report of 114 patients who underwent
NAT found slightly lower sensitivity for MBI than for MRI (70%
vs. 83%) but higher specificity (90% vs. 60%) for residual disease,
with similar overall performance (respective k-values, 0.47 vs.
0.41 [P , 0.001]) (32). A prospective study of 104 patients under-
going NAT found that MBI had lower sensitivity than MRI
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(58.9% vs. 82.8%) but improved specificity (82.4% vs. 69.4%) in
evaluating residual disease (29). The accuracy of MBI for residual
disease assessment depends on tumor molecular subtype, with the
highest accuracy for triple-negative and human epidermal growth
factor receptor 2–positive subtypes and the lowest accuracy for
luminal subtypes (33). However, no imaging technique is currently
able to definitively determine complete pathologic response to
therapy without surgical confirmation, in part because of inherent
resolution limitations.

PRESENT AND FUTURE
DEVELOPMENTS

MBI-Guided Biopsy
For suggestive MBI findings, biopsy is

necessary to confirm malignancy. For MBI-
detected masses, targeted ultrasound and
ultrasound-guided biopsy are performed,
paralleling MRI workflows. In a study of
1,585 examinations performed before the
availability of MBI biopsy, 115 MBI-
positive findings were detected, resulting in
50 biopsy recommendations. Of these 50
lesions recommended for biopsy on the
basis of MBI, 38 (76%) were visible sono-
graphically, but 12 (24%) required MBI
biopsy (34). The billed expense of MRI-
guided biopsy is estimated at $3,500,
whereas MBI-guided biopsy is roughly
half this amount (35).

MBI-directed biopsy is currently avail-
able for 1 system (Eve Clear Scan). This
unit is a self-contained accessory mounted
on the dual-head system and includes an
angled pair of CZT detectors for obtaining
stereotactic views, allowing specimen imag-
ing to confirm adequate sampling. A breast-
specific g-imaging–guided biopsy system
has also been described (36). MRI-guided
biopsy can be used if an MRI correlate is
identified, but it does not allow specimen
imaging.

Breast Cancer Risk Assessment
Numerous models exist for predicting an individual’s breast

cancer risk (37). These models inform whether and when individu-
als should undergo high-risk screening and potentially benefit
from risk-reducing endocrine therapy or prophylactic mastectomy.
Imaging biomarkers are increasingly used for risk stratification

(38). Breast density is an anatomic imaging biomarker associated
with increased breast cancer risk (15,39). Growing evidence sug-
gests that functional imaging modalities, such as MBI and MRI, can

predict breast cancer risk (40–42), perhaps
more accurately than risk models alone
(42). BPU on MBI is a reliable quantitative
and qualitative biomarker (41,43) that
describes the amount of radiotracer uptake
in normal breast tissue relative to subcuta-
neous fat. BPU is assessed qualitatively as
photopenic, minimal to mild, moderate, or
marked (Fig. 3) (44). BPU is analogous to
background parenchymal enhancement on
MRI, which describes the amount of en-
hancement in normal breast tissue and is
similarly assessed qualitatively as minimal,
mild, moderate, or marked (45). Beyond
predicting breast cancer risk, BPU varies
with menopausal status and dose of risk-
reduction endocrine therapy (46). A large
single-center study found that BPU is an
independent risk factor for breast cancer in
postmenopausal women with elevated BPU

FIGURE 1. MBI with 300 MBq (8 mCi) of 99mTc-sestamibi for extent-of-disease evaluation in 59-y-
old woman with palpable irregular mass (arrows) in right upper central breast. (A and B) Mass mea-
sured 3.3 cm on craniocaudal (A) and mediolateral oblique (B) mammograms. (C and D) MBI showed
10 cm of uptake on craniocaudal (C) and mediolateral oblique (D) views. (E and F) Postcontrast axial
(E) and sagittal (F) MRI confirmed 10.2 cm of abnormal enhancement. After NAT and mastectomy,
surgical pathology showed 8-cm treated tumor bed with 0.2 cm of residual invasive carcinoma.

FIGURE 2. A 38-y-old woman with right-breast triple-negative and node-negative invasive ductal
carcinoma (arrows). (A and B) Pretreatment postcontrast sagittal fat-suppressed T1-weighted MRI
shows irregular mass in right breast (A), and MBI with 300 MBq (8 mCi) of 99mTc-sestamibi shows
intense uptake in mediolateral oblique view (B). (C and D) On posttreatment imaging, there is no
residual enhancement on MRI (C) and no residual uptake on MBI (D). Surgical pathology showed
pathologic complete response.
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and dense breasts at highest risk, well above the threshold for con-
sidering use of risk-reducing therapy (47). Future studies incorporat-
ing functional imaging biomarkers into breast cancer risk models
may facilitate personalized screening and risk management.

Novel Radiotracers
MBI systems can also be used for research using g-emitting

radionuclides targeting more specific aspects of tumor biology
beyond 99mTc-sestamibi uptake. Radiolabeled antibodies, peptides,
and receptor ligands may broaden future applications of MBI for
tumor phenotyping, neoadjuvant treatment selection, and therapy
response prediction. Use of MBI for aVb3 integrin–targeted imag-
ing of tumor angiogenesis has been explored in 2 small studies
(48,49). Other 99mTc-labeled radiotracers targeting specific recep-
tors such as estrogen receptor and human epidermal growth factor
receptor 2 have been developed and could use MBI technology
but have not been evaluated yet.

CONCLUSION

MBI is an important emerging breast imaging technology for
supplemental screening, local tumor staging, neoadjuvant therapy
response assessment, and breast cancer risk assessment.
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Most breast cancers express androgen receptors (ARs). This pro-
spective imaging substudy explored imaging of ARs with 18F-fluoro-
5a-dihydrotestosterone (18F-FDHT) PET in patients with metastatic
breast cancer (MBC) receiving selective AR modulation (SARM) ther-
apy (GTx-024). Methods: Eleven postmenopausal women with estro-
gen receptor–positive MBC underwent 18F-FDHT PET/CT at baseline
and at 6 and 12 wk after starting SARM therapy. Abnormal tumor
18F-FDHT uptake was quantified using SUVmax. AR status was deter-
mined from tumor biopsy specimens. 18F-FDHT SUVmax percentage
change between scans was calculated. Best overall response was
categorized as clinical benefit (nonprogressive disease) or progressive
disease using RECIST 1.1. Results: The median baseline 18F-FDHT
SUVmax was 4.1 (range, 1.4–5.9) for AR-positive tumors versus 2.3
(range, 1.5–3.2) for AR-negative tumors (P50.22). Quantitative AR
expression and baseline 18F-FDHT uptake were weakly correlated
(Pearson r50.39, P5 0.30). Seven participants with clinical benefit at
12 wk tended to have larger declines in 18F-FDHT uptake than did
those with progressive disease both at 6 wk after starting GTx-024
(median, 226.8% [range, 242.9% to 214.1%], vs. –3.7%
[range,231% to 129%], respectively; P5 0.11) and at 12 wk after
starting GTx-024 (median, 235.7% [range, 269.5% to 27.7%], vs.
–20.1% [range,226.6% to156.5%], respectively; P5 0.17).Conclu-
sion: These hypothesis-generating data suggest that 18F-FDHT PET/
CT is worth further study as an imaging biomarker for evaluating the
response of MBC to SARM therapy and reiterate the feasibility of
including molecular imaging in multidisciplinary therapeutic trials.

KeyWords: 18F-FDHT; androgen receptor; AR; PET; breast cancer
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The androgen receptor (AR), the most abundantly expressed
steroid hormone receptor in breast cancer, is coexpressed in
75%–95% of estrogen receptor (ER)–positive (1) and 10%–35%
of triple-negative (ER-negative [2], progesterone receptor2, and
human epidermal growth factor receptor 22) tumors (1). Steroidal
androgens, notably dihydrotestosterone and fluoxymesterone, were
widely used in the 1970s to treat metastatic breast cancer (MBC),

but virilizing side effects, concern for aromatization to estrogen,
and the survival benefit found with tamoxifen led to their disfavor
(2,3). Recently, AR has reemerged as a therapeutic target in MBC
because of elucidation of the complex relationship between the
AR axis and breast cancer growth and the development of selec-
tive AR modulators (SARMs).
In ER1 breast cancer, AR primarily inhibits tumor proliferation

(4,5). GTx-024 is a novel oral nonsteroidal SARM that specifically
binds AR-promoting agonist activity. GTx-024 does not bind other
steroidal receptors and cannot be aromatized to estrogen (6).
GTx-024 slowed tumor growth in preclinical models of ER1
breast cancer and was well tolerated, without virilizing effects (6).
Derived from dihydrotestosterone, 18F-fluoro-5a-dihydrotestos-

terone (18F-FDHT) was developed for imaging AR with PET
(7,8). In prostate cancer, 18F-FDHT PET can quantitate relative
levels of AR and be used as a pharmacodynamic imaging bio-
marker after antiandrogen therapy to provide information about
drug targeting, dose optimization, and response (9).
Overmoyer et al. conducted a prospective phase II clinical trial

of GTx-024 in postmenopausal women with ER1 MBC (10). As
part of this trial, we performed a prospective imaging substudy to
determine the feasibility of using 18F-FDHT PET/CT for noninva-
sive imaging of AR expression in ER1 MBC and to explore the
potential of 18F-FDHT PET as an imaging biomarker for evaluat-
ing response to SARM therapy.

MATERIALS AND METHODS

Study Design and Participants
The study was a single-site prospective imaging substudy per-

formed as part of a larger open-label, multicenter, international, ran-
domized, parallel-design phase II trial exploring the clinical benefit
(CB) of GTx-024 (G200802; GTx, Inc. [NCT02463032]). Participants
were randomized 1:1 to receive 9 or 18 mg of GTx-024 orally per
day. The trial followed Declaration of Helsinki principles and good
clinical practice and was approved by our institutional review board.
All participants gave written informed consent.

Major eligibility criteria for both the parent therapeutic trial and the
imaging substudy were postmenopausal women with ER1, human
epidermal growth factor receptor 22 metastatic or locally recurrent
advanced breast cancer; radiologic or clinical disease recurrence or
progression within 30 d of randomization onto the therapeutic trial; at
least 1 prior hormonal treatment but no more than 1 course of chemo-
therapy for metastatic disease; available biopsy or archival tumor tis-
sue; bone-only nonmeasurable or measurable disease by RECIST 1.1;
adequate organ function; and an Eastern Cooperative Oncology Group

Received Feb. 12, 2021; revision accepted Apr. 20, 2021.
For correspondence or reprints, contact: Heather Jacene (hjacene@bwh.

harvard.edu).
Published online May 28, 2021.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

22 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 63 � No. 1 � January 2022

https://doi.org/10.2967/jnumed.121.262068
mailto:hjacene@bwh.harvard.edu
mailto:hjacene@bwh.harvard.edu


performance status of no more than 1. Participants received only the
study drug (GTx-024) and no other hormonal treatment for breast can-
cer while on study.

18F-FDHT PET/CT Scan Acquisition and Image Interpretation
18F-FDHT PET/CT scans were obtained at baseline and at 6 and

12wk after starting GTx-024 (Fig. 1). The Brigham and Women’s
Nuclear Medicine/Biomedical Imaging Research Core manufactured
the 18F-FDHT under investigational-new-drug application 122,852
per previously published methods (11,12). The final formulated
18F-FDHT passed all quality control tests required for clinical use and
had radiochemical purity of more than 99% and specific activity of
more than 18.5GBq/mmol for all batches.

No specific patient preparation was given for the 18F-FDHT PET/
CT scans. Forty-five minutes after intravenous 18F-FDHT administra-
tion (333 MBq; 9 mCi), PET scans were obtained in 3-dimensional
mode from skull vertex to mid thighs using 3–5 min per bed position
(Discovery ST or Discovery MI; GE Healthcare). Images were recon-
structed using iterative methods. Unenhanced low-dose CT imaging
(3.75- to 5-mm axial slice thickness) was performed over the same
range without a breath-hold, for anatomic correlation and attenuation
correction. For 7 participants, all 18F-FDHT PET/CT scans were
obtained on the same scanner. A scanner upgrade during the study
required that the 12-wk scan be obtained on a different scanner for
4 participants.

Lesions on the 18F-FDHT PET/CT scan were determined by com-
parison to the diagnostic contrast-enhanced chest, abdomen, and pelvis
CT scans used to determine eligibility for the parent therapeutic trial.
18F-FDHT uptake was quantitated in measurable lesions larger than
1 cm in the greatest dimension and in nonmeasurable bone lesions,
which were allowed on this trial. The following semiquantitative
parameters of 18F-FDHT uptake in tumor were recorded at all imaging
time points: SUVmax corrected for body weight and for lean body
mass, SUVpeak (average SUV in 1-cm3 volume of interest at the
tumor’s hottest part) corrected for body weight and for lean body
mass, and SUVmean in a 70% isocontour around SUVmax.

Response Assessments
Objective disease response was determined according to RECIST

1.1 in the parent therapeutic trial using contrast-enhanced CT or MRI
and bone scans per standard institutional protocols at baseline, week

12 after starting GTx-024, and every 12wk until progressive disease
(PD) or study drug discontinuation. CB was defined as complete or
partial response or stable disease per RECIST 1.1. No CB was defined
as PD. Best overall response was defined as best tumor response
achieved from treatment start until treatment end. Because 18F-FDG
PET/CT is not considered the standard of care for assessing the
response of MBC to treatment, per National Comprehensive Cancer
Network guidelines (13), and was not available at all international
sites participating in the parent therapeutic trial, 18F-FDG PET/CT
was not included for baseline and disease response assessments.

Pathology and Laboratory Correlates
Tumor tissue from biopsy or archival tissue was reviewed for AR

status using standard immunohistochemical techniques with a mono-
clonal antibody specific for human AR by a central laboratory (Qual-
Tek). AR was reported qualitatively as positive (i.e., .1% positive
nuclei) or negative and quantitatively as percentage of positive nuclei.
The local laboratory evaluated serum for estradiol, testosterone, and
sex-hormone–binding globulin (SHBG) levels at baseline and for
serum prostate-specific antigen (PSA) levels at baseline and at 6 and
12wk after therapy.

Statistical Analyses
The primary endpoint of the parent therapeutic trial was CB at

24wk after starting GTx-024. Therefore, participants in the imaging
substudy were followed until the 24-wk assessment. The lesion with
the highest 18F-FDHT uptake at baseline was correlated with AR sta-
tus. Percentage change in 18F-FDHT uptake using the single hottest
lesion and the sum of all measured lesions was calculated between
baseline (S0), week 6 (S1), and week 12 (S2) scans:
S1 or S22S0

S0

� �
3100%: We also explored the correlation between the

percentage change in the 18F-FDHT uptake of the single hottest
lesions at baseline and follow-up and the best overall response (PER-
CIST-like criteria) (14).

Descriptive statistics summarized baseline and percentage change in
18F-FDHT uptake. The Mann–Whitney U test compared baseline and
percentage change in 18F-FDHT uptake between the best-overall-
response groups. Pearson testing was used for continuous data to corre-
late 18F-FDHT uptake versus AR status. At each time point, to account
for nonindependence among multiple lesions per patient, repeated-
measures correlation was used to assess the common intrapatient asso-
ciation of the various paired quantitative PET parameters to each other
(15). All P values are 2-sided, and all CIs are at the 95% level, with sta-
tistical significance defined as a P value of no more than 0.05.

RESULTS

Participants and Lesions
Eleven women (median age, 59 y; range, 47–73 y) were

enrolled in the 18F-FDHT PET/CT substudy (Table 1) and were
scanned between March 2017 and February 2018. Ten were ran-
domized to receive 9 mg of GTx-024 and one to receive 18 mg.
Nine women completed baseline, 6-wk, and 12-wk 18F-FDHT
PET/CT scans. Two were taken off the study before the 12-wk
scan: one at week 6 because of toxicity and one at week 7 for PD
(Fig. 1). The best overall response was CB for 7 participants and
no CB for 4 participants.
Table 2 shows all participants’ results regarding AR status,

18F-FDHT uptake at all time points, and outcomes. 18F-FDHT
uptake was measured in 40 lesions (median, 4 per participant;
range, 1–8). Although all lesions were larger than 1 cm in 1 dimen-
sion, for 13 tumors a 2-dimensional region of interest was used for
SUVmax and SUVmean corrected for body weight and for lean
body mass because either a 1-cm3 sphere could not be placed

Randomization
9 mg (n = 10) or 18 mg (n = 1)

GTx-024

Baseline (n = 11)
18F-FDHT PET/CT
CT/MRI, bone scan

Hormone levels

Early drug targeting assessment
(42 ± 7 days, n = 11)

18F-FDHT PET/CT

Early response assessment
(~3 months, n = 9)
18F-FDHT PET/CT
CT/MRI, bone scan

Response assessments
Q12 weeks

CT/MRI, bone scan

Off study (n = 2)
Progressive disease  (n = 1)

Toxicity (n = 1)

ypareht 
M

RAS

FIGURE 1. Study schema.
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within the tumor’s anatomic boundaries or because low uptake
prevented determination of SUVpeak corrected for body weight
and for lean body mass. At all imaging time points, high correla-
tions were observed between all PET parameters measured (Sup-
plemental Fig. 1; supplemental materials are available at http://
jnm.snmjournals.org). Therefore, the primary analyses are pre-
sented with SUVmax.

AR Status Versus Baseline 18F-FDHT Uptake
AR status was assessed in 9 of 11 women; 2 from the primary

tumor and 7 from metastases. Seven tumors were AR1 and 2
were AR2 (both from metastatic disease). Two women had inade-
quate archival tissue available to determine AR status. Median
baseline 18F-FDHT SUVmax was 4.1 (range, 1.4–5.9) for AR1
tumors and 2.3 (range, 1.5–3.2) for AR2 tumors (P5 0.22,
Fig. 2). A weak, not significant, correlation was found for baseline
18F-FDHT SUVmax versus quantitative AR expression level (Pear-
son r5 0.39, P5 0.30; Fig. 3). SUVmean had similar results (Sup-
plemental Fig. 2).

Baseline 18F-FDHT Uptake and Change in 18F-FDHT Uptake
Versus Best Overall Response
The baseline 18F-FDHT SUVmax of the hottest lesion per partici-

pant was similar between the 7 participants with CB at 12wk after
therapy (median, 4.1; range, 1.4–5.9) and the 4 with PD (median,
3.3; range, 1.5–5.1; P5 0.53; Fig. 4A). Results were similar for the
hottest-lesion SUVmean and for the summed SUVmax and SUVmean

of all lesions (Supplemental Fig. 3).
Participants with CB at 12wk tended to have larger declines in

18F-FDHT uptake at 6wk (median decline, 26.8%; range, 242.9%
to 214.1%) after starting GTx-024 than did those with PD
(median decline, 3.7%; range,231% to 129%; P5 0.11). A simi-
lar trend was observed at the 12-wk 18F-FDHT PET/CT scan, with
a median decline of 35.7% (range, 269.5% to 27.7%) for those
with CB compared with a median decline of 20.1% (226.6% to
156.5%, P5 0.17) for those with PD (Figs. 4B–4C and 5). Simi-
lar trends were observed for hottest-lesion 18F-FDHT SUVmean at
6 and 12wk after starting GTx-024 and for summed SUVmax at
6wk (Supplemental Figs. 4 and 5). Six-week summed 18F-FDHT
SUVmean declines were larger for those with than without CB
(P5 0.04, Supplemental Fig. 6). Percentage decrease in
18F-FDHT SUVmax between the single hottest lesions at baseline
and follow-up (i.e., PERCIST-like criteria) was significantly larger
for those with CB (percentage decline, 21.4%; range, 242.9% to
214.1%) than for those without CB (percentage increase, 7.6%;
range, 217.1% to 129.9%; P5 0.01) at week 6 but not at week
12 (P . 0.5, Supplemental Fig. 7).
Five of 7 participants with CB at week 12 after starting GTx-

024 progressed by week 24. The 2 participants with continued CB
at 24wk had the largest declines in 18F-FDHT uptake at week 6
and were among the top 3 for the largest decline in 18F-FDHT
uptake at week 12.

18F-FDHT Uptake Versus Hormone and PSA Levels
No correlations were found between baseline 18F-FDHT

uptake, estradiol, and testosterone levels (Supplemental Fig-
ure 8). There tended to be higher baseline 18F-FDHT uptake
with lower baseline SHBG (Supplemental Fig. 9). No correla-
tions were found at baseline or during treatment when compar-
ing SUVmax or SHBG with AR status and CB (Supplemental
Fig. 10). There were no correlations between baseline
18F-FDHT SUVmax and PSA levels. Although the participant

TABLE 1
Participant and Breast Cancer Tumor Characteristics (n511)

Characteristic Data

Age (y)

Median 59

Range 49–73

Histology (n)

Invasive ductal carcinoma 9

Invasive lobular carcinoma 2

Receptor status (n)

ER1/PR1/HER22 6

ER1/PR2/HER22 5

Metastases at diagnosis (n)

Yes 4

No 7

Disease-free interval* (y)

Metastases at diagnosis (n5 4) Not applicable

No metastases at diagnosis (n5 7) 7 (range, 3–19)

Median lines of treatment
before enrollment (n)

Adjuvant chemotherapy

Metastases at diagnosis (n54) Not applicable

No metastases at diagnosis (n57) 1 (0–1)

Adjuvant endocrine therapy

Metastases at diagnosis (n54) Not applicable

No metastases at diagnosis (n57) 1 (0–2)

Chemotherapy for metastatic disease

Metastases at diagnosis (n54) 1 (0–1)†

No metastases at diagnosis (n57) 0 (0–1)

Endocrine therapy for metastatic disease

Metastases at diagnosis (n54) 2 (1–4)

No metastases at diagnosis (n57) 2 (1–6)

CDK4/6 inhibitor

Metastases at diagnosis (n54) 2

No metastases at diagnosis (n57) 6

mTOR inhibitor

Metastases at diagnosis (n54) 1

No metastases at diagnosis (n57) 2

Dual PI3 kinase and mTOR inhibitor

Metastases at diagnosis (n54) 0

No metastases at diagnosis (n57) 1

Radiation therapy to metastatic disease

Metastases at diagnosis (n54) 1 (bone)

No metastases at diagnosis (n57) 2 (bone)

Median metastatic sites at enrollment (n) 2 (range, 1–4)

Location of metastatic sites at enrollment (n)

Bone 8 (bone only, 5)

Viscera (liver, vaginal cuff) 4

Pleura 5

Serosa/peritoneum 2

Lymph node 2

*Time from start of adjuvant therapy to first diagnosis of
recurrence or metastatic disease.

†n51 with high-dose chemotherapy and stem cell transplantation.
PR5progesterone receptor; HER25 human epidermal growth

factor receptor 2; CDK5 cyclin-dependent kinase; mTOR5

mammalian target of rapamycin; PI35phosphoinositide 3.
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with the largest decline in 18F-FDHT SUVmax also had cate-
goric declines in PSA levels at 6 and 12wk after starting
GTx-024 and CB, no correlations between changes in PSA,
18F-FDHT SUVmax, or best overall response were observed
(Supplemental Fig. 11).

DISCUSSION

Despite the shift in therapeutic paradigms brought about by tar-
geted therapy in many cancers, tumor heterogeneity, inability to
biopsy every lesion, and target conversion within the tumor remain
challenges in predicting who will benefit from specific therapeutic

agents. Noninvasive, whole-body molecu-
lar imaging evaluates the entire tumor bur-
den, providing one potential solution, but
remains a globally underutilized tool for
optimizing therapeutic strategies in large
clinical trials (16,17). Our data supplement
prior work by demonstrating the feasibility
of using 18F-FDHT PET/CT for evaluating
the response to SARM therapy in a large
therapeutic clinical trial.
In 13 patients with ER1 MBC who

underwent 18F-FDHT PET/CT and meta-
static tumor biopsy within 8wk, Venema
et al. found a correlation between 18F-FDHT
uptake and AR expression (r25 0.47, P5

0.01) using a semiquantitative assessment of
more than 10% nuclear staining as positive
for AR (18). Although not statistically sig-
nificant, all but one AR1 tumor in our data-
set had a baseline 18F-FDHT SUVmax higher
than the findings in AR2 tumors, suggest-
ing a trend for higher baseline 18F-FDHT
uptake in AR1 tumors. One AR2 tumor
had baseline 18F-FDHT uptake greater than

TABLE 2
AR Tumor Status, 18F-FDHT PET/CT, and Clinical Outcomes

Participant
no.

Lesions
(n) AR status

Archival
tissue
location

18F-FDHT
SUVmax of
hottest
lesion at
baseline

Change in 18F-FDHT SUVmax
from baseline to… Outcome

Week 6 Week 12
Best overall
response

Week of best
overall

response
Week 24
response

1* 3 Positive Primary 4.1 243% 270% NonCR/nonPD 12 CB

2 2 Positive Metastasis 3.5 237% 236% NonCR/nonPD 12 CB

3 2 Positive Metastasis 1.4 220% 28% NonCR/nonPD 12 No CB

4 1 Not
assessed

3.3 220% Off study† NonCR/nonPD 6 No CB

5 8 Positive Metastasis 4.8 214% 222% PR 12 No CB

6 4 Positive Metastasis 4.9 236% 235% SD 12 No CB

7 5 Positive Primary 5.9 227% 248% SD 12 No CB

8 1 Negative Metastasis 1.5 130% 156% PD 12 No CB

9 5 Not
assessed

5.1 110% 220% PD 12 No CB

10 4 Negative Metastasis 3.2 217% Off study† PD 7 No CB

11 5 Positive Metastasis 3.4 231% 227% PD 12 No CB

*Received 18 mg of GTx-024; all others received 9 mg.
†Baseline and week 6 scan only; patient 4 off study week 6 because of toxicity, patient 10 off study week 7 because of progression.
NonCR/nonPD 5 incomplete response but no PD for participants with nonmeasurable disease by RECIST 1.1; CR 5 complete

response; PR 5 partial response; SD 5 stable disease.

FIGURE 2. Baseline 18F-FDHT uptake and qualitative AR status. (A) For 9 participants with archival
tissue,median baseline 18F-FDHTSUVmaxwas 4.1 (range, 1.4–5.9) for 7 participants with AR1 tumors
and 2.3 (range, 1.5–3.2) for 2 with AR2 tumors (P 5 0.22). Individual dots on box plot represent
individual-participant data. (B, top row: axial CT; middle row: axial PET; bottom row: axial fused PET/
CT) Participant 6, with AR1 tumor and 18F-FDHT uptake in right femur metastasis (arrows, SUVmax of
4.9). (C, top row: axial CT; middle row: axial PET; bottom row: axial fused PET/CT) Participant 8, with
AR2 tumor and no 18F-FDHT uptake in prevascular lymph node (arrows, SUVmax of 1.5).
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the optimal SUVmax cutoff of 1.9 suggested for differentiating AR1
from AR2 tumor by 18F-FDHT PET/CT (18). The small sample
size, tumor heterogeneity, and nonpaired lesions for AR status and
18F-FDHT uptake may drive the lack of significance in our dataset.
Our results, as well as those of Venema et al., support further investi-
gation of 18F-FDHT PET/CT as an imaging biomarker of AR
expression (18).
AR expression is heterogeneous between primary breast cancer

and metastases, with discordance rates of up to 33% (19), and in
metastases over the natural disease history (20). Venema et al.
reported an AR1 primary tumor with AR2 metastatic disease in
2 of 13 patients and substantial intrapatient 18F-FDHT heterogene-
ity (18), with patients having both 18F-FDHT1 and 18F-FDHT2
lesions and 18F-FDHT SUVs ranging from 0.8 to 6.5.
The therapeutic trial inclusion criteria mandated objective evi-

dence of progression within 30 d of randomization, but standard
imaging modalities, that is, CT and bone scans, for this purpose
often fail to differentiate active disease from disease that previ-
ously responded to treatment. This failure likely contributed to

tumor heterogeneity in our imaging substudy. 18F-FDG PET/
CT may be useful to supplement or replace standard imaging
to better identify the metabolically active tumor burden and
guide interpretation of 18F-FDHT PET/CT. Such a strategy
was used with 18F-FES PET/CT imaging for breast cancer
bone metastases (21).
Testosterone, dihydrotestosterone, and 18F-FDHT competitively

bind AR (7), and SHBG binds sex hormones, including dihydro-
testosterone. Categorically low sex hormone levels in this post-
menopausal population likely limited our ability to identify any
correlations between baseline 18F-FDHT uptake, testosterone,
estrogen, or PSA levels. Further, the trend we observed for an
inverse relationship between 18F-FDHT uptake and serum SHBG
may be explained by the possibility that SHBG binding decreased
the 18F-FDHT availability for tumor binding, given the low levels
of estrogen and testosterone in our participants. Kramer et al. used
a simplified method to correct body-weight–corrected SUV for
serum SHBG and found an improved correlation with Patlak Ki
derived from dynamic images (22). We did not find any statisti-
cally significant correlations at baseline or during treatment
between SUVmax/SHBG and AR expression or best overall
response. The design of future studies of androgen modulation
should take into consideration the hormonal status of the study
population.
To our knowledge, this was the first study assessing changes in

18F-FDHT uptake on PET in patients with MBC treated with
SARM. Although CB was not associated with baseline 18F-FDHT
uptake, those with CB within the first 12wk of treatment tended to
have larger percentage declines in 18F-FDHT uptake after 6 and
12wk of SARM therapy for most of the semiquantitative parame-
ters we explored. All but 2 participants progressed by 24wk after
starting therapy, but 2 of the 3 participants with the largest
18F-FDHT declines at 6 and 12wk after starting GTx-024 contin-
ued to have CB at 24wk. Larger studies are needed to determine
the percentage decline in SUV that correlates with a clinical dis-
ease response.
Boers et al. recently evaluated 18F-FDHT PET/CT for assessing

changes in AR availability in 21 patients with AR1 MBC receiv-
ing bicalutamide, a pure AR antagonist (23). Like our findings

with GTx-024, baseline 18F-FDHT uptake
did not predict CB to bicalutamide.
Decreases in 18F-FDHT uptake after
4–6wk of bicalutamide also did not pre-
dict CB in the total study population,
which included both ER1 and ER2
tumors, contrasting with our findings. In a
subgroup analysis of 13 patients with
ER1 tumor, the authors reported a trend
for larger 18F-FDHT uptake declines in 5
patients with CB from bicalutamide than
in 8 with PD (n5 8) (23). Our study
included only participants with ER1
breast cancer, and our results support the
subgroup analysis trend. The different
pharmacology between GTx-024 and
bicalutamide is also noted and is impor-
tant to understand when evaluating imag-
ing biomarkers in specific breast cancer
subtypes.
Early imaging time points would be

most advantageous for limiting use of

FIGURE 3. Baseline 18F-FDHT uptake and quantitative AR status.
Weak, but not statistically significant, correlation was observed between
quantitative AR expression levels and baseline 18F-FDHT uptake (Pearson
r 5 0.39, P5 0.30).

FIGURE 4. CB at 12 weeks after starting therapy vs. baseline and change in 18F-FDHT uptake.
(A) For 7 participants with CB, median baseline 18F-FDHT SUVmax was 4.1 (range, 1.4–5.9), compared
with 3.3 (range, 1.5–5.1) for 4 participants with disease progression (P 5 0.53). Individual dots on
scatterplot represent individual-participant data. (B and C) Participants with CB at 12 wk tended to
have larger declines in 18F-FDHT uptake at 6 wk after starting GTx-024 (median decline, 26.8%;
range, 242.9% to 214.1%) than did those with disease progression (median decline, 3.7%; range,
231% to 129%; P 5 0.11) (B) and tended to have larger declines in 18F-FDHT uptake at 12 wk after
starting GTx-024 (median decline, 35.7%; range, 269.5% to 27.7%) than did those with disease
progression (median decline, 20.1%; range,226.6% to156.5%; P5 0.17) (C).
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ineffective therapy and unnecessary toxicities. The PERCIST-like
criteria at 6wk after starting therapy best separated those with
from those without CB in our cohort. The optimal parameter still
needs to be determined in larger studies.
This study had several limitations, notably the small number of

participants enrolled. Prospectively including an imaging study in a
larger therapeutic trial, however, ensured standardization of
18F-FDHT PET/CT imaging and response assessments using
RECIST 1.1. Lesions were not paired for AR status and 18F-FDHT
uptake assessment because the parent therapeutic trial allowed
archival tissue specimens. Although metastases represented most
archival tissue specimens (n5 7), they still may not have been from
the same site or organ. Additional limitations are the use of different
PET/CT scanners and randomization of 1 participant to the higher
GTx-024 dose level. Finally, not including 18F-FDG PET/CT, in
addition to or instead of standard imaging (i.e., CT and bone scans),
to identify the metabolically active tumor burden in following for
disease response in a new therapeutic trial remains a challenge. We
believe that the inclusion of noninvasive whole-body functional
imaging combining a metabolic tracer such as 18F-FDG and a spe-
cific hormonal targeting agent such as 18F-FDHT should be

encouraged in this patient population since
it could improve tumor characterization,
assess tumor heterogeneity, guide biopsy,
and help with decision making and evalua-
tion of therapeutic response while also help-
ing validate the specific investigational
radiotracer.

CONCLUSION

Our data suggest that 18F-FDHT PET/
CT may be a useful imaging biomarker
for evaluating the response of MBC to
SARM therapy and other AR-expressing
malignancies and reiterate the feasibility
of including molecular imaging in multi-
disciplinary therapeutic trials. Establish-
ing the repeatability and reproducibility
of quantitating 18F-FDHT uptake in
breast cancer and thresholds for predict-
ing response is a required next step to
establish 18F-FDHT PET/CT as a nonin-
vasive molecular imaging biomarker.
This step may be challenging, given the
underlying tumor heterogeneity seen in
hormonally driven breast cancer.
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FIGURE 5. (A, left-most panel: maximum-intensity-projection PET; 2nd panel: axial CT; 3rd panel: axial
PET; 4th panel: axial fused PET/CT) 18F-FDHT–avid AR1 tumor at baseline (top row, arrow [SUVmax, 4.9])
anddecline in 18F-FDHTuptake6wkafter startingGTx-024 (bottom row, arrow). Best overall responsewas
stable disease 12 wk after starting therapy. (B, left-most panel: maximum-intensity-projection PET; 2nd
panel: axial CT; 3rd panel: axial PET; 4th panel: axial fused PET/CT) 18F-FDHT–avid AR1 tumor at baseline
(top row, lower arrow [SUVmax, 5.1]) and nodecline in 18F-FDHTuptake and increased tumor size 6wk after
startingGTx-024 (bottom row, arrows). Best overall responsewasPD12wkafter starting therapy.
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KEY POINTS

QUESTION: Does 18F-FDHT uptake on PET/CT in MBC correlate
with tumor AR status and predict the response to SARM therapy?

PERTINENT FINDINGS: In a prospective imaging substudy of 11
women with MBC receiving SARM therapy, we showed trends
toward larger declines in 18F-FDHT uptake after the start of ther-
apy with CB.

IMPLICATIONS FOR PATIENT CARE: With further validation in
well-designed clinical trials, 18F-FDHT PET/CT could be a valuable
tool to characterize tumors and direct strategies modulating AR
signaling in breast cancer and other AR1 malignancies.
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Cerenkov luminescence imaging (CLI) is a novel imaging technology
that might have the ability to assess surgical margins intraoperatively
during prostatectomy using 68Ga-prostate-specific membrane
antigen (68Ga-PSMA-11). This study evaluated the accuracy of CLI
compared with histopathology and, as an exploratory objective, inves-
tigated the characteristics of the identified chemiluminescence signal.
Methods: After intravenous injection of a mean 68Ga-PSMA-11 activ-
ity of 69MBq intraoperatively, all excised specimens were imaged
with CLI. Areas of increased signal were marked for histopathologic
comparison and scored for the likelihood of being a positive surgical
margin (PSM) using a 5-point Likert scale. In addition, the chemilumi-
nescence signal was investigated in 3 radioactive and 3 nonradioac-
tive specimens using CLI. Results: In 15 patients, the agreement
between CLI and histopathology was 60%; this improved to 83%
when including close surgical margins (#1mm). In 6 hot spots, CLI
correctly identified PSMs on histopathology, located at the apex and
mid prostate. In all 15 patients, an increased signal at the prostate
base was observed, without the presence of the primary tumor in this
area in 8 patients. This chemiluminescence signal was also observed
in nonradioactive prostate specimens, with a half-life of 48611min.
The chemiluminescence hampered the visual interpretation of 4 PSMs
at the base.Conclusion: CLI was able to correctly identify margin sta-
tus, including close margins, in 83% of the cases. The presence of a
diathermy-induced chemiluminescent signal hampered image inter-
pretation, especially at the base of the prostate. In the current form,
CLI is most applicable to detect PSMs and close margins in the apex
andmid prostate.

Key Words: Cerenkov luminescence imaging; prostate cancer;
68Ga-PSMA; intraoperative assessment; surgicalmargins
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Positive surgical margins (PSMs) on histopathology occur in
11%–38% of the patients undergoing a radical prostatectomy
(1,2). These men have a higher risk of receiving adjuvant local
radiotherapy (1,3). Multiple intraoperative technologies for margin
assessment are being developed that aim to enable a radical exci-
sion (4). Of these, neurovascular structure-adjacent frozen-section

examination (NeuroSAFE) is currently the only method used for
clinical decision making with good diagnostic accuracy (sensitiv-
ity, 93.5%; specificity, 98.8%) (5), but the procedure is labor-
intensive, time-consuming, and costly and is prone to sampling
errors and therefore used in only a few centers (6). In addition, a
study showed that 70% of the secondary resections due to a PSM
on NeuroSAFE did not contain tumor (7).
A recently introduced technology to aid intraoperative margin

assessment is Cerenkov luminescence imaging (CLI) (8–12).
Cerenkov radiation is induced when a charged particle travels
more quickly than the velocity of light in the tissue, thus polariz-
ing the tissue. When the locally polarized medium returns to its
ground state, Cerenkov photons are emitted (10). Tumor-specific
tracers, such as 68Ga-prostate-specific membrane antigen (68Ga-
PSMA-11), induce Cerenkov radiation, and the detected rays from
superficial layers can guide toward areas in which a PSM is highly
suspected. Recent studies on this application have already shown
its feasibility and safety (13,14).
During radical prostatectomy, electrosurgery (i.e., diathermy) is

used for cutting and coagulation of tissue. This technique uses
radiofrequency currents to increase the intracellular temperature,
which in turn can result in vaporization and blood clotting. A pre-
clinical study suggested that heat may induce chemiluminescence
with wavelengths of between 400 and 710 nm (15,16), which over-
lap with the Cerenkov spectrum (400–1,000 nm) (9). Thus, this
chemiluminescence might interfere with the CLI signal, indicating
a potential limitation (15,16). However, these studies were con-
ducted with animal tissue and used other thermal sources; thus,
the spectrum, half-life, and other features in human perfused tissue
after diathermy application are unknown.
In our prior study, the technical feasibility of 68Ga-PSMA-11

CLI for margin assessment was assessed in a small population
with prostate cancer (14). This consecutive study evaluated the
accuracy of CLI compared with histopathology in a larger popula-
tion and, as an explorative objective, investigated the characteris-
tics of the chemiluminescent signal observed on CLI.

MATERIALS AND METHODS

The present study was approved by the local Ethics Committee
(NL8256, https://www.trialregister.nl/), and all subjects gave written
informed consent. High-risk primary prostate cancer patients sched-
uled for robot-assisted radical prostatectomy were enrolled. The inclu-
sion criteria were biopsy-proven prostate cancer with a tumor lesion of
at least 1.5 cm on MRI and a PSMA-positive intraprostatic lesion on
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PSMA PET/CT (18F-DCFPyL or 68Ga-PSMA-11). The exclusion cri-
terion was the use of indocyanine green during surgery (not standard
of care), since this may influence CLI measurements. In all patients,
CLI was not used for surgical or histopathologic decision making.

Surgery and Intraoperative CLI
An intravenous injection of approximately 100MBq of 68Ga-

HBED-CC-PSMA (ABX GmbH) was given after docking the daVinci
surgical system. Immediately after prostatectomy, ex vivo Cerenkov
images of the prostate specimen were acquired with the LightPath sys-
tem (Lightpoint Medical Ltd.) using the following imaging parame-
ters: exposure time of 150 s, 8 3 8 pixel binning (pixel resolution,
938 mm), and no optical filter. A 550-nm short-pass filter was applied
when areas of increased signal (called hot spots) were visualized on
nonfiltered images.

Understanding the Characteristics of the
Chemiluminescent Signal
Effect of Urine Contamination on CLI. Since 68Ga-PSMA-11

undergoes renal clearance, we verified whether radioactive urine might
affect CLI by first imaging 3 specimens without rinsing of potential
blood and urine contamination. Subsequently, the specimens were
rinsed twice with 500mL of 0.9% NaCl and imaged again. The visual
and quantitative differences between the images were compared. In
the other patients, CLI was performed after rinsing the prostate once
with 500mL of 0.9% NaCl.
CLI and Flexible Autoradiography (FAR) of Nonradioactive

Prostate Specimens. The prostate specimens of 3 patients undergoing
prostatectomy without injection of 68Ga-PSMA-11 (the nonradioactive
specimens) were imaged with CLI to investigate the characteristics of
the chemiluminescence signal. On these images, multiple regions of
interest were drawn to quantify any chemiluminescence signal and the
reduction in this signal by applying a 550-nm short-pass filter (applica-
tion of 800-nm short-pass filter is shown in Supplemental Fig. 1; sup-
plemental materials are available at http://jnm.snmjournals.org). The
half-life of chemiluminescence was determined by consecutive imag-
ing over approximately 60min.

To investigate an alternative imaging method that is potentially less
susceptible to chemiluminescence than CLI, FAR was used on nonra-
dioactive specimens. A 12-mm flexible scintillating film (Lightpoint
Medical Ltd. and Scintacor Ltd.) was draped over the specimen, and
as a whole this was imaged within the LightPath system, thus obviat-
ing development of a scintillating film. The opaque nature of the scin-
tillator may block some of the chemiluminescent photons while
detecting the positrons emitted by 68Ga-PSMA-11 (17). The reduction
in chemiluminescent signal from photon absorption by the FAR was
assessed, as well as the half-life over an approximately 60-min mea-
surement period.
FAR on 68Ga-PSMA-11–Containing Prostate Specimens. In 3

CLI patients, FAR was used in addition to CLI imaging on 68Ga-
PSMA-11–containing prostate specimens. Images with and without a
550-nm short-pass filter were acquired to investigate the effect of FAR
on the signal originating from 68Ga-PSMA-11 uptake and in relation
to chemiluminescence.

Histopathology
After CLI acquisitions, the specimens were sent for standard histo-

pathologic examination by an experienced uropathologist. A PSM was
defined as cancer extending into the inked surface in accordance with
the guidelines (18). At the marked locations, the tumor–to–specimen
edge distance was measured.

Image Analysis
Images were quantified and processed in MATLAB, version

R2017b (The MathWorks), as previously described (14). The mean

radiance (photons/s/cm2/steradian) was measured in areas showing hot
spots (suspected tumor) and in areas with no increased signal (tissue
background), and the signal-to-tissue background ratios (SBRs) were
calculated. Hot spots were defined as all signals higher than 3 times
the SD of the empty background (19). Visual interpretation of all
images was performed postoperatively by 2 independent readers. To
assess the likelihood that such a hot spot was actually a PSM, all hot
spots were scored using a 5-point Likert scale (LS) (1 being most
likely a negative surgical margin [NSM] and 5 being most likely a
PSM). Features used to interpret hot spots were knowledge of the
tumor location on PSMA PET/CT, size of the hot spot (required size
$ 1mm due to 8 3 8 binning), intensity above the tissue background
level, and use of diathermy. Observers were masked to each other’s
scores and to histopathology findings; any disagreement was settled
by consensus. A score on the LS of 4 or 5 was considered PSM in fur-
ther analysis; 1–3 was considered NSM. The extent of the PSMs was
measured on CLI images (longest axis) and compared with the extent
measured on histopathology. Agreement between the margin status on
histopathology and on CLI was assessed in 3 areas of the prostate:
base (top 1 cm), mid gland, and apex (bottom 1 cm). Agreement was
calculated with and without additional scoring (using the LS) and with
and without inclusion of a close surgical margin (CSM, #1-mm
tumor–to–specimen edge distance).

RESULTS

Intraoperative CLI Radioactive Specimens
In this study, 17 patients were included. One patient had to be

excluded because of an unsuccessful 68Ga-PSMA-11 labeling on
the day of the surgery, and another was excluded because of
the use of indocyanine green, leaving 15 patients in the analysis.
The mean injected activity (6SD) was 696 27MBq (range,
23–121MBq), with an average of 706 15min (range, 44–105min)
between injection and CLI acquisition. The patient and procedure
characteristics can be found in Table 1.
Figure 1 displays examples of CLI images showing hot spots

identified as PSM, NSM, or CSM on histopathology. The overall
agreement between CLI (hot spot) and histopathology with respect
to the margin status (PSM or NSM) was 31% without further Lik-
ert scoring by users (Fig. 2; Supplemental Table 1). This overall
agreement improved to 59% when margins of 1mm or less (CSM)
on histopathology were also classified as positive. CLI and histo-
pathology were discordant mainly at the prostate base.
Additionally, all hot spots on CLI were interpreted using the

5-point LS by the independent users. Disagreement between read-
ers occurred in 8 hot spots, and concordance was reached by con-
sensus. In all these cases, the disagreement concerned 4 versus 5,
or 1 versus 2–3. With the addition of the LS, overall agreement
between CLI and histopathology was 60%, which improved to
83% with inclusion of CSM. Ten hot spots were identified as his-
topathologically confirmed PSMs (Table 2); 6 were at the apex or
mid prostate, with an LS of at least 4 (true-positive), and 4 were at
the base, with an LS of 3 (false-negative). There were no proven
PSMs that did not show a signal on CLI. The extent of PSMs mea-
sured on CLI and histopathology differed by less than 1mm in 5
of 10 instances (Table 2).
The average SBR was 7.16 3.5 for PSM, 5.06 1.9 for CSM,

and 5.86 3.9 for NSM on a nonfiltered image (Fig. 3).
In all 15 patients, an intense signal was observed on CLI at the

prostate base (Fig. 3). In 8 of these patients, the tumor was not in
the base, as indicated on preoperative PET/CT. These findings
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indicate the presence of an additional chemiluminescence signal,
which may explain the high false-negative rate at the base.

Understanding the Characteristics of the
Chemiluminescent Signal
Effect of Urine Contamination on CLI. After rinsing once, the

chemiluminescence signal at the base was reduced to 93% of the
original CLI signal (Supplemental Fig. 2). After the second rins-
ing, the signal decreased to 88% compared with the unrinsed

prostate. The time between the rinsed and unrinsed images was,
respectively, 5 and 10min for the first and second rinsings.
CLI and FAR of Nonradioactive Prostate Specimens. The

chemiluminescent signal was also visible on CLI images from 3
nonradioactive specimens, primarily at the base (Fig. 4). This
observation underlines the hypothesis that chemiluminescence
does not originate from 68Ga-PSMA-11. The SBR of the chemilu-
minescence was 4.96 1.1 on the unfiltered image. The half-life
was 486 11min without an optical filter and 526 16min with the
550-nm filter. The application of a 550-nm short-pass filter
resulted in a reduction to 15% of the original chemiluminescence
signal, which was comparable to the CLI signal reduction by filter-
ing in radioactive specimens (18%). The application of FAR
reduced the chemiluminescent signal to 60% of the original CLI
image, both with and without 550-nm filtering (Fig. 5).
FAR on 68Ga-PSMA-11–Containing Prostate Specimens. FAR

of the radioactive specimens reduced the chemiluminescence to
70% at locations where diathermy was applied, whereas tumor
and tissue background signals were amplified by FAR to, on aver-
age, 3.2 times the original signal (Fig. 5; Supplemental Fig. 3).

DISCUSSION

The primary aim of the current study was to assess the concor-
dance in margin status between intraoperative CLI and postopera-
tive histopathology. This study showed that agreement between
CLI and histopathology ranged from 31% to 83% depending on
definition of PSM and addition of image interpretation by LS. The
explorative aim of the study was to characterize the observed
chemiluminescence. This signal was found to be unrelated to
68Ga-PSMA-11, to have a mean SBR of 4.96 1.1, and to have a

TABLE 1
Patient Demographics, TNM Classification, Tumor Characteristics, TBR on Preoperative PET/CT Scan, and Information

Regarding CLI Imaging

Patient
no.

Age
(y)

Preoperative
TNM

Postoperative
TNM

PSA
(mg/L)

Gleason score,
preoperative

biopsy

TBR on
PSMA
PET

Intraoperative
injected
activity
(MBq)

Time between
injection and
CLI imaging

(h:min)

Estimated* activity
in prostate at
start of CLI

imaging (kBq)

1 67 cT3bN0M0 pT3aN0R1 29.9 41 458 4.9 118.0 01:35 111

2 71 cT2bN0M0 pT3aN0R1 4.4 41 458 8.1 68.4 01:04 93

3 58 cT1cN0M0 pT2cN0R0 5.3 41 458 1.8 88.1 01:25 26

4 73 cT3bN1M0 pT3bN1R0 8.3 41 559 8.9 75.6 00:59 92

5 66 cT3bN0M0 pT3bN0R0 2.7 41 458 2.1 96.7 01:00 52

6 63 cT2aN0M0 pT2N0R0 6.4 41 559 3.8 64.6 01:02 37

7 55 cT2cN0M0 pT3aN1R0 9.3 41 458 3.7 62.1 01:14 61

8 48 cT3bN1M0 pT3bN1R1 4.4 41 559 4.4 23.4 01:05 48

9 73 cT2cN0M0 PT3aN0R0 5.6 41 357 2.7 44.7 00:44 26

10 69 cT3aN0M0 pT3aN0R1 65 41 559 2.4 47.9 00:56 151

11 72 cT2bN0M0 pT3bN1R0 8.7 41 458 2.8 47.6 01:05 42

12 76 cT1cN0M0 pT2N0R1 9.2 31 457 2.5 65.4 01:02 69

13 65 cT2cN0M0 pT3aN0R1 5.1 41 357 1.7 121.1 01:26 8

14 67 cT2bN0M0 pT3bN0R1 18.6 41 559 3.7 37.4 01:14 14

15 74 cT1cN0M0 pT2cN0R0 7.9 41 458 3.5 70.2 01:45 33

*Based on uptake on preoperative PET imaging (uptake in prostate as percentage injected activity).
PSA5prostate-specific antigen; TBR5 tumor-to-background ratio.

FIGURE 1. Examples of PET/CT and CLI images from 4 patients:
maximum-intensity projections (MIPs) of preoperative PSMA PET, trans-
versal PET/CT images at height of primary tumor, and CLI images of
excised prostate specimens without optical filter. Arrows locate hot-spot
areas; green, PSM; blue, NSM; and pink, CSM with tumor # 1 mm from
margin, according to pathologist. Corresponding tumor–to–specimen
edge distances on histopathology are noted below images.
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half-life of 486 11min. This chemiluminescence indeed proved
clinically relevant as it hampered easy identification of 4 of 10
PSMs on CLI, all 4 located at the base.
When the histopathologic PSM definition is considered as tumor

on ink, the false-positive rate found in the current study can be
considered high, with 24 of 30 hot spots (LS $ 4) not having a
PSM on histopathology (agreement, 31%). Comparable false-
positive rates were also described by Darr et al., though their
workflow and CLI protocol were slightly different (13). Several
explanations for these false-positives findings can be considered.
First, in 19 false-positives, the tumor–to–specimen edge distance
was within 1mm on histopathology. Because of the average posi-
tron range of 2.8mm for 68Ga (20), the CLI technique has inherent
difficulties in the detection of PSMs defined as tumor on ink. If
instead of tumor on ink a PSM is defined as a margin of 1mm or
less, agreement between CLI and histopathology increases to 83%.
The clinical relevance of a CSM is a matter of debate; some argue

that compared with an NSM, a CSM
results in a higher rate of biochemical
recurrence, though it is not an indepen-
dent predictor (21). A CSM was found
to have a role in biochemical recurrence
by Izard et al. as well, though those
investigators defined a CSM as being
less than 0.1mm (22). CLI might have
added value in guiding surgeons toward
areas with an increased risk on PSMs
and CSMs. The positron range might
also influence the correlation between the
extent of the PSM on CLI and histopa-
thology; in 5 of 10 PSMs, the deviation
between the extent on CLI and histopa-
thology was more than 1mm (Table 2).
This difference can also be caused by
shrinkage of the specimen during fixation
and histopathologic processing. Still, it is
worth further exploring, as the extent of
a PSM is an important prognostic factor
(23).
Second, the presence of the chemilu-

minescence signal also contributed to the
false-positive findings, especially in the base. In all included
patients, chemiluminescence was visible in the base in varying
degrees, even when the primary tumor was not located there,
and it was observed in nonradioactive specimens as well. The
latter proved that this signal does not originate from 68Ga-
PSMA-11. Extensive rinsing with sodium chloride did not make
the signal disappear, thus eliminating the effect of radioactive
urine and blood contamination, as was initially suggested by
Darr et al. (13). Our hypothesis is that this signal is chemilumi-
nescence, caused by the use of diathermy. The sudden heat from
electrosurgery is known to result in the production of reactive
oxygen species (24). After a cascade of reactions, decomposition
of the molecule occurs, resulting in emission of optical photons.
These photons partially overlap with the Cerenkov spectrum
(9,13,14). In our institute, diathermy is performed mainly when
separating the prostate from the bladder, though it is also used in
other areas. Therefore, chemiluminescence is most prevalent at

FIGURE 2. Agreement between CLI and histopathology in all patients divided into 3 regions of
prostate. (A) Agreement between CLI hot spot (yes or no) and histopathology (PSM or NSM), exclud-
ing CSM. (B) Agreement including CSM (#1 mm). (C) Agreement when adding LS to CLI hot spot.
(D) Agreement with LS, including CSM. Overall agreement is noted below circles. Excl. 5 excluding;
incl.5 including.

TABLE 2
Overview of Histopathology and CLI Results from 10 Histopathologic PSMs

Patient no.
Location of PSM on

histopathology LS
SBR on
CLI

Gleason score
at PSM

Extent of PSM on
histopathology (mm)

Extent of PSM
on CLI (mm)

1 Apex right 5 13.2 8 3 6.9

2 Apex left 5 5.9 8 4 4.3

8 Base central 3 7.1 10 14 14

Base left 3 6.1 10 14 12

Apex right 5 8.7 10 15 12

Base right 3 6.1 9 10 9.6

10 Base central 3 5.1 8 9.0 6.7

12 Apex posterior/mid prostate 5 2.8 3 1 4 5 7 6.0 6.5

13 Apex left 5 2.9 8 1.0 1.4

14 Apex posterior/mid prostate 5 12.3 10 2.0 12.0
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the base, explaining why the correspondence between CLI (hot
spot, yes or no) and histopathology was only 20% (Fig. 2).
Despite the fact that the addition of image interpretation with an
LS improved agreement, 4 PSMs at the base were false-negative
on CLI with an LS of 3 (Fig. 3C). To facilitate better

detectability of PSMs, the need for a method to distinguish
between Cerenkov and the diathermy-induced chemilumines-
cence is eminent.
The mean SBR of the chemiluminescent signal and the mean

number of PSM-suspected hot spots on unfiltered images were com-
parable: 4.96 1.1 and 5.36 2.3, respectively (Fig. 3). In 550-nm fil-
tered images, the SBR of the PSM was larger, at 9.96 5.5, than the
chemiluminescent signal, at 4.26 0.3, though they still overlapped.
Next, filtered images are more susceptible to noise, resulting in high
SBRs. A study by Spinelli found a heat-induced chemiluminescent
half-life of 4–6min in chicken breast tissue (15), suggesting a poten-
tial distinction between Cerenkov and chemiluminescence based on
half-life. However, the half-lives of the 2 signals in prostatic tissue
had a large overlap; chemiluminescence half-life was 486 11min,
compared with 68min for 68Ga. The discrepancy in chemilumines-
cence half-life compared with the findings of Spinelli may be
explained by the differences in tissue composition and methods used
to induce thermal damage. A focused ultrasound transducer (60 W)
was used by Spinelli, whereas in our institution a monopolar dia-
thermy device (Intuitive) at 40 W was used.
Another solution may be to look for alternative forms of

monopolar diathermy that have a lower wattage resulting in
less thermal induction and spread (25,26), such as the PEAK
PlasmaBlade (Medtronic). Next, a theoretic method to reduce
the presence of free radicals in tissue, thereby preventing lipid
peroxidation, might be the use of antioxidants such as vitamin
C or E (27), or the influence of rapid cooling might be investi-
gated. Whether these solutions are viable requires further
investigation, and for clinical use it is of key importance that
they not interfere with the surgical outcome or histopathologic
evaluation of the specimens.
FAR, an opaque film that largely blocks optical photons while

allowing positrons to be detected directly, was used to investigate
whether such blocking is less susceptible to chemiluminescence as
CLI. The signal originating from 68Ga-PSMA-11–containing areas

(tumor and benign) were enhanced
approximately 3.2 times, compared with
these areas on CLI (Fig. 5; Supplemental
Fig. 3), whereas chemiluminescence was
reduced to 70%. Although this technique
might help to distinguish between 68Ga-
PSMA-11 and chemiluminescence, there
are some practical drawbacks to con-
sider. First, because the FAR obscures
the white-light image, anatomic and spa-
tial information about the specimen is
absent. Second, accurate positioning of
the FAR onto the specimen proved chal-
lenging, and more work is needed to
improve ease of use. Third, the FAR
does not block all optical photons origi-
nating from the chemiluminescence (Fig.
5). Finally, contamination of the scintil-
lator might lead to false-positive hot
spots (Fig. 5).

Future Perspectives on CLI
The current histopathologic definition

of a PSM, being tumor on ink, is a
requirement that currently cannot be met
with 68Ga-PSMA CLI. Therefore,

FIGURE 3. CLI images from prostate base in 68Ga-PSMA-11 patients
and bar chart showing SBR of CLI and chemiluminescence. (A and B)
Unfiltered images of chemiluminescence at base. (D and E) Correspond-
ing 550-nm short-pass filtered images. (C and F) Base of patient 8, who
had multiple PSMs at base (arrows). These images show that visual dis-
tinction between chemiluminescence and actual PSMs is difficult. (G) Bar
chart displaying SBR of chemiluminescence in nonradioactive specimens
and that of PSM, NSM, and CSM in patient nonfiltered and filtered
images. Average SBR is derived from all patient data, in which lesions on
all sides of prostate were included. Note difference in scaling.

FIGURE 4. Sequential imaging of nonradioactive prostate specimens to determine effect of time
on intensity of chemiluminescence signal. Same scaling is used in all images. Graph displays half-life
of chemiluminescence in 3 nonradioactive specimens on filtered and nonfiltered images and of 68Ga.
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instead of using CLI as a stand-alone technology, our group pro-
poses using CLI as a screening tool combined with NeuroSAFE.
By sending, for pathologic examination, only areas that show sug-
gestive hot spots on Cerenkov images instead of the entire neuro-
vascular bundle, the procedure may become far more efficient
(Supplemental Fig. 4); 60%–75% of PSMs occur at the apex or
posterolateral side of the prostate (23,28), whereas chemilumines-
cence occurs especially at the base. When diathermy is used in
other prostate areas, surgeons are able to identify these locations
visually. Therefore, inclusion of this knowledge during image
interpretation may further improve the accuracy of CLI for com-
bined use with NeuroSAFE.

CONCLUSION

CLI of 68Ga-PSMA-11 can be used for margin assessment
during prostatectomy. In the current study, agreement between
CLI and histopathology was 31%–83% for the entire prostate,
depending on the definition of PSM and application of image
interpretation using the LS. The best identification of margin sta-
tus was achieved for cancer infiltrating the outer 1 mm of the
specimen on histopathology. The presence of chemiluminescence
from diathermy, especially profound in the basal area, hampers
accurate image interpretation of CLI. Therefore, 68Ga-PSMA-11
CLI is most applicable to the detection of CSMs and PSMs in
the apex and posterolateral side.
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KEY POINTS

QUESTION: Can CLI be used to detect
PSMs intraoperatively in prostate cancer
surgery?

PERTINENT FINDINGS: In this clinical
trial of 15 patients, CLI was able to
detect PSMs and tumor close to the
surface (≤1mm). Still, the presence of
diathermy-induced chemiluminescence
hampers the application in its current
form.

IMPLICATIONS FOR PATIENT CARE:
CLI showed potential as an intraopera-
tive method to find tumors close to the
surface; however, the influence of a
chemiluminescent artifact on the CLI
images should be reduced before clini-
cal implementation.
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Alteredmetabolism is a hallmark of cancer. In addition to glucose, glu-
tamine isan importantnutrient forcellulargrowthandproliferation.Non-
invasive imaging via PET may help facilitate precision treatment of
cancer throughpatient selectionandmonitoringof treatment response.
L-[5-11C]-glutamine (11C-glutamine) is a PET tracer designed to study
glutamine uptake and metabolism. The aim of this first-in-human
study was to evaluate the radiologic safety and biodistribution of
11C-glutamine for oncologic PET imaging. Methods: Nine patients
with confirmedmetastatic colorectal cancer underwent PET/CT imag-
ing. Patients received 337.976 44.08 MBq of 11C-glutamine. Dynamic
PET acquisitions that were centered over the abdomen or thorax
were initiated simultaneously with intravenous tracer administration.
After the dynamic acquisition, a whole-body PET/CT scan was
acquired. Volume-of-interest analyses were performed to obtain esti-
matesoforgan-basedabsorbeddosesof radiation.Results: 11C-gluta-
mine was well tolerated in all patients, with no observed safety
concerns. The organs with the highest radiation exposure included
the bladder, pancreas, and liver. The estimated effective dose was
4.46E2036 7.67E204 mSv/MBq. Accumulation of 11C-glutamine
was elevated and visualized in lung, brain, bone, and liver metastases,
suggestingutility forcancer imaging.Conclusion:PETusing11C-gluta-
mineappearssafe forhumanuseandallowsnoninvasivevisualizationof
metastatic colon cancer lesions in multiple organs. Further studies are
needed to elucidate its potential for other cancers and for monitoring
response to treatment.

KeyWords: 11C-glutamine; metabolism; PET; colorectal cancer
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Altered metabolism has been shown to be important for cancer
cell growth and proliferation (1,2). Conventional metabolic imaging

has focused primarily on the role of glucose through PET imaging
with 18F-FDG. However, studies have demonstrated the importance
of additional metabolic pathways (2–8). This feature of cancer has
led to the development of metabolism-targeted imaging and thera-
peutic strategies focused on pathways other than glycolysis
(3–5,7–14). Noninvasive molecular imaging with novel PET tracers
is increasingly being deployed in clinical oncology. Targeting
tumor-specific pathways represents a promising approach for
improved PET imaging of tumors.
Glutamine represents an importantmetabolic substrate that is dys-

regulated in cancer (3–9,11–14). Glutamine metabolism allows for
energy production via adenosine triphosphate, anaplerosis through
the tricarboxylic acid cycle, defense against oxidative stress via glu-
tathione, and biosynthesis of other amino acids and nucleotides
(3–9,12). In oncology, glutamine is transported into cells primarily
by ASCT2, the sodium-dependent neutral amino acid transporter
encoded by SLC1A5. ASCT2 is overexpressed in several cancer
types (12–14), and this characteristic has been linked to poor
survival (13). Imaging of glutamine could be complementary to
18F-FDG imaging by identifying tumors that either are 18F-
FDG–negative or are in locations with high background 18F-FDG
uptake (7). In addition, glutamine imaging could provide further
information about the cancer’s underlying biology. Finally, it could
serve as a tool for new therapies targeting glutamine metabolism
(15,16).
Syntheses of both 18F- and 11C-labeled glutamine have been

reported (17–27). 18F-glutamine has been studied preclinically
(28–39) and clinically (31,36,40–43). However, the distribution
and metabolism of 18F-glutamine differ from those of the
naturally occurring substrate, and 18F-glutamine is prone to defluori-
nation in vivo (28,31,40). L-[5-11C]-glutamine (11C-glutamine) is
chemically and biologically identical to physiologic glutamine.
Cells that avidly take up glutamine will also avidly take up 11C-glu-
tamine, thereby providing a direct marker of glutamine transport
and the first step of glutaminolysis. 11C-glutamine has been
studied in preclinical mouse models (21) but to date has not
been studied in humans. Here, we report the first-in-human
studies using 11C-glutamine in a clinical trial of patients with colo-
rectal cancer.
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MATERIALS AND METHODS

Patients
Patients were prospectively enrolled in a clinical trial conducted at

Vanderbilt UniversityMedical Center (VUMC, ClinicalTrials.gov iden-
tifier NCT03263429) and underwent baseline (pretreatment) PET/CT
imaging. The trial was approved by VUMC’s Institutional Review
Board and all subjects provided written informed consent before partic-
ipating in the study. The study was conducted in accordance with the
Helsinki Declaration and the Health Insurance Portability and Account-
ability Act. All patients were at least 18 y old, had a histologically or
cytologically confirmed diagnosis of metastatic wild-type KRAS colo-
rectal cancer, and had received prior antiepidermal growth factor recep-
tor therapy. In addition, patients had undergone baseline evaluation of
disease status by CT or MRI and had at least 1 measurable lesion as
defined by RECIST 1.1.

11C-Glutamine Production
11C-glutamine was synthesized by the VUMC Radiochemistry Core

as previously described (27) under current good-manufacturing-practice
conditions with approval from the VUMC Radioactive Drug Research
Committee. 11C-glutamine met all U.S. Pharmacopeia chapter 823
requirements for a sterile, injectable PET radiopharmaceutical. Quality
control included analysis of radiochemical and chemical purities, resid-
ual solvent content, endotoxin content, pH, filter integrity, radionuclidic
purity, and appearance. Sterility testingwas performed after release. The
production method yields mass levels below 800mg, which falls several
orders of magnitude below reported safe dose levels (44–46). Molar
activity was not measured given that these mass levels fall below the
detection limit of the instrumentation.

Imaging Protocol
Images were acquired using a Philips Vereos PET/CT scanner with

patients lying supine. A dynamic imaging protocol was conducted before
a whole-body protocol. Patients were asked to fast for at least 6 h before
tracer injection, and blood glucose levels were tested before administra-
tion of radioactivity. The PET acquisition was initiated simultaneously
with intravenous injection of 11C-glutamine over 30 s. The mean admin-
istered activity (6SD) was 337.976 44.08 MBq (range, 232.36–386.98
MBq). Dynamic emission images were acquired over the tumor region of
interest using six 1-min scans, six 2-min scans, six 5-min scans, and one
10-min scan, for a total duration of 58 min, as tolerated by the patient. A
whole-body (vertex of skull to mid thighs) PET scan was then acquired
using 9 bed positions, at 2 min per bed position, for a total scan time of
about 18 min. Before and accompanying each PET image exam, a brief
low-energy, whole-body transmission CT scan without contrast medium
(120 kVp, 25 mAs, and 4.0-mm slice thickness) was acquired for attenu-
ation correction and anatomic localization. PET images were recon-
structed using iterative ordered-subset expectation maximization (15
subsets, 3 iterations), with all corrections applied. The reconstructed
PET images had a 4-mmslice thickness and a 1693 169 transaxialmatrix
with 4-mm pixel spacing. Patients were monitored during and for 24 h
after the PET scan for any reactions or adverse events. Side effects and
reactions were graded per the CommonTerminologyCriteria for Adverse
Events, version 4.03. There were no adverse or clinically detectable phar-
macologic effects in any of the 9 subjects.

Image Analysis
Maximum-intensity-projection and PET/CT images were viewed

using OsiriX (Pixmeo). Regions of interest were drawn over lesions,
normal liver, and the left ventricular blood pool. The ratios of the max-
imum value in the lesion to the average value in the blood pool from
whole-body images were documented for each lesion for the patients
shown in the figures. The ratios of the maximum value in the lesion
to the average value in the normal liver from whole-body images

are given for the liver lesions shown in the figures. A volume-of-inter-
est (VOI) analysis was performed for both the dynamic and the whole-
body imaging protocols using the Inveon Research Workplace, version
4.2 (Siemens Medical Solutions USA). For analysis of the dynamic
PET images, VOIs were drawn over the organs that were within the
dynamic PET protocol’s field of view, which consisted of 1 bed posi-
tion and spanned either the lungs or the abdomen. The mean activity
concentration (Bq/mL) in each VOI was decay-corrected to the begin-
ning of the study to generate time–activity curves over the duration of
the scan. Those patients whose abdomen was within the PET field of
view during the dynamic PET protocol were suitable for radiation
dosimetry estimation. For the whole-body imaging protocol, VOIs
were drawn over organs throughout the entire body. The mean concen-
tration (Bq/mL) and SUV using the patient’s body weight were calcu-
lated for each VOI.

FIGURE1. Whole-body biodistribution of 11C-glutamine uptake in normal
tissues. Activity concentration (Bq/mL) is plotted for 1 h after injection.

TABLE 1
Cumulative Activity of 11C-Glutamine in Organs of Interest for

Each Patient

Organ Patient 1 Patient 2 Patient 3

Adrenals 0.00026 0.00016 0.00010

Small intestine 0.00679 0.00493 0.00389

Stomach 0.00256 0.00078 0.00155

Heart 0.00582 0.00424 0.00355

Right kidney 0.00316 0.00427 0.00199

Left kidney 0.00317 0.00372 0.00195

Liver 0.09487 0.06391 0.07328

Pancreas 0.00421 0.00374 0.00302

Bone marrow 0.02184 0.02638 0.01318

Bladder 0.00905 0.01345 0.00856

Total 0.15175 0.12557 0.11106

Remainder 0.33788 0.36405 0.37857

Data are in Bq-h/Bq.
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Patient-to-Phantom Data Conversion
To convert patient %ID/g (½%ID=g�patient) values to phantom whole-

organ %ID/organ (½%ID=organ�phantom) for use in estimating whole-
organ cumulative activities, Equation 1 was used:

½%ID=organ�phantom ¼ ½%ID=g�patient �TBMpatient � OMphantom

TBMphantom
, Eq. 1

where TBMpatient is the total-body mass of the patient, OMphantom is
the phantom organ mass (from the OLINDA organ mass listing
(47,48) and Reference Man (49)), and TBMphantom is the phantom
total-body mass (adult male, 74kg; adult female, 57kg). This
approach assumes that the concentration of activity in a tissue rela-
tive to the overall concentration in the whole body is preservedwhen
translating from patient to phantom.

Cumulative Activity Calculation
Cumulative activity for each organ was calculated from the biokinetic

curves of the dynamic PET scans by first multiplying each point by
e2lphys t, where lphys is the decay constant for 11C, 2.04 h21, and t is
the postinjection time of the data point. Piecewise numeric integration
using the trapezoidal method was applied to calculate the cumulative

activity for each organ. The cumulative activity from t50, t0, to the final
time point, tf , ~At0 !tf (Bq-h), was calculated by numerically integrating
the tissue radioactivity using the trapezoidal rule in Equation 2:

~At0 !tf ¼
ð tf

t0

AðtÞ �
Xtf21

i¼t0

ðtiþ12tiÞ Aðtiþ1Þ þAðtiÞ
2

� �
: Eq. 2

The cumulative activity from the time of the final scan time point, tf ,
to infinity, t1, ~Atf !t1 (Bq-h), was calculated by dividing the activity
after the final scan, A(tf), by the physical decay constant, lphys:

~Atf !t1 ¼
ð t1

tf

AðtÞ ¼
ð t1

tf

expð2lphystÞ ¼Aðtf Þ=lphys: Eq. 3

The total cumulative activity, ~At0 !t1 (Bq-h), was then calculated by
summing ~At0 !tf and ~Atf !t1 :

~At0 !t1 ¼ ~At0 !tf þ ~Atf !t1 : Eq. 4

The number of decays per injected activity (Bq-h/Bq) was computed
for each organ by dividing the cumulative activity by the injected activity
(Bq). Furthermore, the number of decays per injected activity for the
remainder was computed by subtracting the sum of organ cumulative

TABLE 2
Dosimetry Estimates for Adults Based on Dynamic PET Imaging with 11C-Glutamine

(mGy/MBq) Patient 1 Patient 2 Patient 3 Mean SD COV (%)

Adrenals 7.51E203 5.53E203 3.61E203 5.55E203 1.95E203 35%

Brain 2.47E203 2.66E203 2.13E203 2.42E203 2.69E204 11%

Breasts 2.59E203 2.67E203 2.15E203 2.47E203 2.80E204 11%

Gallbladder wall 5.44E203 4.81E203 4.17E203 4.81E203 6.35E204 13%

Lower large intestine wall 3.42E203 3.69E203 2.83E203 3.31E203 4.40E204 13%

Small intestine 5.60E203 5.08E203 2.99E203 4.56E203 1.38E203 30%

Stomach wall 5.01E203 3.94E203 2.93E203 3.96E203 1.04E203 26%

Upper large intestine wall 3.89E203 3.87E203 3.04E203 3.60E203 4.85E204 13%

Heart wall 5.57E203 4.94E203 3.90E203 4.80E203 8.43E204 18%

Kidneys 8.27E203 9.65E203 5.14E203 7.69E203 2.31E203 30%

Liver 2.21E202 1.53E202 1.31E202 1.68E202 4.69E203 28%

Lungs 3.41E203 3.37E203 2.67E203 3.15E203 4.16E204 13%

Muscle 2.93E203 3.06E203 2.47E203 2.82E203 3.10E204 11%

Ovaries 3.53E203 3.76E203 2.93E203 3.41E203 4.29E204 13%

Pancreas 1.53E202 1.35E202 1.01E202 1.30E202 2.64E203 20%

Red marrow 4.65E203 5.16E203 3.58E203 4.46E203 8.06E204 18%

Osteogenic cells 6.06E203 6.67E203 4.29E203 5.67E203 1.24E203 22%

Skin 2.32E203 2.45E203 1.99E203 2.25E203 2.37E204 11%

Spleen 3.45E203 3.54E203 2.76E203 3.25E203 4.27E204 13%

Testes NA NA 2.36E203 2.36E203 NA NA

Thymus 3.06E203 3.16E203 2.52E203 2.91E203 3.44E204 12%

Thyroid 2.62E203 2.81E203 2.41E203 2.61E203 2.00E204 8%

Urinary bladder wall 1.09E202 1.51E202 8.26E203 1.14E202 3.45E203 30%

Uterus 3.63E203 3.93E203 3.06E203 3.54E203 4.42E204 12%

Total body 3.61E203 3.58E203 2.83E203 3.34E203 4.42E204 13%

Effective dose equivalent (mSv/MBq) 6.34E203 6.20E203 4.46E203 5.67E203 1.05E203 18%

Effective dose (mSv/MBq) 4.96E203 4.85E203 3.58E203 4.46E203 7.67E204 17%

COV 5 coefficient of variation; NA 5 not applicable.
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activities from the total number of decays from 1 Bq of 11C, assuming
only physical decay.

~At0 !t1 remainder
¼ 1 Bq=lphys2

X
organs

~At0 !t1 : Eq. 5

Absorbed Dose Estimation
Given the residence times, OLINDA 1.1 (48) was used to estimate the

absorbed doses in adult phantoms. Absorbed dose per injected activity
(mGy/MBq) was estimated for all organs of interest. The decays in the
bladder were assumed to equal the decay-corrected whole-body fraction
of injected activity in the bladder for the whole-body PET scan multi-
plied by t, where t 5 1 Bq/lphys, 0.49 h

RESULTS

Safety and Biodistribution
Baseline 11C-glutamine imaging data from 9 patients were evalu-

ated. Therewere no signs of toxicity or observed adverse events after
injection of 11C-glutamine. Whole-body PET analysis in normal
organs included evaluation of uptake in the salivary glands, heart,
bladder, liver, spleen, kidneys, pancreas, stomach, small intestine,
lungs, muscle, fat, brain, bone marrow, testis, and adrenals (Fig. 1;
Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org). The highest signal was observed in
the bladder, as was expected because of excretion of the tracer.
High activity was also seen in the pancreas and liver. Examination
of the time–activity curves showed distinctive clearance profiles
for different organs (Supplemental Fig. 2). High initial activity
was seen in the kidneys (Supplemental Figs. 2A and 2B), spleen
(Supplemental Fig. 2C), and heart (Supplemental Fig. 2D), with
rapid clearance observed in all these organs. The liver showed a
gradual increase in activity up to 5–15 min, followed by a slow
washout (Supplemental Fig. 2E), whereas uptake in the pancreas
increased up to 11–13 min and then plateaued (Supplemental Fig.
2F). There was low intestinal uptake, with activity peaking rapidly
and then remaining stable up to the end of the dynamic scan (Supple-
mental Fig. 2G). Large variability was seen in the 11C-glutamine
time–activity curves for bone marrow in these patients (Supplemen-
tal Fig. 2H). There was variable uptake in the adrenals for

different patients, but all curves followed the same pattern (Supple-
mental Fig. 2I).

Estimated Absorbed Dose
The average number of decays per injected activity (Bq-h/Bq) for

each organ is provided in Table 1. Table 2 provides the average
absorbed dose per injected activity (mGy/MBq) for adults. The
mean effective dose for 11C-glutamine (6SD) was 4.46E2036
7.67E2 04 mSv/MBq. The organs with the highest doses were the
liver (1.68E2026 4.69E203 mGy/MBq), pancreas (1.30E2026
2.64E203 mGy/MBq), and bladder wall (1.14E2026 3.45E203
mGy/MBq). The only organ whose coefficient of variation was
greater than 30% was the adrenal glands, at 35%.

Uptake in Metastatic Lesions
Accumulation of 11C-glutamine exceeded the background level in

several lesions across subjects presenting with pulmonary metasta-
ses (Figs. 2A, 2B, 3C, and 3D; Supplemental Fig. 3D) and hepatic
metastases (Fig. 4C). Visualization of normal-organ accumulation
in the whole-body images of a representative patient illustrating
high uptake in the bladder, liver, and pancreas is shown in Figures
3A and 3B. 11C-glutamine uptake in hepatic lesions was often at
the periphery with a photopenic center, which existed on a high
background of normal accumulation (Figs. 4A–4C). Some liver
metastases and an adrenal mass were indistinguishable from back-
ground liver accumulation but could be imaged with an alternative
tracer of glutamine metabolism (Supplemental Figs. 3A–3C and 4)
(50,51). Skeletal metastases were also observed (Figs. 4A, 4B, and
4D). Interestingly, previously unidentified brain metastases were
seen in 2 patients (Fig. 2C) and were subsequently confirmed using
standard imaging (Fig. 2D). Glutamine-avid lesions typically exhib-
ited rapid postinjection accumulation, which either plateaued or
gradually decreased over time (Fig. 4E). Representative 11C-gluta-
mine tumor uptake values (lesion–to–blood pool ratios) are given
in Table 3.

FIGURE 2. 11C-glutamine tumor uptake in patient with metastatic colo-
rectal cancer. (A–C) Axial 11C-glutamine PET/CT images corresponding to
left lung metastasis (A), 2 right lung metastases (B), and brain metastasis
(C). Arrowheads point to lesions. Lesion-to-blood pool ratios from whole-
body scan were 2.64 (A), 2.22 (B, top arrow), 2.35 (B, bottom arrow), and
1.68 (C). (D) Contrast-enhanced MRI 6.5 wk after baseline PET imaging
and treatment. Lesion is indicated with arrowhead. MRI confirms presence
of brain lesion seen with 11C-glutamine PET.

FIGURE 3. 11C-glutamine biodistribution and tumor imaging in patient
with metastatic colorectal cancer. (A and B) Whole-body PET (A) and PET/
CT (B) images of 11C-glutamine showing normal-organ accumulation.
High uptake was seen in bladder, liver, and pancreas. (C and D) Axial 11C-
glutamine PET/CT fusion images corresponding to 2 lung nodules. Arrow-
heads point to lesions. Lesion–to–blood pool ratios from whole-body scan
were 2.17 (C) and 2.59 (D).
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DISCUSSION

The role of altered metabolism in cancer progression is increas-
ingly recognized (1,2). Altered glucose metabolism is a well-
known phenomenon, but recently there has been growing emphasis
on other pathways, including amino acid metabolism. As the most
abundant amino acid in the plasma, glutamine has been shown to
be vital to the growth and survival of certain cancers (3–9,11–14).
Thus, glutaminolysis has emerged as a novel therapeutic target
(3,4,7–9,11–14). However, methods to predict responders or moni-
tor response to these new therapies are lacking.Novel imagingmeth-
ods can be developed as biomarkers to meet this unmet need and aid
in the pursuit of precision approaches to oncology. Previous studies
have reported imaging with 11C-labeled glutamine in preclinical
models (21). Here, we present the clinical translation of this agent.
As part of this first-in-human study, we

evaluated the safety and biodistribution of
11C-glutamine in patients with metastatic
colorectal cancer. 11C-glutamine was found
to be safe, with no adverse side effects
observed at the dose used in this study.
Uptake of 11C-glutamine was highest in the
bladder, liver, and pancreas. High uptake
in the pancreas is consistent with previously
reported biodistribution studies in mice (21).
This uptake was attributed to the exocrine
function and high protein turnover within
the pancreas. Additionally, clearance pro-
files were comparable to those found in
mice, with the heart and kidneys demonstrat-
ing rapid uptake and clearance but the liver
showing a slower washout (21). Excretion
through the bladder was also observed pre-
clinically. The biodistribution pattern of
11C-glutamine is consistent with the human
biodistribution of another 11C-labeled amino
acid, L-[methyl-11C]methionine (52).
Use of 11C-glutamine has several poten-

tial advantages, including the opportunity
to leverage the short half-life of 11C to fol-
low other orthogonal metabolic pathways
through simple sequential imaging protocols
(51). Although certain technical advantages
are inherent to the fluorinated agent,
18F-(2S,4R)-4-fluoroglutamine, this tracer
and 11C-glutamine differ with respect to
metabolic fate. For example, accumulated
18F-(2S,4R)-4-fluoroglutamine remains as
the parent compound, with a small fraction
resulting from metabolites (28,31,34,40,43).
Only a percentage is incorporated into bio-
molecules (28,29,34,38,40). An aliphatic
fluoride-labeled analog, 18F-(2S,4R)-4-
fluoroglutamine is also prone to defluorina-
tion in vivo (28,31,37,38,40,43). In contrast,
11C-glutamine is metabolized to 11C-gluta-
mate and 11C-CO2 (53), as well as incor-
porated directly into biomolecules (21).
Generally, imaging with 11C-glutamine re-
ports on both uptake and downstreammetab-
olism, whereas uptake of 18F-(2S,4R)-4-

fluoroglutamine is likely more representative of glutamine transport
(34). Thus, while 11C-glutamine behaves identically to the naturally
occurring substrate, this characteristic also represents a potential lim-
itation of this tracer for PET imaging, as the signal detected will be
from all radioactively labeled molecules, including the parent ligand
and a range of metabolic intermediates.
The mean effective dose for 11C-glutamine (6SD) was 4.46E2

036 7.67E204 mSv/MBq. Although a full range of time points
across thewhole bodywere not collected in this study, our calculated
value is comparable to other reported effective doses for 11C-labeled
PET tracers (52,54–57). This effective dose is similar to those
reported for other 11C-labeled amino acid radiopharmaceuticals
(52,54,55) and a magnitude lower than dose estimates for 18F-
labeled radiopharmaceuticals found in the literature (50,58–62),

FIGURE 4. 11C-glutamine biodistribution and tumor imaging in patient with metastatic colorectal
cancer. (A and B) Whole-body PET (A) and PET/CT (B) images of 11C-glutamine showing normal-
organ accumulation and several metastases. High uptake was seen in bladder, liver, and pancreas.
(C and D) Axial 11C-glutamine PET/CT fusion images corresponding to liver metastasis (C) and left
humeral head metastasis (D). Arrowheads point to lesions. Lesion–to–blood pool ratios from whole-
body scan were 5.33 (C) and 4.02 (D). Lesion-to-liver ratio from whole-body scan was 1.66 (C).
Time–activity curves (E) for aorta, liver, liver lesions, and bone metastasis.
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due mainly to the short half-life of 11C. This value compares well
with the mean effective dose (5.9E2036 2.0E203 mSv/MBq)
reported in a review of 37 dose estimates for 11C-labeled PET tracers
(56) andwith the average effective dose (5.2E2036 1.7E203mSv/
MBq) from a recent review of 77 literature publications for a wide
range of 11C-labeled tracers (57). It is approximately one fourth
the average effective dose (2.05E2026 7.6E203mSv/MBq) found
from a review of 144 publications for a range of 18F-labeled tracers
(57). The effective dose estimate for 11C-glutamine is about 4-fold
less than that for 18F-(2S,4R)-4-fluoroglutamine (42). Because the
magnitudes of the SUVs of the 2 radiotracers are very similar
(40), the difference in dosimetry can be attributed mainly to the dif-
ference in physical half-lives.

11C-glutamine enabled the visualization of tumor lesions in var-
ious metastatic sites, including the liver, lungs, bones, and brain.
Consistent with these data, prior human studies with 18F-
(2S,4R)-4-fluoroglutamine also showed tracer uptake in brain,
bone, and lung metastases (40,41,43). Uptake of 18F-(2S,4R)-4-flu-
oroglutamine in normal liver was more intense than that in liver
lesions, with the tumor sites appearing as cold spots (41). This pat-
tern matches the uptake pattern we observed for many of the liver
lesions in our study using 11C-glutamine. In hepatic metastases,
normal-liver uptake can exceed tumor uptake, making it difficult
to define tumor lesions. This characteristic represents a potential
limitation of these tracers. A potential advantage of 11C-glutamine
could be in the detection of bone metastases, as these lesions could
be missed with 18F-(2S,4R)-4-fluoroglutamine because of normal
uptake of free 18F in the bone marrow through defluorination of
the tracer (41). 18F-(2S,4R)-4-fluoroglutamine enabled visualiza-
tion of breast cancer lymph node metastases as well (36,42).

The utility of 11C-glutamine in other cancer types was not evalu-
ated in this work and will be the focus of future studies. Not all
lesions identified in these patients were glutamine-avid. Thus,
11C-glutamine PET may inform each metastatic tumor’s underly-
ing metabolism and biology. This intrapatient tumoral heterogene-
ity emphasizes the need for a noninvasive means of diagnosis and
staging and points to the importance of using multiple orthogonal
approaches to studying cancer. Imaging with 11C-glutamine can
complement other imaging approaches, including 18F-FDG PET
and PET imaging with other tracers currently in development,
thus providing a more complete picture of the patient’s disease
and underlying biologic processes at individual metastatic sites.
The use of total-body PET scanners could also potentially result
in images with higher sensitivity for lesion detection and improved
estimation of kinetic parameters by enabling simultaneous
dynamic imaging of multiple organs or lesions (63–65). However,
these scanners are still under development and not yet widely
available.
One limitation of this study was the small sample size and evalu-

ationwithin a focused clinical context (metastatic colorectal cancer).
In addition, full quantitative analyses of tumor uptake were not per-
formed. Thus, the diagnostic utility of 11C-glutamine PET in colo-
rectal cancer remains to be determined and is an area for future
investigation. It is likely that other solid tumors may be effectively
imaged with this tracer, which may also provide insight into tumors
that may be sensitive to certain metabolically targeted therapies such
as inhibitors of glutaminase activity (16) or glutamine transport (15).
The utility of 11C-glutamine PET in imaging tumors beyond colorec-
tal cancer and in monitoring treatment response should be the focus
of future work.

TABLE 3
Quantification of 11C-Glutamine Uptake in Tumors

Patient no. Lesion location Lesion-to-blood pool ratio* Shown in…

1 Right posterior hepatic lobe 5.40 Supplemental Fig. 3A

Right adrenal 3.50 Supplemental Fig. 3C

Lung LUL 2.17 Fig. 3C

Liver segment 4A 5.11 Supplemental Fig. 3B

Lung RUL 2.59 Fig. 3D

Lung posterior LUL 1.93 Supplemental Fig. 3D

3 Bone T12 3.24 Not shown

Liver right lobe 5.33 Fig. 4C

Liver segment 4A 3.91 Not shown

Bone left humeral head 4.02 Fig. 4D

8 Lung RLL 1.65 Not shown

Lung LLL 2.54 Not shown

Lung LUL 2.64 Fig. 2A

Lung LUL 1.17 Not shown

Lung RUL 2.22 Fig. 2B (top)

Lung RLL 2.56 Not shown

Brain 1.68 Fig. 2C

Lung posterior RLL 2.35 Fig. 2B (bottom)

*Ratios of maximum value in lesion to average value in blood pool from whole-body images.
LUL 5 left upper lobe; RUL 5 right upper lobe; RLL 5 right lower lobe; LLL 5 left lower lobe.
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CONCLUSION

This clinical study demonstrated that 11C-glutamine is well toler-
ated in humans. PET imaging with 11C-glutamine is feasible, and
elevated uptake was seen in lesions of patients with metastatic colo-
rectal cancer. The estimated dosimetry is consistent with that of
other 11C-labeled tracers. Thus, further use of this tracer is war-
ranted. Larger clinical studies will provide additional information
and could demonstrate the utility of 11C-glutamine for imaging in
a variety of cancer types and formeasurement of treatment response.
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KEY POINTS

QUESTION: Is 11C-glutamine safe and suitable for PET imaging of
human cancer?

PERTINENT FINDINGS: In this study evaluating the safety and
biodistribution of 11C-glutamine and analyzing its ability to visualize
metastatic lesions in patients with colorectal cancer, 11C-glutamine
was well tolerated and showed increased uptake in tumors relative
to background.

IMPLICATIONS FOR PATIENT CARE: Imaging with 11C-glutamine
may advance precision medicine by enabling the characterization of
tumors noninvasively by PET and may serve as a predictive and
prognostic biomarker in future studies.
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The poly-(adenosine diphosphate-ribose) polymerase (PARP) family of
proteins participates in numerous functions, most notably the DNA
damage response. Cancer vulnerability to DNA damage has led to
development of several PARP inhibitors (PARPi). This class of drugs
has demonstrated therapeutic efficacy in ovarian, breast, and prostate
cancers, but with variable response. Consequently, clinics need to
select patients likely to benefit from these targeted therapies. In vivo
imaging of 18F-fluorthanatrace uptake has been shown to correspond
toPARP-1expressionin tissue.Thisstudycharacterizedthepharmaco-
kinetics of 18F-fluorthanatrace and tested kinetic and static models to
guide metric selection in future studies assessing 18F-fluorthanatrace
as a biomarker of response to PARPi therapy.Methods: Fourteen pro-
spectively enrolled ovarian cancer patients were injected with 18F-fluo-
rthanatrace and imaged dynamically for 60 min after injection followed
byup to2whole-bodyscans,with venousbloodactivity andmetabolite
measurements. SUVmax and SUVpeak were extracted from dynamic
images and whole-body scans. Kinetic parameter estimates and
SUVs were assessed for correlations with tissue PARP-1 immunofluo-
rescence (n5 7). Simulations of population kinetic parameters enabled
estimation ofmeasurement bias and precision in parameter estimates.
Results: 18F-fluorthanatrace blood clearancewas variable, but labeled
metabolite profiles were similar across patients, supporting use of a
population parent fraction curve. The total distribution volume from a
reversible 2-tissue-compartment model and Logan reference tissue
distributionvolumeratio (DVR) fromthefirst hourofPETacquisitioncor-
related with tumor PARP-1 expression by immunofluorescence (r 5
0.76and0.83, respectively;P,0.05).DVRbiasandprecisionestimates
were 6.4% and 29.1%, respectively. SUVmax and SUVpeak acquired
fromimageswithmidpointsof57.5,11063,and19964minhighlycor-
relatedwith PARP-1 expression (mean6SD, r$ 0.79;P, 0.05).Con-
clusion: Tumor SUVmax and SUVpeak at 55–60 min after injection and
later and DVR from at least 60 min appear to be robust noninvasive
measures of PARP-1 binding. 18F-fluorthanatrace uptake in ovarian
cancer was best described by models of reversible binding. However,
pharmacokinetic patterns of tracer uptake were somewhat variable,
especially at later time points.

KeyWords: PET; 18F-fluorthanatrace; PARP inhibitor; ovarian cancer;
radiotracer tissue pharmacokinetics
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Poly-adenosine diphosphate-ribose polymerase inhibitors
(PARPis) have demonstrated efficacy in a variety of cancers. Three
PARPis (olaparib, rucaparib, and niraparib) are currently approved
by the Food and Drug Administration for selected indications for
ovarian cancers, and one, talazoparib, is approved for women with
locally advanced or metastatic breast cancer with germline breast
cancer gene mutations. The PARPi olaparib was initially approved
in 2014 for advanced ovarian cancer patients with deleterious or sus-
pected deleterious germline breast cancer gene mutations after treat-
ment with 3 or more lines of chemotherapy. Since then, additional
indications have included patients with a response to platinum-
based chemotherapy, another marker for DNA repair defects (1).
However, PARPi efficacy for approved ovarian cancer indications
is variable, providing the impetus to develop noninvasive bio-
markers to measure the entire burden of disease and better guide
selection of targeted therapies containing PARPis (2). With this
goal, the PET radiotracer 18F-fluorthanatrace has been developed
as a noninvasive in vivo measure of PARP-1 expression (3,4).

18F-fluorthanatrace has been evaluated in preclinical models (3)
and cancer patients (4). The human ovarian cancer study of Mak-
vandi et al. demonstrated a correlation between static PET uptake
measures and PARP-1 expression in tissue as measured by immuno-
histochemistry and autoradiography (5). A wide range of 18F-fluo-
rthanatrace uptake was seen in ovarian cancer patients, from a
background voxel SUVmax of 2 to above 12 g/mL (5). Similar studies
are underway in other cancers, including breast (6), pancreatic, pros-
tate, and glioblastoma (2).
In this companion study, we analyzed the pharmacokinetics of

18F-fluorthanatrace PET uptake in 14 ovarian cancer patients by
expanding PET data from the single static PET scan reported in
Makvandi et al. (5) to include a 1-h dynamic acquisition and an
optional second static scan for up to 3 same-day PET scans per sub-
ject. Our results include 7 previously reported SUVs from the parent
study (5). Kinetic parameters derived from graphical and compart-
mental models were compared with tissue PARPi expression assays
to inform selection of imaging metrics and timing for PET image
acquisition. Computer simulations were used to study model
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behavior under typical conditions. Static SUVs and SUV–to–normal-
tissue ratios were compared with kinetic parameters to guide selection
of clinic-friendly imaging protocols.

MATERIALS AND METHODS

Clinical Trial
Women with known or suspected recurrent or metastatic epithelial

ovarian cancerwere enrolled and gavewritten informed consent for aUni-
versity of Pennsylvania Institutional ReviewBoard–approved prospective
clinical trial of 18F-fluorthanatrace PET/CT imaging (NCT02637934)
between January 2016 and January 2017 at the Hospital of the University
of Pennsylvania. The study protocol is described at clinicaltrials.gov. Sur-
gical or biopsy samples were analyzed for PARP-1 expression using
immunofluorescence assays. A detailed description of this clinical trial
and tissue analysis methods can be found in a previous publication by
Makvandi et al., including supplemental materials (5). Patients were sep-
arated into dynamic and dosimetry imaging cohorts.

Imaging Protocol
Synthesis of 18F-fluorthanatrace was described previously (3). PET/

CT imaging was performed on an Ingenuity TF scanner (Philips Health-
care) (7) over 1 field of view for 60 min after injection of 18F-fluorthana-
trace (387639MBq). Up to 2 whole-body scans were acquired,
beginning 90 and 180 min after injection. Dynamic PET acquisitions
were reconstructed (7) into 50 frames: 24 of 5-s duration, 6 of 10-s dura-
tion, 3 of 20-s duration, 2 of 30-s duration, 5 of 60-s duration, and 10 of
300-s duration.

Venous Blood Sampling and Analysis
Venous blood was sampled at approximately 2, 5, 10, 30, 60, and 240

min after injection to measure radiometabolites. Activity concentrations
in whole blood and plasma were counted using a WIZARD2 2480
g-counter (Perkin Elmer). Acetonitrile-treated plasma supernatant was
analyzed in a 1260 Infinity Series (Agilent Technologies) high-
performance liquid chromatology system using an Agilent ZORBAX
StableBond C18 column via a mobile phase of 51% methanol and
49% 0.1 M ammonium formate buffer. A sample radiochromatogram
is shown in Supplemental Figure 1 (supplemental materials are available
at http://jnm.snmjournals.org).

Image Analysis
PET images were processed using MIM, version 6.9 (MIM Software

Inc.), with spheric volumes of interest (VOIs) drawn around tumor and
background regions; a board-certified nuclear medicine physician veri-
fied placement. Time–activity curves for tumor SUVmax and SUVpeak

with and without partial-volume correction were used for kinetic analy-
sis. SUVpeak was automatically positioned as the 1-cm3 volume with the
greatest mean activity for each image frame (8). Partial-volume correc-
tion of SUVmeasures was performed as previously described (9), using
a normal-muscle background region. Image blood pool SUVpeak was
measured in the iliac artery for 10 patients with abdominal imaging or
in the descending aorta for 4 patients with thoracic imaging. Background
muscle activity was estimated using a 20-mm-diameter VOI in the glu-
teal or paraspinal musculature. Tumor–to–normal-muscle activity ratios
were calculated by dividing tumor activity by average background.
Whole-body scan data were added to dynamic data after correcting for
timing of the 2–3 bed positions covering a VOI.

Kinetic Analysis
Kinetic analysis of radiotracer uptake was performed using PMOD,

version 3.7 (PMOD Technologies Ltd.). Individual parent fraction
data were corrected for plasma protein binding, averaged between
patients, and fitted sigmoidally, creating a population 18F-fluorthana-
trace parent fraction function to correct blood inputs for labeled

metabolites. Tumor blood volume fractions were assumed to varywithin
0.01–0.40, with the upper bound being based on literature values for
malignant ovarian cancer (10) and the lower bound being a minimal
physiologically relevant value.

Image-extracted blood input curves were fitted to triexponential func-
tions and corrected for population-averaged plasma partitioning. The ini-
tial parameters and bounds were selected to encompass expected
parameter ranges (Supplemental Table 1). Compartmental models
were initially fit using data from the dynamic and both static scans.
For comparison, models were fit with the dynamic plus the first
whole-body scan, the 0- to 60-min dynamic dataset, and the truncated
0- to 30-min dataset. Reported results are from the 0- to 60-min dynamic
dataset unless stated otherwise.

Tumor kinetics were analyzed using reversible models of 18F-fluo-
rthanatrace binding: a 2-tissue-compartmentmodel with reversible bind-
ing (2CR) and a reversible graphical method. The graphical technique of
Logan et al. (11) was used to estimate the tumor distribution volume ratio
(DVR) without needing blood activity or metabolite measurements and
to compensate for possible low-level nonspecific uptake. Since the initial
equilibration time t* for the population was 40 min, this model was not
evaluated on 0- to 30-min data. The positive efflux rate term k92 for trans-
fer from muscle to plasma was averaged and used for all patients via a
multilinear reference tissue model (12).

Statistics
Comparisons between kinetic model complexity and effective-

ness were evaluated via a PMOD-calculated Akaike information
criterion (13).

Static tumor SUV, tumor–to–normal-muscle ratios, 2CR distribution
volume (VT), and Logan reference model DVR estimations were each
tested for a correlation with 7 PARP-1 tumor immunofluorescence val-
ues, using the immunofluorescence methods reported in the supplemen-
tal materials of Makvandi et al. (5).

The 2-tailed Pearson r was calculated in SPSS25 (IBM Armonk) and
used to assess correlations between tissue immunofluorescence and
imaging data; correlationswith aP value of at least 0.05were considered
significant against the null hypothesis of r5 0.

Kinetic Model Performance
Sensitivity curveswere calculated as percentage change inmodel out-

put corresponding to a 1% change in each parameter. The repeatability of
kinetic parameter estimationwas analyzed using simulated data based on
ranges of individual kinetic parameters via methods of Viswanath et al.
(14). Bias was averaged across each of 100 noise realizations, and aver-
aged across 200 runs. Precision for each run was calculated as the aver-
age SD across all noise realizations, divided by the true value.

RESULTS

Twenty women with recurrent or metastatic epithelial ovarian
cancer, and ranging in age from 21 to 70 y, were enrolled. A trial dia-
gramoverviewwas published previously (5). Eighteen patients were
imaged with 18F-fluorthanatrace PET/CT, and 16 completed venous
blood sampling with no reported adverse events.
Of the 18 patients, a dynamic imaging cohort of 14 was scanned

for 60 min after injection, followed by scanning at 90 and 180 min
after injection, from the skull base to the mid thigh (whole body
static scans). Blood data from 4 subjects in the dosimetry cohort
were included in population blood results. Tumors were visible in
dynamic fields of view for 10 patients, 7 of whom had surgical tumor
tissue samples and accompanying PARP-1 immunofluorescence
assays. Static scans measured tumor activity at 1106 3 min
(mean6SD) and 1996 4 min after injection. Representative PET
and PET/CT images are in Figure 1.
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Tumor 18F-fluorthanatrace uptake, as measured by SUVmax and
SUVpeak, generally increased over the 60-min dynamic scan
and the subsequent static scans, with more variable behavior
after 60min (Fig. 2). SUVmax at 55–60 min after injection was
4.26 2.0 g/mL, and SUVpeak was 3.46 1.6 g/mL. Normal-
muscle, bone, and blood pool activities (representative patient in
Fig. 3) were fairly stable over time and were used for kinetic
modeling and SUV ratios. Tumor–to–normal-muscle SUV ratios
were 2.66 1.1 for SUVmax and 2.16 0.9 for SUVpeak. Partial-
volume corrections based on tumor size and normal-muscle back-
ground uptake resulted in SUV increases (Supplemental Table 2).
Blood sampling and processing were performed on 16 patients.

Results from samples at 240 min after injection were omitted
because of high error from low counts. 18F-fluorthanatrace blood
inputs demonstrated some variability between patients. There
were also noted differences based on the location of the blood

pool VOI, related to partial-volume effects and dispersion of
tracer from the larger aorta to the iliac arteries (Fig. 4; Supple-
mental Fig. 2). Plasma–to–whole-blood partitioning was stable
throughout imaging, at a ratio of 1.266 0.02 (Supplemental
Fig. 3), and between patients, at a ratio of 1.266 0.08 (n5 16),
and was input into kinetic models as a constant parameter.
18F-fluorthanatrace was metabolized, reaching an average parent
percentage of 59%6 10% at 60 min as seen in Figure 5. The
resulting population parent fraction curve was used to correct
image-derived, individual blood input function for metabolites
before kinetic analyses. Metabolites were not included in the
model tissue compartments, assuming there was no specific
uptake of polar metabolites.
Model-fit Akaike information criterion values (13) were 2736 24

for the 2CR model, 2926 18 for the 2-tissue compartment
model with irreversible binding (k45 0), and 3406 34 for the 1-tis-
sue-compartment model. Example fits for model curves in a repre-
sentative tumor are provided in Figure 6. In 33 of 39 cases, 2CR
outperformed the irreversible model and had lower Akaike informa-
tion criterion values than the 1-tissue-compartment model in every
case. 2CR was therefore used for all subsequent compartmental
analysis.
Sensitivity curves for 2CR parameters are provided in Supple-

mental Figure 4. Blood volume fraction and K1 exhibited an early
influence, followed by K1/k2, k3, and k4.
When the model parameters VT and DVR of the fitted tumor

SUVmax and SUVpeak time–activity curves with and without
partial-volume correction were compared with the reference stan-
dard PARP-1 immunofluorescence, SUVpeak-based kinetics

FIGURE 1. PET (A) and PET/CT (B) images of patient 4 at 108 min
after injection, with arrow indicating tumor with SUVmax of 5.6 g/mL.

FIGURE 2. 18F-fluorthanatrace index lesion maximum uptake over time
for 10 subjects. First 60 min of scanning are from dynamic acquisition, fol-
lowed by static scan tumor measurements at 110 6 3 and 199 6 4 min
from 2 subsequent whole-body PET scans. Pt5 patient.

FIGURE 3. Patient 4 time–activity curves for 1-h dynamic acquisition after
injection and 2 subsequent whole-body PET/CT scans.
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correlations were slightly higher; therefore, reported kinetic analy-
ses and simulations used SUVpeak.
The Logan reference tissue model with normal muscle was tested

as a graphicalmodel of reversible tracer binding that does not require
blood sampling. The population k92 value applied in Logan reference
tissue modeling was 0.0226 0.022 min21 using positive k92 values
from 7 patients. Logan normal-muscle DVR was 2.26 1.2 (n5 9,
excluding 1 patient with excessive motion).
Associations between PARP-1 immunofluorescence and tumor

uptake, with both static uptake measures and kinetic parameters,
were examined. Associations between static measures of tumor
uptake and PARP-1 immunofluorescence varied with image

timing. SUVmax and SUVpeak obtained after 55 min (57.5,
�110, and �119 min) demonstrated statistically significant corre-
lations (Table 1). Partial-volume corrections did not substantially
change correlations. Tumor–to–normal-muscle uptake ratios
showed similar or slightly decreased associations with PARP-1
expression, as compared with uncorrected SUVs (Table 1). VT

significantly correlated with tissue PARP-1 immunofluorescence
for only the 1-h dynamic dataset (r5 0.76, P , 0.05; Table 2;
Fig. 7A). DVR using normal muscle correlated significantly
with tissue immunofluorescence (r5 0.83, P , 0.05, n5 7) but
not with SUVs at 55–60 min (r5 0.41, P . 0.05, n5 10), until
after dynamic acquisition input data were expanded to include
measures from 1 or 2 subsequent whole-body scans (r $ 0.81,
P , 0.05, n5 10) (Table 3; Fig. 7B).
Bias and precision estimates from simulations in Table 4

found that Logan DVR had the lowest bias, 6%, and the best preci-
sion, 29%.

DISCUSSION

We studied several PETmeasures of 18F-fluorthanatrace uptake in
ovarian cancer to inform recommendations on metrics and imaging
protocols for measuring PARP-1 expression. SUVs and kinetic
parameters from dynamic imaging analysis correlated with PARP-
1 immunofluorescence pathology measures. However, additional
18F-fluorthanatrace imaging studies of patients participating in
PARPi treatment trialswill be required to determinewhether 18F-flu-
orthanatrace imaging can serve as a biomarker for response to
PARPi therapy.
The superior fit for 2CR to patients’ tumors (Fig. 6), superior

Akaike information criterion values versus other compartmental
models, and high association of reversible model tumor
DVR with PARP-1 immunofluorescence support characterization
of 18F-fluorthanatrace as having substantial reversible binding
in vivo during the imaging session. Makvandi et al. reported a
correlation (r25 0.60; n5 10 lesions) between PARP-1 immuno-
fluorescence and SUVmax (5). Our corresponding r2 of 0.64 (or
equivalently, r5 0.80 in Table 1) is slightly different because of
our smaller n (7, only including cancerous lesions within fields
of view for the dynamic scans). More clinic-friendly SUVmax

and SUVpeak measures’ high correlation with PARP-1 expression
supports their use as potentially robust and repeatable metrics
for measurement of in vivo PARP-1, with the benefit that
SUVs do not require assumptions of reversible or irreversible
binding.
Although best described by a reversible model, late uptake of

18F-fluorthanatrace also suggests a degree of irreversible binding,
possibly indicative of PARP trapping, as many patients’
time–activity curves showed increases in uptake on static scans
at 110 and 199 min (Fig. 2). The impact of this variability on
the accuracy of kinetic estimates of tracer binding may be compli-
cated by model and input function source selections, as the com-
partmental model was more sensitive to k3 and k4 parameters at
later times (Supplemental Fig. 4) when variable uptake of metab-
olites or issues with the image-derived input functions could inter-
fere with parameter estimates. Without prior dynamic data in
humans or preclinically based models to provide physiologic
bounds on model fitting, these parameters were highly variable
within this patient population. Simulations, Table 4, and Supple-
mental Figure 5 show the potential for large errors in fitted

FIGURE 4. Population-averaged blood input functions for descending
aorta (n 5 4) and iliac artery (n 5 10). Values are mean 6 SD. A is from 0
to 5 min after injection and scaled to highlight initial bolus. B is from 0 to
60 min and scaled to show late activity.

FIGURE 5. 18F-fluorthanatrace population parent fraction curve. Fitting
was performed on population mean values, using sigmoidal function. Fitted
equation was used for parent fraction corrections for all kinetic modeling
blood input curves and was of form [(12 t3/(t31 10A)]B1 C)/(11C), where
A 5 6.504, B 5 0.053, and C 5 1 3 1028, with time after injection, t (in
seconds).
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2CR VT. This dataset is not sufficient to rule out an element of
irreversible binding of 18F-fluorthanatrace to PARP-1 within the
time frame of 200 min after injection.
Although both DVR measures from 0–60 min uptake and SUVs

from 55–60 min summed uptake correlated with PARP-1 immuno-
fluorescence tissue assay results, these measures did not correlate
with each other. Adding late uptake time points from whole-body
scan measures to the dynamic dataset, however, resulted in a signif-
icant correlation betweenDVR and SUVs (r. 0.81,P, 0.01). Con-
versely, adding static scans to the dynamic dataset for the 2CRmodel
resulted in decreased correlations between VT and both PARP-1
immunofluorescence and SUVs (Table 3). DVR’s better correlations

to SUV when using longer-duration data-
sets could be due to the fact that the DVR
graphical reference technique did not
require metabolite corrections. It is also
possible that DVRs are better able to
account for some nonselective, irreversible
parent or metabolite binding at later time
points via use of a reference region.
Another possibility is the existence of an
inflection point in the binding characteris-
tics that is not captured with the gap in
imaging between 60 and about 110 min,
which may impact VT estimations.
Metabolism, plasma–to–whole-blood par-

titioning, and plasma protein binding of
18F-fluorthanatrace were similar within this
population, supporting use of averaged pop-
ulation values and functions for kinetic anal-
yses (Fig. 5; Supplemental Fig. 3). Our
reported 18F-fluorthanatrace plasma–to–
whole-blood partitioning ratio of 1.26 in
Supplemental Figure 3 was similar to a ratio
of 1.28 (reported as a 0.781 blood-to-plasma
ratio) for another rucaparib analog radio-
tracer, 14C-rucaparib, in a cohort of 6
patients with confirmed advanced solid
tumor (15). This 14C-rucaparib study (15)

also used mass spectrometry to determine that 64%6 13.7% of the
labeled components was the parent radiotracer in pooled plasma sam-
ples from 1 to 24 h after injection, which was similar to our reported
average parent 18F-fluorthanatrace percentage of 59%6 10% at 1 h.
We have not identified these metabolites or their binding properties,
except that they are more polar than 18F-fluorthanatrace, similarly to
rucaparib metabolites, which are carboxylated at the n-methyl
substituent.
Individual image-derived blood input curves were influenced by

VOI positioning, suggesting that partial-volume effects may influ-
ence our blood pool measurements in the lower torso. This is most
apparent in later time points, when the blood pool approaches the

FIGURE 6. Patient 4–modeled time–activity curves with 1-tissue-compartment reversible, 2CR, and
2-tissue compartment irreversible model fits. Akaike information criterion values were 432, 336, and
401 for 1-tissue-compartment reversible, 2CR, and 2-tissue-compartment irreversiblemodels, respec-
tively. 1C5 1-tissue-compartment reversible; 2CI5 2-tissue-compartment irreversible.

TABLE 1
Correlations Between 18F-Fluorthanatrace SUVs (g/mL) and Unitless SUV Ratios at Different Mid-Bin Times Against PARP-1

Immunofluorescence (n 5 7)

PARP-1 immunofluorescence versus…

Parameter 32.5 min* 57.5 min* 110 6 3 min 199 6 4 min

SUVmax 0.656 0.796† 0.800† 0.819†

SUVpeak 0.686 0.787† 0.855† 0.825†

PVC SUVmax 0.657 0.795† 0.799† 0.818†

PVC SUVpeak 0.684 0.786† 0.854† 0.823†

SUVmax/NM 0.445 0.696 0.741 0.706

SUVpeak/NM 0.512 0.707 0.808† 0.734

PVC SUVmax/NM 0.454 0.700 0.318 0.531

PVC SUVpeak/NM 0.515 0.710 0.808† 0.737

*Duration of dynamic frame was 5 min.
†P , 0.05.
PVC 5 partial-volume correction; NM 5 normal-muscle reference tissue.
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activity level of the surrounding tissue and remains above the sam-
pled blood activity (Figs. 3 and 4). Decreased adjacent background
activity (spillover) for VOIs in the descending aorta, as compared
with VOIs in the iliac arteries, potentially biased measured activity
based on differences in the arterial internal diameters. A reduced
artery size contributes to increased partial-volume effects, and the
1-cm3, or 12.4-mm diameter, peak VOIs used for calculating blood
activity are above the luminal diameter of the common iliac artery,
reported to be 8.86 1.2mm in women (16), and thus more impacted
than the larger descending aorta at 13.76 1.9 to 16.66 3.0 mm.
The full-width-at-half-maximum resolution of the Ingenuity PET
scanner, 4.8 mm (7), also limits the ability to use significantly
smaller VOIs within small vessels. Using venous blood sampling
instead of arterial sampling also limits our ability to verify the arte-
rial blood input function extracted from image blood pools.
Variable levels of background uptake in surrounding tissue sup-

port use of background corrections to quantitate 18F-fluorthanatrace
uptake. In this study of ovarian cancer, however, partial-volume cor-
rections had little impact on correlations with tissue PARP-1
expression, in contrast to work in breast cancer imaging of 18F-
fluorthanatrace uptake (6), potentially because of very low levels
of background uptake in breast tissue in comparison to higher
background uptake in muscle surrounding most ovarian lesions.
Partial-volume correction of tumor–to–normal-muscle ratios sim-
ilarly did not have a substantial effect on correlations with PARP-
1 immunofluorescence (Table 1).
We found somewhat variable tumor kinetics late after tracer injec-

tion, potentially resulting from the variable trapping of the PARPi
analog, 18F-fluorthanatrace, or tissue uptake of metabolites, which
account for 30%–50% of circulating blood radioactivity at 60 min.

This concern and the good correlation
between the 57.5-min 18F-fluorthanatrace
SUVmax and SUVpeak measures with
PARP-1 immunofluorescence tissue assay
results support a recommendation for imag-
ing at 60 min after injection for static uptake
measures. To better inform image quantifica-
tion and kinetic analysis methods, additional
studies with longer dynamic acquisitions of
at least 90 min, with arterial blood sampling
and a higher percentage of tumors receiving
ex vivo assays of PARP-1 expression, would
be helpful. However, it may prove difficult to
recruit sufficient cancer patients who could
tolerate longer imaging times and accept
more invasive arterial blood sampling. Pre-

clinical experiments to assess the degree towhich 18F-fluorthanatrace
binding within cells is reversible during the first 2 h of 18F-fluortha-
natrace uptake would inform future selection of kinetic analysis tech-
niques and possibly the ideal postinjection time range for static SUV
measures of tumor uptake.

TABLE 2
Kinetic Measures from Different Total Duration Input Data Correlations with PARP-1 Immunofluorescence

PARP-1 immunofluorescence versus…

Parameter 0–30 min 0–60 min 0–60 1 110 min 0–60 1 110 1 199 min

2CR* VT (mL/cm3) 0.415 0.758† 0.407 0.555

Logan NM DVR‡
— 0.825† 0.869† 0.822†

*k4 . 0.
†P , 0.05.
‡Graphical methods not performed for 0- to 30-min dataset.
NM 5 normal-muscle reference tissue.

FIGURE 7. Correlation plots between kinetic parameters and PARP-1 immunofluoresence (n5 7) in
relative fluorescence units (RFU) for Logan reference tissue DVR (A) and 2CR VT (B). *P, 0.05.

TABLE 3
Kinetic Measure Correlations with SUVpeak (n 5 10)

Parameter
57.5 min
SUVpeak

110 6 3 min
SUVpeak

199 6 4 min
SUVpeak

2CR* VT (0–60 min) 0.929† 0.974† 0.940†

2CR* VT (0–60 1 110
min)

0.082 0.259 0.365

2CR* VT (0–60 1 110
1 199 min)

0.548 0.722† 0.781†

Logan NM DVR (0–60
min)

0.410 0.265 0.083

Logan NM DVR (0–60
1 110 min)

0.879† 0.976† 0.969†

Logan NM DVR (0–60
1 110 1 199 min)

0.806† 0.915† 0.974†

*k4 . 0.
†P , 0.05.
NM 5 normal-muscle reference tissue.
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CONCLUSION

Pharmacokinetics of ovarian cancer uptake of 18F-fluorthanatrace
suggest that SUVs fromwhole-body PET scans acquired 60min after
injection are a robust metric for noninvasively quantifying PARP-1
expression in vivo. Although the Logan normal-muscle reference tis-
sue model is a promising kinetic analysis technique for quantitating
18F-fluorthanatrace uptake, there is not yet sufficient evidence that
kinetic estimates or tumor–to–normal-muscle SUV ratios represent
substantial enough improvements over more clinic-friendly SUVmax

or SUVpeak tumor measures to justify dynamic scanning for larger-
scale trials of 18F-fluorthanatrace PET. More preclinical and human
18F-fluorthanatrace studies would be valuable to elucidate underlying
reversible and irreversible 18F-fluorthanatrace binding mechanisms
and guide future 18F-fluorthanatrace studies, especially in the study
of PARPi dosing and pharmacodynamics and utility as a biomarker.
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KEY POINTS

QUESTION: Can characterization of the pharmacokinetics of
ovarian cancer uptake of 18F-fluorthanatrace inform selection of
uptake quantitation methods and postinjection timing of PET
acquisitions?

PERTINENT FINDINGS: Prospective clinical trial of human ovarian
cancer patients found SUV and DVR quantitation of 18F-fluortha-
natrace tumor uptake to be significantly correlated with PARP-1
expression.

IMPLICATIONS FOR PATIENT CARE: 18F-fluorthanatrace scans
may one day select patients likely to benefit from PARPi therapy and
serve as a tool to monitor response.
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TABLE 4
Estimates of Kinetic Model Parameter Bias and Precision

Parameter Bias Precision

2CR VT (mL/cm3) 250% 635%

2CR K1 (mL/cm3/min) 28% 54%

Logan DVR (unitless) 6% 29%

50 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 63 � No. 1 � January 2022



c-MET Receptor–Targeted Fluorescence on the Road
to Image-Guided Surgery in Penile Squamous Cell
Carcinoma Patients
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In penile squamous cell carcinoma (pSCC), primary surgery aims
to obtain oncologically safe margins while minimizing mutilation.
Surgical guidance provided by receptor-specific tracers could
potentially improve margin detection and reduce unnecessary
excision of healthy tissue. Here, we present the first results of a
prospective feasibility study for real-time intraoperative visualiza-
tion of pSCC using a fluorescent mesenchymal–epithelial transition
factor (c-MET) receptor targeting tracer (EMI-137). Methods: EMI-
137 tracer performance was initially assessed ex vivo (n5 10) via
incubation of freshly excised pSCC in a solution containing EMI-
137 (500nM). The in vivo potential of c-MET targeting and intrao-
perative tumor visualization was assessed after intravenous
administration of EMI-137 to 5 pSCC patients scheduled for sur-
gical resection using a cyanine-5 fluorescence camera. Fluores-
cence imaging results were related to standard pathologic tumor
evaluation and c-MET immunohistochemistry. Three of the 5
in vivo patients also underwent a sentinel node resection after
local administration of the hybrid tracer indocyanine green–
99mTc-nanocolloid, which could be imaged using a near-infrared
fluorescence camera. Results: No tracer-related adverse events
were encountered. Both ex vivo and in vivo, EMI-137 enabled
c-MET–based tumor visualization in all patients. Histopathologic
analyses showed that all pSCCs expressed c-MET, with expres-
sion levels of at least 70% in 14 of 15 patients. Moreover, the
highest c-MET expression levels were seen on the outside rim of
the tumors, and a visual correlation was found between c-MET
expression and fluorescence signal intensity. No complications
were encountered when combining primary tumor targeting with
lymphatic mapping. As such, simultaneous use of cyanine-5
and indocyanine green in the same patient proved to be
feasible. Conclusion: Fluorescence imaging of c-MET receptor–
expressing pSCC tumors after intravenous injection of EMI-137
was shown to be feasible and can be combined with fluorescence-
based lymphatic mapping. This combination is unique and paves
the way toward further development of this surgical guidance
approach.

Key Words: penile squamous cell carcinoma; fluorescence-guided
surgery; c-MET receptor; receptor-targeted imaging; sentinel node;
multicolor

J Nucl Med 2022; 63:51–56
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Surgical resection remains the mainstay of treatment for primary
penile squamous cell carcinoma (pSCC). The potential morbidity of
surgery, and the impact on the patient’s sexuality and quality of life,
can be minimized by performing penile-sparing surgery in early dis-
ease (1). Unfortunately, in today’s practice, positive margins—
potentially causing local cancer recurrence—still occur in up to
36% of patients (2). Hence, penile-sparing surgery needs to strike
an optimal balance between acquiring oncologically safe resection
margins and maximizing residual function and appearance.
Penile cancer surgery is one of the common indications in

which image-guided sentinel node resections are applied as routine
care (3). The current state of the art relies on lymphatic migration
of the near-infrared tracer indocyanine green (ICG)–99mTc-nano-
colloid after local administration (Fig. 1) (3).
Expression of the c-MET oncogene has been recorded in up to

87% of pSCC patients (4). Previously, it was shown that use of
the far-red (cyanine-5 [Cy5]) fluorescent mesenchymal–epithelial
transition factor (c-MET)–targeting peptide EMI-137 (formally
known as GE-137), in combination with experimental cameras,
was able to facilitate receptor-mediated fluorescence-guided resec-
tion of c-MET–positive lesions during colonoscopy (0.13mg/kg)
and esophagoscopy (0.09–0.13mg/kg) (5–7) after intravenous
tracer administration (Fig. 1).
Recent efforts have shown that commercial fluorescence cam-

eras can be modified slightly to allow for Cy5 imaging and can
even be used for multicolor imaging applications that allow visual-
ization of 2 complementary tracers in the same patient (8,9).
In this feasibility study in pSCC patients, we evaluated whether

ex vivo incubation could predict the in vivo success of c-MET
receptor–targeted fluorescence-guided imaging and whether this
technology could be applied simultaneously with fluorescence-
guided lymphatic mapping (Fig. 1).

MATERIALS AND METHODS

Patients
Fifteen patients with clinical suspicion of pSCC were prospectively

included for either ex vivo (n5 10) or in vivo (n5 5) evaluation.
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Patient and tumor characteristics are presented in Table 1. For in vivo
assessment of EMI-137 (Edinburgh Molecular Imaging), patients with
severe kidney insufficiency and patients who actively planned preg-
nancy of their partners or abstained from using 2 forms of barrier con-
traceptives were excluded. Three of the 5 in vivo patients also
underwent sentinel node resection for expected T1G2 or higher dis-
ease with clinically nonsuggestive lymph nodes. Pathologic TNM
stage, primary tumor surgery type, differentiation grade, lymphovascu-
lar invasion, perineural growth, presence of penile intraepithelial neo-
plasia, radicality, margin size, tumor diameter, infiltration depth, and
p16 status were recorded (Table 1). The institutional review board
approved the ex vivo study, and the medical ethical committee
approved the in vivo study. All subjects signed an informed consent
form. The in vivo study was registered in the European Clinical Trials
Register (2019-003022-24).

Tracer Preparation
For ex vivo sample assessment, EMI-137 was dissolved in

phosphate-buffered saline to a concentration of 500 nM (20mL per
sample). For in vivo use, EMI-137 was prepared for intravenous
administration under good manufacturing practices by our institutions’
pharmacy. To this end, the content of a vial of EMI-137 was reconsti-
tuted with 5.0mL of sterile water, after which the vial contained an
isotonic 4.8mg/mL solution of EMI-137 in a 50 nM phosphate buffer.

On the morning of surgery, the pharmacy department prepared a
syringe with the exact EMI-137 dose based on patient weight. Addi-
tional details on the fluorescent EMI-137 tracer and an in-depth
description of its pharmacokinetics were previously published by
Burggraaf et al. (5).

ICG–99mTc-nanocolloid was prepared according to previously
described methods (3,10).

Fluorescence Imaging Modalities
White-light and far-red fluorescence imaging were conducted using

a clinical-grade Cy5 fluorescence camera (Karl Storz Endoskope
GmbH; (11)) complemented with in-house–developed image-
processing software that allowed color coding of the fluorescence sig-
nal for improved visualization and distinction of intensity differences,
allowing direct correlation to the tumor-to-background ratio (TBR; the
ratio between relative fluorescence units (12) in the tumor and in the
surrounding tissue). This image-processing software was built to run
in real time and was written in the C11 programming language. To
map differences in fluorescence intensity measured to different color
values, open-source computer vision libraries (OpenCV) were used.
The color map allowed real-time visualization of the fluorescence sig-
nal’s distribution within the tissue sample (pseudocolored fluorescence
overlay visible on a separate screen) and representation of the TBR
via an intensity-based scale bar (fluorescence signal intensity differ-
ences represented via a color spectrum). The TBRs were confirmed
using ImageJ software by dividing the fluorescent signal intensity in
the tumor by the fluorescent signal intensity in background tissue.

Near-infrared fluorescence imaging was performed using a PDE-
FIS (FIS-00) fluorescence camera (Hamamatsu Photonics).

Ex Vivo Assessment of Feasibility of c-MET Targeting
Resected primary tumor specimens were collected directly after

excision and assessed immediately (Fig. 2A). Tumor samples were
bisected in the pathology department before ex vivo imaging. For ex
vivo assessment of in vivo targeting feasibility, samples were incu-
bated in a solution containing EMI-137 (500 nM, 20mL) for 5 min.
The samples were then rinsed twice with phosphate-buffered saline to
clear unbound EMI-137. Samples obtained from patients who received
EMI-137 via intravenous administration were imaged without further
pretreatment.

In Vivo Tracer Administration and Fluorescence-Guided
Imaging

Five pSCC patients received intravenous administration of EMI-
137 (0.13mg/kg; (5)) at 3 h (630 min) before surgery. Adverse events
were registered up to 2 wk after intravenous tracer injection. Three
patients also underwent a sentinel node resection based on the local
intradermal administration of ICG–99mTc-nanocolloid in 3 depots and
preoperative nodal identification (lymphoscintigraphy and SPECT/CT
imaging at 15 min and 2 h after tracer administration (Fig. 1) (3,10).

To maintain the standard surgical procedure until the ability of
EMI-137 to reliably visualize tumor tissue was demonstrated, the
operating surgeon was not aware of the intraoperative far-red fluores-
cence imaging results. The surgical assistant performed Cy5-based
imaging. White-light and fluorescence images of the tumor were
obtained in the operation room immediately before incision, as well as
intra- and postoperatively. Resection of sentinel nodes was based on
their anatomic location on SPECT/CT, intraoperative radio guidance
(with a g-probe), and near-infrared fluorescence guidance. Excised
samples were also imaged ex vivo.

Pathologic Assessment
After ex vivo imaging, samples were formalin-fixed and paraffin-

embedded. Three-micrometer sections were subjected to either c-MET
or hematoxylin and eosin staining. Immunohistochemistry of the
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FIGURE 1. Logistics of hybrid and multicolor imaging in penile cancer
patients. (Right) Local administration of hybrid tracer ICG–99mTc-nanocol-
loid (sentinel node imaging; peak excitation wavelength 5 800 nm; peak
emission wavelength5 820 nm) is followed by sentinel node identification
based on planar lymphoscintigraphy and SPECT/CT at 15 min and 2 h.
During surgical procedure (4–24 h after tracer administration), preoperative
images serve as personalized surgical roadmap for intraoperative radio-
and fluorescence-guided sentinel node localization. ICG-based fluores-
cence guidance was achieved using PDE-FIS from Hamamatsu Photonics
(3). (Left) Fluorescence-guided tumor visualization was achieved at 3
h after intravenous administration of Cy5-fluorescent C-Met targeting
tracer EMI-137 (peak excitation wavelength, 640 nm; peak emission wave-
length, 680 nm). Intraoperative imaging was achieved through (first-in-
humans) use of clinical-grade Cy5-dedicated laparoscope from Karl Storz
Endoskope (11). IS 5 injection site; i.v. 5 intravenous; LN 5 lymph node;
SN5 sentinel node; T5 tumor.
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formalin-fixed, paraffin-embedded tumor samples was performed on a
BenchMark Ultra autostainer (Ventana Medical Systems). Briefly, par-
affin sections 3mm thick were cut, heated at 75�C for 28min, and
deparaffinized in the instrument with EZ Prep solution (Ventana Medi-
cal Systems). Heat-induced antigen retrieval was performed using Cell
Conditioning 1 (Ventana Medical Systems) for 64min at 95�C.
c-MET was detected using clone SP44 (ready to use, 16min at 360�C;
Roche Diagnostics). Bound c-MET was detected using the UltraView
Universal 3,3-diaminobenzidine detection kit (Ventana Medical Sys-
tems). Slides were counterstained with hematoxylin and bluing reagent
(Ventana Medical Systems).

A dedicated urologic cancer pathologist scored stained sections.
Percentages of positive cells were scored for 4 staining intensity cate-
gories (2, 1, 11, and 111). From this, a c-MET score was calcu-
lated by multiplying the percentage of positive tumor area by the
intensity of the staining (1 [1] 3 % positive 1 2 [11] 3 % positive
1 3 [111] 3 % positive) (13). In short, a c-MET score is the aver-
age expression intensity of the complete tumor area. The possible
c-MET scores range from 0 (no expression at all) to 3 (100% 111

expression) (13).
Excised lymph nodes were pathologically examined for the pres-

ence of macro- or micrometastases or isolated tumor cells, according
to previously described protocols (3). The resected penectomy speci-
mens were examined and classified for pathologic tumor stage and
grade (14).

Statistical Analysis
For continuous variables, the range is reported. The Mann–Whitney

U test was used to compare TBR between ex vivo and in vivo

samples. Spearman correlation was used for comparison of continuous
variables. A P value of less than 0.05 was deemed significant.

RESULTS

Initial ex vivo assessment of the feasibility of tumor visualiza-
tion based on c-MET targeting (Fig. 2) resulted in tumor identifica-
tion in all 10 tumor specimens. TBRs were in the range of
2.06 0.6 to 3.46 0.3 (Table 1). The identification of tumor tissue
was improved by the real-time conversion of the fluorescence out-
put to a heat-map–based color coding (Fig. 2B). Immunohisto-
chemistry confirmed c-MET expression in all tumors and showed
the highest c-MET expression at the edge of the tumor (Fig. 2B).
Membranous c-MET expression was seen in 70%–100% of cells
per specimen (median, 90%), providing c-MET scores in the range
of 0.7–2.3 (median, 1.2) (13). Standard pathologic processing was
not affected by the presence of Cy5 fluorescence in the surgical
sample.
Based on the successful targeting of c-MET in ex vivo surgical

specimens, EMI-137 was intravenously administered to 5 patients
with pSCC (Fig. 3). Far-red fluorescence imaging allowed identifi-
cation of the primary tumor (Fig. 3B). Again, color coding
obtained after (real-time) image processing provided increased dis-
crimination between the tumor and the surrounding healthy tissue.
No interference of renally cleared EMI-137 was observed
(Fig. 3B). TBRs after intravenous tracer administration were

B
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FIGURE 2. Ex vivo c-MET–targeted imaging in penile cancer.(A) For ex
vivo assessment of targeting feasibility, pSCC tissue samples obtained
after surgical tumor excision in penile cancer patients were incubated in
solution containing EMI-137 (5 min, including 2 washing steps, shown on
left). Imaging was performed using Karl Storz Endoskope Cy5 laparo-
scope; results were depicted on 2 screens showing unprocessed (*) and
real-time processed (**) fluorescence image. Inset shows detailed view of
illumination of tissue sample. (B) From left to right: white-light image of
excised tissue sample; ex vivo Cy5-based fluorescence imaging of incu-
bated tissue (fluorescence in red); real-time image processing of fluores-
cence signal (heat-map color coding); c-MET immunohistochemistry; and
hematoxylin and eosin staining of tissue samples. Tumor delineation
(dashed line) was based on hematoxylin and eosin staining.
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FIGURE 3. Tumor imaging. (A) Overview of surgical set-up within oper-
ating room. (B) From left to right: preincision imaging of penis showing
both urethral orifice (urinary meatus) and tumor; Cy5-based localization of
tumor; and real-time color coding of fluorescence signal (with color-coded
scale bar representing TBR). Tumor is encircled in black, and dotted white
line indicates ulcus after biopsy, which found—at pathologic examina-
tion—penile intraepithelial neoplasia. (C) From left to right: ex vivo imaging
of excised tumor specimen; Cy5-based fluorescence image; real-time
image processing of fluorescence signal (heat-map color coding);
c-MET immunohistochemistry; and hematoxylin and eosin staining of
tissue samples. Tumor delineation (dashed line) was based on hema-
toxylin and eosin staining.
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similar to those reported for the ex vivo incubation, namely
between 2.06 0.4 and 4.26 0.9 (Table 1; P5 0.68).
In the 3 patients who also underwent sentinel node biopsy, pre-

operatively identified sentinel nodes (Figs. 4A–4C) were removed
using a combination of radio guidance and fluorescence guidance.
Fluorescence imaging prior to resection of the sentinel node
enabled visualization of both lymphatic drainage from the
injection site (Fig. 4D) and superficially located sentinel nodes
(Fig. 4D). The signal intensity increased when the incision was
placed and overlying tissue was resected. All 11 resected sentinel
nodes were tumor-negative at pathology. This was underlined by
the presence of a clear ICG-related signal in the sentinel node,
whereas no clear tumor-related Cy5 signal could be detected
(Fig. 4E). Moreover, whereas the injection site for ICG–99mTc-
nanocolloid and the location of the tumor were within the same
field of view (Fig. 1), near-infrared fluorescence guidance was
shown not to be impaired by the presence of far-red fluorescence,
or vice versa (Figs. 3B, 4D, and 4E).
Histopathologically, membranous c-MET expression was seen

in all tumors (range, 30%–100%; median, 95%), with expression
of at least 70% of cells per excised specimen in 4 of 5 tumors,
resulting in c-MET scores in the range of 0.4–2.3 (median, 1.7;
Table 1). Comparative to the ex vivo specimens, c-MET expres-
sion was present throughout the tumor, but the expression was
increased at the tumor edge (Fig. 3C).
A (nonsignificant) trend of rising TBR with an increasing c-MET

score was observed (Spearman correlation coefficient, 0.203;
P5 0.469). Interestingly, the c-MET score and TBR appeared to be
higher in patients with LVI, a T stage of at least 2, cN1, and p16
positivity (Table 1), which may support the hypothesis that patients
with a worse tumor stage or human papillomavirus–induced tumors
might especially benefit from c-MET–targeted surgery.

DISCUSSION

In this pilot study on penile cancer patients, we found that EMI-
137, a c-MET–specific fluorescent tracer, enabled receptor-

mediated ex vivo and in vivo fluorescence-based visualization of
primary pSCC (TBR . 2; Table 1). In line with previous litera-
ture, no adverse events were recorded after intravenous adminis-
tration of EMI-137 (5). Furthermore, Cy5-based far-red imaging
proved to be compatible with near-infrared fluorescence imaging
(ICG–99mTc-nanocolloid) performed during the same procedure.
The finding that all pSCC tumors expressed or overexpressed

c-MET by at least 70% with preselection of patients and that the
tumor tissue could be stained using EMI-137 suggests that c-MET
is a potential target for image guidance for pSCC. By masking the
surgeon from the far-red fluorescence imaging result during sur-
gery, the standard surgical procedure remained unaffected, and no
decisions that could alter patient treatment were made before the
assessment of the feasibility of the c-MET targeting approach.
However, this approach also enabled the possibility of intraopera-
tive margin assessment. Nevertheless, postoperative assessment
underlined the presence of c-MET expression in all samples and
that the c-MET–related fluorescence signal was visible at the edge
of all tumors (Figs. 2 and 3), indicating possible future potential in
this cancer type. The plurality of fluorescent tracers currently
being evaluated in clinical studies for a variety of tumor types
(e.g., pancreatic cancer, head and neck cancer, and melanoma)
also paves the way for the assessment of other possible imaging
targets and targeted tracers for penile cancer (15–21).
Our study confirmed the high c-MET expression rate of 87% in

pSCC found by Gunia et al. (4). In all 15 patients, far-red fluores-
cence could be related to the presence of the c-MET receptor at
immunohistochemistry. These results are in line with
c-MET–specific fluorescent tracer reports from studies on Barrett
esophagus and dysplastic colorectal polyps (5–7). This correlation
and high expression pattern make the c-MET receptor potentially
a promising target for tumor-specific applications in pSCC. Further
investigation in a larger patient cohort will be required to substanti-
ate the correlation between c-MET score and TBR, to investigate the
ability to reduce positive surgical margins, and to identify the patient
group that will benefit most from c-MET–based fluorescence-guided
surgery.
This study also showed that primary tumor imaging of far-red

(Cy5) fluorescence (peak excitation wavelength, 640 nm; peak
emission wavelength, 680 nm) using a first-in-humans laparo-
scopic camera from Karl Storz Endoskope could be performed
alongside near-infrared (ICG) imaging of ICG–99mTc-nanocolloid
(peak excitation wavelength, 800 nm; peak emission wavelength,
820 nm) using a clinical-grade fluorescence camera. Fortunately
for the patients, the evaluated lymph nodes in this study did
not contain metastases, and no Cy5-related signal could be
detected in these nodes. Although the utility of targeted tracers for
visualization of micrometastases can be debated (22), tumor-
targeted far-red imaging has been shown to allow sentinel node
mapping successfully (20). The combined use of 2 different fluo-
rescent entities within the same procedure supports the future
exploration of multicolor fluorescence-guided surgery avenues (9)
that allow visualization of distinct anatomic features (e.g., tumor
and sentinel nodes) alongside each other.

CONCLUSION

The results from this pilot study suggest that c-MET is a promising
target for fluorescence-guided tumor identification, with the potential
to improve margin assessment in pSCC. The c-MET–targeted
approach proved to be compatible with lymphatic mapping
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FIGURE 4. Sentinel node imaging. (A) Standard lymphography after
local administration of ICG–

99mTc-nanocolloid specifying sentinel
nodes. (B and C) Accompanying SPECT/CT image (B) and 3D repre-
sentation of SPECT/CT results (C), placing sentinel nodes in their
anatomic context. (D) Preincision ICG-based fluorescence image
showing injection site of ICG–

99mTc-nanocolloid with drainage
through lymphatics toward sentinel node (encircled). (E) Postexci-
sion white-light image of sentinel node (top), with ICG image (center)
and infrared image after image processing (bottom, including color-
coded scale bar for TBR). IS 5 injection site; SN 5 sentinel node.
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performed on the same patient using multicolor fluorescence guid-
ance based on both far-red (Cy5) and near-infrared (ICG) imaging.
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KEY POINTS

QUESTION: Is the c-MET specific tracer EMI-137 feasible for
intraoperative visualization of pSCC?

PERTINENT FINDING: This observational fluorescent tracer study
describes findings on ten fresh ex vivo tumour specimens and five
patients who were intravenously injected with a c-MET specific
fluorescent tracer. All tumours were visible via fluorescence imag-
ing, and all expressed c-MET on immunohistochemistry. Thus,
c-MET fluorescent imaging appears to be feasible in pSCC. More-
over, this c-MET targeted approach proved to be compatible with
lymphatic mapping performed in the same patient.

IMPLICATIONS FOR PATIENT CARE: This study indicates that
during future pSCC surgery, fluorescent primary tumour visualiza-
tion is feasible, even in combination with sentinel node proce-
dures. With targeted tracers like EMI-137 and multicolor imaging
capabilities, technical capabilities of providing image guidance
toward the primary tumour are now emerging.
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I N V I T E D P E R S P E C T I V E

Transarterial Radioembolization Versus Systemic Treatment
for Hepatocellular Carcinoma with Macrovascular Invasion:
Analysis of the U.S. National Cancer Database

Riad Salem and Ahmed Gabr

Department of Interventional Radiology, Northwestern University, Chicago, Illinois

In the December issue of The Journal of Nuclear Medicine,
Ahn et al. (1) report the results of a National Cancer Database
analysis comparing the trends and the outcomes of using transarte-
rial radioembolization (TARE) and systemic therapy in the setting
of locally advanced hepatocellular carcinoma (HCC) with portal
vein thrombosis (PVT) in the presence of single or multiple
tumors. The study shows not only the possible benefit of TARE in
a real-life setting but also the trends and the factors associated
with such treatment. The study spans an 8-y period (2010–2017)
during which sorafenib was regarded as the gold standard systemic
therapy for advanced HCC. Contextually, it should be highlighted
that TARE has been Food and Drug Administration–approved
since 1999, and its indication has been expanded to include locally
advanced PVT since 2005. Hence, during the same time as this
study, TARE has played a major role as the dominant arterial
locoregional therapy in HCC with PVT, reflected in its increased
use per Ahn’s analysis.
This study, despite the limitations inherent in data from big

national databases, showed 3 major key points. First, the increased
adoption of TARE from 13% to 37% in advanced HCC is under-
standable, as the microembolic effect permits treatment in the
presence of compromised portal flow. This is in direct contradis-
tinction to chemoembolization, in which occlusion of the hepatic
artery as part of treatment, in the presence of an occluded portal
vein, risks inducing ischemic hepatitis. Also, the 40%–50% TARE
response rate in this setting has far exceeded expectations, fueled
increased use, and resulted in subsequent resection or liver trans-
plantation, a novel observation resulting from the clinical introduc-
tion of TARE in the last decade. In fact, downstaging of patients
with PVT to resection or transplantation has been demonstrated
with TARE (2,3). Of note, TARE has shown durable responses in
the context of high response rates, similar to immunotherapies
(4,5). Second, the large sample size is a key factor that made it
possible to capture the overall survival (OS) benefit of TARE over
systemic therapy. In the recent phase III trials comparing TARE
versus sorafenib (SARAH and SIRveNIB), OS differences were
not captured, possibly because of insufficient sample sizes, post-
progression therapy, treatment centers lacking the requisite exper-
tise, and heterogeneous patient populations. Although a

retrospective review of the National Cancer Database does over-
come all of these issues, the large sample size can elicit differ-
ences in OS (6,7). Third, the time frame in which the study was
conducted suggests that most of the systemic therapy used was
sorafenib. Therefore, the results can be extrapolated only to TARE
versus sorafenib and not to TARE versus other systemic therapies.
The HCC community has witnessed the rapid approval of multi-

ple systemic therapies, including regorafenib, lenvatinib, cabozan-
tinib, ramucirumab, nivolumab, pembrolizumab, and ipilimumab,
all of which provide more options for second- and third-line treat-
ments (8). Furthermore, combinations such as atezolizumab and
bevacizumab have been shown to be dramatically superior to sora-
fenib in terms of progression-free survival and OS (9). New trials
have proven that not all systemic therapies for advanced HCC are
the same. Novel systemic agents such as lenvatinib have been
shown to be more effective at inducing tumor response than sora-
fenib as first-line treatment; other agents, such as regorafenib and
cabozantinib, have been shown to be effective as second-line treat-
ment at improving OS. Important recent observations have also
been made with TARE, with the DOSISPHERE-01 trial showing
that TARE more than doubled OS in a patient population with
large tumors (mean, 10 cm), two thirds of whom exhibited PVT,
when personalized dosimetry was implemented (10).
Despite the thorough database analyses, there are several limita-

tions. The lack of information about baseline tumor characteristics
and burden and the extent of PVT, shown to significantly prognos-
ticate outcomes in patients undergoing TARE, was a limitation
(11). Another important limitation was the unavailability of data
on subsequent second-line and third-line treatments, known to
confound OS outcomes in clinical trials.
Although systemic therapies have significantly changed the

landscape with level I evidence, there are still too many patients
who do not respond and progress early. Advanced-HCC patients
are often relegated only to systemic therapy; future investigations
should focus on taking advantage of the durable antitumoral effect
of local therapy in combination with systemic agents in advanced
disease. Now with the ability to personalize dose and exceed 205
Gy with a durable effect, augmenting the effect of systemic ther-
apy is not a remote possibility (10,12). Well-designed trials are
needed (13).
The overarching conclusion from this database analysis relates

to the macroscale overview of patterns of clinical practice and
national trends in TARE and systemic therapy use. If personalized
decision making is our goal, we must significantly increase the
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baseline characteristics to be reported in all systemic therapy trials,
similarly to what is done in locoregional therapies. Granularity of
detail is needed, including index tumor size, number of lesions,
overall hepatic burden, lobar or bilobar distribution, liver function,
location of vascular invasion, and location of metastases. Combin-
ing extrahepatic disease and vascular invasion as a single category
should be discouraged. Without this imaging detail as a form of
biomarker, we will be unable to achieve the goal of individualiz-
ing patient treatment by baseline characteristics.
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Prostate cancer is the most common cancer diagnosis in men in
the United States and a leading cause of cancer-related morbidity
and mortality (1). It can exist along a wide spectrum of aggressive-
ness and severity, from indolent, very-low-risk, localized prostate
cancer to life-threatening, very-high-risk, metastatic prostate cancer.
For a newly diagnosed patient in a given clinical state, especially
early in the disease, the spectrum of appropriate therapeutic options
may range from no intervention to multimodality therapy. Accurate
assessment of the extent of disease (e.g., metastatic vs. localized
prostate cancer) is essential for guiding treatment decisions. Deci-
sion making for the clinical use of imaging and for the development
of new imaging technology can both be organized by the framing
principles outlined in Prostate CancerWorking group 3 (2).
Imaging plays a critical role in that assessment, which has tradi-

tionally been done in men at high risk for metastatic disease using a
99mTc-methylene diphosphate bone scan and CT (3). Significant
advances toward developing more sensitive imaging techniques
for detecting the extent of prostate cancer include PET radiopharma-
ceuticals. Although useful across a wide variety of cancer types,
18F-FDG PET has had limited applicability in prostate cancer staging
(4). Novel radiopharmaceuticals such as 18F-fluciclovine and choline
PET have been used increasingly in the biochemical recurrence
(BCR) setting but have limited specificity (5,6).

INTRODUCTION

Prostate-Specific Membrane Antigen (PSMA) PET
The increasing use of radiopharmaceuticals that target the

PSMA is based on growing scientific evidence that supports their

favorable imaging performance. Many PSMA-targeted imaging
agents are being evaluated, and 2 are currently approved by
the U.S. Food and Drug Administration: 18F-DCFPyL and
68Ga-PSMA-11. Additional agents are being evaluated in phase III tri-
als in the United States, including 18F-PSMA-1007 (NCT04239742
and NCT04487847), 18F-rhPSMA-7.3 (NCT04186819 and NCT0
4186845), 18F-CTT1057 (NCT04838626), 68Ga-PSMA-R2 (NCT0
3490032), and 64Cu-SAR-bisPSMA (NCT04868604). Although there
may be small differences between each radiopharmaceutical, there is
no evidence to date that one specific radiopharmaceutical has
improved diagnostic characteristics compared with another (7,8). For
the purpose of this appropriate use criteria (AUC) document, we will
treat all PSMA PET radiotracers as equivalent and refer to them as a
class (e.g., PSMA PET).

Safety and Dosimetry of PSMA PET
Given the subpharmacologic mass dose and high specific

activity administered, PSMA PET radiotracers, similar to
other radiopharmaceuticals, have an excellent safety profile. For
68Ga-PSMA-11, the proPSMA study showed no adverse events,
and a safety evaluation from 2 prospective multicenter trials
reported only minor changes in vital signs such as blood pressure
and heart rate, with no medical interventions required (9). A simi-
lar safety profile has been observed with 18F-DCFPyL, with no
adverse events attributable to the radiotracer reported from the
first-in-human trial (10).
The dosimetry for both 68Ga-PSMA-11 and 18F-DCFPyL is

comparable to that of other radiotracers in terms of whole-body
exposure (Table 1). 68Ga-PSMA-11 has a calculated effective dose
of 0.017 mSv/MBq, equating to 4.4 mSv for a 259 MBq (7 mCi)
injected dose, with the highest uptake organ being the kidney at
0.37 mGy/MBq (11). The total effective dose of 18F-DCFPyL per
mCi is similar to that of 68Ga-PSMA-11 per mCi, coming in at
0.011 mSv/MBq, equating to 4.3 mGy for an injected dose of
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370 MBq (10 mCi) (10,12). The highest exposure organ for
18F-DCFPyL is the kidney, with a dose of 0.123 mGy/MBq.
Although the differences in dosimetry partly dictate different
injected doses (generally 148–259 MBq [4–7 mCi] for
68Ga-PSMA-11 vs. 296–370 MBq [8–10 mCi] for 18F-DCFPyL),
those differences are also due to the different physical half-lives of
the radionuclides used (68 min for 68Ga vs. 109 min for 18F) (13).

PSMA PET Imaging Protocols and Reporting
The recommended imaging protocols for 68Ga-PSMA-11 and

18F-DCFPyL are similar. In short, the administered activity, based
on the prescribing information, is 111–259 MBq (3–7 mCi) for
68Ga-PSMA-11 and 296–370 MBq (8–10 mCi) for 18F-DCFPyL.
The uptake time for 68Ga-PSMA-11 is 50–100 min and for
18F-DCFPyL is 60 min. A helpful resource for PSMA-11 PET is
provided in the joint European Association of Nuclear Medicine
(EANM) and Society of Nuclear Medicine and Molecular Imaging
(SNMMI) procedure guidelines (14). Delayed imaging can be
valuable in patients with high bladder urine activity in selected
cases. Some sites use furosemide or oral hydration, which can be
useful in some cases to decrease bladder activity but is limited by
potential incontinency and patient compliance. Similarly, the use
of iodinated contrast in the urogram phase may be beneficial in
some cases, particularly for separating ureteric activity from small
nodal abnormalities and characterizing local recurrence (15).
PSMA PET can be performed with both PET/CT and PET/MRI,
although the added value of PET/MRI is yet to be delineated.
Overall, PSMA PET imaging from PET/MRI and PET/CT is
equivalent, with a possible improvement in local disease detection
with PET/MRI (16). The CT protocol may be devised according
to the clinical requirements, which may comprise low-dose CT
(for anatomic correlation and attenuation correction) or diagnostic-
dose CT with or without intravenous or oral contrast agents. As
with any new modality, training and experience is required to
appreciate normal patterns, pitfalls, and typical and atypical pat-
terns of disease spread. For reporting, E-PSMA standardized
reporting guidelines provide a consensus statement from a panel
of experts in structured reports to harmonize diagnostic interpreta-
tion criteria (17).

Consideration of Prognostic Factors in Patient Selection
Prostate cancer is segmented into discrete clinical states, which

now have regulatory recognition in the approval of both drugs and
imaging agents (2). Each state has specific risk-stratifying criteria
that have been validated for predicting not only state-to-state tran-
sitions, but also the risk of dying of disease. These disease-related
risks must account for the health and viability of the patient, as
comorbid disease (i.e., competing risks) in an older patient popula-
tion may represent more risk than prostate cancer.
For men with localized disease, risk stratification has long been

dependent on a variety of factors, including Gleason score/Grade
Group, pretreatment prostate-specific antigen (PSA), and local
extent of disease. One of the most commonly used is the D’Amico
risk model, which predicts the risk of biochemical failure after
definitive local therapy (18). Another approach has been to incor-
porate these factors into nomogram-based models for ease of clini-
cal use, which now exist for preoperative patients, postoperative
patients, and preradiation patients when newly diagnosed with
localized disease (19–21). More recently, genomic classifiers have
been introduced that can further risk stratify patients to refine risk
identification more granularly than prior risk models could, both

before primary therapy and in the postoperative setting, in deter-
mining the need for adjuvant or salvage treatment (22–25). Blood-
based tests of kallikrein levels can also offer robust predictions of
aggressive disease and distant metastases (26).
Risk stratification schema for biochemically relapsed patients

after definitive initial therapy have used characteristics such as
original distribution of disease, Gleason score/Grade Group, time
from primary therapy to BCR, PSA doubling time (PSADT), and
trigger PSA levels to predict freedom from disease, metastasis-
free survival, and overall survival (27–29). PSADT has been key
to understanding the likelihood of developing metastatic disease in
the rising PSA population who have relapsed while receiving
androgen deprivation therapy (ADT) (nonmetastatic castration-
resistant prostate cancer [nmCRPC or M0 CRPC]) (30). As large-
scale genomic profiling of patients with prostate cancer is now
standard in men with a history of familial genetic disorders, high-
grade disease, or metastatic disease, the implications of these find-
ings for the clinical course of those with DNA repair defects or
high microsatellite instability disease will need to be better defined
and ultimately incorporated into future prognostic models.
For the purpose of this AUC document, we have chosen to mir-

ror National Comprehensive Cancer Network (NCCN) definitions
for patients with localized disease and have chosen not to incorpo-
rate risk stratification into the selection of imaging for recurrent
patients. It is important that the individual patient factors described
above be incorporated into the decision about when to image
patients with PSMA PET.

PSMA PET and Stage Migration
Whether one uses the TNM staging system or the disease states

model, the presence of metastatic disease indicates a clinically dis-
tinct entity with clear clinical treatment and prognostic implica-
tions. However, the bedrock of clinical data that supports this
comes from less sensitive and specific techniques such as CT and
bone scintigraphy. The more sensitive and more specific PSMA
PET has introduced a lead-time bias known as the “Will Rogers
phenomenon” (31). This phenomenon happens when the disease
state of patients is reclassified on the basis of more sensitive tools
(31,32) and may happen with changes in staging classification sys-
tems (33). For example, PSMA PET M1 disease was detected in

TABLE 1
Dosimetry for 68Ga-PSMA-11 and 18F-DCFPyL

68Ga-PSMA-11 18F-DCFPyL

Organ

Kidneys (mSv/MBq) 0.371 0.123

Liver (mSv/MBq) 0.041 0.037

Spleen (mSv/MBq) 0.065 0.027

Bladder wall (mSv/MBq) 0.098 0.007

Dose

Effective dose (mSv/MBq) 0.017 0.011

Typical injected activity

MBq 259 370

mCi 7 10

Estimated effective dose
per scan (mSv)

4.4 4.3
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45% of early CRPC (PSA # 3 ng/mL) (34) and 55% of high-risk
nmCRPC (PSA . 2 ng/mL, PSADT # 10 mo or Gleason score
$ 8) (35,36). Merely identifying metastasis earlier with a more
sensitive measure can lead to longer survival with this newly
defined metastatic disease without affecting the natural history of
the patient. This lead-time bias affects prognostic values and limits
cross-trial comparisons that use different techniques unless there is
also a common set of tools used in the studies on which to anchor
the results (e.g., bone scintigraphy and CT).

Oligometastatic Disease and the Role of PSMA PET
Oligometastatic disease is defined as limited metastatic sites and

locations, with consensus publications recommending an upper
limit of either 3 or 5 lesions in up to 2 organ types (37–39). This
disease has long been recognized, but has recently been critically
scrutinized as an opportunity to change the natural history of meta-
static prostate cancer (37,40). For example, the STAMPEDE M1
RT trial has changed practice after finding that prostate irradiation
improves failure-free and overall survival in men with 3 or fewer
metastases on bone scan (41). Notably, the improved specificity of
PSMA PET may reclassify some oligometastatic bone scan find-
ings as false-positive and downstage patients with these findings
to M0 (42).
The advent of molecular imaging has allowed patients in BCR

to be reclassified as PET-oligometastatic. Several PET tracers
(18F-NaF, 11C-choline, and 18F-fluciclovine) are currently recom-
mended by the NCCN for imaging, although the guideline also
notes that “the Panel remains unsure of what to do when M1 is
suggested by these PET tracers but not on conventional imaging”
(43). 68Ga-PSMA-11 had higher detection rates than 18F-fluciclo-
vine did in a prospective trial of these 2 PET tracers (44), and with
U.S. Food and Drug Administration approval of PSMA PET,
PSMA radiopharmaceuticals are anticipated to be added to treat-
ment guidelines.
There has been increased interest in metastasis-directed therapy

(MDT), often ablative-dose radiation, to delay systemic therapy
with earlier detection of metastatic disease. The phase II STOMP
trial randomized men with BCR and 1–3 choline PET-detected
metastases to observation versus MDT, finding a significant
improvement in ADT-free survival and delay in development of
castration resistance with MDT (45). POPSTAR, a single-arm
pilot study, demonstrated a 48% 2-y freedom from ADT using
18F-NaF PET/CT to direct MDT (46). The ORIOLE trial, phase II
study reported a 6-mo progression-free survival (PFS) of 95%
with PSMA PET–guided MDT versus 62% with conventional
imaging–guided MDT (47). Recently developed larger randomized
phase III trials such as ECOG-ACRIN 8191 (NCT04423211),
PEACE-V (STORM, NCT03569241), VA STARPORT NCT047
87744, NCT04619069, PRESTO NCT04115007, and PILLAR
NCT03503344, which are evaluating the roles of MDT and ADT
for oligometastatic disease, rely on PET imaging for identification
of this new risk group and targeting of treatment.

PSMA PET and ADT
The expression of PSMA is known to be modulated by treat-

ments that inhibit the androgen receptor (AR). In patients with
hormone-sensitive metastatic prostate cancer, AR inhibition may
rapidly decrease PSMA expression in patients. However, in
patients with hormone-resistant disease, AR blockers such as
enzalutamide and bicalutamide may increase expression of
PSMA (48–51). Because of the complex modulation of PSMA

expression, the clinical use of PSMA PET imaging to evaluate
therapy response in the setting of ADT is not well defined. One
retrospective study showed that patients with BCR had a higher
detection rate while receiving ADT (52). Although assessment cri-
teria for response to systemic therapy were proposed, the clinical
impact of PSMA expression due to AR inhibition remains unclear
(53). Accordingly, the intensity of uptake alone should be used
with caution when assessing response to treatment.

Studies of PSMA-Targeted Radioligand Therapy That May
Affect Scenarios
Current clinical indications for PSMA PET primarily revolve

around the detection of metastatic disease at initial staging before
definitive therapy and at the time of BCR. PSMA PET can be
used as a biomarker for patient selection for PSMA-targeted radio-
ligand therapy (RLT). The results of the TheraP trial (54) and the
VISION trial (NCT03511664), as well as the potential subsequent
approval of 177Lu-PSMA-617, will support the use of PSMA
in patients with metastatic CRPC for the purpose of patient selec-
tion. Additional studies in earlier stages before chemotherapy
(PSMAfore NCT04689828, SPLASH NCT04647526, ARROW
NCT03939689) and in castration-sensitive prostate cancer (CSPC)
(PSMAddition NCT04720157, UpFrontPSMA) will further
expand the number of patients who may benefit from PSMA PET.
Optimal PSMA PET criteria for patient selection are not yet well
established and studies are warranted. 18F-FDG PET/CT may pro-
vide additional value in identifying 18F-FDG–positive, PSMA-
negative sites of disease (54).

METHODOLOGY

Workgroup Selection
The experts of the AUC workgroup were convened by the

SNMMI to represent a multidisciplinary panel of health-care pro-
viders with substantive knowledge of prostate cancer. In addition
to SNMMI members, international representatives from the Amer-
ican College of Nuclear Medicine (ACNM), American College of
Physicians (ACP), American Society of Clinical Oncology
(ASCO), American Urological Association (AUA), Australian and
New Zealand Society of Nuclear Medicine (ANZSNM), and
EANM were included in the workgroup. Sixteen physician mem-
bers were ultimately selected to participate and contribute to the
resulting AUC. A complete list of workgroup participants can be
found in Appendix A. Appendix B is a summary of definitions of
terms and acronyms, and Appendix C provides the disclosures and
conflicts of interest statement.

AUC Development
The process for developing AUC was modeled after the RAND/

UCLA Appropriateness Method (55,56) and included the develop-
ment of a list of common scenarios encountered in the manage-
ment of patients with prostate cancer, a systematic review of
evidence related to these scenarios, and the development of an
appropriateness score for each scenario using a modified Delphi
process. This process strove to adhere to the standards of the Insti-
tute of Medicine of the National Academies for developing trust-
worthy clinical guidance (57). The process included a systematic
synthesis of available evidence, individual and group ratings of the
scenarios using a formal consensus process, and AUC recommen-
dations based on final group ratings and discussions. Development
of these AUC based on traditional outcome measures would have
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been optimal, but a literature review did not find significant num-
bers of articles with this information.

Scope and Development of Clinical Scenarios (or Indications)
To begin this process, the workgroup discussed various poten-

tial clinical scenarios for which the use of PSMA PET might be
considered. The scope of this workgroup was to focus on the
appropriate use of PSMA PET, specifically for the diagnosis and
management of prostate cancer. For all scenarios, the relevant pop-
ulations were men of any age, race, or socioeconomic status who
had prostate cancer.
The workgroup identified 11 scenarios for patients with prostate

cancer. The scenarios are intended to be as representative of the
relevant patient population as possible for development of AUC.
The resulting AUC are based on evidence and expert opinion
regarding diagnostic accuracy and effects on clinical outcomes
and clinical decision making as applied to each scenario. Other
factors affecting the AUC recommendations were potential
harm—including long-term harm that may be difficult to cap-
ture—costs, availability, and patient preferences.

Systematic Review
ASCO conducted a systematic review to develop a comprehen-

sive clinical practice guideline for optimum imaging strategies for
advanced prostate cancer, and the same systematic review was
used by this AUC workgroup (58). The inclusion and exclusion
criteria for papers for this review were based on the study parame-
ters established by the workgroup, using the PICOTS (population,
intervention, comparisons, outcomes, timing, and setting)
approach. A protocol for each systematic review defined parame-
ters for a targeted literature search. Additional parameters included
relevant study designs, literature sources, types of reports, and pre-
specified inclusion and exclusion criteria for the literature identi-
fied. The protocol for this guideline was reviewed and approved
by the ASCO Clinical Practice Guidelines Committee’s Genitouri-
nary Cancer Guideline Advisory Group. and the Cochrane Collab-
oration Library electronic databases (with or without meeting
abstracts) were searched for evidence that reported on outcomes of
interest. Since the publication of the ASCO clinical practice guide-
line (58), we have updated this review to include recent literature.

Rating and Scoring Process
In developing these AUC for PSMA PET, the workgroup mem-

bers used the following definition of appropriateness to guide their
considerations and group discussions: “The concept of appropri-
ateness, as applied to health care, balances the risk and benefit of a
treatment, test, or procedure in the context of available resources
for an individual patient with specific characteristics” (59).
At the beginning of the process, workgroup members convened

virtually to develop the initial scenarios. On evaluating the evi-
dence summary of the systematic literature review, the workgroup
further refined its draft clinical scenarios to ensure their accuracy
and facilitate consistent interpretation when scoring each scenario
for appropriateness. Using the evidence summary, workgroup
members were first asked individually to assess the benefits and
risks of PSMA PET for each of the identified scenarios and pro-
vide an appropriateness score for each scenario. After deliberate
discussion, each member independently provided a second round
of scores for each scenario. For each scenario, the mode numeric
score was determined and then assigned to the associated appropri-
ate use category. The results of second-round scoring continued to
indicate some difference of opinion among members about the

appropriateness of certain scenarios. Therefore, the workgroup
continued its deliberations and further clarified the criteria for
assigning the different scores before conducting a third round of
scoring, which reflected a consensus of scores. For this final scor-
ing round, the members were asked to include their expert opinion.
All members contributed to the final discussion, and no one was
forced into consensus. After the rating process was completed, the
final appropriate use ratings were summarized in a format similar
to that outlined by the RAND/UCLA Appropriateness Method.
The workgroup scored each scenario as “appropriate,” “may be

appropriate,” or “rarely appropriate” on a scale from 1 to 9. Scores
of 7–9 indicate that the use of the procedure is appropriate for the
specific scenario and is generally considered acceptable. Scores of
4–6 indicate that the use of the procedure may be appropriate for
the specific scenario. This implies that more research is needed to
classify the scenario definitively. Scores of 1–3 indicate that the
use of the procedure is rarely appropriate for the specific scenario
and is generally not considered acceptable.
As stated by other societies that develop AUC, the division of

these scores into 3 general levels of appropriateness is partially
arbitrary, and the numeric designations should be viewed as a con-
tinuum. In addition, if there was a difference in clinical opinion
for a particular scenario such that workgroup members could not
agree on a common score, that scenario was given a score of 5 to
indicate a lack of agreement on appropriateness based on the avail-
able literature and the members’ collective clinical opinion, indi-
cating the need for additional research.

CLINICAL SCENARIOS AND AUC SCORES

Clinical scenarios for the use of PSMA PET and final AUC
scores in patients with prostate cancer are presented in Table 2.

Initial Staging
PSMA PET imaging has a higher accuracy in the initial staging

evaluation of men with newly diagnosed prostate cancer than
conventional imaging (bone scan and CT) does. In the multicenter
randomized ProPSMA trial of conventional imaging versus
68Ga-PSMA-11 PET for staging of men with high-risk prostate
cancer, PSMA PET had a 27% greater accuracy than conventional
imaging did (60). In another study of men with high-risk prostate
cancer undergoing radical prostatectomy, 18F-DCFPyL PET/CT
demonstrated high specificity (median 97.9%) for detection of pel-
vic lymph node metastasis, although with a limited sensitivity of
40% (61). These data support the utility of using PSMA PET
imaging to facilitate accurate risk stratification in men with newly
diagnosed high-risk prostate cancer.
Scenario 1: Patients with suspected prostate cancer (e.g., high/

rising PSA levels, abnormal digital rectal examination results) to
evaluate for targeted biopsy and detection of intraprostatic tumor
(Score 3 – Rarely Appropriate). Currently, evidence is limited for
the use of PSMA PET for patients before the pathologic diagnosis
of prostate cancer. There may be some settings, for example,
when MRI results are inconclusive or biopsy results are negative
(62), in which further supportive evidence may emerge to support
the use of PSMA PET in this setting, although such evidence is
currently lacking. Moreover, because PSMA expression is highly
heterogeneous, in some cases, the results may be negative both in
primary tumors and metastases (63). The multicenter, prospective,
cross-sectional clinical trial PRIMARY will provide further evi-
dence on the added value of PSMA PET to multiparametric MRI
for detecting clinically significant prostate cancer in men
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undergoing initial biopsy for suspected prostate cancer (64). With
the current paucity of evidence in this clinical space, the panel rec-
ommended PSMA PET as rarely appropriate in this clini-
cal scenario.
Scenario 2: Patients with very-low, low-, and favorable

intermediate-risk prostate cancer (Score 2 – Rarely Appropriate).
The NCCN guidelines for prostate cancer stratify the initial risk
for clinically localized disease as very low, low, intermediate
(favorable, unfavorable), high, and very high on the basis of sev-
eral clinical and pathologic features (3). For very-low, low-, and
intermediate- (favorable) risk disease, imaging is generally not
indicated and may be considered only in certain circumstances.
Moreover, observation or active surveillance is often the preferred
initial management for patients with these risk levels, depending
on expected survival. In accordance with the NCCN guidelines,
the paucity of relevant evidence, and the morbidity and financial
cost associated with screening for clinically insignificant prostate
cancer, the panel recommended PSMA PET as rarely appropriate
in this clinical scenario.
Scenario 3: Newly diagnosed unfavorable intermediate-, high-

risk, or very-high-risk prostate cancer (Score 8 – Appropriate).
To align with the NCCN categories and because of the potentially
important role of imaging in depicting the extent of disease, the
panel decided to include unfavorable intermediate- along with
high-risk and very-high-risk categories in relation to the relevance
of PSMA PET. There is supportive evidence in this clinical setting
that PSMA PET is more informative than conventional imaging
and so may be considered the “new” conventional imaging. Pro-
spective trials of both 68Ga-PSMA-11 and 18F-DCFPyL have
demonstrated a sensitivity of 40% for PSMA PET for the detection
of pelvic node metastasis in comparison with pathology at the
time of radical prostatectomy and pelvic node dissection (65,66).
In addition, the proPSMA randomized trial compared PSMA PET
and conventional imaging for staging high-risk prostate cancer
before curative intent surgery or radiotherapy. PSMA PET was
more accurate than conventional imaging, with fewer equivocal

imaging results, lower radiation exposure to the patient, and
greater treatment impact (60). Moreover, a decision tree analysis
of the cost per accurate diagnosis demonstrated that PSMA PET/
CT was also less costly than conventional imaging for detection of
disease spread (67). In view of supportive high-level evidence, the
panel recommended PSMA PET as appropriate in this clini-
cal scenario.
Scenario 4: Newly diagnosed unfavorable intermediate-, high-

risk, or very-high-risk prostate cancer with negative/equivocal or
oligometastatic disease on conventional imaging (Score 8 –

Appropriate). The panel acknowledges that clinicians may continue
to use conventional imaging in their management algorithms and
that it will take some time before new-generation imaging such as
PSMA PET is adopted as first-line imaging. Randomized trials such
as ProPSMA have demonstrated the superiority of PSMA PET over
conventional imaging in staging high-risk localized prostate cancer.
PSMA PET may demonstrate sites of disease that are not identified
or are equivocal on conventional imaging. Moreover, because of the
higher sensitivity of PSMA PET, metastatic disease will be detected
earlier. In addition, oligometastatic disease as identified on conven-
tional imaging may in fact be polymetastatic disease, which can
have an impact on subsequent clinical management decisions (e.g.,
MDT vs. systemic therapy) (45,47). In keeping with the supportive
evidence in this clinical space, the panel recommended PSMA PET
as appropriate in this clinical scenario.
Scenario 5: Newly diagnosed prostate cancer with widespread

metastatic disease on conventional imaging (Score 4 – May Be
Appropriate). There is little evidence that PSMA PET adds addi-
tional value in the setting of known widespread metastatic disease
identified on conventional imaging, given that the detection of
additional disease sites will likely have no major clinical manage-
ment implications. A phase 3 trial on metastatic CSPC that com-
pares 177Lu-PSMA-617 and AR therapy is currently under way
(NCT04689828). Until approval of PSMA RLT in this setting is
obtained, the panel recommended PSMA PET as may be appropri-
ate for this clinical scenario.

TABLE 2
Clinical Scenarios for PSMA PET

Scenario no. Description Appropriateness Score

1 Patients with suspected prostate cancer (e.g., high/rising PSA levels, abnormal
digital rectal examination results) evaluated for targeted biopsy and detection
of intraprostatic tumor

Rarely appropriate 3

2 Patients with very-low, low-, and favorable intermediate-risk prostate cancer Rarely appropriate 2

3 Newly diagnosed unfavorable intermediate-, high-risk, or very-high-risk prostate
cancer

Appropriate 8

4 Newly diagnosed unfavorable intermediate-, high-risk, or very-high-risk prostate
cancer with negative/equivocal or oligometastatic disease on conventional
imaging

Appropriate 8

5 Newly diagnosed prostate cancer with widespread metastatic disease on
conventional imaging

May be appropriate 4

6 PSA persistence or PSA rise from undetectable level after radical prostatectomy Appropriate 9

7 PSA rise above nadir after definitive radiotherapy Appropriate 9

8 PSA rise after focal therapy of the primary tumor May be appropriate 5

9 nmCRPC (M0) on conventional imaging Appropriate 7

10 Posttreatment PSA rise in the mCRPC setting May be appropriate 6

11 Evaluation of response to therapy May be appropriate 5
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Biochemical Recurrence
BCR is experienced by about 40% of patients who undergo

local definitive therapy within 10 y of surgery (68). After success-
ful radical prostatectomy, the PSA level is anticipated to fall
to undetectable levels; otherwise, the condition is termed PSA
persistence. After prostatectomy, BCR is defined as a PSA rise of
$ 0.2 ng/mL measured at 6–13 wk after surgery and confirmed by
a second determination of the PSA level of . 0.2 ng/mL (69). In
patients who receive definitive radiation therapy, BCR is defined
as a PSA rise of $ 2 above the nadir achieved after radiotherapy,
regardless of ADT (70). BCR signals locally recurrent disease,
metastatic disease, or both. Accurate identification of disease sites
on imaging allows for the selection of an appropriate intervention.
The sensitivity of conventional imaging is limited in localizing

disease in many patients, with either falsely negative findings or
underestimation of disease burden, compared with that of new-
generation imaging techniques. Evidence for the utility of PSMA
PET in the setting of BCR is robust, including prospective studies
with 68Ga-PSMA-11 (44,71) and 18F-DCFPyL (72), which have
demonstrated high patient-level detection rates, positive predictive
values, and sensitivities for the localization of disease in the set-
ting of BCR after definitive therapy.
Scenario 6: PSA persistence or PSA rise from undetectable

level after radical prostatectomy (Score 9 – Appropriate). The
consensus was that PSMA PET should be used to localize disease in
patients with BCR or persistence after radical prostatectomy. There
was some debate about whether a PSA threshold should be used to
determine the time at which patients should be imaged with PSMA
PET, and it was decided that a threshold should not be defined. One
reason is that the absolute PSA value does not include consideration
of other risk factors for disease such as PSADT or genomic risk
scores. In addition, salvage treatments are often used at PSA values
below the standard AUA definition of BCR (69), and PSMA PET
has been shown to localize recurrent disease at lower PSA levels.
The panel agreed that patient-specific risk factors, as discussed
above, should determine whether or not PSMA PET should be con-
sidered. The high sensitivity of PSMA PET in localizing recurrent
disease has also been shown to significantly affect clinical manage-
ment (73–75). Trials are currently under way to determine whether
this change in management improves patient outcomes (76,77). The
panel recommended PSMA PET as appropriate in this clinical sce-
nario on the basis of high-quality supportive evidence.
Scenario 7: PSA rise above nadir after definitive radiotherapy

(Score 9 – Appropriate). The supportive evidence for this scenario
is similar to that presented for Scenario 6. Also similar to that for
Scenario 6, the group consensus was to not limit the utility of
PSMA PET to only BCR as defined by the ASTRO-Phoenix crite-
ria, because treatment of patients frequently occurs before the
threshold criteria for BCR is met. Additional patient-specific fac-
tors beyond the PSA level should be considered, including PSADT.
The panel recommended PSMA PET as appropriate in this clinical
scenario on the basis of high-quality supportive evidence.
Scenario 8: PSA rise after focal therapy of the primary tumor

(Score 5 – May Be Appropriate). There was significant debate
regarding this indication. Overall, it was acknowledged that there are
scarce data on using PSMA PET in this setting. In addition, after
focal therapy, it is unclear what the definition of biochemical failure
is, given that normal prostate parenchyma is present. Finally, as most
patients who are treated with focal therapies have low-grade disease,
it was not clear whether patients should be staged using PSMA PET.
Therefore, the panel was not fully supportive of this indication. They

recommended that the role of PSMA PET should be determined
from the initial risk stratification provided in indications 1–5.

Castration-Resistant Prostate Cancer
CRPC is defined as progressive disease despite low levels of

testosterone; it can exist with or without metastases. The modali-
ties available for assessment include bone scans to assess osseous
metastases and CT and MRI to assess nodal, soft-tissue, and vis-
ceral metastases. 18F-FDG PET scans are not recommended by
NCCN for staging prostate cancer but are recognized by the Cen-
ters for Medicare and Medicaid Studies as having a possible role
in assessing response to therapy in metastatic disease. Conven-
tional imaging is used when symptoms change, when there is a
change in systemic therapy to establish a new baseline, or to assess
response to therapy in addition to serum PSA levels. Assessing
response in bone-only disease continues to be challenging (58,78).
At this time, 18F-fluciclovine PET is not used in CRPC.
Many life-prolonging therapies have been approved in CRPC. For

patients with nmCRPC (M0 CRPC), 3 next-generation androgen axis
inhibitors (enzalutamide, apalutamide, and darolutamide) have been
approved (79–81). Several classes of drugs are available for meta-
static castration-resistant prostate cancer (mCRPC): hormonal agents
(enzalutamide and abiraterone), chemotherapies (docetaxel and caba-
zitaxel), immunotherapies (sipuleucel-T and pembrolizumab), poly(-
ADP-ribose) polymerase inhibitors (olaparib and rucaparib), and
223Ra dichloride for patients with bone-dominant disease. Radioli-
gand therapies such as 177Lu-PSMA-617 are likely to be approved
soon in this space. Optimum sequencing of these agents is unclear.
Overall, given that these therapies are systemic, the role of imaging is
to evaluate progression rather than localize metastatic disease.
Scenario 9: nmCRPC (M0) on conventional imaging (Score 7 –

Appropriate). PSMA PET has been studied in the M0 CRPC popu-
lation. Nearly all patients who were categorized as M0 CRPC on the
basis of conventional imaging had PSMA-positive disease and 55%
were categorized as M1 by PSMA PET (36). There was some discus-
sion by the panel regarding final scoring for this scenario, primarily
because it was unclear how PSMA PET would change management,
as all drugs approved in the M0 CRPC space are also approved for
the metastatic setting (79,80). Overall, there is an appreciation that
external beam radiation is being used to treat patients with oligometa-
static CRPC, with some preliminary data on its effectiveness (82);
therefore, PSMA PET is important for correctly characterizing dis-
ease in these patients. On this basis, the panel decided to support
PSMA PET as appropriate in this clinical scenario.
Scenario 10: Posttreatment PSA rise in the mCRPC setting

(Score 6 – May Be Appropriate). There was general consensus
that PSMA PET provides improved staging in patients with
mCRPC compared with that of conventional imaging, but it was
unclear how this improved staging would result in improved man-
agement of patients with metastatic disease demonstrated on con-
ventional imaging. Although the panel acknowledged the role of
MDT in the M0 CRPC population in Scenario 9, in the mCRPC
setting, this role was less clear.
The VISION trial, which randomized PSMA RLT to the best

standard of care, showed that radiographic PFS was improved to
8.7 mo with PSMA RLT versus 3.4 mo for standard of care (haz-
ard ratio 0.40), with an associated improvement in overall survival
(15.3 vs. 11.3 mo, respectively, hazard ratio 0.62) (83). The
TheraP trial (PSMA RLT vs. cabazitaxel) demonstrated that
PSMA RLT was associated with higher PSA response, longer
PFS, and fewer grade 3 or 4 adverse events than with cabazitaxel
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(54). With the anticipated approval of PSMA-based RLTs, given
the results of the VISION study, PSMA PET will likely have an
important role in this disease setting, and the scoring of this indi-
cation will then be revisited. However, at this time, the panel rec-
ommended PSMA as may be appropriate for this clinical scenario.
Scenario 11: Evaluation of response to therapy (Score 5 – May

Be Appropriate). The panel agreed that data are limited regarding
how PSMA PET should be used for response assessment.
Although there are preliminary response assessment criteria (84),
they have not been validated in clinical trials. With the approval of
PSMA-based RLTs, PSMA PET may have an important role in
assessing response. Also important is that therapies that target the
androgen axis affect PSMA expression, which may not correlate
with response, confounding the ability for PSMA PET to be used
as a response biomarker (51,85). The effect of various other cur-
rent and emerging therapies on PSMA expression will also need
additional studies. At this time, the panel recommended PSMA as
may be appropriate for this clinical scenario.

BENEFITS AND HARMS OF IMPLEMENTING THE
AUC GUIDANCE

Some providers have raised the concern that AUC for medical
imaging might inappropriately limit access to health-care services
(86). For example, several authors of papers included in our metaa-
nalysis suggested that the AUC might lead to denial of reimburse-
ment for needed imaging services because of incomplete AUC or
lack of strong evidence for a particular procedure (87). It is hoped
that besides providing recommendations for the appropriate use of
PSMA PET, this document will demonstrate gaps in the literature
and subsequently encourage new investigations to address these gaps.
Integration of AUC into clinical decision support tools can

assist health-care providers and offer a way to track comparisons
between the AUC model and the payer’s reimbursement policy
(87,88). Ultimately, this may lead to a more efficient approval pro-
cess for advanced diagnostic imaging procedures, including radiol-
ogy and nuclear medicine procedures, saving time and effort for
the referring provider and the imaging facility. However, the diffi-
cult task of writing AUC for all scenarios and keeping the AUC
current remains a large obstacle to the effective use of the clinical
decision support model.

QUALIFYING STATEMENTS

Study/Evidence Limitations
Although a large body of literature focuses on PSMA PET, the

workgroup found the body of medical literature regarding the use
of PSMA PET to be limited when rigorous inclusion criteria were
applied to the systematic literature review. Most articles did not
use pathologic findings or patient follow-up to assess accuracy,
and so sensitivity and specificity measurements were often limited.
Information was also scarce on the role of PSMA PET in patients
with low-grade disease at initial staging and in patients with
CRPC. In addition, little data were available on how PSMA PET
can be used to predict and evaluate response to RLT. Preliminary
studies have shown that PSMA PET patterns are prognostic of out-
come after radical prostatectomy (89,90), after stereotactic radiation
therapy (SRT), or after oligo-MDT (91). Prospective randomized
studies powered for clinical outcome that use PSMA PET will give
guidance to clinicians on how to act on the PSMA PET information.
PSMA PET may improve patient outcomes by better definition of
the extent and location of the disease (treatment planning), but more

important, by acting as a biomarker tool for patient selection for spe-
cific treatment. The positive randomized trial EMPIRE-1 (standard
salvage radiotherapy vs. fluciclovine PET-based SRT) provides
some evidence that patient selection and treatment planning-based
PET imaging can improve patient clinical outcome (76). Similar or
even superior results can be expected with PSMA PET. Several ran-
domized studies are ongoing for initial therapy (NCT04457245 and
NCT04557501), salvage therapy (NCT03582774, NCT035252880,
and NCT04794 777), FACBC-based versus PSMA-based SRT
(NCT03762759), and oligometastatic-directed therapy (standard sys-
temic therapy vs. systemic therapy 1 PSMA-based oligo-MDT) in
CSPC (NCT04787744, NCT04619069, NCT04115007) and CRPC
(NCT03503344).

Implementation of This AUC Guidance
SNMMI has been working with several other medical specialty

societies to develop broad-based multidisciplinary clinical guid-
ance documents. This collaboration should foster the acceptance
and adoption of this guidance by other specialties.
SNMMI has developed a multipronged approach to disseminate

the AUC for PSMA PET in prostate cancer to all relevant stake-
holders—referring physicians, nuclear medicine physicians, and
patients. The dissemination and implementation tactics will be a
mix of outreach and educational activities and will be targeted to
each of these audiences.
SNMMI will create detailed case studies for its members and

for referring physicians and make them available via online mod-
ules and webinars. These cases will cover the appropriate clinical
scenarios for the use of PSMA PET, as well as some cases in
which the results of PSMA PET are equivocal.
Related resources such as the systematic review supporting the

development of these AUC, a list of upcoming education events
on these AUC, factsheets, and other didactic materials will be
made available on the SNMMI webpage dedicated to the PSMA
PET AUC. Live sessions will be held at the SNMMI annual and
midwinter meetings, as well as at the relevant societal meetings of
referring physicians, to highlight the importance of these AUC.
SNMMI also aims to create a mobile application for the PSMA

PET AUC for both Apple and Android platforms. Mobile applica-
tions are becoming increasingly popular in the health-care industry
and can be used to distribute updates to all users.
In addition to these activities, SNMMI will undertake patient-

focused outreach to provide education on how AUC can play an
invaluable role in achieving a more accurate diagnosis.

APPENDIX A: WORKGROUP MEMBERS AND
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Workgroup
The members of the workgroup are Hossein Jadvar, MD, PhD,

MPH, MBA (Cochair), University of Southern California, Los
Angeles, CA (SNMMI); Jeremie Calais, MD, University of Cali-
fornia, Los Angeles, CA (SNMMI); Stefano Fanti, MD, University
of Bologna, Bologna, Italy (EANM); Felix Feng, MD, University
of California, San Francisco, CA; Kirsten L. Greene, MD, Univer-
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MD, PhD, National Institutes of Health, Bethesda, MD (ACP);
Michael Hofman, MD, Peter MacCallum Cancer Center and Uni-
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New York, NY(ASCO); Steve P. Rowe, MD, PhD, Johns Hopkins
Medical Institutions, Baltimore, MD (SNMMI); Trevor J. Royce,
MD, MPH, University of North Carolina, Chapel Hill, NC; Simpa
Salami, MD, University of Michigan, Ann Arbor, MI (AUA);
Bital Savir-Baruch, MD, Loyola University, Maywood, IL
(ACNM); Sandy Srinivas, MD, Stanford University, Stanford, CA
(ASCO); and Thomas A. Hope, MD (Cochair), University of Cali-
fornia, San Francisco, CA (SNMMI).

External Reviewers
The external reviewers are Andrei H. Iagaru, MD (Stanford

University, Stanford, CA); Ambros J. Beer, MD (Ulm University
Hospital, Ulm, Germany); Francesco Ceci, MD, PhD (European
Institute of Oncology, Milan, Italy); Steve Y. Cho, MD (Univer-
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SNMMI
The supporting staff from SNMMI are Sukhjeet Ahuja, MD,

MPH, Sr. Director, Health Policy & Quality Department; Teresa
Ellmer, MIS, CNMT, Senior Program Manager, Health Policy &
Quality Department; and Julie Kauffman, Program Manager,
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APPENDIX B: SUMMARY OF DEFINITIONS OF TERMS
AND ACRONYMS

ACNM: American College of Nuclear Medicine
ACP: American College of Physicians
ADT: androgen deprivation therapy
ANZSNM: Australian and New Zealand Society of Nuclear

Medicine
AR: androgen receptor
ASCO: American Society of Clinical Oncology
AUA: American Urological Association
AUC: appropriate use criteria
BCR: biochemical recurrence
CRPC: castration-resistant prostate cancer
CSPC: castration-sensitive prostate cancer
CT: computed tomography
EANM: European Association of Nuclear Medicine
E-PSMA: EANM standardized reporting guidelines for

PSMA-PET
18F-FDG: 18F-fluorodeoxyglucose
M0 CRPC: nonmetastatic castration-resistant prostate cancer
mCRPC: metastatic castration-resistant prostate cancer
MDT: metastasis-directed therapy
MRI: magnetic resonance imaging
NCCN: National Comprehensive Cancer Network
nmCRPC: nonmetastatic castration-resistant prostate cancer
PET: positron emission tomography
PFS: progression-free survival
PICOTS: population, intervention, comparisons, outcomes,

timing, and setting
PSA: prostate-specific antigen
PSADT: prostate-specific antigen doubling time
PSMA: prostate-specific membrane antigen
RLT: radioligand therapy
SNMMI: Society of Nuclear Medicine and Molecular Imaging
SRT: stereotactic radiation therapy
TNM: tumor, node, metastasis
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68Ga-prostate-specific membrane antigen (68Ga-PSMA) PET/CT is a
commonly used imaging modality in prostate cancers. However, few
studies have compared the diagnostic efficiency between 68Ga-PSMA
and 18F-FDG PET/CT and evaluated whether a heterogeneous
metabolic phenotype (especially 68Ga-PSMA–negative [2], 18F-
FDG–positive [1] lesions) exists in patients with castration-resistant
prostate cancer (CRPC). We determined the added value of 18F-FDG
PET/CT compared with 68Ga-PSMA PET/CT in CRPC patients and
identified CRPC patients who may benefit from additional 18F-FDG
PET/CT. Methods: The data of 56 patients with CRPC who under-
went both 68Ga-PSMA and 18F-FDGPET/CT fromMay 2018 to Febru-
ary 2021 were retrospectively analyzed. The patients were classified
into 2 groups: with or without 68Ga-PSMA2, 18F-FDG1 lesions. The
differences in patient characteristics between the 2 groups and pre-
dictors of patients who have at least 1 68Ga-PSMA2, 18F-FDG1
lesion were analyzed. Results: Although both the detection rate
(75.0% vs. 51.8%, P5 0.004) and the number of positive lesions (135
vs. 95) were higher for 68Ga-PSMA PET/CT than for 18F-FDG PET/CT,
there were still 13 of 56 (23.2%) patients with at least 1 68Ga-PSMA2,
18F-FDG1 lesion. Prostate-specific antigen (PSA) and the Gleason
score were both higher in patients with 68Ga-PSMA2, 18F-FDG1
lesions than in those without (P5 0.04 and P ,0.001, respectively).
Multivariate regression analysis showed that the Gleason score ($8)
and PSA ($7.9ng/mL) were associated with the detection rate of
patients who had 68Ga-PSMA2, 18F-FDG1 lesions (P50.01 and
P5 0.04, respectively). The incidences of having 68Ga-PSMA2,
18F-FDG1 lesions in low-probability (Gleason score ,8 and PSA
,7.9ng/mL), medium-probability (Gleason score $ 8 and PSA
,7.9ng/mL or Gleason score ,8 and PSA $ 7.9ng/mL), and high-
probability (Gleason score $ 8 and PSA $ 7.9ng/mL) groups were
0%, 21.7%, and 61.5%, respectively (P , 0.001). Conclusion: Glea-
son score and PSA are significant predictors of 68Ga-PSMA2,
18F-FDG1 lesions, and CRPC patients with a high Gleason score and
PSAmay benefit from additional 18F-FDG PET/CT.

Key Words: 18F-FDG; 68Ga-PSMA; castration-resistant prostate can-
cer; negative PSMA
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Biochemical recurrence is a difficult problem after radical pros-
tatectomy in prostate cancer (1). Androgen deprivation therapy
(ADT) is the main treatment for biochemical recurrence. Despite
inhibition of serum androgens, many patients develop castration-
resistant prostate cancer (CRPC) and the tumor continues to grow,
requiring multidrug therapy. Therefore, determining the location and
degree of castration resistance is important to guide relevant treat-
ment. However, the sensitivity of conventional imaging techniques
such as MRI and CT is limited (2). The application of 68Ga-pros-
tate-specific membrane antigen (PSMA) PET/CT can significantly
improve imaging sensitivity in prostate cancer (3–6). Many studies
have reported that the detection efficiency of 68Ga-PSMA PET is
higher than that of conventional imaging methods (3,7).
At the same time, the effect of ADT on the detection efficiency

of 68Ga-PSMA PET/CT has been controversial. Although some stud-
ies show that long-term use of ADT has no effect on
68Ga-PSMA PET/CT, Afshar-Oromieh et al. and Hoberuck et al.
found that use of long-term ADT could reduce 68Ga-PSMA uptake
and the visibility of tumor lesions in castration-sensitive prostate can-
cer (8,9). Weber et al. observed that 68Ga-PSMA PET/CT was posi-
tive in 75% of early-CRPC patients (10). These studies show that
many CRPC patients might have negative 68Ga-PSMA PET/CT find-
ings. Although 18F-FDG is not commonly used in prostate cancer
because of its low diagnostic efficiency (11), Wang et al. (12) found
that PSMA inhibition is associated with the upregulation of glucose
transporter 1, which is positively associated with higher 18F-FDG
uptake in CRPC. Several case reports have also shown that 18F-FDG
PET/CT could be positive in those with negative 68Ga-PSMA PET/
CT results (13,14). These findings have proven that 18F-FDG PET/
CT could be complementary to 68Ga-PSMA PET/CT in partial-
CRPC patients with the downregulation of PSMA expression. How-
ever, few studies have compared the diagnostic efficiency between
68Ga-PSMA PET/CT and 18F-FDG PET/CT in patients with CRPC.
Therefore, incorporating dual-tracer (68Ga-PSMA and 18F-FDG)

PET/CT, we conducted this retrospective study to evaluate whether
a heterogeneous metabolic phenotype (especially 68Ga-PSMA–
negative [2], 18F-FDG–positive [1] disease) exists and whether
incorporating 18F-FDG PET/CT with 68Ga-PSMA PET/CT has
added value in the diagnosis of CRPC.

MATERIALS AND METHODS

Patients
In Renji Hospital, 68Ga-PSMA and 18F-FDG PET/CT were rou-

tinely performed concomitantly in prostate cancer patients who were
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willing to undergo PET/CT. Fifty-six patients with CRPC were
identified of 605 patients with prostate cancer who underwent both
68Ga-PSMA and 18F-FDG PET/CT from May 2018 to February 2021
(Fig. 1). Of these, 549 were excluded, and 56 patients were finally
included in this study. Table 1 shows the patient characteristics. The
inclusion criteria were patients who underwent radical prostatectomy,
had histopathologically proven prostate cancer, showed prostate-specific
antigen (PSA) progression during ADT therapy, underwent 68Ga-PSMA
and 18F-FDG PET/CT at an interval of less than 14 d, and had available
data on age, PSA, Gleason score, and ADT treatment. This retrospective
study was approved by the Ethics Committee of Renji Hospital, and the
requirement to obtain informed consent was waived.

68Ga-PSMA and 18F-FDG PET/CT
The patients fasted for 6 h before receiving the 18F-FDG injection, at

a dose of 3.7MBq/kg, and then remained quiet for 1 h before undergoing
18F-FDG PET/CT. The dose of 68Ga-PSMA was 1.85MBq/kg, and the
PSMA ligand was 68Ga-PSMA-11, which was synthesized as previously
described (15). A PET/CT scan (Biograph mCT; Siemens) was obtained
50–60 min after injection of the 68Ga-PSMA. CT images (section thick-
ness, 3mm; automatic milliamp current, 120 kV) were obtained from the
upper thigh to the skull. The PET scanning time for every bed position
was 3 min. For better detection of local recurrence, forced diuresis with
additional late imaging was performed to reduce retention of radioactive
urine in the bladder. Additional late imaging was performed 1.5 h after
early imaging. The patients received 20mg of furosemide, drank at least
500mL of water, and were asked to void frequently. Additional late
imaging covered a range of 2 bed positions centered on the bladder.

Image Evaluation
Two nuclear medicine physicians with 8 and 12 y of PET/CT inter-

pretation experience evaluated the images independently. When dis-
crepancies occurred, they reached a consensus. In accord with
interpretation guidelines (16–19), the experts evaluated the presence
of positive lesions in local recurrence, lymph node metastasis, and

distant metastasis. After excluding physiologic uptake and other
important pitfalls, 68Ga-PSMA or 18F-FDG positivity was defined as
focal avidity greater than the background mediastinal blood pool.
Patients were considered to have positive PET/CT results if positive
lesions were seen in cases of local recurrence, lymph node metastasis,
or distant metastasis. PSA measurements, imaging examinations, and
biopsies were used for follow-up. We used composite validation to
verify these positive results.

Statistical Analysis
t testing or x2 testing was used to evaluate the statistical signifi-

cance of the correlation between clinicopathologic characteristics in
patients with or without 68Ga-PSMA2, 18F-FDG1 lesions. Univariate
and multivariate regression analyses were used to predict the detection
rate of patients who had at least 1 68Ga-PSMA2, 18F-FDG1 lesion.
All data were analyzed by SPSS (version 13.0; IBM).

RESULTS

Characteristics of Enrolled Patients with CRPC
The mean age was 70 y (interquartile range, 63–75 y), and the

mean duration of ADT was 16.5mo; 57.1% (32/56) of patients
had a Gleason score of at least 8. The average PSA was 5.0 ng/mL
(interquartile range, 1.5–14.5 ng/mL). The average interval
between 68Ga-PSMA PET/CT and 18F-FDG PET/CT was 7.0 d
(interquartile range, 1.0–12.0 d).

Detection Rate of 68Ga-PSMA PET/CT and 18F-FDG PET/CT
There was perfect agreement between the 2 nuclear medicine

physicians for 68Ga-PSMA PET/CT and 18F-FDG PET/CT

Prostate cancer patients who underwent PSMA PET/CT 
and 18F-FDG PET/CT from June 2018 to February 2021

n = 605

PSA progression during androgen deprivation therapy 
after radical prostatectomy at the time of imaging

n = 66

The time interval between the two scans less than 14 
days

n = 63

Patients with age, Gleason score, PSA level, PSA 
doubling time, and postoperative treatment were 
available

n = 56

Whole cohort
n = 56

FIGURE 1. Patient recruitment flowchart.

TABLE 1
Patient and Tumor Characteristics (n 5 56)

Characteristic Data

Age (y)

Mean 6 SD 69.6 6 7.0

Median 70.0 (IQR, 63.0–75.0)

PSA doubling time (mo)

Mean 6 SD 7.9 6 6.4

Median 5.8 (IQR, 3.3–9.6)

PSA level (ng/mL)

Mean 6 SD 12.5 6 4.6

Median 5.0 (IQR, 1.5–14.5)

ADT duration time (mo)

Mean 6 SD 25.5 6 4.0

Median 16.5 (IQR, 8.0–33.0)

Two-scan interval (d)

Mean 6 SD 7.3 6 0.7

Median 7.0 (IQR, 1.0–12.0)

Gleason score

6 4

7 20

8 9

9 23

IQR 5 interquartile range.
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(both, k5 0.97). 68Ga-PSMA PET/CT detected 135 lesions in 42
of the 56 patients, and 18F-FDG PET/CT detected 95 lesions in 29
of the 56 patients (Table 2). Overall, 169 lesions were detected in
48 of the 56 patients by 68Ga-PSMA PET/CT, 18F-FDG PET/CT,
or both. The detection rate of CRPC per patient was significantly
higher with 68Ga-PSMA PET/CT than with 18F-FDG PET/CT
(75.0% vs. 51.8%, P5 0.004) (Table 2). Using a head-to-head
comparison of PSMA uptake and 18F-FDG uptake, we were able
to classify every lesion into the 68Ga-PSMA1, 18F-FDG1/2
(68Ga-PSMA1, 18F-FDG1 or 68Ga-PSMA1, 18F-FDG2) group
or the 68Ga-PSMA2, 18F-FDG1 group. Of the 169 lesions
detected in 48 patients, 135 were 68Ga-PSMA1, 18F-FDG1/2
and 34 lesions were 68Ga-PSMA2, 18F-FDG1. Among the 56
patients, 14.3% (8/56) patients had double-negative results, 62.5%
(35/56) patients had only 68Ga-PSMA1, 18F-FDG1/2 lesions,
and 23.2% (13/56) patients had at least 1 68Ga-PSMA2,

18F-FDG1 lesion. Of the 8 patients with double-negative results,
the mean PSA was 0.5 6 0.3 ng/mL and the median Gleason score
was 7 (range, 7–8). The representative images of 68Ga-PSMA2,
18F-FDG1 lesions and 68Ga-PSMA1, 18F-FDG2 lesions are
shown in Supplemental Figure 1 (supplemental materials are avail-
able at http://jnm.snmjournals.org).
We verified the 68Ga-PSMA2, 18F-FDG1 lesions with compos-

ite validation (Table 3). Among the 13 CRPC patients with 68Ga-
PSMA2, 18F-FDG1 lesions, 2 were verified by histopathology, 2
by decreasing PSA levels after radiotherapy, and 9 by imaging. All
68Ga-PSMA2, 18F-FDG1 lesions were verified as true-positive.

The Relationship Between Clinical Characteristics and
Patients With or Without 68Ga-PSMA2, 18F-FDG1 Lesions
Although both the detection rate (75.0% vs. 51.8%, P5 0.004)

and the number of positive lesions (135 vs. 95) for 68Ga-PSMA

TABLE 2
Absolute Numbers and Percentages of Lesions Detected by 68Ga-PSMA or 18F-FDG PET/CT

Tracer

Parameter 68Ga-PSMA 18F-FDG P

Absolute numbers of positive lesions 135 95 0.020

Percentages of positive or negative findings

Positive findings 42 (75%) 29 (51.8%) 0.004

Negative findings 14 (25%) 27 (48.2%)

TABLE 3
68Ga-PSMA2, 18F-FDG1 Lesion Validation

Patients Gleason score PSA (ng/mL) Lesions (n)

Lesions with 68Ga-
PSMA2, 18F-FDG1

findings Validated lesion Validation method

1 9 0.4 1 Bone Bone Conventional imaging

2 9 2.0 2 Pelvic lymph nodes Pelvic lymph nodes Conventional imaging

3 8 8.0 1 Bone Bone Conventional imaging

4 9 4.6 3 Pelvic lymph nodes Pelvic lymph nodes Conventional imaging

5 9 31.0 1 Bone Bone Conventional imaging

6 8 0.9 1 Bone Bone Conventional imaging

7 9 86.0 2 Pelvic lymph nodes Pelvic lymph nodes Conventional imaging

8 9 8.9 7 Pelvic lymph nodes,
bone

Pelvic lymph nodes 18F-FDG PET/CT

9 9 18.4 1 Extrapelvic lymph nodes Extrapelvic lymph
nodes

18F-FDG PET/CT

10 8 2.1 1 Pelvic lymph nodes Pelvic lymph nodes PSA response after
SBRT

11 9 84.7 2 Pelvic lymph nodes Pelvic lymph nodes PSA response after
SBRT

12 8 8.0 10 Local recurrence, pelvic
lymph nodes, inguinal
lymph nodes, bone

Inguinal lymph nodes Pathologic
confirmation

13 9 15.9 2 Pelvic lymph nodes and
bone

Bone Pathologic
confirmation

Conventional imaging 5 CT, MRI, or bone scintigraphy; SBRT 5 stereotactic body radiotherapy.
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PET/CT were higher than those for 18F-FDG PET/CT, there were
still 13 of 56 (23.2%) patients with at least 1 68Ga-PSMA2,
18F-FDG1 lesion. We then divided patients into 2 groups accord-
ing to those with at least 1 68Ga-PSMA2, 18F-FDG1 lesions
(n5 13) and those without (n5 43). Table 4 describes the associa-
tion between clinical characteristics and patients with or without
68Ga-PSMA2, 18F-FDG1 lesions. There were no significant dif-
ferences in age, scan interval, PSA doubling time, or ADT dura-
tion between the 2 groups. However, there were significant
differences in PSA and Gleason score between the 2 groups.
Namely, patients with 68Ga-PSMA2, 18F-FDG1 lesions had a
higher PSA than those without (20.8 6 8.3 vs. 7.5 6 2.5 ng/mL;
P5 0.04; Fig. 2A), and patients with 68Ga-PSMA2, 18F-FDG1
lesions had a higher Gleason score than those without (9 [range,
8–9] vs. 7 [range, 7–9]; P , 0.001; Fig. 2B).
We then determined the optimal PSA threshold to predict at least 1

68Ga-PSMA2, 18F-FDG1 lesion in patients by using receiver-operat-
ing-characteristic curve analysis. The highest accuracy (75.0%) was
obtained when PSA was 7.9ng/mL (Fig. 3). We classified patients
into low- or high-PSA groups (i.e., PSA, 7.9 vs. PSA$ 7.9ng/mL).
The detection rate of patients with 68Ga-PSMA2, 18F-FDG1 lesions
was higher in the high-PSA group than in the low-PSA group (12.8%
vs. 47.1%, respectively; P, 0.001; Fig. 2C).
We also found that Gleason score was positively associated

with patients with 68Ga-PSMA2, 18F-FDG1 lesions (P5 0.006).
The detection rates of patients having 68Ga-PSMA2, 18F-FDG1
lesions with Gleason scores of 6, 7, 8, and 9 were 0%, 0%, 33.3%,
and 43.5%, respectively. We classified patients into groups with a
low or high Gleason score (Gleason score , 8 vs. $ 8). The detec-
tion rate of patients with 68Ga-PSMA2, 18F-FDG1 lesion was
higher in the high group than in the low group (38.2% vs. 0%,
respectively; P , 0.001; Fig. 2D).

Predictors of Patients with at Least One 68Ga-PSMA2,
18F-FDG1 Lesion
A multivariate regression analysis showed that PSA (odds ratio,

4.7; 95% CI, 1.1–20.8; P5 0.04) and Gleason score (odds ratio, 3.2;
95% CI, 1.3–7.7; P5 0.01) were significant predictors of patients
with 68Ga-PSMA2, 18F-FDG1 lesions (Table 5). According to

Gleason score and PSA, we classified patients for their probability
of having 68Ga-PSMA2, 18F-FDG1 lesions: a low-probability
group (low Gleason score and low PSA), a medium-probability
group (low Gleason score and high PSA, or high Gleason score and
low PSA), and a high-probability group (high Gleason score and
high PSA). The incidences of patients with 68Ga-PSMA2,
18F-FDG1 lesions in the low-, medium-, and high-probability
groups were 0%, 21.7%, and 61.5%, respectively (P, 0.001).

Added Value of Staging by Incorporating 18F-FDG PET/CT with
68Ga-PSMA PET/CT
For staging (Table 6), the addition of 18F-FDG PET/CT could

increase the detection rate of local recurrence, lymph node metas-
tasis, distant metastasis, and any location from 14.3% to 19.6%,
from 42.9% to 55.4%, from 35.7% to 39.3%, and from 75.0% to
85.7%, respectively, when compared with 68Ga-PSMA PET/CT
alone. When patients were in a low-probability group, the addition
of 18F-FDG PET/CT could not increase the detection rate regard-
less of local recurrence, lymph node metastasis, distant metastasis,
or any location, compared with 68Ga-PSMA PET/CT alone. How-
ever, when patients were in a high-probability group, the addition
of 18F-FDG PET/CT could increase the detection rate of local
recurrence, lymph node metastasis, distant metastasis, and any
location from 0% to 7.7%, from 30.8% to 61.5%, from 53.8% to
61.5%, and from 69.2% to 100%, respectively, when compared
with 68Ga-PSMA PET/CT alone.

DISCUSSION

68Ga-PSMA PET/CT has been widely used in the diagnosis and
biochemical recurrence of prostate cancer. However, partial CRPC
might have negative 68Ga-PSMA PET/CT findings (10,20). For
these patients, 18F-FDG PET/CT may be a compensatory diagnos-
tic method. Combined 68Ga-PSMA and 18F-FDG scanning has
been reported in the later phase of CRPC (21). 18F-FDG positivity
has been used as an exclusion criterion before radioligand therapy
or as an indicator of a poorer outcome after radioligand therapy
(21). However, the patients scheduled for radioligand therapy are
examined at a later stage of their carcinoma disease. In our study,
using dual-tracer PET/CT (68Ga-PSMA and 18F-FDG), we

TABLE 4
Relationship Between Clinicopathologic Characteristics and Patients With or Without 68Ga-PSMA2, 18F-FDG1 Lesions

68Ga-PSMA2, 18F-FDG1 lesions

Variable Total (n) No Yes P

Age (y)

,70 31 23 8 0.609

$70 25 20 5

PSA doubling time (mo)

,6 29 22 7 0.203

$6 27 24 3

PSA level (ng/mL) 56 7.5 6 2.5 20.8 6 8.3 0.040

ADT duration time (mo) 56 16.8 6 2.5 28.0 6 5.1 0.238

Two-scan interval (d) 56 7.4 6 0.8 6.9 6 2.0 0.806

Median Gleason score 56 7 (IQR, 7–9) 9 (IQR, 8–9) ,0.001

IQR 5 interquartile range.
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retrospectively compared diagnostic efficiency between 68Ga-PSMA
PET/CT and 18F-FDG PET/CT and evaluated the metabolic hetero-
geneity in patients who have just developed castration resistance.
Although 68Ga-PSMA PET/CT showed both a higher detection rate
and a higher number of positive lesions than 18F-FDG PET/CT, we
also identified patients with 68Ga-PSMA2, 18F-FDG1 lesions, and
incorporating 18F-FDG PET/CT with 68Ga-PSMA PET/CT had
added value in the case of partial-CRPC patients, especially in those
with a high PSA and a high Gleason score.
Although both the detection rate (75.0% vs. 51.8%, P5 0.004)

and the number of positive lesions (135 vs. 95) were higher for
68Ga-PSMA PET/CT than for 18F-FDG PET/CT, there were
still 13 of 56 (23.2%) patients with at least 1 68Ga-PSMA2,
18F-FDG1 lesions. We identified 34 68Ga-PSMA2, 18F-FDG1
lesions from 13 patients. The addition of 18F-FDG PET/CT could
increase the detection rate of local recurrence, lymph node metas-
tasis, distant metastasis, and any location from 14.3% to 19.6%,
from 42.9% to 55.4%, from 35.7% to 39.3%, and from 75.0% to
85.7%, respectively, compared with 68Ga-PSMA PET/CT alone.
These findings show that treatment could accordingly be adminis-
tered for the 68Ga-PSMA2, 18F-FDG1 lesions. For locally recur-
rent or solitary bone metastases, salvage radiotherapy (22) may be
feasible for the 68Ga-PSMA2, 18F-FDG1 lesions. For recurrent
lymph node metastases, salvage radiotherapy or salvage node dis-
section (23) could be used for these 68Ga-PSMA2, 18F-FDG1
lesions. For patients with multiple lesions involved, systemic ther-
apy may be the most appropriate treatment. However, only 23.2%
of patients had at least 1 68Ga-PSMA2, 18F-FDG1 lesion. There-
fore, identification of the most appropriate patients for 18F-FDG
PET/CT is essential to optimize its use and avoid expensive and
possibly unnecessary staging in low-risk patients.
We studied the correlation between clinicopathologic character-

istics and the presence or absence of 68Ga-PSMA2, 18F-FDG1

lesions and found an excellent correlation between PSA and
68Ga-PSMA2, 18F-FDG1 lesions. Patients with 68Ga-PSMA2,
18F-FDG1 lesions had a higher PSA than did patients without.
The receiver-operating-characteristic analysis suggested that PSA
could be used to predict 68Ga-PSMA2, 18F-FDG1 lesions. Previ-
ous results have shown that the rate of 18F-FDG PET/CT positivity
was associated with PSA level in the diagnosis of prostate cancer
(11). Our study further demonstrated a positive correlation
between PSA and detection rate in patients with 68Ga-PSMA2,
18F-FDG1 lesions. Aside from PSA, we also found that there was
a good association between Gleason score and detection rate in
patients with 68Ga-PSMA2, 18F-FDG1 lesions. The group with a
high Gleason score had a significantly higher detection rate of
68Ga-PSMA2, 18F-FDG1 lesions than did the group with a
low score in CRPC. Previous studies have shown that 18F-FDG
PET/CT has diagnostic value in prostate cancer with a high Glea-
son score (11,24). Consistent with these previous results, our
results further suggest that Gleason score is an important predictor
of patients with 68Ga-PSMA2, 18F-FDG1 lesions. Our previous
study (25) showed that 18F-FDG PET/CT has added value in
patients with biochemical recurrence, who were different from the
patients in this study, which included CRPC patients. In addition,
the PSA level in 68Ga-PSMA2, 18F-FDG1 patients tended to be
lower in CRPC patients than in patients with biochemically recur-
rent prostate cancer (25). This finding may be because the PSA
level in patients with 68Ga-PSMA2, 18F-FDG1 lesions was
affected in the initial stage of ADT treatment, though these
patients later developed resistance.
Although 18F-FDG PET/CT has potential value in CRPC, its

value-added mechanism is unclear. Bakht et al. (26) found that
PSMA inhibition is associated with upregulation of glucose
uptake–related genes and is positively associated with higher

FIGURE 2. Analysis of 68Ga-PSMA2, 18F-FDG1 lesions according to
PSA and Gleason score. (A) Patients with 68Ga-PSMA2, 18F-FDG1
lesions had higher PSA than patients without 68Ga-PSMA2, 18F-FDG1
lesions (20.8 6 8.3 vs. 7.5 6 2.5 ng/mL; P 5 0.04). (B) Patients with
68Ga-PSMA2, 18F-FDG1 lesions had higher Gleason score than
those without 68Ga-PSMA2, 18F-FDG1 lesions (8.8 6 0.2 vs. 7.7 6 0.2;
P , 0.001). (C) Detection rate for patients with 68Ga-PSMA2, 18F-FDG1
lesions was higher in high-PSA than low-PSA group (12.8% vs. 47.1%,
respectively; P, 0.001). (D) Detection rate for patients with 68Ga-PSMA2,
18F-FDG1 lesion was higher in high–Gleason score group than
low–Gleason score group (38.2% vs. 0%, respectively; P, 0.001).

FIGURE 3. PSA for predicting 68Ga-PSMA2, 18F-FDG1 lesions in
CRPC patients. Area under curve (AUC) was 0.715 (95% CI, 0.556–0.874;
P 5 0.02), and PSA of 7.9 ng/mL was determined for predicting patients
with at least 1 68Ga-PSMA2, 18F-FDG1 lesion. Sensitivity and specific-
ity for predicting at least 1 68Ga-PSMA2, 18F-FDG1 lesion were 61.5%
(8/13) and 79.1% (34/43), respectively.
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18F-FDG uptake in PSMA-inhibited prostate cancer. Therefore,
the added value of 18F-FDG could be attributed to the amplifica-
tion of glucose uptake–related genes after long-time ADT.
We classified CRPC patients according to their incidence of hav-

ing 68Ga-PSMA2, 18F-FDG1 lesions, based on Gleason score and
PSA, into low-, medium-, and high-probability groups. The proba-
bility that patients would have 68Ga-PSMA2, 18F-FDG1 lesions
was 0% in the low-probability group but 61.5% in the high-
probability group. When patients were in a low-probability group,
the addition of 18F-FDG PET/CT could not increase the detection
rate at any location, when compared with 68Ga-PSMA PET/CT
alone. However, when patients were in a high-probability group, the

addition of 18F-FDG PET/CT could increase the detection rate of
local recurrence, lymph node metastasis, distant metastasis, and any
location from 0% to 7.7%, from 30.8% to 61.5%, from 53.8% to
61.5%, and from 69.2% to 100%, respectively, compared with
68Ga-PSMA PET/CT alone. These results suggest that 18F-FDG
PET/CT is not appropriate for those with a low probability of having
68Ga-PSMA2, 18F-FDG1 lesions but is feasible for those with a
high probability of having 68Ga-PSMA2, 18F-FDG1 lesions. For
those with a low probability of having 68Ga-PSMA2, 18F-FDG1
lesions, other imaging tracers should be further explored.
The current study had some limitations, including its retrospec-

tive design and small sample size. The fact that the number of

TABLE 5
Univariate and Multivariate Regression to Predict 68Ga-PSMA2, 18F-FDG1 Lesions

Univariate logistic regression Multivariate logistic regression

Variable and intercept OR P OR P

Age (y) 1.333 (0.396–4.484) 0.642 NA NA

PSA doubling time ($6 mo vs. ,6 mo) 0.721 (0.345–1.507) 0.416 NA NA

PSA level (high vs. low) 6.0 (1.6–23.0) 0.008 4.7 (1.1–20.8) 0.04

ADT duration time 0.985 (0.952–1.019) 0.375 NA NA

Two-scan interval (d) 0.986 (0.883–1.101) 0.802 NA NA

Gleason score (high vs. low) 3.3 (1.5–7.5) 0.004 3.2 (1.3–7.7) 0.01

NA 5 not available; these variables were eliminated in multivariate logistic regression model, so odds ratio and P values were not
available.

Data in parentheses are 95% CIs.

TABLE 6
Detection Rate of Local Recurrence, Lymph Node Metastasis, and Distant Metastasis by 68Ga-PSMA PET/CT and

18F-FDG PET/CT

68Ga-PSMA PET/CT 18F-FDG PET/CT

68Ga-PSMA and
18F-FDG PET/CT

TNM stage Patients (n) Location n % n % n %

Total 56 Local recurrence 8 14.3% 5 8.9% 11 19.6%

Lymph node metastasis 24 42.9% 14 25.0% 31 55.4%

Distant metastasis 20 35.7% 17 30.4% 22 39.3%

Any location 42 75.0% 29 51.8% 48 85.7%

Low risk 20 Local recurrence 3 15.0% 1 5.0% 3 15.0%

Lymph node metastasis 11 55.0% 2 10.0% 11 55.0%

Distant metastasis 6 30.0% 1 5.0% 6 30.0%

Any location 16 80.0% 4 20.0% 16 80.0%

Moderate risk 23 Local recurrence 5 21.7% 3 13.0% 7 30.4%

Lymph node metastasis 9 39.1% 6 26.1% 12 52.2%

Distant metastasis 7 30.4% 7 30.4% 8 34.8%

Any location 17 73.9% 14 60.9% 19 82.6%

High risk 13 Local recurrence 0 0.0% 1 7.7% 1 7.7%

Lymph node metastasis 4 30.8% 6 46.2% 8 61.5%

Distant metastasis 7 53.8% 8 61.5% 8 61.5%

Any location 9 69.2% 11 84.6% 13 100%
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patients with 68Ga-PSMA2, 18F-FDG1 lesions was small may
reduce the power of the multivariate regression analysis. In addi-
tion, though we found that when PSA 7.9 ng/mL was used as the
threshold, PSA could predict 68Ga-PSMA2, 18F-FDG1 lesions,
the area under the curve was not particular high. Therefore, the
association between PSA level and patients with 68Ga-PSMA2,
18F-FDG1 lesion should be interpreted carefully, and prospective
studies with a larger sample size are needed to further validate our
findings. Furthermore, the lower detection rate of 68Ga-PSMA
PET/CT in our study (75.0%) than in other studies (27) should
also be interpreted carefully. The dose of PSMA-11 in our study
was on the lower end of the recommended spectrum (18) and may
have influenced the sensitivity.

CONCLUSION

Our study assessed the added value of 18F-FDG PET/CT compared
with 68Ga-PSMA PET/CT in CRPC patients. We found that
18F-FDG PET/CT has additional value in 23.2% of CRPC patients,
and Gleason score and PSA were significant predictors of 68Ga-
PSMA2, 18F-FDG1 lesions. CRPC patients with a high Gleason
score ($8) and a high PSA ($7.9ng/mL) may benefit from
18F-FDG PET/CT.
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KEY POINTS

QUESTION: Does a heterogeneous metabolic phenotype
(especially 68Ga-PSMA2, 18F-FDG1 lesions) exist in patients with
CRPC, and does 18F-FDG PET/CT have added value compared
with 68Ga-PSMA PET/CT in CRPC patient?

PERTINENT FINDINGS: Although both the detection rate and the
number of positive lesions were higher for 68Ga-PSMA PET/CT
than for 18F-FDG PET/CT, there were still 13 of 56 patients with at
least 1 68Ga-PSMA2, 18F-FDG1 lesion. The incidences of having
68Ga-PSMA2, 18F-FDG1 lesions in low-, medium-, and high-
probability groups were 0%, 21.7%, and 61.5%, respectively
(P , 0.001).

IMPLICATIONS FOR PATIENT CARE: Gleason score and PSA
are significant predictors of 68Ga-PSMA2, 18F-FDG1 lesions, and
CRPC patients with a high Gleason score and a high PSA may
benefit from additional 18F-FDG PET/CT.
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PSMA PET Validates Higher Rates of Metastatic Disease for
European Association of Urology Biochemical Recurrence
Risk Groups: An International Multicenter Study
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The European Association of Urology (EAU) prostate cancer guidelines
panel recommends risk groups for biochemical recurrence (BCR) of
prostate cancer to identify men at high risk of progression or metastatic
disease. The rapidly growing availability of PSMA-directed PET imaging
will impact prostate cancer staging. We determined the rates of local
and metastatic disease in BCR and biochemical persistence (BCP) of
prostate cancer stratified by EAU BCR risk groups and BCP.Methods:
Patients with BCR or BCP were enrolled under the same prospective
clinical trial protocol conducted at 3 sites (n5 1,777 [91%]: UCLA,
n5 662 [NCT02940262]; University of California San Francisco, n5 508
[NCT03353740]; University of Michigan, n5 607 [NCT03396874]); 183
patients with BCP from the Universities of Essen, Bologna, and Munich
were included retrospectively. Patients with BCR had to have sufficient
data to determine the EAU risk score. Multivariate, binomial logistic
regression models were applied to assess independent predictors of
M1 disease.Results: In total, 1,960 patients were included. Post–radical
prostatectomy EAU BCR low-risk, EAU BCR high-risk, and BCP groups
yielded distant metastatic (M1) detection in 43 of 176 (24%), 342 of 931
(37%), and 154 of 386 (40%) patients. For postradiotherapy EAU BCR
low-risk and EAU BCR high-risk groups, the M1 detection rate was 113
of 309 (37%) and 110 of 158 (70%), respectively. BCP, high-risk BCR,
and higher levels of serum prostate-specific antigen were significantly
associated with PSMA PET M1 disease in multivariate regression analy-
sis. PSMA PET revealed no disease in 25% and locoregional-only dis-
ease in 33% of patients with post–radical prostatectomy or
postradiotherapy EAU BCR high risk. Conclusion: Our findings support
the new EAU classification; EAUBCR high-risk groups have higher rates
of metastatic disease on PSMA PET than do the low-risk groups.

Discordant subgroups, including metastatic disease in low-risk patients
and no disease in high-risk patients, warrant inclusion of PSMA PET
stage to refine risk assessment.

Key Words: EAU; risk score; prostate cancer; prostate specific
membrane antigen; PSMA

J Nucl Med 2022; 63:76–80
DOI: 10.2967/jnumed.121.262821

After primary curative-intent treatment for prostate cancer
with radical prostatectomy (RP) or radiotherapy, approximately 1
of 4 men experience biochemical recurrence (BCR) (1).
The incidence and outcomes of BCR are variable. A novel Euro-

pean Association of Urology (EAU) risk-scoring system combines
prostate-specific antigen (PSA) doubling time, Gleason score, and
interval from primary therapy to biochemical failure to identify
patients at high risk for metastases and early disease progression
(2). PSA biochemical persistence (BCP) was described as a differ-
ent pattern of relapse, which is associated with worse oncologic
outcomes and was therefore not stratified into risk groups (3).
Tilki et al. validated the EAU BCR risk score using survival data

from an extensive dataset of post-RP patients from their center.
Metastatic progression-free and overall survival were significantly
different; however, the prognostic accuracy for metastasis-free sur-
vival (concordance index, 0.67) or disease-specific survival (con-
cordance index, 0.69) was moderate, warranting further refinement
of this classification (4).
PSMA-targeted PET has demonstrated high detection rates and

accuracy for the localization of prostate cancer metastases (5). The
improved accuracy of PSMA PET, along with the impact on man-
agement, led to its inclusion in the EAU guidelines and to Food
and Drug Administration approval for imaging primary disease
and BCR (6,7). Several trials evaluating the potential of PSMA
PET–guided therapy to achieve an improved outcome are cur-
rently under way or were recently published (8,9). PSMA PET
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disease extent was associated with time to progression in patient
candidates for salvage radiotherapy and may thus offer indepen-
dent prognostic value at BCR and BCP (10).
The aim of this study was to assess disease extent in patients

with EAU BCR high risk, EAU BCR low risk, and BCP using
PSMA PET to identify subgroups of undetectable (T0N0M0),
locoregional (Tr/N1), or distant metastatic (M1) disease.

MATERIALS AND METHODS

This was a multicentric, single-arm analysis of patients with BCR or
BCP of PSA after curative treatment of prostate cancer. BCR was
defined as a PSA of at least 0.2 ng/mL measured more than 6 wk after
RP or a PSA rise by at least 2 ng/mL above nadir after radiation therapy.
BCP was defined as a PSA nadir of more than 0.1 ng/mL within 12 wk
after RP. The final database consisted of 1,960 patients with either BCR
(n5 1,574) or BCP (n5 386). Most patients were enrolled under the
same prospective clinical trial protocol conducted at 3 sites (n5
1,777[91%]: UCLA, n5 662 [NCT02940262]; University of California
San Francisco, n5 508 [NCT03353740]; University of Michigan,
n5 607 [NCT03396874]); 183 patients with BCP from the Universities
of Essen, Bologna, and Munich were included retrospectively. In total,
587 of 1,960 (30%) patients have been reported previously (5,6,11). The
study was approved by institutional review boards at each site.

Patients were eligible if they had a history of histopathology-proven
prostate adenocarcinoma and BCR or BCP after curative-intent radiother-
apy or RP. Further, BCR patients had to have sufficient data to determine
risk group: PSA doubling time and Gleason score for recurrence after RP,
interval from primary therapy to biochemical failure, and Gleason score
after radiotherapy. Patients had to have complete reading data. Patients
with known metastases before PSMA PET, prior salvage treatment, or
PSMA PET within 3 mo after curative treatment were not eligible for this
analysis. A flowchart for patient inclusion is shown in Figure 1.

Detailed imaging procedures were reported previously (5), and scans
were acquired in accordance with the international guideline (12). In
brief, whole-body PET was acquired from skull to mid thighs. PET was
performed as hybrid imaging with CT or MRI based on availability and
contraindications. For PET/CT, a diagnostic contrast-enhanced CT scan
was obtained before the PET scan. For PET/MRI, an abbreviated pelvic

PET/MRI scan was obtained following a whole-body protocol after the
PET scan. PSMA PET findings were interpreted using PROMISE (Pros-
tate Cancer Molecular Imaging Standardized Evaluation) criteria (13).

Descriptive statistics were used to report patient characteristics and
disease extent. Multivariate, binomial logistic regression models were
applied to assess independent predictors of M1 disease. Analyses were
performed using R, version 3.4.0 (R Foundation for Statistical Com-
puting). Figure parts were created using BioRender Software.

RESULTS

Table 1 lists patient characteristics and PSMA PET stage. The
median PSA serum level at the time of PSMA PET was 1.76 ng/
mL (interquartile range [IQR], 4.28 ng/mL). PSA values differed
after RP (median, 1.0 ng/mL; IQR, 2.4 ng/mL) versus after radio-
therapy (median, 5.1 ng/mL; IQR, 6.4 ng/mL). In total, 1,493
(76%) patients received primary RP and 467 (24%) patients
received primary radiotherapy. More than 60% of patients in the
post-RP group had a PSA level of less than 2.0 ng/mL, whereas—
also because of a difference in BCR definition—most of the postra-
diotherapy patients had a PSA level of at least 2 ng/mL. The
median time since initial therapy was the longest in the respective
EAU BCR low-risk groups (post-RP, 9.6 mo [IQR, 7.4 mo]; post-
radiotherapy, 7.4 mo [IQR, 6.9 mo]). PSMA PET localized disease
in 1,515 of 1,960 (77%) patients. Figure 2A shows the PSMA
PET–detected disease extent separate for EAU BCR risk groups
and BCP.
PSMA PET revealed M1 disease within the post-RP group in 43

of 176 (24%), 342 of 931 (37%), and 154 of 386 (40%) EAU BCR
low-risk, EAU BCR high-risk, and BCP patients, respectively.
Within the postradiotherapy group, M1 disease was detected in 113
of 309 (37%) and 110 of 158 (70%) EAU BCR low- and high-risk
patients, respectively. Bone metastases were detected in 19 of 176
(11%), 201 of 931 (37%), and 88 of 386 (23%) post-RP EAU BCR
low-risk, EAU BCR high-risk, and BCP subgroups, respectively,
and in 16 of 309 (5%) and 15 of 158 (10%) postradiotherapy EAU
BCR low- and high-risk subgroups, respectively. Visceral metastases
were detected in 3%–6% of patients in the post-RP subgroups and in

16 of 309 (5%) and 15 of 158 (10%) in the
postradiotherapy EAU BCR low- and high-
risk subgroups, respectively. The number of
involved regions differed among the different
risk groups. Three or more involved meta-
static regions were detected in 38 of 176
(22%), 287 of 931 (31%), and 110 of 386
(29%) post-RP EAU BCR low-risk, EAU
BCR high-risk, and BCP patients, respec-
tively, as well as 102 of 309 (33%) and 92
of 158 (58%) postradiotherapy EAU BCR
low- and high-risk patients, respectively.
PSMA PET revealed no disease in 58 of

176 (33%), 275 of 931 (30%), and 85 of 386
(22%) post-RP EAU BCR low-risk, EAU
BCR high-risk, and BCP subgroups. Postra-
diotherapy subgroups were PET-negative in
20 of 309 (7%) EAU BCR low-risk patients
and 7 of 158 (4%) EAU BCR high-risk
patients, respectively.
Figure 2B shows a Forest plot for odds

ratios derived from multivariate regression.
Higher PSA levels, EAU BCR high risk
(odds ratio, 2.91; 95% CI, 2.18–3.93), and

FIGURE 1. Study flowchart. IBF 5 interval from primary therapy to biochemical failure; PSADT 5

PSA doubling time; RT5 radiotherapy.
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BCP (odds ratio, 3.08; 95% CI, 2.12–4.48) were significantly asso-
ciated with PSMA PET M1 disease, whereas type of initial therapy
was not.

DISCUSSION

68Ga-PSMA-11 and 18F-DCFPyL PET were recently approved
by the Food and Drug Administration on the basis of high accu-
racy for prostate cancer staging (5,11,14). Approval of PSMA-

ligand PET is soon expected to enable broad availability for stag-
ing of BCR or BCP. Our findings present a detailed map of disease
extent in the EAU BCR risk groups or BCP. The observed intra-
and intergroup heterogeneities in PET stage come with important
implications for the EAU classification system.
First, PSMA PET stratified EAU BCR or BCP groups into relevant

subgroups with undetectable, locoregional, or distant metastatic dis-
ease. After RP, about one third of patients was stratified into each of
these 3 subgroups, with somewhat higher rates for metastatic disease

TABLE 1
Patient Characteristics and PSMA PET Stages

RP Radiotherapy

Characteristic
EAU BCR low risk

(n5176)
EAU BCR high risk

(n5 931)
BCP

(n5386)
EAU BCR low risk

(n5 309)
EAU BCR high risk

(n5158)

Age (y) 71 [9.3] 69 [9.1] 70 [12] 73 [9.6] 72 [9.1]

PSA ( ng/mL)

,0.5 60 (34.1%) 302 (32.4%) 69 (17.9%) 3 (1.0%) 2 (1.3%)

$0.5 to ,1.0 38 (21.6%) 178 (19.1%) 175 (45.3%) 4 (1.3%) 4 (2.5%)

$1.0 to ,2.0 20 (11.4%) 174 (18.7%) 43 (11.1%) 7 (2.3%) 5 (3.2%)

$2.0 to ,5.0 34 (19.3%) 159 (17.1%) 41 (10.6%) 134 (43.4%) 62 (39.2%)

$5.0 24 (13.6%) 118 (12.7%) 58 (15.0%) 161 (52.1%) 85 (53.8%)

PSA doubling time
(mo)

20 [18] 4.2 [5.2] 4.5 [5.8] 8.5 [11] 4.1 [5.7]

Gleason score

6 30 (17.0%) 42 (4.5%) 17 (4.4%) 97 (31.4%) 2 (1.3%)

7 146 (83.0%) 507 (54.5%) 168 (43.5%) 212 (68.6%) 27 (17.1%)

8 — 168 (18.0%) 79 (20.5%) — 55 (34.8%)

9–10 — 214 (23.0%) 122 (31.6%) — 74 (46.8%)

IBF (mo) 83 [78] 44 [51] 34 [55] 88 [84] 41 [65]

Adjuvant RT after
RP

Adjuvant RT 50 (28.4%) 368 (39.5%) 78 (20.2%) — —

No adjuvant RT 126 (71.6%) 563 (60.5%) 308 (79.8%) 309 (100%) 158 (100%)

PSMA PET stage

T0N0M0 (no
disease)

58 (33.0%) 275 (29.5%) 85 (22.0%) 20 (6.5%) 7 (4.4%)

Tr/N1M0
(locoregional)

75 (42.6%) 314 (33.7%) 147 (38.1%) 176 (57.0%) 41 (25.9%)

Any M1
(metastatic)

43 (24.4%) 342 (36.7%) 154 (39.9%) 113 (36.6%) 110 (69.6%)

M1 group

M1a only 13 (7.4%) 102 (11.0%) 53 (13.7%) 49 (15.9%) 30 (19.0%)

Any M1b* 19 (10.8%) 201 (21.6%) 88 (22.8%) 48 (15.5%) 65 (41.1%)

Any M1c 11 (6.2%) 39 (4.2%) 13 (3.4%) 16 (5.2%) 15 (9.5%)

No. of M1 regions

0 133 (75.6%) 589 (63.3%) 232 (60.1%) 196 (63.4%) 48 (30.4%)

1–2 5 (2.8%) 55 (5.9%) 44 (11.4%) 11 (3.6%) 18 (11.4%)

$3 38 (21.6%) 287 (30.8%) 110 (28.5%) 102 (33.0%) 92 (58.2%)

*Not including M1c.
IBF5 interval from primary therapy to biochemical failure; RT5 radiotherapy.
Qualitative data are number followed by percentage in parentheses; continuous data are median followed by IQR in brackets. PSMA

stages are according to PROMISE criteria (13).
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in the BCR high-risk or BCP patients. We present a single-time-point
assessment; however, PET stage was associated with time to progres-
sion in a previous prospective study on BCR (10).
Recently, Dong et al. noted in a pooled analysis of 145 patients

after RP or radiotherapy that the EAU BCR high-risk group was
associated with a higher PSMA PET positivity rate (15). In this
study, we assessed patients after RP or radiotherapy separately
and found similar rates for PET positivity but higher rates for me-
tastatic disease in patients with EAU BCR high risk as compared
with low risk. In addition, PSMA PET identified subgroups with
discordant findings for EAU BCR risk label versus PET stage:
30% of post-RP EAU BCR high-risk patients had undetectable
disease, whereas 24% of low-risk patients had metastatic disease,
including 11% with bone metastases and 6% with visceral metas-
tases. Discordant findings together with previous evidence by
Emmett et al. (10) indicate that PSMA PET has additional prog-
nostic value and should be considered for future risk assessment.
Second, disease extent detected by PSMA PET was higher in post-

radiotherapy patients than in RP patients: Postradiotherapy EAU BCR
low-risk patients yield PSMA PET M1 rates similar to post-RP high-
risk or BCP patients. Strikingly, more than two thirds of postradio-
therapy high-risk patients had metastases, including bone metastases
in 31.4% and visceral metastases in 14.5%. In patients with EAU
BCR high risk, the incidence of M1 after radiotherapy was nearly
twice that after RP; the rate of M1 visceral disease was more than 2
times higher. Because of different BCR definitions, this increase can
be attributed to higher PSA values after radiotherapy (median,
5.1 ng/mL; IQR, 6.4ng/mL) than after RP (median, 1.0 ng/mL; IQR,
2.4ng/mL). Accordingly, initial therapy was not a significant predictor
of metastatic disease in multivariate regression analysis with PSA lev-
els included. We assume that the heterogeneous PSMA PET disease
extent reflected clinical reality, that is, the postradiotherapy or post-
RP EAU BCR risk groups will likely present different outcomes
despite sharing the same risk label. To account for these differences,
PSA level as well as RP- or radiotherapy-specific risk group nomen-
clature should be considered for risk assessment. We confirm a previ-
ously reported association of PSA with PSMA PET M1 disease. PSA
level was a stronger predictor of the presence of M1 disease than was

EAU BCR risk group. BCR or BCP states
are defined using PSA kinetics without spe-
cific inclusion of individual PSA values.
However, in the transition phase with limited
availability of PSMA PET, PSA level will
help identify patients at high risk who may
benefit from PSMA PET staging.

CONCLUSION

We demonstrate that men with high-risk
BCR according to the EAU prostate cancer
guidelines panel and BCP have higher rates
of metastatic disease. Discordant subgroups,
including metastatic disease in low-risk
patients and no disease in high-risk patients,
warrant inclusion of PSMA PET stage to
refine risk assessment.
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KEY POINTS

QUESTION: Does the new EAU risk classification identify distinct
patterns of disease spread in PSMA PET?

PERTINENT FINDINGS: In this multicenter, international study
including 1,960 men with BCR or BCP of prostate cancer, we
found that high-risk EAU BCR and BCP was significantly
associated with a higher risk of metastatic disease on PSMA PET.
However, PSMA PET also found patients with discordant patterns,
that is, no detected disease in high-risk patients and metastatic
disease in low-risk patients.

IMPLICATIONS FOR PATIENT CARE: PSMA PET validates the
novel EAU BCR risk classification. In addition, it may further refine
risk assessment in this cohort.

Initial therapy

PSA

Risk group

prostatectomy
radiotherapy

< 0.5 ng/ml
≥ 0.5 to < 1.0 ng/ml
≥ 1.0 to < 2.0 ng/ml
≥ 2.0 to < 5.0 ng/ml

≥ 5.0 ng/ml
EAU low risk

EAU high risk
Biochemical Persistence

Reference
1.08 (0.79-1.49)  P = 0.612

Reference
2.24 (1.59-3.17)  P < 0.001
3.17 (2.21-4.58)  P < 0.001
5.56 (3.96-7.87)  P < 0.001

12.16 (8.52-17.55)  P < 0.001
Reference

2.91 (2.18-3.93)  P < 0.001
3.08 (2.12-4.48)  P < 0.001

954 (79.6)
244 (20.4)
366 (30.6)
276 (23.0)
154 (12.9)
236 (19.7)
166 (13.9)
329 (27.5)
637 (53.2)
232 (19.4)

539 (70.7)
223 (29.3)

70 (9.2)
123 (16.1)
95 (12.5)

194 (25.5)
280 (36.7)
156 (20.5)
452 (59.3)
154 (20.2)

Category OR (CI95)             P

1 2 5 10 15
OR, 95% CI

A

B group no. M0 (%) no. M1 (%)

EAU Low Risk (n = 485) EAU High Risk (n = 1,089) Biochemical persistence (n = 386)

FIGURE 2. PET disease extent in EAU BCR low-risk patients, EAU BCR high-risk patients, and
BCP patients (A) and predictors of PET M1 disease (B). OR5 odds ratio.
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68Ga-DOTA-FAPI-04 PET/MR in the Evaluation of Gastric
Carcinomas: Comparison with 18F-FDG PET/CT

Chunxia Qin*1,2, Fuqiang Shao*1,2, Yongkang Gai1,2, Qingyao Liu1,2, Weiwei Ruan1,2, Fang Liu1,2, Fan Hu1,2, and
Xiaoli Lan1,2

1Department of Nuclear Medicine, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan,
China; and 2Hubei Key Laboratory of Molecular Imaging, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China

We sought to evaluate the performance of 68Ga-DOTA-FAPI-04 (68Ga-
FAPI) PET/MR for the diagnosis of primary tumor and metastatic
lesions in patients with gastric carcinomas and to compare the results
with those of 18F-FDG PET/CT. Methods: Twenty patients with histo-
logically proven gastric carcinomas were recruited, and each patient
underwent both 18F-FDG PET/CT and 68Ga-FAPI PET/MR. A visual
scoring system was established to compare the detectability of pri-
mary tumors and metastases in different organs or regions (the perito-
neum, abdominal lymph nodes, supradiaphragmatic lymph nodes,
liver, ovary, bone, and other tissues). The original SUVmax and normal-
ized SUVmax (calculated by dividing a lesion’s original SUVmax with the
SUVmean of the descending aorta) of selected lesions on both 18F-FDG
PET/CT and 68Ga-FAPI PET/MR were measured. Original/normalized
SUVmax-FAPI and SUVmax-FDG were compared for patient-based
(including a single lesion with the highest activity uptake in each organ/
region) and lesion-based (including all lesions [#5] or the 5 lesions with
highest activity [.5]) analyses, respectively. Results: The 20 recruited
patients (median age: 56.0 y; range: 29–70 y) included 9 men and 11
women, 14 patients for initial staging and 6 for recurrence detection.
68Ga-FAPI PET was superior to 18F-FDG PET for primary tumor detec-
tion (100.00% [14/14] vs. 71.43% [10/14]; P5 0.034), and the former
had higher tracer uptake levels (P , 0.05). 68Ga-FAPI PET was supe-
rior to 18F-FDG PET in both patient-based and lesion-based evaluation
except for the metastatic lesions in supradiaphragmatic lymph nodes
and ovaries. Additionally, multiple sequences of MR images were ben-
eficial for the interpretation of hepatic metastases in 3 patients, uterine
and rectal metastases in 1 patient, ovarian lesions in 7 patients, and
osseous metastases in 2 patients. Conclusion: 68Ga-FAPI PET/MR
outperformed 18F-FDG PET/CT in visualizing the primary and most
metastatic lesions of gastric cancer and might be a promising method,
with the potential of replacing 18F-FDG PET/CT.

Key Words: fibroblast activation protein; 68Ga-FAPI; PET/MR; gastric
cancer; 18F-FDG

J Nucl Med 2022; 63:81–88
DOI: 10.2967/jnumed.120.258467

Gastric cancer is the fifth most common malignant tumor and
the third most common cause of cancer death in the world (1). It

has typical characteristics of high incidence, high metastasis rate,
high mortality rate, low early diagnosis rate, low radical resection
rate, and low 5-y survival rate (2). Many gastric cancer patients
present with advanced-stage disease because of the lack of specific
early signs and symptoms. Early diagnosis and accurate staging
are crucial for choosing an appropriate therapy strategy (3).

18F-FDG PET/CT is extensively used in the diagnosis, staging, and
preoperative evaluation of gastric cancer. However, 18F-FDG PET/
CT has been reported to have a low detection rate for primary gastric
cancer (�55%), especially in the early stage, as well as signet-ring
cell, mucinous, and poorly differentiated adenocarcinomas, which are
typically less metabolically active (4). Moreover, variable and occa-
sionally intense physiologic uptake exist within the gastric wall,
which can cover 18F-FDG uptake by the primary tumor, and the pres-
ence of gastritis may cause false-positive results (5). In addition, Stahl
et al. showed that the intensity of tumor 18F-FDG uptake is not pre-
dictive of survival (6). Therefore, other more sensitive PET probes
are needed for the diagnosis and staging of gastric cancer.
Fibroblast activation protein (FAP) is overexpressed in cancer-

associated fibroblasts of several tumor entities (7). FAP inhibitors
(FAPIs) can specifically target and bind to FAP. FAPIs have been
radiolabeled and used as probes to visualize FAP-expressing
tumors. The probes including 68Ga-FAPIs have demonstrated
promising results in various cancers, including lung cancer, breast
cancer, prostate cancer, sarcoma, and head and neck cancer (8,9).
Different from 18F-FDG PET, which reflects the glucose metabo-
lism of tumor cells, radiolabeled FAPI imaging may show the
cancer-associated fibroblasts and extracellular fibrosis in tumor
stroma. Recent studies indicated that primary tumors and most
sites of metastases in patients with different cancers are well visu-
alized using 68Ga-FAPI PET/CT (10,11). However, the effect of
FAPI imaging in gastric cancer has been described in only a few
case reports (12,13) or in comprehensive studies involving many
malignancies (10,11). Additionally, as previous research on FAPI
mainly focused on PET/CT, the performance of PET/MR with
FAPI needs to be clarified. In this study, we aimed to further eval-
uate the performance of 68Ga-DOTA-FAPI-04 (abbreviated as
68Ga-FAPI) PET/MR in gastric cancer and to compare it with that
of 18F-FDG PET/CT.

MATERIALS AND METHODS

Patients
This prospective study was approved by the institutional review

board of Union Hospital, Tongji Medical College, Huazhong Univer-
sity of Science and Technology (IRB 20200290), and all subjects
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signed a written informed consent form. Twenty patients with gastric
cancer were enrolled from June 2020 to July 2020. The key eligibility
criteria were as follows: having histologically proven gastric carcino-
mas for initial staging or recurrence detection after therapy, having no
prior treatment within 4 wk before PET imaging, having no contrain-
dications to MRI, agreeing to undergo both 18F-FDG PET/CT and
68Ga-FAPI PET/MR, and undergoing 2 scans with an interval of less
than 1 wk.

18F-FDG PET/CT
18F-FDG was synthesized with 18F produced by a cyclotron (MINI-

trace; GE Healthcare), with a radiochemical purity of more than 95%.

18F-FDG (3.70–5.55MBq/kg) was administrated after the patient
fasted for at least 6 h and had a normal blood glucose level. Imaging
was performed approximately 60min after administration using an
integrated PET/CT scanner (Discovery VCT; GE Healthcare) from the
top of the head to the upper thighs with the following parameters:
120 kV, 110mAs, thickness of 3.75 mm. PET was acquired with
3min per bed position.

68Ga-FAPI PET/MR
68Ga-FAPI was radiolabeled according to a previously described

method (11). Briefly, 68GaCl3 eluted from 68Ge/68Ga generator (ITG)
was reacted with 20 mg (20 nmol) of FAPI-04 ligand (C S Bio Co.)

TABLE 1
Clinical Characteristics of Patients with Gastric Cancer

No. Sex
Age
(y)

Role of
PET Pathology Primary tumor

Confirmed
metastases*

Clinical stage/
final diagnosis

1 Female 38 IS PDAC Whole stomach PM, LNM, OM IV

2 Female 36 IS SRCC Greater curvature
of gastric body

PM, LNM, OM IV

3 Male 66 IS Nonkeratinizing
squamous cell
carcinoma

Esophagus-
stomach
cardia

LNM, LM, BM IV

4 Male 56 IS Adenocarcinoma Gastric body LNM, LM IV

5 Male 58 IS PDAC, partial
SRCC

Gastric antrum,
angular notch

LNM IIIA

6 Female 70 IS PDAC, partial
SRCC

Whole stomach PM, LNM IV

7 Male 61 IS Moderately
differentiated
adenocarcinoma

Whole stomach LNM, LM,
abdominal
wall†

IV

8 Male 61 IS Low-adhesion
Carcinoma,
partial SRCC

Stomach pylorus PM, LNM IV

9 Female 59 IS PDAC Gastric antrum,
angular notch

LNM, BM IV

10 Male 66 IS PDAC Greater curvature
of gastric body

PM, LNM, BM IV

11 Male 58 IS SRCC Angular notch LNM IV

12 Female 35 IS PDAC, partial
SRCC

Gastric body LNM IIIB

13 Male 50 IS SRCC Stomach pylorus-
duodenal bulb

None II

14 Male 63 IS Adenocarcinoma Remnant
stomach

PM, LNM IV

15 Female 54 RD PDAC PM, OM PD

16 Female 33 RD Low-adhesion
carcinoma

PM, LNM, OM,
left ureter†

PD

17 Female 29 RD PDAC PM, OM PD

18 Female 50 RD PDAC PM, OM PD

19 Female 56 RD SRCC LNM PD

20 Female 45 RD PDAC, partial
SRCC

LN, uterus†,
rectum†

PD

*Metastases were confirmed by the comprehensive consideration of imaging findings and pathologic results.
†Metastases at uncommon sites.
IS 5 initial staging; PDAC 5 poorly differentiated adenocarcinoma; PM 5 peritoneal metastasis; LNM 5 lymph node metastasis;

OM 5 ovarian metastasis; SRCC 5 Signet ring cell carcinoma; LM 5 liver metastasis; BM 5 bone metastasis; RD 5 recurrence
detection; PD 5 progression of disease.
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using a manual synthesis module (ITG) in 1 mL of 0.25 M sodium
acetate buffer for 5min at 100�C and purified before use.

Imaging was performed approximately 30–60min after the intrave-
nous administration of 68Ga-FAPI (a dose of 1.85–3.7MBq/kg) using
an integrated PET/MR scanner (SIGNA PET/MR; GE Healthcare).
MR images (a high-resolution axial T1-weighted liver acquisition with
volume acceleration-Flex sequence and a coronal T2-weighted fast
recovery fast spin echo) from brain to upper thigh were acquired dur-
ing the PET scan (3min/bed position). Next, dedicated multiple-
sequence MR images (T1- and T2-weighted images) and diffusion-
weighted images (DWI) of the abdominal and pelvic cavity were
acquired. All PET data were reconstructed using time-of-flight infor-
mation with 3-dimensional ordered-subset expectation maximization
protocol iterative reconstruction algorithms.

Image Interpretation
All images were registered on the AW workstation (version 4.6; GE

Healthcare). To avoid bias, 2 groups of experienced nuclear medicine
physicians independently analyzed the 18F-FDG PET/CT and 68Ga-FAPI
PET/MR images. Image interpretation included visual analysis and quan-
titative assessment, and the results were discussed to reach a consensus.

Visual Analysis. Abnormally elevated 18F-
FDG/68Ga-FAPI uptake, accompanied by the
abnormal density/signal in the corresponding
sites on CT/MRI, was interpreted as positive
if the possibility of physiologic uptake,
trauma, infection, and inflammation could be
excluded. According to the location, lesions
were divided into primary tumor and extragas-
tric organs/regions, including the peritoneum,
abdominal lymph nodes, liver, ovary, supra-
diaphragmatic lymph nodes, bone, and other
tissues. Additionally, those lesions that were
missed or insufficient for diagnosis using 18F-
FDG PET/CT and 68Ga-FAPI PET and for
which MR provided additional value for the
interpretation, were also recorded.

A visual scoring system was established to
compare the lesion detection capabilities of
18F-FDG PET and 68Ga-FAPI PET, based on
the lesion area (primary tumor and peritoneal
metastases) or number (positive lymph nodes,
liver, bone, and other tissues metastases) or
the obviousness (ovaries) detected in the
same patient by the 2 imaging studies. If the

area/number/obviousness of lesions detected by 68Ga-FAPI PET was
. 1 and , 3, 3–5 or . 5 times more than that of 18F-FDG PET,
68Ga-FAPI PET was scored 1, 2, and 3, respectively, and vice versa.
If the area/number of lesions detected by the 2 imaging modalities was
the same, the score was 0.
Quantitative Assessment. Quantitative assessment mainly involved

the comparison of 18F-FDG and 68Ga-FAPI uptake in the same lesion.
Regions of interest were drawn around foci with increased uptake in the
transaxial slices, and an original SUVmax was automatically obtained.
To ensure that SUVmax was relatively comparable, the original SUVmax

was normalized by the following formula:

Normalized SUVmax
5 Original SUVmax=SUVbkgd:

Eq. 1

SUVbkgd refers to average SUV of the descending aorta.
Quantitative assessment was also divided into patient-based and

lesion-based investigations. The former included the primary tumor or
a single lesion with the highest uptake in each organ/region, whereas
the latter referred to the analysis including all lesions (#5) or the 5
lesions with highest activity (.5) if multiple metastases exist.

Statistical Analysis
Statistical analysis was performed using SPSS

software (version 22.0; IBM Inc.). Continuous
variables are expressed as mean 6 SD. Cate-
goric variables are expressed as number and per-
centage. The number of positive lesions was
compared using the x2 test, and the Student’s t
test was used to assess the differences of SUV-

max between the 2 groups. A P value of less than
0.05 was defined as statistically significant.

RESULTS

Patient Characteristics
The median age of the cohort (9 men

and 11 women) was 56.0 y (range:
29–70 y). The imaging studies were per-
formed in 14 patients for initial staging and

FIGURE 1. Representative images of 68Ga-FAPI PET (A) and 18F-FDG PET (B) in patients with gas-
tric cancer for initial staging (patients 1, 2, 3, and 10) and recurrence detection (patients 18 and 19)
(from left to right). 68Ga-FAPI images are superior to 18F-FDG images in visualization of primary
tumors and metastases. 68Ga-FAPI total scores were 8, 7, 6, 5, 3, and 2, respectively, and all of the
18F-FDG total scores were 0.

FIGURE 2. Comparison of visual assessment between 68Ga-FAPI PET and 18F-FDG PET. n(n) in
each bar refers to patient number (scores); M5 metastases.
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in 6 patients for recurrence detection. Patient characteristics are
listed in Table 1.
Of the 14 patients for initial staging, 4 patients with earlier imaging

stages underwent surgery, 1 underwent omental biopsy, and the
remaining 9 received antitumor treatment without surgery due to
advanced staging. Notably, for the 4 patients who underwent surgery,
pathology confirmed that 3 patients had abdominal lymph nodes
metastases, which were completely/partially missed by PET scans.
68Ga-FAPI PET results altered 2 patients’ staging (patients 6 and 14)
compared with those by 18F-FDG PET/CT. Positive findings revealed
by the 2 imaging methods are listed in Supplemental Table 1 (supple-
mental materials are available at http://jnm.snmjournals.org).

Comparison of Detection Rates
For the patient-based analysis, 68Ga-FAPI PET was superior to

18F-FDG PET in visualizing the primary tumor (100.00% [14/14]
vs. 71.43% [10/14]) and peritoneal metastases (100.00% [10/10] vs.
40.00% [4/10]). The 2 imaging modalities were equivalent in explor-
ing metastases in the abdominal lymph nodes (11/11 vs. 10/11), liver
(3/3 vs. 3/3), bone (3/3 vs. 3/3), ovarian lesions (7/7 vs. 7/7), and posi-
tive supradiaphragmatic lymph nodes (6/7 vs. 6/7) (Table 2).

Comparison of Visual Assessment
In comparison to 18F-FDG PET, 68Ga-FAPI PET provided excellent

contrast with low background throughout the body (Fig. 1). Moreover,
whether it was the primary tumor or metastasis, the lesion detectability
of 68Ga-FAPI PET was superior to that of 18F-FDG PET, and the for-
mer received a much higher total score (Fig. 2, 87 vs. 13). In particu-
lar, 68Ga-FAPI PET detected significantly more or larger lesions than
18F-FDG PET in the primary tumor (23 vs. 1), metastases in the peri-
toneum (23 vs. 0), abdominal lymph nodes (18 vs. 1), liver (5 vs. 0)

(typical case shown in Fig. 3), and bones (7
vs. 0). Additionally, 4 metastases at uncom-
mon sites in 3 patients (uterus metastasis and
rectum involvement in 1 patient [Fig. 4], soft-
tissue metastasis in the abdominal wall, and
left ureteral metastasis) were revealed. How-
ever, for the detection of ovarian lesions (5
vs. 3) (Fig. 5) and positive lymph nodes
above the diaphragm (4 vs. 8), 68Ga-FAPI
PET had no obvious advantage compared
with 18F-FDG.

Comparison of Quantitative Assessment
Table 2 shows metabolic parameters (in-

cluding original and normalized SUVmax)
between 68Ga-FAPI and 18F-FDG. Both
the original and the normalized SUVmax of
the primary tumor on 68Ga-FAPI PET
were higher than those on 18F-FDG PET.
For patient-based analysis, there was no
statistically significant difference between
original SUVmax-FAPI and SUVmax-FDG of
the metastasis with highest activity in each
organ/region, and the normalized indicators
only affected the results in the abdominal
lymph nodes (P5 0.086 changed to
P5 0.003) and hepatic metastases
(P5 0.741 changed to P5 0.037). For
lesion-based analysis, the number of
lesions in the peritoneum, abdominal

lymph nodes, liver, and bone on 68Ga-FAPI PET was greater than
that on 18F-FDG PET. Remarkably, the normalized values of
SUVmax-FAPI were significantly higher than those of 18F-FDG for
all lesions.

Additional Value of MR
Multiple sequences of MR enhanced the interpretation confi-

dence in hepatic metastases in 3 patients (Fig. 3), uterine and rec-
tal metastases in 1 patient (Fig. 4), ovarian lesions in 7 patients
(6 metastases [Fig. 5] and 1 corpus luteum as a false-positive find-
ing [Figure 6]), and osseous metastases in 2 patients.

DISCUSSION

In this preliminary study, we found that 68Ga-FAPI PET imag-
ing was superior to 18F-FDG PET imaging in detecting primary
lesions and metastases in patients with gastric cancer at the initial
diagnosis and recurrence detection, as 68Ga-FAPI PET detected
more or larger lesions and showed higher tracer uptake. The low
background of 68Ga-FAPI can show small metastatic lesions of gas-
tric cancer in the peritoneum, abdominal lymph nodes, liver, and
bone, which are more difficult to detect with 18F-FDG. However,
68Ga-FAPI has physiologic uptake in the uterus and ovaries, which
may affect the observation of the corresponding regional
lesions. MR has higher soft-tissue contrast and affords multiple
sequences, which is conducive to the observation of abdominal and
pelvic organs that assists diagnosis. Therefore, 68Ga-FAPI PET/MR
exhibited good value in visualizing primary and metastatic gastric
cancer.
Previous studies have shown that preoperative 18F-FDG PET/CT

has a low detection rate for primary gastric cancer (14,15). In our
study, 18F-FDG PET has a relatively high detection rate of 71.43%

FIGURE 3. A 61-y-old man (patient 7) with moderately differentiated gastric adenocarcinoma. In
addition to the primary tumor (A, white arrow, SUVmax 5 11.0), 2 foci of elevated activity in the liver
were noted on the 18F-FDG PET/CT images (A, yellow arrows, SUVmax 5 5.8). On the 68Ga-FAPI
PET/MR images, the primary tumor had more intense uptake (B and C, white arrows, SUVmax 5

14.2), and the 2 hepatic lesions had more prominent 68Ga-FAPI accumulation (B, yellow arrows,
SUVmax 5 7.6). Additionally, multiple foci of increased 68Ga-FAPI activity were also revealed in the
liver (C, red outline, yellow arrows), which corresponded to multiple high signals on DWI (yellow
arrows), suggesting multiple hepatic metastases.
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(10/14) for primary tumor detection. This might be because most
of these patients were at an advanced stage, with relatively large
tumor size/higher malignancy degree. In fact, the uptake of 68Ga-
FAPI by the primary tumors was significantly higher than that of
18F-FDG (�2–43), as shown in our results (Fig. 1). Especially
when set against the low background of the gastric area, 68Ga-FA-
PI–avid lesions will be particularly obvious and easily visualized.
A recent comparative study demonstrated much higher sensitivity
of 68Ga-FAPI PET/CT than that of 18F-FDG PET/CT in the detec-
tion of primary gastric tumors (100.00% [11/11] vs. 36.36%
[4/11]), and the former had higher tracer uptake (SUVmax: 12.7 vs.
3.7 P5 0.03) (15). These findings are consistent with our results.
Notably, because most patients in this cohort had distant metasta-
ses, the evaluation of the degree of invasion and involvement of the
primary tumor was of little significance to staging. Therefore, we
only compared the involved area of the primary tumor visualized
by the 2 imaging modalities; assessment associated with T staging
was not performed. In addition, 68Ga-FAPI PET imaging changed
only 2 patients’ staging (2/14, 14.3%), which is attributed to the
staging proportion of patients. Most of the enrolled patients were in

stage IV (11/14, 78.5%). Although our results show that 68Ga-FAPI
PET can display more lesions than 18F-FDG PET, for patients with
multiple distant metastases, however, it does not change the clinical
staging or further affect treatment decisions.
Our results showed that although 18F-FDG PET and 68Ga-FAPI

PET were equally effective in visualizing and determining whether
metastases existed in a given region, in terms of the lesions’ num-
ber/area, 68Ga-FAPI had significantly better detectability. Because
there were too many, even countless metastatic lesions in some
regions (such as the peritoneum and the abdominal lymph nodes),
establishing a visual scoring system simplified the comparison.
Our scoring system intuitively displayed that 68Ga-FAPI PET out-
performed 18F-FDG PET in identifying lesions, especially the
peritoneal, abdominal lymph node, hepatic, and osseous metasta-
ses, which was consistent with the results of previous publications
(11,16). This can be attributed to the higher sensitivity and the
lower gastrointestinal background of 68Ga-FAPI. The latter was an
important factor limiting 18F-FDG PET, especially because with
peristaltic activity, the heterogeneous uptake in the intestinal wall
would increase the difficulty of interpretation by 18F-FDG PET/
CT (17). Although the superiority of 68Ga-FAPI PET in detecting
peritoneal metastases did not significantly change the staging of
gastric cancer, it can more accurately determine the involvement
extent, which can be used for evaluation of the response to
treatment.
The usefulness of 18F-FDG PET/CT in gastric cancer with

lymph node metastasis also remains controversial (14,18). We
found that 68Ga-FAPI PET was indeed superior to 18F-FDG PET
in visualizing abdominal lymph node metastases, which was simi-
lar to the conclusions of other studies (8,10,11). Although 18F-
FDG PET had higher scores than 68Ga-FAPI PET in detecting

FIGURE 4. A 45-y-old woman (patient 20) with a surgical history of gas-
tric cancer 4 y previously. 18F-FDG PET/CT (A) showed a mass in the
uterus with heterogeneous density and intense 18F-FDG activity (yellow
arrows, SUVmax 5 9.1), which involved the adjacent rectum (white arrows,
SUVmax 5 5.7). On 68Ga-FAPI PET/MR (B), there was intense 68Ga-FAPI
uptake throughout the uterus (SUVmax 5 12.7), which may be physiologic
uptake. When signal changes on multiple sequences of MR are inter-
preted, uterine masses (yellow arrows), disappearance of the fat space,
and rectal involvement (white arrows) can be observed and diagnosed as
metastases. ADC5 apparent diffusion coefficient.

FIGURE 5. Comparison between 18F-FDG PET/CT (A) and 68Ga-FAPI
PET/MR (B) for ovarian metastases in a 38-y-old woman (patient 1). Ova-
ries had slightly increased 18F-FDG accumulation (SUVmax 5 2.6) (A,
arrows); it was difficult to determine whether this accumulation was physi-
ologic uptake or metastases. On 68Ga-FAPI PET/MRI, increased uptake
(SUVmax 5 4.1) was observed in enlarged ovaries with significant MR sig-
nal changes (heterogeneous signal on T2-weighted images [T2WI], high
signal on DWI, and low signal on apparent diffusion coefficient [ADC]),
which enhanced the confidence in making a diagnosis of metastases.
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supradiaphragmatic lymph nodes. However, because of the lack of
pathologic proof and the common presence of false-positive
on 18F-FDG PET imaging (19), whether the 18F-FDG–positi-
ve/68Ga-FAPI–negative lesions were truly metastases remained to
be determined.
According to our results, both 18F-FDG PET/CT and 68Ga-

FAPI PET were ambiguous for the interpretation of ovarian
lesions due to the physiologic uptake of 18F-FDG (20) or 68Ga-
FAPI (Fig. 6) in the ovaries in premenopausal women. MR has
been playing an increasing role in the evaluation of gastrointestinal
diseases (21). Therefore, we introduced PET/MR to explore the
additional value of MR, which assisted in the interpretation of
some lesions in the ovary, uterus, liver, or bone because of the
excellent soft-tissue resolution and more valuable information pro-
vided by multiple sequences (22).
The present study had several limitations. First, the limited num-

ber of patients and pathologic types might cause bias. Second, T
staging–related assessments were not conducted because most
enrolled patients were in advanced stage. Whether 68Ga-FAPI PET/
MR can be beneficial for the staging of patients with gastric cancer
in earlier stage needs further assessment. Third, most (9/14) patients
did not undergo surgery or biopsy for metastatic lesions. For some
patients, although surgery was performed, not all lesions were
removed for pathologic examination, especially the supradiaphrag-
matic lymph nodes. These limiting factors may result in lack of gold
standard for the positive lesions. Therefore, we should conduct a
clinical trial involving a larger number of gastric cancer patients
with comprehensive pathologic types and earlier stage to remedy
these limitations and further confirm our results.

CONCLUSION

Compared with 18F-FDG PET/CT, 68Ga-FAPI PET/MR had
superior detection capabilities for primary tumors and metastases in
the peritoneum, abdominal lymph nodes, liver, and bones in
patients with gastric cancer. The detection ability of 68Ga-FAPI
PET for ovarian metastases was not better than that of 18F-FDG
PET; however, when combined with hybrid MRI 68Ga-FAPI PET/
MR could be helpful for avoiding misdiagnosis. In general, 68Ga-
FAPI PET/MR outperformed 18F-FDG PET/CT in visualizing

primary and metastatic lesions of gastric
cancer and may potentially replace 18F-
FDG PET/CT.
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KEY POINTS

QUESTION: Is 68Ga-FAPI PET/MR superior to 18F-FDG PET/CT in
detecting the primary tumor and metastases of gastric cancer?

PERTINENT FINDINGS: In a cohort of 20 patients with gastric
cancer, 68Ga-FAPI PET/MR showed a higher detection rate, more
lesions, and higher uptake than 18F-FDG PET/CT in both primary
lesions and most metastatic organs or tissues.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET/MR out-
performed 18F-FDG PET/CT in visualizing primary and metastatic
lesions of gastric cancer and may potentially replace 18F-FDG
PET/CT.
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Bone and soft-tissue sarcomas express fibroblast activation protein
(FAP) on tumor cells and associated fibroblasts. Therefore, FAP is a
promising therapeutic and diagnostic target. Novel radiolabeled FAP
inhibitors (e.g., 68Ga-FAPI-46) have shown high tumor uptake on PET in
sarcoma patients. Here, we report the endpoints of the 68Ga-FAPI PET
prospective observational trial. Methods: Forty-seven patients with
bone or soft-tissue sarcomas undergoing clinical 68Ga-FAPI PET were
eligible for enrollment into the 68Ga-FAPI PET observational trial. Of
these patients, 43 also underwent 18F-FDG PET. The primary study
endpoint was the association between 68Ga-FAPI PET uptake intensity
and histopathologic FAP expression analyzed with Spearman r correla-
tion. Secondary endpoints were detection rate, positive predictive value
(PPV), interreader reproducibility, and change inmanagement. Datasets
were interpreted by 2 masked readers. Results: The primary endpoint
was met, and the association between 68Ga-FAPI PET uptake intensity
and histopathologic FAP expression was significant (Spearman
r50.43; P50.03). By histopathologic validation, PPV was 1.00 (95%
CI, 0.87–1.00) on a per-patient and 0.97 (95% CI, 0.84–1.00) on a per-
region basis. In cases with histopathologic validation, 27 of 28 (96%)
confirmed patients and 32 of 34 (94%) confirmed regions were PET-
positive, resulting in an SE of 0.96 (95% CI, 0.82–1.00) on a per-patient
and 0.94 (95% CI, 0.80–0.99) on a per-region basis. The detection rate
on a per-patient basis in 68Ga-FAPI and 18F-FDG PET was 76.6% and
81.4%, respectively. In 8 (18.6%) patients, 68Ga-FAPI PET resulted in
an upstaging compared with 18F-FDG PET. 68Ga-FAPI PET readers
showed substantial to almost perfect agreement for the defined regions
(Fleiss k: primary k5 0.78, local nodal k5 0.54, distant nodal k50.91,
lung k5 0.86, bone k50.69, and other k5 0.65). Clinical management
changed in 13 (30%) patients after 68Ga-FAPI PET. Conclusion: We
confirm an association between tumoral 68Ga-FAPI PET uptake inten-
sity and histopathologic FAP expression in sarcoma patients. Further,
with masked readings and independent histopathologic validation,
68Ga-FAPI PET had a high PPV and sensitivity for sarcoma staging.

Key Words: sarcoma; cancer imaging; FAPI; fibroblast activation
protein; PET
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Sarcomas are a heterogeneous group of malignant tumors that
derive from a mesenchymal origin. Reliable imaging methods are
utterly important in the disease management of these patients and
focus mainly on CT, MRI, or hybrid imaging, with additional PET
using 18F-FDG. 18F-FDG PET/CT (referred to as 18F-FDG PET in
this paper) has gained recognition as an efficient imaging modality
for sarcomas and has been linked to detection of local recurrence
and metastasis, response assessment, and prognosis (1–3). How-
ever, downsides of 18F-FDG include false-positive results due to
physiologic uptake or an inflammatory response and false-negative
results due to elevated serum blood glucose levels. Therefore,
alternative targeted imaging probes are of increasing interest. The
fibroblast activation protein (FAP) is highly expressed in
carcinoma-associated fibroblasts in the stroma of various tumor
entities (4,5) and in activated fibroblasts in stroma tissue to pro-
mote wound healing but is absent from normal adult tissues
(6–8). Carcinoma-associated fibroblasts influence tumor cells by
producing mediators and can promote tumor angiogenesis,
migration, and proliferation (9,10). On this basis, a metaanalysis
of 15 studies proved that FAP overexpression in solid tumors is
associated with a poor outcome and is much more present in
tumor tissue than in normal tissue (8). Compared with other
tumor entities, sarcomas are unique in terms of FAP expression.
Depending on their histogenesis and because of their mesenchy-
mal origin, not just carcinoma-associated fibroblasts but also
sarcoma tumor cells themselves often express FAP (11,12). It
has been proposed that FAP and dipeptidyl-peptidase 4 are con-
sistently expressed in bone and soft-tissue tumor cells that are
histogenetically related to activated fibroblasts or myofibro-
blasts, irrespective of their malignancy (11). Therefore, FAP is
an interesting specific target for diagnostic and therapeutic
probes in bone and soft-tissue sarcomas. Only recently have
novel radiolabeled FAP inhibitors (FAPIs) been introduced for
theranostic approaches, which showed promising diagnostic
value for multiple tumor entities, including sarcomas (13,14).
These novel radiotracers captivate because of their low back-
ground activity, short acquisition delay, and specific imaging
target and because they do not require dietary measurements.
Additionally, it is possible to link these tracers with strong
b-emitting radionuclides (e.g., 177Lu and 90Y) and use them for
FAP-targeted radioligand therapies (15–17). Nonetheless, data
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on the imaging potential of these radiotracers are scarce, and
several clinical trials, such as ours, have been started to evaluate
these tracers in tumors, as well as specifically in sarcoma
patients (e.g., NCT04457258).
The aim of this prospective observational study was to investi-

gate the association between histopathologic FAP expression and
68Ga-FAPI PET uptake intensity in bone and soft-tissue sarcoma.
We further aimed to analyze 68Ga-FAPI PET sensitivity, specific-
ity, PPV, and impact on management.

MATERIALS AND METHODS

Study Design and Patients
The flow of patients is illustrated in Figure 1. This was a subgroup

analysis of the ongoing 68Ga-FAPI PET observational trial. Until
November 2020, adult patients with sarcomas who underwent clinical
68Ga-FAPI PET were offered the opportunity to consent to an observa-
tional trial conducted at University Hospital Essen (NCT04571086).
Before enrollment, patients gave written consent to undergo 68Ga-
FAPI PET for a clinical indication. They were enrolled irrespective of
prior conventional imaging or treatment. The inclusion criteria were
scheduling of 68Ga-FAPI PET for staging or restaging of sarcoma as
part of clinical routine and an age of at least 18 y. Clinical indications
for 68Ga-FAPI PET were staging of high-risk patients, evaluation of
the localization of tumor lesions before biopsy or surgery, equivocal
imaging results, or evaluation of therapeutic options (Table 1). The
exclusion criteria were an inability to consent to the study or to toler-
ate a PET scan; women who were pregnant, lactating, or breast feed-
ing were also excluded. The primary endpoint was an association
between 68Ga-FAPI PET uptake intensity and histopathologic FAP
expression. The primary endpoint was met if PET uptake and tissue
FAP expression showed a significant correlation by Spearman correla-
tion testing (ordinal data).

Secondary endpoints were the detection rate and positive predictive
value (PPV) of 68Ga-FAPI PET on a per-patient and per-region-basis for
tumor location, confirmed by histopathology or biopsy; the sensitivity
and specificity of 68Ga-FAPI PET on a per-patient and per-region-basis
for detection of tumor location confirmed by histopathology or biopsy;

the impact on management; interreader reproducibility; and a change in
staging or prognostic groups.

The time line of investigations is illustrated in the Supplemental
Figure 1 (supplemental materials are available at http://jnm.
snmjournals.org). The study was initiated, planned, conducted, ana-
lyzed, and published by the investigators. No financial support was
received from commercial entities. All reported investigations were
conducted in accordance with the Declaration of Helsinki and with the
national regulations. This observational trial was registered on clinical-
trails.gov (NCT04571086) and approved by the local Ethics Commit-
tee (permits 19-8991-BO and 20-9485-BO). Patients gave written
informed consent for inclusion in the observational trial.

Imaging
Clinical PET scans were performed in the craniocaudal direction on a

Biograph mMR, Biograph mCT, or Biograph mCT Vision (Siemens
Healthineers). All 68Ga-FAPI-46 PET scans were performed as PET/CT,
whereas 18F-FDG PET scans were performed either as PET/MRI or
PET/CT, depending on the clinical indication. Such scans are referred to
in this paper as 68Ga-FAPI PET and 18F-FDG PET, respectively. The
mean injected activity of 68Ga-FAPI was 144 6 36 MBq, and that of
18F-FDG was 214 6 102 MBq. 68Ga-FAPI PET images were
acquired approximately 10 min (mean, 13.6 6 8.5 min) after injec-
tion, and 18F-FDG PET images were acquired at approximately 60
min (mean, 69.2 6 16.5 min) after injection. For PET/CT, a diag-
nostic CT scan was obtained with a standard protocol (80–100 mA,
120 kV) before the PET scan. Intravenous iodinated contrast
medium was administered to 45 (96%) patients. For each scan, the
number of lesions per region and per patient and the size of the
lesion with the highest uptake per region were recorded. Any focal
uptake higher than the surrounding background and not associated
with physiologic uptake was considered suggestive of malignancy.
The SUVmax of tumor lesions was measured with a region-growing
algorithm with a threshold of 40% of the maximal uptake (Syngo.via
software; Siemens Healthcare) for the lesion with the highest uptake
at the respective cancer site (primary; local nodal; distant nodal;
lung; bone metastasis; and other organ, skin, or soft-tissue metasta-
sis). PET/CT and MR images were read independently by 2 experi-
enced, masked nuclear medicine physicians or radiologists each for

the respective modalities. The readers were
aware of the primary tumor site. Divergent
findings were discussed and reported in a
separate consensus session between readers.

Lesion Validation
All patients were followed up for histopath-

ologic analysis and, if possible, respective FAP
immunohistochemistry. Lesions were included
if 68Ga-FAPI PET findings could be directly
validated with histopathologically proven
lesions. Validation was performed by the
unmasked local investigators after they had
reviewed the images and reports, following the
prespecified criteria of the study protocol. In
patients with histopathologic results, positive
68Ga-FAPI PET findings were validated as
true- or false-positive. Regions negative on
68Ga-FAPI PET but with a subsequently con-
firmed tumor lesion by histopathologic analysis
were considered false-negative results.

Immunohistochemistry
Biopsy and surgical specimen were stained

with standard hematoxylin and eosin and

Patients with bone and soft tissue 
sarcomas (n = 50)

Clinically indicated 68Ga-FAPI 
PET/CT

Day of FAPI PET imaging 
and written consent to 

observational trial (n = 47)

Additional 18F-FDG PET ± 4 weeks of 
68Ga-FAPI PET (n = 43)

Completed and returned 
questionnaires 1+2 (n = 44)

Histopathological validation (n = 29)
FAP-immunohistopathology (n = 29)

FAPI PET sarcoma cohort data analysis (n = 47)

Indications, e.g.:
- Complementary staging at initial diagnosis
- Discordant findings in previous imaging
- Suspected metastasis
- Therapeutic options

Q1: pre-imaging questionnaire

• Continuous collection of clinical data
• Q2: post-imaging questionnaire
• 3 to 6 months post-imaging 

documentation of treatment changes

FIGURE 1. Enrollment flowchart.
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FAP immunohistochemistry. For immunohistochemical staining, the
tissue slides were incubated with the anti-FAP antibody after antigen
retrieval, followed by secondary antibody incubation.

FAP expression was evaluated by 1 experienced pathologist under
light microscopy with 340 power in accordance with a system by

Henry et al. (18). The entire tumor tissue sample on the slide was
assessed, excluding the invasive front or areas of active tumor growth.
Semiquantitative analysis of FAP expression was rated following a
previously described scoring system (18–20): 0 was defined as the
complete absence of, or weak, FAP immunostaining in less than 1%
of the sample; 11, as focal positivity in 1%–10%; 21, as positive
FAP immunostaining in 11%–50%; and 31, as FAP immunostaining
in more than 50%. Tumor cells and stromal cells were assessed for
semiquantitative analysis. The pathologist was not aware of the PET
findings.

Survey Design
Referring physicians were asked to complete and return 2 question-

naires. The first assessed the existing treatment plan for the patient
without the information from 68Ga-FAPI PET. The second inquired
about intended management after receipt of the written clinical report
and the 68Ga-FAPI PET images. After return of the second question-
naire, all other pending imaging findings were disclosed. Implementa-
tion of the intended management was verified by patient file review or
information provided by the referring physician.

Statistical Analysis
The primary endpoint was the association between 68Ga-FAPI PET

uptake intensity and histopathologic FAP expression. Validation was
via immunohistochemical FAP staining or molecular analyses of path-
ologic specimens. PET uptake and tissue FAP expression were com-
pared by Pearson correlation testing for continuous data and Spearman
correlation testing for ordinal data. In addition, uptake and expression
data were compared descriptively for each score, uptake, and expres-
sion range. The PPV and SE of 68Ga-FAPI PET on a per-patient and
per-region basis for detection of tumor location confirmed by histopa-
thology or biopsy were calculated and are reported, along with the cor-
responding 2-sided 95% CIs. The CIs were constructed using the
Wilson score method. Additionally, 1-way ANOVA was used for
analysis of histopathologic FAP expression and uptake values. Uptake
measurements of tumor lesions, nontumor lesions, and background
were tested for statistically significant differences using nonparametric
paired t tests (Wilcoxon signed-rank test). All statistical analyses were
performed using R statistics (version 3.4.1; www.r-project.org) or
Prism (version 8.4.2; GraphPad Software).

RESULTS

Patient Characteristics
By November 2020, 47 patients with sarcomas had been

enrolled at the University Hospital Essen. Four patients were
imaged with 68Ga-FAPI-04 (8.5%), and 43 patients were imaged
with 68Ga-FAPI-46 (91.5%). All patients imaged with 68Ga-FAPI-
46 underwent 18F-FDG PET/CT (n5 35; 81.4%) or PET/MRI
(n5 8; 18.6%) within a month before or after the 68Ga-FAPI PET
(mean, 3.7 6 6.5 d; range, 230 to 17 d). In all patients, no thera-
peutic changes occurred during the interval between the 68Ga-FAPI
and 18F-FDG PET scans. Table 1 details the patients’ clinical char-
acteristics. Information on the included tumor entities can be found
in Supplemental Table 1. No adverse events were reported.

Association Between 68Ga-FAPI PET Uptake Intensity and
FAP Expression
The 68Ga-FAPI uptake values and histopathologic FAP scores

(n5 29) are compared in Figure 2 and Supplemental Table 2. His-
topathology samples were from needle biopsies (n5 4), open biop-
sies (n5 5), or surgical excisions or resections (n5 20). ANOVA
of SUVmax and histopathologic FAP score showed significant dif-
ferences (P5 0.037). Comparison of SUVmax with the established

TABLE 1
Patient Characteristics

Characteristic Data

Age (y)

Mean 48.1 (SD, 17.3)

Median 54.0 (range, 18.0, 89.0)

Sex

Female 23 (48.9%)

Male 24 (51.1%)

Sarcoma type

Bone sarcoma 20 (42.6%)

Osteosarcoma 8 (17.0%)

Ewing sarcoma 2 (4.3%)

Others 10 (21.3%)

Soft-tissue sarcoma 27 (57.4%)

Not otherwise specified/
undifferentiated pleomorphic
sarcoma

6 (12.8%)

Leiomyosarcoma 4 (8.5%)

Others 17 (36.2%)

Grading

High grade 35 (74.5%)

Low grade 5 (10.6%)

Not applicable 7 (14.9%)

Staging

Localized 16 (34.0%)

Synchrone metastasized 9 (19.1%)

Metachrone metastasized 22 (46.8%)

Prior therapies

Chemotherapy 13 (27.7%)

Chemotherapy and radiotherapy 15 (31.9%)

Radiotherapy 2 (4.3%)

None 17 (36.2%)

Indication for PET

Staging 17 (36.2%)

Restaging 20 (42.6%)

Localization before local therapy 10 (21.3%)

Intended treatment before PET

Chemotherapy 26 (55.3%)

Resection 12 (25.5%)

Radiation 5 (10.6%)

Resection/radiation 2 (4.3%)

Watch and wait 2 (4.3%)

Data are number followed by percentage in parentheses,
except for age. Total n 5 47.
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immunohistochemical scoring system showed a moderate linear
relationship (SUVmax, Spearman r5 0.43; P, 0.05) (Fig. 2A).
Uptake was higher in lesions with a FAP score of 3 than in lesions
with no FAP expression (mean, 23.1 6 15.4 for FAP score of 3 vs.
12.0 6 10.2 for a FAP score of 0). Furthermore, stratification into
low- and high-grade sarcomas showed similar uptake between
groups on 68Ga-FAPI PET (Fig. 2B) (Spearman r520.24;
P5 0.49), with no statistically significant difference or correlation.
Additional information about uptake values and tracer-to-back-
ground ratios is shown in Supplemental Tables 3 and 4 and Supple-
mental Figure 2.

Detection Rate and Accuracy
In total, 29 patients (61.7%) and 37 regions could be validated by

histopathology. The PPV and sensitivity on a per-patient and per-
region basis are shown in Table 2, and Supplemental Table 5 shows a
contingency table for PPV, negative predictive value, SE, and SD. In
PET-positive patients with histopathologic validation (n5 27), PPV
was 1.00 on a per-patient basis and 0.97 on a per-region basis (sec-
ondary endpoint; 95% CI, 0.87–1.00 and 0.84–1.00, respectively).

In cases with histopathologic validation, 27 of
28 (96%) confirmed patients and 32 of 34
(94%) confirmed regions were PET-positive,
resulting in an SE of 0.96 (95% CI, 0.82–
1.00) on a per-patient and 0.94 (95% CI,
0.80–0.99) on a per-region basis (Table 2).
One patient was PET-negative, and a malig-
nant lesion was ruled out by histopathology
(Supplemental Table 5); thus, accuracy was
assessed for 28 patients with histopathology-
confirmed malignancy.

68Ga-FAPI PET detected 310 lesions
in total, and 18F-FDG PET detected 345.
Details on the lesion detection rate per
patient and per region are shown in Table 3
and Supplemental Table 6. On a per-patient
basis, the detection rate was 42 (97.7%)
for 68Ga-FAPI PET and 41 (95.3%) for
18F-FDG PET. On a per-region basis, 92
(54.8%) regions were positive on 68Ga-FAPI

PET and 90 (53.6%) on 18F-FDG PET. An example patient is shown
in Figure 3.

Reproducibility
On a region basis, bothmasked readers showed substantial to almost

perfect agreement for both 68Ga-FAPI PET and 18F-FDG PET. The
Fleiss k-values are listed in Table 4. The raw reading-data are available
as Supplemental Spreadsheets 1–4. Especially for disease in the nodal
and lung regions, the readers showed higher agreement on 68Ga-FAPI
PET than on 18F-FDG PET (local nodal k5 0.54 vs. 0.27; distant
nodal k5 0.91 vs. 0.37; lung k5 0.86 vs. 0.76). Interreader agree-
ment on no disease versus local disease versus metastatic disease was
similar for 68Ga-FAPI and 18F-FDG (k5 0.71 vs. 0.72).

Change in Management
Completed and returned pre- and postimaging questionnaires were

available for 44 patients (93.6%), and the implemented management
was assessed. As depicted in Figure 4A, for 28 (64%) patients no
change in management was documented. Major changes (e.g.,
change in therapeutic regimen) were documented for 7 (16%)
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FIGURE 2. Primary endpoint: association between 68Ga-FAPI PET uptake intensity and FAP immu-
nohistochemistry (IHC) score. (A) 68Ga-FAPI SUVmax by immunohistochemistry score, with positive
correlation (r 5 0.43, P , 0.05). (B) 68Ga-FAPI SUVmax for patients separated into high-grade and low-
grade groups and patients with tumor entities for which grading does not apply. Uptake does not sig-
nificantly differ between groups (P5 0.49).

TABLE 2
68Ga-FAPI PET Accuracy: PPV and Sensitivity of 68Ga-FAPI PET Confirmed by Histopathologic Validation on Per-Patient

and Per-Region Basis

Validation group Total regions or patients (n) No. confirmed No. ruled out PPV or sensitivity

PPV

Histopathologic validation

PET-positive (per patient) 27 27 (100%) 0 (0%) 1.00 (95% CI, 0.87 to 1.00)

PET-positive (per region) 33 32 (97%) 1 (3%) 0.97 (95% CI, 0.84 to 1.00)

Sensitivity

Histopathologic findings

Confirmed (per patient) 28 27 (96%)* 1 (4%)† 0.96 (95% CI, 0.82 to 1.00)

Confirmed (per region) 34 32 (94%)* 2 (6%)† 0.94 (95% CI, 0.80 to 0.99)

*PET-positive.
†PET-negative.
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patients; minor changes (e.g., modification of intended therapy)
occurred in 6 (14%) patients. For 3 (6%) of the patients, whether the
intended treatment was implemented was not reported. The types of
major changes are highlighted in Figure 4B and Supplemental Table
7. The most frequent major change was a treatment shift toward sys-
temic therapy in 3 (43%) patients, best supportive care in 2 (29%),
active surveillance in 1 (14%), and local therapy in 1 (14%). Minor
changes were equally distributed between modified local therapy
(50%) and modified systemic therapy (50%).

Change in Staging
The changes in staging between 18F-FDG PET and 68Ga-FAPI

PET are given in Table 5. Five patients were excluded from the anal-
ysis because of incomparable 18F-FDG PET datasets (n5 43).
In most patients, the staging did not differ between 68Ga-FAPI and
18F-FDG PET. Of note, 8 (18.6%) patients were upstaged by 68Ga-
FAPI PET: 6 were upstaged from locoregional disease on 18F-FDG

PET to metastatic disease on 68Ga-FAPI PET, and 2 patients had no
signs of disease on 18F-FDG PET but were staged as metastatic
or locoregional on 68Ga-FAPI PET. As shown in Supplemental
Table 7, in only 2 upstaged patients did this result in a major change
in management. Downstaging by 68Ga-FAPI PET occurred in 3
(7%) patients.

DISCUSSION

For clinical translation of 68Ga-FAPI PET, the association
between 68Ga-FAPI uptake and histopathologic target expression
needs to be established. Previously published data indicate high
uptake of 68Ga-FAPI tracers in sarcoma (13,21). We therefore
aimed to assess the association between 68Ga-FAPI PET uptake
and FAP expression in sarcoma patients, validated by FAP
immunohistochemistry. The primary endpoint was met, and we
showed an association between 68Ga-FAPI PET uptake intensity
and histopathologic FAP expression. Further, we established a
good diagnostic performance for 68Ga-FAPI PET, compared
with 18F-FDG PET, in this cohort of sarcoma patients and
showed a high sensitivity of 96% and a PPV of 1.00 for FAP-
positive lesions.
To our knowledge, these are the first prospective data on 68Ga-

FAPI PET in a cohort of sarcoma patients. Our study had several
strengths when compared with several prior retrospective and pro-
spective trials evaluating 68Ga-FAPI PET. The study was strength-
ened by prospective follow-up, lesion validation, and correlation
with histopathologic FAP expression; by a head-to-head compari-
son with 18F-FDG PET; by use of masked readings; and by use of
pre- and postimaging questionnaires to measure management
changes.
Specific binding of FAPI-04 to FAP was demonstrated previ-

ously in vitro (15,22,23). In addition, several clinical studies
reported histopathologic FAP expression in tumor lesions in
smaller cohorts (24,25). Nonetheless, they neither compared FAP
expression level with uptake values nor showed a detailed analysis
of FAP immunohistochemistry and PET lesions. We demonstrated a
relationship between FAP immunohistochemistry and SUVmax. How-

ever, one must remember that FAP immu-
nohistochemistry expression levels are
heterogeneous in tumor tissue. The spatial
intratumoral heterogeneity was addressed by
assessment of the entire tumor area on the
slide, but we did not stain different tumor
sites or metastases, and considering the
small number of biopsies, a sampling bias
cannot not be excluded. Notably, 7 patients
had positive 68Ga-FAPI PET results whereas
FAP immunohistochemistry was negative.
In this study, these lesions were reported as
false-positive, but possible explanations for
this discrepancy are sampling errors or
unspecific tracer binding in areas of inflam-
mation or necrosis (26–28).
In the assessment of diagnostic accuracy,

68Ga-FAPI PET demonstrated high PPV
and sensitivity. When compared with
18F-FDG PET, 68Ga-FAPI PET had a
slightly lower detection efficacy for local
nodal findings, although tumor-to-back-
ground uptake was higher and the

TABLE 3
Detection Efficacy

PET-positive results

Site 68Ga-FAPI (n 5 43) 18F-FDG (n 5 43)

Per-patient basis 42 (97.7%) 41 (95.3%)

Per-region basis

Primary 33 (76.7%) 35 (81.4%)

Local nodal 5 (11.6%) 7 (16.3%)

Distant nodal 5 (11.6%) 8 (18.6%)

Lung 15 (34.9%) 14 (32.6%)

Bone 12 (27.9%) 9 (20.9%)

Other 23 (53.5%) 16 (37.2%)

Data are number followed by percentage in parentheses.

FIGURE 3. Case presentation: 69-y-old patient with metastatic low-grade myofibroblastic
sarcoma. (A–D) Images of primary tumor of dorsal left thigh show higher uptake with 68Ga-FAPI
(SUVmax, 34.5; A and B) than with 18F-FDG (SUVmax, 20.6; C and D). Shown are maximum-intensity-
projection PET images (A and D), axial CT images (B and C, top), and axial PET images (B and C,
bottom). (E and F) Primary lesion (arrow) demonstrated high FAP expression on immunohistochem-
istry (E), compared with negative immunohistochemistry seen in different patient (F).
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interpretations were more reproducible. Compared with 18F-FDG
PET, 68Ga-FAPI PET resulted in upstaging or downstaging in
8 patients, especially from locoregional to metastatic disease, which
agrees with reported upstaging from other studies with various can-
cers (including 3 sarcoma patients) and pancreatic cancer (29,30).
68Ga-FAPI PET resulted in changes in the treatment plan for 13
patients. Of these 13, 7 had major changes after 68Ga-FAPI PET;
nonetheless, these changes were triggered by upstaging in only 2 of
these patients. All in all, the impact of 68Ga-FAPI PET on manage-
ment was low, when compared with findings for PSMA PET or
somatostatin receptor PET in other tumor types (31,32). Reasons
for a lower rate include the advanced tumor stage and pretreatment
of the enrolled patients, as well as a high number of high-grade soft-
tissue and bone sarcomas. In high-grade sarcoma, staging often
does not change the initial planned therapy concept of induction che-
motherapy and local treatment.
Aside from the diagnostic potential of FAPI radiotracers in sar-

coma patients, the high uptake in tumor lesions enables FAP-
targeted radioligand therapy similar to PSMA or somatostatin
receptor–targeted therapies. Recently, 3 cases undergoing FAP-
targeted radioligand therapy were reported; one of these cases was
in a patient with sarcoma, who was treated with 153Sm-labeled
FAP-targeted FAPI-46 radioligand therapy (15–17).
This study had some limitations. Bone and soft-tissue sarcomas

are a group of rare and heterogeneous tumors, as is reflected by

the variety of tumor entities included in this analysis. Because of
the small sample size, we could not perform subgroup analyses,
despite the possibility of differences in FAP expression or 68Ga-
FAPI uptake in certain sarcoma entities. Despite similar diagnostic
performance, 68Ga-FAPI PET—in contrast to 18F-FDG PET—was
unable to distinguish sarcoma grades (3,33).

CONCLUSION

We established in this prospective clinical study on sarcoma
patients an association between target expression and 68Ga-FAPI
PET SUV. We further found 68Ga-FAPI PET to have high accu-
racy and, when compared with 18F-FDG PET, a similarly high
detection rate and reproducibility. 68Ga-FAPI PET is a valuable
diagnostic tool in patients with sarcoma. The prognostic and thera-
nostic potential of 68Ga-FAPI imaging should be explored in
future studies to improve disease management.
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TABLE 4
Reproducibility: Interreader Agreement (Fleiss k) on Per-

Region Basis for 18F-FDG PET and 68Ga-FAPI PET

Fleiss k

Region

18F-FDG
(n 5 43)

68Ga-FAPI
(n 5 47)

Primary 0.77 0.78

Local nodal 0.27 0.54

Distant nodal 0.37 0.91

Lung 0.78 0.86

Bone 0.66 0.69

Other 0.67 0.65

No disease vs. local
disease vs. metastatic disease

0.718 0.706

TABLE 5
Change in Stage by Addition of 68Ga-FAPI PET

68Ga-FAPI

18F-FDG
Locoregional
(n 5 13)

Metastatic
(n 5 29)

No disease
(n 5 1)

Locoregional 10 (76.9%) 6 (20.7%) 1 (100%)

Metastatic 2 (15.4%) 22 (75.9%) 0 (0%)

No disease 1 (7.7%) 1 (3.4%) 0 (0%)

64%7%

14%

16% Type of change

No change

Minor change

Major change

Not reported

A

43%

14%

29%

14% Type of major change

Toward active surveillance 

Towards best supportive care 

Towards local therapy 

Towards systemic therapy

B

FIGURE 4. Change in management. (A) pie chart of implemented management change after FAPI-
PET for 44 patients. Types of changes were categorized as no change, minor change (e.g. modifica-
tion of systemic or local treatment), major change (e.g. treatment shift towards local or systemic
therapy) and no report of implementation of intended treatment. (B) shows the types of major change
after FAPI-PET in 7 patients. Major shift towards systemic therapy were noted most often.
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KEY POINTS

QUESTION: Is there an association between 68Ga-FAPI uptake
intensity and FAP expression in bone and soft-tissue sarcomas,
and how well does 68Ga-FAPI PET perform diagnostically in sar-
coma patients?

PERTINENT FINDINGS: We observed an association between
68Ga-FAPI uptake intensity and immunohistochemical FAP
expression in sarcomas and showed 68Ga-FAPI PET to have high
accuracy in sarcoma patients.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET has diag-
nostic utility in patients with sarcoma, with future implications for
FAP-targeted therapies.
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68Ga-Pentixafor PET/CT for Detection of Chemokine
Receptor CXCR4 Expression in Myeloproliferative Neoplasms
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C-X-C motif chemokine receptor 4 (CXCR4) is an attractive target for
cancer diagnosis and treatment, as it is overexpressed in many solid
and hematologic malignancies. This study investigated the feasibility
of CXCR4-directed imaging with PET/CT using 68Ga-pentixafor to
visualize and quantify disease involvement in myeloproliferative neo-
plasms (MPNs).Methods: Twelve patients with MPNs (4 with primary
myelofibrosis, 6 with essential thrombocythemia, and 2 with polycy-
themia vera) and 5 controls underwent 68Ga-pentixafor PET/CT. Imag-
ing findings were compared with immunohistochemical stainings,
laboratory data, and splenic volume. Results: 68Ga-pentixafor PET/
CT was visually positive in 12 of 12 patients, and CXCR4 target speci-
ficity could be confirmed by immunohistochemical staining. A signifi-
cantly higher tracer uptake could be detected in the bone marrow of
MPN patients (SUVmean, 6.4562.34 vs. 4.4461.24). Dynamic
changes in CXCR4 expression determined by 68Ga-pentixafor PET/
CT corresponded with treatment response. Conclusion: 68Ga-pentix-
afor PET/CT represents a novel diagnostic tool to noninvasively detect
and quantify the extent of disease involvement in MPNs.

Key Words: myeloproliferative neoplasms; CXCR4; molecular imag-
ing; PET; theranostics
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Myeloproliferative neoplasms (MPNs) are a heterogeneous
group of rare, potentially life-threatening hematopoietic stem cell
disorders characterized by aberrant proliferation of one or more
myeloid lineages (1). Because of similarities in pathogenesis and
symptoms, diagnosis is often challenging. However, no imaging
technique is presently established for the assessment of bone mar-
row (BM) involvement in MPNs
C-X-C motif chemokine receptor 4 (CXCR4) is a widely stud-

ied transmembrane chemokine receptor involved in tumor growth,
metastasis, and hematopoietic stem cell or progenitor homing and
retention in hematopoietic sites (2). In addition, previous studies

have shown CXCR4 overexpression in more than 30 different
tumor entities (3–5), including multiple myeloma (6), diffuse large
B-cell lymphoma (7), and small cell lung cancer (8). Recently, the
radiolabeled CXCR4-targeted ligand 68Ga-pentixafor has been
developed for PET imaging and has been shown to noninvasively
visualize CXCR4 expression in multiple hematologic malignancies
as well as inflammatory disease conditions in vivo (3,5,7,9,10).
However, there is limited knowledge regarding imaging features
of MPNs.
The aim of this proof-of-principle study was to assess the feasi-

bility of noninvasive CXCR4-directed imaging with PET/CT in
patients with MPNs.

MATERIALS AND METHODS

Subjects and Study Design
Between April 2015 and May 2017, 12 patients (6 men and 6

women; age range, 37–73 y; mean age, 58.26 9.1 y) with MPNs
underwent molecular imaging with 68Ga-pentixafor PET/CT. All
patients had a clinically, molecularly, or histologically confirmed mye-
loproliferative disorder (primary myelofibrosis, n5 4; polycythemia
vera, n5 2; essential thrombocythemia, n5 6). Detailed characteris-
tics of the patient cohort are shown in Table 1. Five nononcologic
patients (3 men and 2 women; mean age, 596 8 y) were included as a
control group (detailed in the supplemental methods; supplemental
materials are available at http://jnm.snmjournals.org).

PET/CT Imaging
68Ga-pentixafor was prepared as previously described (11) (detailed

in the supplemental methods). After injection of 68Ga-pentixafor
(median, 130 MBq; range, 74–190 MBq), all PET/CT scans were per-
formed on a dedicated PET/CT scanner (Biograph mCT 64; Siemens
Medical Solutions) using standard acquisition and reconstruction pro-
tocols (detailed in the supplemental methods).

Image Analysis
PET/CT scans were visually assessed by 2 board-certified nuclear

medicine physicians. First, a visual inspection of scans for elevated
intramedullary tracer uptake (higher than mediastinal blood pool) was
performed. For semiquantitative analysis, SUVmean was determined as
follows: in an initial step, transaxial slices in the middle of the L2–L4
vertebral bodies were selected. Next, tracer uptake in each vertebral
body was determined by placing a region of interest of 10-mm diame-
ter in the center of each vertebra. The individual overall SUVmean

(L2–L4) was calculated as the mean of the respective SUVmean of
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these 3 regions of interest. For assessment of the spleen, a region of
interest with a diameter of 4 cm was used. Background activity was
measured by placing a 15-mm region of interest in the center of the
right atrium (blood pool SUV). Mean tumor-to-blood ratios were cal-
culated by dividing the L2–L4 SUVmean by the blood pool SUV.
Splenic volumes were assessed by means of CT.

Immunohistochemistry Stainings of Patient Biopsy Material
Immunohistochemistry stainings were performed on 10% formalin-

fixed, paraffin-embedded BM biopsy samples from 9 of 12 MPN
patients (detailed in the supplemental methods).

Statistical Analysis
Statistical analyses were performed using Prism software (version

6.0; GraphPad Software, Inc.). Results are shown as mean6 SD or
median and range as indicated. All statistical tests were performed
2-sided, and a P value of less than 0.05 was considered to indicate sta-
tistical significance.

RESULTS

CXCR4-directed PET imaging with 68Ga-pentixafor was
visually positive in all patients. 68Ga-pentixafor PET/CT
depicted significantly increased tracer uptake both in the BM
and in extramedullary hematopoietic sites as compared with

controls, with an SUVmean of 4.446 1.3 in the BM (controls,
2.676 0.41; P5 0.01) and an SUVmean of 6.456 2.34 in the
spleen (controls, 4.446 1.24; P5 0.09) (example given in Fig.
1). Individual imaging results can be found in Supplemental
Tables 1 and 2, respectively.
No significant differences were observed between the SUVmean

of the different subtypes of MPN (Table 2). Patients with
JAK2V617F-positive or CALR-positive mutations did not show
higher BM uptake than JAK2V617F-negative patients (r5 0.19,
P5 not statistically significant). Additional BM biopsies were
available in 9 of 12 patients and confirmed moderate to strong
CXCR4 expression in dysplastic cells of the megakaryocytic line-
age in all samples (Supplemental Fig. 1).
Three patients additionally underwent follow-up CXCR4-

directed PET/CT after a median of 6 mo (range, 4–7 mo)
after treatment initiation with ruxolitinib (patients 1 and 6) and
hydroxyurea (patient 5). In these patients, initially high tracer
accumulation in the spleen and BM (with an SUVmean of
6.126 2.15, 3.606 1.14, and 4.106 0.32, respectively) declined
(SUVmean: BM, 3.97 vs. 2.86; spleen, 7.72 vs. 4.89) in response
to treatment (Fig. 2). Furthermore, the decrease in SUVmean

after treatment corresponded with a spleen volume reduction and
normalization of hemoglobin, peripheral leukocyte count,

TABLE 1
Patient Characteristics

Patient no. Sex Age (y) Diagnosis
Disease
stage Mutation

Splenomegaly and
splenic volume Treatment

Follow-up
PET/CT

CSCR4
IHC

staining

1 M 73 PV Initial
diagnosis

JAK2
V617F

Yes (532 cm3) Ruxolitinib Yes Yes

2 F 66 ET Initial
diagnosis

JAK2
V617F

No (226 cm3) None No Yes

3 M 37 ET Initial
diagnosis

CALR Yes (260 cm3) None No Yes

4 F 51 ET Stable
disease

JAK2
V617F

No (228 cm3) Anagrelide No Yes

5 M 60 ET Initial
diagnosis

CALR Yes (450 cm3) Hydroxyurea Yes Yes

6 M 64 PMF Initial
diagnosis

JAK2
V617F

Yes (689 cm3) Ruxolitinib Yes Yes

7 M 58 PV Stable
disease

JAK2
V617F

No (280 cm3) Hydroxyurea No Yes

8 F 62 PMF Progressive
disease

JAK2
V617F

Yes (508 cm3) Ruxolitinib No Yes

9 F 42 PMF Initial
diagnosis

None
detected

No (250 cm3) None No No

10 F 63 ET Stable
disease

JAK2
V617F

Yes (625 cm3) Hydroxyurea No No

11 M 58 PMF Initial
diagnosis

JAK2
V617F

No (214 cm3) None No Yes

12 F 52 ET Stable
disease

None
detected

No (180 cm3) Anagrelide No No

IHC 5 immunohistochemistry; PV 5 polycythemia vera; ET 5 essential thrombocythemia; PMF 5 primary myelofibrosis; CALR 5

calreticulin.
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thrombocyte count, and lactate dehydrogenase level (Supplemental
Table 2).

DISCUSSION

Although PET/CT imaging is widely used for the diagnosis,
staging, and response assessment of various types of hematologic
malignancies (12), it is not routinely used in patients with MPNs.
Currently, with the diagnosis being based solely on the assessment
of clinical, hematologic, histopathologic, and genetic parameters
(1), no imaging technique is established for the assessment of BM
involvement. Here, we present the first (to our knowledge) proof-
of-principle study investigating the in vivo application of 68Ga-
pentixafor in patients with MPNs. We demonstrate the feasibility
of 68Ga-pentixafor PET/CT to noninvasively detect and quantify
the extent of BM involvement, with MPN patients demonstrating
significantly higher tracer uptake in the BM and extramedullary
hematopoietic sites than was seen in nonmalignant controls. With
SUVmean ranging between 2.9 and 7.4, the intensity of 68Ga-

pentixafor uptake in the BM of MPN
patients was similar to that previously
reported for BM involvement in patients
with chronic lymphatic leukemia (13) and
acute myeloid leukemia (14).
Interestingly, in our small cohort, the

highest tracer accumulation was detected
in the BM of a patient with essential
thrombocythemia at the time of initial
diagnosis. However, further research to
establish and validate cutoffs for both
detection of BM involvement and differen-
tiation between various disease types is
still needed.
Our findings are consistent with the con-

cept of MPNs as chronic inflammatory dis-
eases (15) in conjunction with an impaired
microenvironment that favors malignant
over normal hematopoiesis through pro-
found changes in the BM stromal compart-
ment and increased cytokine levels.
Interestingly, megakaryocytes have been
shown to contribute to MPN pathology and
to be a major driver of BM fibrosis (16). In
line with that observation, our immunohis-
tochemistry data show CXCR4 expression
predominantly on the surface of dysplastic
cells of the megakaryocytic lineage. In this

context, the extent of CXCR4 uptake may, therefore, also serve as
a prognostic factor to further stratify MPN patients.
We monitored 3 newly diagnosed MPN patients (3 of our total

of 12 patients) over a median of 6 mo after treatment initiation,
showing that CXCR4 uptake determined by 68Ga-pentixafor PET/
CT might correlate with treatment response. The extent of both
BM and splenic uptake (SUVmean: BM, 3.97 vs. 2.86; spleen, 7.72
vs. 4.89) decreased with treatment initiation. Interestingly, tracer
uptake in BM and spleen corresponded with hematologic para-
meters and splenic volume. The reduction in SUVmean after treat-
ment correlated with normalization of hemoglobin, peripheral
leukocyte count, thrombocyte count, and lactate dehydrogenase.
Whereas recent data suggest additional utility for CXCR4-directed
PET/CT imaging for response assessment in hematologic
malignancies such as extranodal marginal zone lymphoma (17)
or central nervous system B-cell lymphoma (18), the extent to
which 68Ga-pentixafor PET/CT can be used for response assess-
ment in MPNs needs to be investigated in future prospective
studies.

FIGURE 1. Display of patient (patient 6) with primary myelofibrosis. 68Ga-pentixafor PET/CT (maxi-
mum-intensity projections) depicts significantly increased tracer uptake in BM as well as spleen
compared with control group.

TABLE 2
BM CXCR4 and Splenic Uptake in MPNs

Parameter

All
patients
(n 5 12)

Primary
myelofibrosis

(n 5 4)

Essential
thrombocythemia

(n 5 6)

Polycythemia
vera

(n 5 2)

Controls
(n 5 5)

BM SUVmean 4.44 6 1.3 (2.9–7.4) 5.48 6 0.80 (4.2–6.1) 4.01 6 1.40 (2.9–7.4) 3.92 6 0.22 (3.7–4.1) 2.67 6 0.41 (2.3–3.3)

Spleen SUVmean 6.45 6 2.34 (3.5–12.5) 6.12 6 0.76 (4.6–6.4) 7.37 6 2.53 (4.1–12.5) 4.72 6 1.25 (3.5–6.0) 4.44 6 1.24 (2.9–5.4)

Data are SUVmean. Values are provided as mean 6 SD (range).
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Our pilot observation suffers from several limitations. The radi-
ation exposure associated with PET/CT prevented the use of a
control group of healthy individuals. Instead, we included Conn
adenoma patients as a control group who received CXCR4 PET/
CT imaging as part of their endocrinologic investigation (19), and
68Ga-pentixafor uptake in other controls might be even lower than
in our endocrinologic control group. However, when compared
with previously reported upper limits of physiologic BM uptake
measurements in cancer patients without BM involvement, values
agree broadly with our study (SUVmean: BM for pancreatic adeno-
carcinoma, 1.7; BM for mucosa-associated lymphoid tissue lym-
phoma, 2.3) (13). Furthermore, although immunohistochemical
analysis could demonstrate CXCR4 expression in all BM biopsies,
CXCR4 expression was relatively low and did not clearly corre-
spond with the intensity of the PET signal. However, surface
expression of CXCR4 is a dynamic process and can be influenced
by therapeutic interventions (20).

CONCLUSION

To our knowledge, our data are the first to demonstrate that
CXCR4-directed imaging with 68Ga-pentixafor PET/CT is feasible
to visualize and quantify disease involvement in MPN patients.
Further evaluation in larger, prospective studies is warranted to
determine the clinical impact in primary staging and response
assessment and to evaluate the potential for a theranostic approach.
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KEY POINTS

QUESTION: Is CXCR4-directed PET
imaging with 68Ga-pentixafor feasible to
visualize and quantify disease involve-
ment in MPNs?

PERTINENT FINDINGS: This retrospec-
tive analysis revealed that CXCR4-
directed imaging is positive in all investi-
gated patients and showed a signifi-
cantly higher tracer uptake in the BM of
patients with MPNs.

IMPLICATIONS FOR PATIENT CARE:
CXCR4-directed PET imaging with 68Ga-
pentixafor is feasible to noninvasively
detect and quantify the extent of BM
involvement in patients with MPNs.

REFERENCES

1. Spivak JL. Myeloproliferative neoplasms. N Engl J
Med. 2017;377:895–896.

2. Jacobson O, Weiss ID. CXCR4 chemokine receptor
overview: biology, pathology and applications in
imaging and therapy. Theranostics. 2013;3:1–2.

3. Zhao H, Guo L, Zhao H, Zhao J, Weng H, Zhao B.
CXCR4 over-expression and survival in cancer: a
system review and meta-analysis. Oncotarget. 2015;
6:5022–5040.

4. Domanska UM, Kruizinga RC, Nagengast WB, et al.
A review on CXCR4/CXCL12 axis in oncology: no
place to hide. Eur J Cancer. 2013;49:219–230.

5. Kircher M, Herhaus P, Schottelius M, et al. CXCR4-directed theranostics in
oncology and inflammation. Ann Nucl Med. 2018;32:503–511.

6. Lapa C, Schreder M, Schirbel A, et al. [68Ga]pentixafor-PET/CT for imaging of
chemokine receptor CXCR4 expression in multiple myeloma: comparison to
[18F]FDG and laboratory values. Theranostics. 2017;7:205–212.

7. Lapa C, Hanscheid H, Kircher M, et al. Feasibility of CXCR4-directed radioligand
therapy in advanced diffuse large B-cell lymphoma. J Nucl Med. 2019;60:60–64.

8. Lapa C, Luckerath K, Rudelius M, et al. [68Ga]pentixafor-PET/CT for imaging of
chemokine receptor 4 expression in small cell lung cancer: initial experience.
Oncotarget. 2016;7:9288–9295.

9. Derlin T, Hueper K. CXCR4-targeted therapy in breast cancer. Lancet Oncol.
2018;19:e370.

10. Reiter T, Kircher M, Schirbel A, et al. Imaging of C-X-C motif chemokine recep-
tor CXCR4 expression after myocardial infarction with [68Ga]pentixafor-PET/CT in
correlation with cardiac MRI. JACC Cardiovasc Imaging. 2018;11:1541–1543.

11. Martin R, Juttler S, Muller M, Wester HJ. Cationic eluate pretreatment for auto-
mated synthesis of [68Ga]CPCR4.2. Nucl Med Biol. 2014;41:84–89.

12. Valls L, Badve C, Avril S, et al. FDG-PET imaging in hematological malignancies.
Blood Rev. 2016;30:317–331.

13. Mayerhoefer ME, Jaeger U, Staber P, et al. [68Ga]Ga-pentixafor PET/MRI for
CXCR4 imaging of chronic lymphocytic leukemia: preliminary results. Invest
Radiol. 2018;53:403–408.

14. Herhaus P, Habringer S, Philipp-Abbrederis K, et al. Targeted positron emission
tomography imaging of CXCR4 expression in patients with acute myeloid leuke-
mia. Haematologica. 2016;101:932–940.

15. Longhitano L, Li Volti G, Giallongo C, et al. The role of inflammation and inflam-
masome in myeloproliferative disease. J Clin Med. 2020;9:2334.

16. Ciurea SO, Merchant D, Mahmud N, et al. Pivotal contributions of megakaryocytes
to the biology of idiopathic myelofibrosis. Blood. 2007;110:986–993.

17. Herhaus P, Habringer S, Vag T, et al. Response assessment with the CXCR4-
directed positron emission tomography tracer [68Ga]pentixafor in a patient with extra-
nodal marginal zone lymphoma of the orbital cavities. EJNMMI Res. 2017;7:51.

18. Herhaus P, Lipkova J, Lammer F, et al. CXCR4-targeted PET imaging of central
nervous system B-cell lymphoma. J Nucl Med. 2020;61:1765–1771.

19. Rieckmann M, Delgobo M, Gaal C, et al. Myocardial infarction triggers cardiopro-
tective antigen-specific T helper cell responses. J Clin Invest. 2019;129:4922–4936.

20. Lapa C, Luckerath K, Kircher S, et al. Potential influence of concomitant chemo-
therapy on CXCR4 expression in receptor directed endoradiotherapy. Br J Haema-
tol. 2019;184:440–443.

FIGURE 2. Response assessment with CXCR4-directed PET/CT imaging (maximum-intensity pro-
jections). Shown is example of therapy-induced CXCR4 downregulation in patient with essential
thrombocythemia (patient 5).

CXCR4 IMAGING IN MPN � Kraus et al. 99
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Our rationale was to build a refined dosimetry model for 177Lu-
DOTATATE in vivo experiments enabling the correlation of absorbed
dose with double-strand break (DSB) induction and cell death.
Methods: Somatostatin receptor type 2 expression of NCI-H69
xenografted mice, injected with 177Lu-DOTATATE, was imaged at 0,
2, 5, and11d. This expressionwasusedas input to reconstruct realistic
3-dimensional heterogeneous activity distributions and tissue geome-
triesofboth cancer andheathy cells. The resulting volumetric absorbed
dose rate distributions were calculated using the GATE (Geant4
Application for Tomographic Emission) Monte Carlo code and com-
pared with homogeneous dose rate distributions. The absorbed dose
(0–2 d) on micrometer-scale sections was correlated with DSB
induction, measured by gH2AX foci. Moreover, the absorbed dose on
larger millimeter-scale sections delivered over the whole treatment
(0–14 d) was correlated to themodeled in vivo survival to determine the
radiosensitivity parameters a and b for comparison with experimental
data (cell death assay, volume response) and external-beam radiother-
apy. TheDNA-damage repair half-lifeTm andproliferationdoubling time
TD were obtained by fitting the DSB and tumor volume data over time.
Results: A linear correlation with a slope of 0.0223 DSB/cell mGy21

between the absorbeddose and the number of DSBs per cell has been
established.Theheterogeneousdosedistributionsdifferedsignificantly
from the homogeneous dose distributions, with their corresponding
average S values diverging at 11 d by up to 58%. No significant
differencebetweenmodeled invivosurvivalwasobserved in thefirst5d
when using heterogeneous and uniform dose distributions. The
radiosensitivity parameter analysis for the in vivo survival correlation
indicated that theminimal effective dose rates for cell kill was 13.72 and
7.40mGy/h, with an a of 0.14 and 0.264Gy21, respectively, and ana/b
of 100Gy; decreasing thea/b led to a decrease in theminimal effective
dose rate for cell kill. Within the linear quadratic model, the best
matching in vivo survival correlation (a5 0.1Gy21, a/b5 100Gy, Tm5
60 h, TD 5 14.5 d) indicated a relative biological effectiveness of 0.4 in
comparison to external-beam radiotherapy. Conclusion: Our results

demonstrated that accuratedosimetricmodeling is crucial toestablish-
ing dose–response correlations enabling optimization of treatment
protocols.

Key Words: radiation dosimetry; dose–effect relationship; peptide
receptor radionuclide therapy; 177Lu-DOTATATE
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Targeted radionuclide therapy using b-emitting radiolabeled
somatostatin analogs is currently applied to patients bearing
inoperable neuroendocrine tumors that overexpress the somatostatin
receptor type 2 (SSTR2) (1). Treatment options include 90Y-
DOTATOC and 177Lu-DOTATATE, which is registered as
Lutathera (Advanced Accelerator Applications SA).

177Lu-DOTATATE therapy has been shown to be successful for
many patients, leading to markedly prolonged survival and a better
quality of life than with other therapies (2,3). However, 177Lu-
DOTATATE therapy is prescribed at a fixed-activity dosing scheme
primarily irrespective of the patient’s weight, age, disease burden,
uptake, and tumor-specific radiosensitivity (4), leading to a
suboptimal but overall safe therapy.
In addition, preclinical research into targeted radionuclide therapy

has been marked by a scarcity of dosimetric evaluations, sound
radiobiologic understanding, and absorbed dose–effect models that
could predict tumor response. Nevertheless, evidence strongly
implies the existence of an absorbed dose–effect relationship (5),
which might be used to guide personalized treatment for an
optimized therapeutic approach.
Historically, tumor response to targeted radionuclide therapy has

been related tomacroscopic quantities such as whole-tumor absorbed
dose, assuming uniform distribution of the internalized radionuclide
and, hence, uniform energy deposition (6). However, the biologic
response among cells within a tumor can vary greatly, depending on
the spatial heterogeneity of dose distributions at multicellular,
cellular, and subcellular levels (7,8). The knowledge of individual
cellular absorbed doses and dose rates, together with their radiation
sensitivity (a,b), sublethal damage repair, and repopulation capacity,
is theoretically indispensable to assess the capability of the treatment
to kill every tumor cell, thus impairing tumor regrowth.
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At present, few studies have shown that tumor SSTR2 expression
status can be associated with clinical outcome (9,10), and a
more recent study has addressed the correlation between SSTR2

levels and DNA double-strand break (DSB) formation at a
preclinical level (11). Here, we used SSTR2 levels as inputs to
model tumor (cancer/healthy cells) and activity heterogeneity on a
cellular scale. The resulting absorbed dose and dose rate calculations
were used to determine absorbed dose–effect relationships on both
a nanoscale (DNA DSBs) and a macroscale (in vivo tumorous
cell survival).

MATERIALS AND METHODS

The biologic experimental data used as input for the dosimetric
calculations were part of previous studies performed at Erasmus MC
(11) and are briefly summarized in the supplemental materials (available
at http://jnm.snmjournals.org) (12–17). Animal experiments were
approved by the Animal Welfare Committee of the Erasmus MC and
were conducted in accordance with European guidelines.

Absorbed Dose and Dose Rate Distribution Maps
SSTR2 expression of NCI-H69 xenografts from mice injected with

177Lu-DOTATATE was assessed by immunofluorescent stainings (11).
Square tissue sections 3.2 3 3.2 mm in size and with a resolution of
0.625 mm/pixel from 4 independent mice per time point were used to
reconstruct 16 voxelized computational models (heterogeneous tumor
cell distribution) and the corresponding 16 voxelized sources (hetero-
geneous radionuclide distribution) at 4 time points (0, 2, 5 and 11 d), as
described in the supplemental materials. The input data for the Monte
Carlo simulations are represented by 5073 5073 289 voxels 5.73 5.7
3 10 mm in size.

The Geant4 Application for Tomographic Emission (GATE) Monte
Carlo toolkit, version 9.0 (18), was used to perform simulations and to
score 3-dimensional absorbed dose maps (resolution, 5.7 3 5.7 3
10 mm) within the defined geometry. The average dose was also
calculated for tumorous and healthy cells with the DoseByRegion actor
(deposited energy per dose voxel mass).

The radioactive source was sampled using the predefined ion source
definition (Evaluated Nuclear Structure Data File database), which
includes all the spectral components of 177Lu. TheLivermore physics list
(low-energy electromagnetic model) with a production cutoff of 1 mm
for the secondary electron was adopted.

The uncertaintywhenmerging the dosemaps computed over different
cores was calculated according to the method of Chetty et al. (19). The
total number of particles was chosen to ensure an average error below
6% for all the simulations.

The biodistribution data (11) were used to calculate the effective half-
life averaged over the whole sections and thus the cumulated activity.
The absorbed dose maps were corrected for the number of particles
simulated and the bound fraction of activity over different time points, to
determine realistic absorbed dose rate distributions over time.

Dose–volume histograms and generalized equivalent uniform dose,
as defined in Equation 1, were calculated using a Python (12) application
to compare the volumetric dose distribution of the heterogeneously
distributed radionuclide with the reference case of a uniform spheric
source distribution.

The S-value and dose rate distribution calculations for the equivalent
uniform spheric phantomwere performed on GATE (18) using the same
physical settings and geometric volume and then compared with
OLINDA (20) and IDAC-Dose 2.1 (21) codes:

Generalized equivalent uniform dose5
1
N

XN
i51

dai

 !1
a

, Eq. 1

where di represents the absorbed dose in each tumor cell volume
(i.e., voxel) and a is a negative parameter relating the effects by
heterogeneous and uniform dose distributions.

In Vivo Survival Model
The efficacy of the heterogeneous absorbed dose distribution caused

by the receptor expression pattern compared with an equivalent
homogeneous activity distribution (spheric phantom) was investigated
by comparing the corresponding in vivo survivals. Calculations were
performed accounting for the dose rate distribution over the tumor cells
(ith voxel) at the time of tissue excision,R0

i (Eq. 2; Fig. 1) or bymeans of
the average dose rate S value determined considering the initial SSTR
expression status, hereinafter referred to as the average approach:
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where P (biologic plateau) and le (effective half-life) are parameters
obtained by fitting the biodistribution as previously reported (11),
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: Eq. 5

The dose D(t) and the Lea–Catcheside factor G(t) (supplemental
materials), reported in Equations 3 and 4, respectively, are used to
describe the in vivo survival E(t) (Eq. 5), according to the linear
quadratic model (22). The repair rate m in Equation 4 was evaluated by
fitting the available in vitro gH2AX foci data (Supplemental Fig. 1A).
E(t) was then corrected for tumor repopulation, with repopulation rate g,
obtained by fitting the tumor growth curve according to Equation 6 and
imposing T0 (onset of shrinkage) as equal to 3 d (Supplemental Fig. 1B).
The regrowth doubling time (TD) was then calculated as

lnð2Þ
k02k11k2

, with ki
indicating growth and shrinkage rates and g 5 ln(2)/TD:

V5V0 � ek0 t �maxt.T0e
2k1ðt2T0Þ �maxt.T1e

k2ðt2T1Þ: Eq. 6

The cellular radiosensitivity a and b were taken as variable
parameters with an a of 0.264 Gy21, extracted from low-dose-rate
(0.002–0.05Gy/min) external irradiation data (23), or ana of 0.14Gy21,
from internal exposure (24), and an a/b of 5, 10, and 100 Gy. The effect
of a variable radiation sensitivity among the cell population (biologic
uncertainty) was tested using the following gaussian distributions: a 5

0.264 6 0.04 Gy21 and 0.14 6 0.03 Gy21.
The tissue sections excised from 4 different mice at 0, 2, 5, and 11 d

were used to calculate the in vivo survival distribution within each time
interval Ti (0–2, 2–5, 5–11, and 11–14 d). Then, the final survival
distribution was obtained by sampling the average survival distribution

PEPTIDE RECEPTOR RADIONUCLIDE THERAPY � Tamborino et al. 101

http://jnm.snmjournals.org


in each of the previous time intervals,EðTj21Þ, and statistically adding it
to the next one as reported in Equation 7:

EðTjÞ5EðTj21Þexp
�
2aDðTjÞ2GbDðTjÞ21gTj

�
: Eq. 7

The modeled results were then compared with the terminal
deoxynucleotidyl transferase–mediated 29-deoxyuridine, 59-triphos-
phate nick-end labeling (TUNEL) assay measurements (11) corrected
for tumor shrinkage after day 4.

Correlation Between Absorbed Dose and DSB Level
Using the samemethodology outlined earlier in the paper, simulations

on smaller tissue sections with a higher resolution (3203 320mmwith a
resolution of 0.325 mm/pixel) costained for gHA2X and SSTR2

expression on day 2 were used to seek a correlation with the average
absorbed dose delivered to the tumor cells within these 2 d. High-
resolution voxelized computational models and sources made of 5123
5123 256 voxels with a size of 0.63 0.63 1.3 mm were used as input
for the dose simulations using GATE.

In addition, we identified areas within the large tissue sections (used
for the in vivo survival calculations) most likely characterized by a high
level of DSB damage using a template-matching technique (Supple-
mental Fig. 2). High-expression SSTR2 cells (with a high level of DSBs)
in the smaller tissue sections (used for DSB analysis) were used as a
template. The identified areas, expected to present a high level of DSB
damage, were then compared with the absorbed dose delivered over 2 d
and the dose rate map on day 2. As such, we extended the absorbed
dose–to–DSB correlation, found on the small tissue sections, also over
larger volumes.

Statistical Analysis
The curve-fitting result most likely to obtain the input parameters of

the in vivo survival model was selected using the corrected Akaike
information criterion. Fitting was performed according to the least-
squares method, with the Pearson R2 as the parameter for its goodness
(R2 $ 0.7).

The Shapiro–Wilk test was used to analyze whether the DSB data
were distributed normally, whereas Q–Q plots verified the normality of
dose distributions.

The paired t test was used to assess the significance of differences
(P , 0.05) between sets of data within the S value and the in vivo
survival modeling comparison.

RESULTS

Good Correlation Exists Between Absorbed Dose and DSBs
The number of DSBs per cell, measured by the total number of

gH2AX foci in the smaller costained sections (n5 8) taken from the
4 tumors (B1–B4 in Supplemental Table 1), ranged from0.47 to 3.34
per cell. The absorbed dose to the cancer cells ranged from 1,637 to
1,759 mGy per 30 MBq of 177Lu administered. We first fitted the
DSBs per cell as a function of the absorbed dose to the cancer cells
for each tumor volume separately, verifying a normal distribution for
the slopes with the Shapiro–Wilk test (P5 0.49). Themean value of
the slopes was 0.0235 DSB/cell mGy21. Then, pooling all the data,
we found a good correlation, with a slope of 0.02236 0.0231 DSB/
cell mGy21 (R2 5 0.7) (Fig. 2A). For illustrative purposes, the
graphical correspondence between SSTR2 levels (Fig. 2B), absorbed
dose (Fig. 2C), and DSB induction (Fig. 2D) is highlighted for a
representative tile-scan image.

FIGURE1. Schematic representation ofmethodologyused tomodel in vivosurvival distribution starting from immunofluorescentSSTR2 stainingsused to
define activity map (source) and functional volumes (tumor cells). Dose rate in each tumor voxel and radiobiologic information are then integrated in linear
quadraticmodel to evaluate in vivo survival distributionwithin time intervalsE(Ti). Probability density functionof survival (gray histogram) is approximated by
gaussian distribution (blue histogram) and reported with box plots to simplify representation. Volumetric absorbed dose computed over tumor cells is
alternatively reported in 2 dimensions by means of cumulative dose–volume histograms (cDVH).

102 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 63 � No. 1 � January 2022



The remaining SSTR2 expression images and absorbed dose
maps, fromwhich the average correlation was drawn, are reported in
Supplemental Figure 3.
Using the smaller tissue sections characterized by prevalently

high-expression SSTR2 cells and a high level of DSB induction (Fig.
3A) as a template, we found the location of similar receptor
expression patterns in the larger tissue section (Fig. 3B) excised from
the same tumor volume (B1–B4) in order to verify the existence of a
macroscale correlation. The degree of similarity is indicated by the
red-to-yellow color map overlaid on top of the original tissue section
image (Fig. 3C). Reporting the corresponding absorbed dose over a
2-d period (Fig. 3D), we observed that the red areas matched the
regions with the highest absorbed dose, indicating again a good
macroscale correlation with potentially high DSB-forming areas.
Similar template-matching results for the 3 remaining tissue samples
are reported in Supplemental Figure 4.

Homogeneous and Heterogeneous Exposures Deliver
Comparable Average Absorbed Doses
The average absorbed dose delivered to each tissue section after 2,

5, 11, and 14 d is reported in Supplemental Table 1 in comparison
with the corresponding homogeneous spheric exposure. The excised
tissue sections were mostly made of tumor cells (94%–100%),
similarly to the spheric homogeneous calculations, in which the
volume was assumed to be 100% tumorous. Within 2 d, 40% of the
dose was delivered to the tumor cells, and the successive time
intervals contributed the same percentage (�20%) to the total
absorbed dose.

The homogeneous spheric S value was
8.71E210, 8.90E210, and 8.94E210 Gy/
decay using OLINDA, IDAC-Dose 2.1, and
GATE, respectively. It differed significantly
from the heterogeneous S values, which
were 2%–59% higher (Shet2Shom

Shom
) than the

homogeneous one. In addition, the hetero-
geneous S values increased, on average,
over time and varied by up to 62%.
The absorbed dose distributions corre-

sponding to the 2 exposure types—reported
by means of dose and dose rate maps,
frequency dose–volume histograms, cumu-
lative dose–volume histograms, and gener-
alized equivalent uniform doses in
Supplemental Figure 5 and Supplemental
Table 2—differed significantly from each
other, given that only the heterogeneous one
was normally distributed, as shown by the
corresponding Q–Q plots. The cumulative
dose–volume histograms indicated that, on
average, 49.17% 6 3.72% of the volume
was exposed to a dose equal to or higher than
the average dose for the heterogeneous case,
compared with 64.46% corresponding to the
homogeneous case. Hence, the heteroge-
neous dose distribution was better repre-
sented by its mean value than was the
homogeneous dose distribution, in view
of its gaussianlike behavior. Indeed , the
homogeneous absorbed dose distribution
over the spheric volume was heavy-tailed

and negatively skewed for geometric reasons.
Nevertheless, on average, the absorbed dose characterizing the

heterogeneous exposure did not significantly differ from the uniform
exposure, diverging prominently only after 5 d.

Dose Heterogeneity Causes Significant Variation in
Treatment Outcome
The modeled in vivo survival results corresponding to an a of

0.14 Gy21 (constant), an a/b of 100 Gy, a DNA-damage repair half-
life (Tm) of 60 h, and a proliferation doubling time (TD) of 14.5 d are
shown in Figure 4. The box-plot distributions corresponding to the
remaining radiosensitivity parameters are reported in Supplemental
Figure 6.
No significant difference in survival between the heterogeneous

and homogeneous exposures was observed during the first 5 d, when
61% of the radiation dose was delivered. However, in the following
days the difference became significant, with the heterogeneous dose
delivery becoming more effective (higher cell killing) at preventing
tumor regrowth.
Interestingly, the heterogeneous dose rate distribution among the

cell population caused a significant dispersion and hence uncertainty
in the treatment outcome due to solely physical parameters.
Hypothesizing a gaussian distribution of the radiation sensitivity

(a) to account for a realistic tumor heterogeneity caused the SD for
cell survival to be so large that the treatment outcome would likely
be unpredictable (Supplemental Fig. 7).
Averaging the results for the tissue sections belonging to the same

time group, we obtained the distribution in Figure 5A, where the

FIGURE 2. Absorbed dose response. (A) Correlation between average absorbed dose delivered to
cancer cells and total number of DSBsmeasured by gHA2X foci formation. Highlighted area indicates
95% CI. (B) Representative tile-scan of SSTR2 stainings thresholded to identify areas of low and high
SSTR2 expression. (C) Absorbed dose distributionmap contoured for isodose levels, with color bar in
grays. (D) ZoomofSSTR2 (red) andgH2AX (green) immunofluorescent stainingscorresponding to high
and low levels of SSTR2 expression, indicated by 1 and 2, respectively.
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constant a and a/b ratios are used as variable parameters. As
expected, the higher the a, the greater the cell killing for a given
dose, whereas a higher a/b ratio reduced the cell killing by multiple
ionization events. Compared with the experimental TUNEL assay
results, corrected for the clearance estimated with the tumor growth
curve after day 4 (Fig. 5B), the results for an a of 0.14 Gy21 and an
a/b of 100 Gy matched well the experimental cell death within the
radiobiologic uncertainties.
The in vivo survival correlation calculated with the average

approach (a 5 0.1 Gy21, a/b 5 100 Gy, Tm 5 60 h, TD 5 14.5 d)
was then reported with the experimental tumor volume data, shifting
the onset of volume reduction to account for the delay caused by the
removal of dead cells (Fig. 5C). The in vivo results corresponding to
the heterogeneous exposure (gaussian distributeda) and the uniform
exposure are reported in Supplemental Figure 8.

DISCUSSION

Integrating radiobiologic knowledge into the decision-making
process at a clinical level is of the utmost importance in optimizing
the therapeutic use of radionuclides. Here, microscale dose assess-
ments based on SSTR2 expression patterns from excised tissue
sections reveal a good correlation between absorbed dose and DSB
induction and a resulting in vivo cell death model that matched the
experimental results well.
Recently, it was shown that SSTR2 expression levels correlate

with DSB induction after 177Lu-DOTATATE treatment for NCI-

H69 xenografts (11). Similarly, a qualitative
analysis revealed that 177Lu uptake corre-
lates with gH2AX focus induction for
CA209478 xenografts (25). The same
applies at a clinical level, where high
SSTR2 expression was associated with lon-
ger overall and progression-free survival
(9,10). However, in these studies an
absorbed dose–DSB correlation, after accu-
rate absorbed dose calculations, was not
investigated. Only a few studies have tried to
correlate the absorbed dose with DNA
damage after 177Lu-DOTATATE treatment
(26,27). In this respect, Denoyer et al. (26)
failed to prove a correlation between the
absorbed dose to blood or spleen and the
induction of gH2AX foci in peripheral
blood lymphocytes of 11 patients undergo-
ing peptide receptor radionuclide therapy,
and a poor correlation with bone marrow
and tumor was found. Arguably, the reason
may lie in the application of general macro-
dosimetric modeling (MIRD method at an
organ level) and, hence, unavailability of
specific dosimetry at a functional cell level.
Conversely, Eberlein et al. (27) found a
linear relationship between the number of
DSB foci per cell, measured by the colo-
calized biomarkers gH2AX and 53BP1, and
the absorbed dose to the blood. In compar-
ison with our study, we found a 1.5 times
higher number of DSB foci per cell per
milligray. One reason could be the presence
of specific uptake in tumor cells, although

the absorbed dose should form an independent parameter. Most
probably, the simplified dosimetric modeling causes this difference
as well. Indeed, it was demonstrated previously (28) that accounting
for a realistic distribution of vessel sizes results in absorbed dose
estimations lower than the maximum energy deposited by
b-particles.
Unlike these studies, our methodology allowed us to investigate

the microscale dose distribution over functional volumes (i.e., tumor
cells), finding significant differences between homogeneous and
heterogeneous dose distributions over the tumor volume. Nonethe-
less, the heterogeneous dose delivery proved to be as effective as the
homogeneous one, possibly because of the long range of 177Lu
b-particles. In this respect, however, it is important to highlight that
the H69 tumor model is most probably more homogeneous in its
receptor expression than are actual pancreatic and small-intestine
neuroendocrine tumors. Furthermore, the growing interest in short-
range radionuclides for targeted radionuclide therapy will increase
the impact of heterogeneity as well, making refined dosimetry
methods indispensable. For this reason, a thorough investigation into
SSTR2 expression in 3 dimensions and over time would help further
characterize the DNA damage induction.
Accurate dose rate calculation is essential to determine cell death

caused by peptide receptor radionuclide therapy aswell, since during
protracted exposure at relatively low dose rates, induction of DNA
lesions competes with DNA damage repair, reducing the cell killing.
Our radiosensitivity parameter analysis for the in vivo survival
correlation indicated that theminimal effective dose rates for cell kill

FIGURE3. Template-matching technique. (A) Small tissue sectionusedas template. (B) Large tissue
sectionusedas test image. (C)Colormap indicatingsimilarity scorebasedonx2 valueoverlaidontopof
large tissue section. Color bars indicate pixel intensities of tile scans (grayscale) or similaritymap (red-
yellow). (D) Absorbed dose map with color bar in grays.
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corresponding to an a/b of 100Gy are 13.72 and 7.40mGy/h,
respectively, with an a of 0.14 and 0.264Gy21, respectively.
Moreover, a lower a/b leads to a decrease in the minimal effective
dose rate for cell kill.
Certainly, besides accurate absorbed dose rate calculations,

radiobiologic modeling based on the linear quadratic model requires
specific knowledge of the radiosensitivity parameters (a, b, and Tm).
Our study, in agreement with our previous findings (29),
demonstrates that extrapolating these parameters from external-
beam radiotherapy may not be representative of 177Lu-DOTATATE
therapy, since they do not account for the intrinsic cellular response

to 177Lu b-particles. Strikingly, the volume
response as a function of time best matched
the experimental result, with an a-value of
0.1 Gy21, indicating a relative biological
effectiveness of 0.4 in comparison to
external-beam radiotherapy (a 5 0.264
Gy21). The relative biological effectiveness
was derived as indicated for a-particle
response (30) since the quadratic term could
be neglected, despite the long DNA damage
repair half-life of 60 h, experimentally
determined. Hence, focusing on the differ-
ence in radiation sensitivity parameter a
between internal and external exposures, our
finding resembles the difference reported by
Lee et al. (31) between 90Y and external-
beam exposure of DLD-1 colorectal cancer
cells (maximal relative biological effective-
ness, 0.4).
In addition, our methodology does take

into account the potential tumor sensitivity
heterogeneity assuming a probabilistic dis-
tribution (gaussian) of the a-value, which,
combined with the heterogeneous dose rate
distribution on amicroscale level, could lead
to an unpredictable treatment outcome (32).
However, we did not account for any cell
cycle–related change, and such changes
might be relevant to include in futuremodels
because the fraction of cells in a specific
sensitive or radioresistant phase could grad-
ually increase during protracted irradiation
(33,34), leading to a specific radiosensitivity
distribution among the cell population. In
view of this possibility, sublethal damage
repair would vary depending on the dose rate,
and the linear quadratic model would not be
adequate to describe the tumor response.
More studies investigating the temporal

variation in dose rates over time against
biologic phenomena such as DNA repair
capacity, cell cycle progression, and
proliferation over the cell population would
help to better elucidate the underlying
biologic mechanisms of targeted radionu-
clide therapy to further improve biophysical
modeling.
This work was purely a radiobiology

modeling study, for which the small cell
lung cancer NCI-H69 cell line was the most

appropriate choice because, first, it is well established, in contrast to
experimental models for gastroenteropancreatic neuroendocrine
tumor; second, it is largely used for peptide receptor radionuclide
therapy studies (35); third, it is classified as a pulmonary neuroen-
docrine tumor (36); and fourth, it expresses neuroendocrine markers,
such as chromogranin A, synaptophysin, neuron-specific enolase,
protein gene product 9.5, and SSTR2, hence demonstrating its
neuroendocrine phenotype and overall usefulness as a model for
studying SSTR-targeted radionuclide therapy in neuroendocrine
tumors (37). Approximations and model parameters limit the
presented correlation to this specific preclinical setting. Indeed, the

FIGURE 4. Box plots indicating in vivo survival distribution over time on different excised tissue
sections. Whiskers correspond to 1.5 times interquartile range. Corresponding tissue section
nomenclature is reported in Supplemental Table 1.
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higher proliferation rate and homogeneity characterizing available
preclinical therapy models may lead to dose overestimations or an
incorrect definition of therapy cycles if the results were to be
extrapolated to clinics, especially for larger tumor volumes. A further
step would be to investigate cell models more representative of
neuroendocrine tumors in humans, possibly transplanting them from
patients into mice (38) and, as such, including such tumor
microenvironmental parameters as hypoxia and immune-system
effects in order to increase the translational power of biophysical
models.

CONCLUSION

In this study, we developed a methodology to understand and
further improve the absorbed dose characterization of peptide receptor
radionuclide therapy during in vivo experiments using the SSTR2

expression of tumor xenografts. Adopting this methodology, we
have established that there is a clear correlation between the
absorbed dose and the average number of DSBs per cell after
177Lu-DOTATATE exposure. Furthermore, we investigated the
radiosensitivity parameters of NCI-H69 cells, concluding that the
a-value for cells exposed to 177Lu-DOTATATE is significantly
different from that of cells exposed to external-beam radiotherapy.
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KEY POINTS

QUESTION: Can dose–effect relationships for DSBs and tumor
volume reduction be established for in vivo 177Lu-DOTATATE
experiments?

PERTINENT FINDINGS: Through accurate dosimetric modeling, a
good (R2 5 0.7) linear correlation (slope of 0.0226 0.0231 DSB/cell
mGy21) between the absorbed dose and the average number of
DSBs per cell after 177Lu-DOTATATE exposure has been estab-
lished. Furthermore, the a-value for cells exposed to 177Lu-
DOTATATE significantly differs from that after external-beam
exposure.

IMPLICATIONS FOR PATIENT CARE: Distinct differences were
found between the cellular dose and the average tumor dose, and
these differences might impact clinical tumor dosimetry evaluations
for targeted therapy.
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Tau PET tracers exhibit varying levels of specific signal and distinct
off-target binding patterns that are more diverse than amyloid PET
tracers. This study compared 2 frequently used tau PET tracers,
18F-flortaucipir and 18F-MK-6240, in the same subjects. Methods:
18F-flortaucipir and 18F-MK-6240 scans were collected within 2 mo in
15 elderly subjects varying in clinical diagnosis and cognition. Free-
Surfer, version 5.3, was applied to 3-T MR images to segment Braak
pathologic regions (I–VI) for PET analyses. Off-target binding was
assessed in the choroid plexus, meninges, and striatum. SUV ratio
(SUVR) outcomes were determined over 80–100 min (18F-flortaucipir)
or 70–90 min (18F-MK-6240) normalized to cerebellar gray matter.
Masked visual interpretation of images was performed by 5 raters for
both the medial temporal lobe and the neocortex, and an overall
(majority) rating was determined. Results: Overall visual ratings
showed complete concordance between radiotracers for both the
medial temporal lobe and the neocortex. SUVR outcomes were highly
correlated (r2 . 0.92; P ! 0.001) for all Braak regions except Braak II.
The dynamic range of SUVRs in target regions was approximately
2-fold higher for 18F-MK-6240 than for 18F-flortaucipir. Cerebellar
SUVs were similar for 18F-MK-6240 and 18F-flortaucipir, suggesting
that differences in SUVRs are driven by specific signals. Apparent
off-target binding was observed often in the striatum and choroid
plexus with 18F-flortaucipir and most often in the meninges with
18F-MK-6240. Conclusion: Both 18F-MK-6240 and 18F-flortaucipir
are capable of quantifying signal in a common set of brain regions that
develop tau pathology in Alzheimer disease; these tracers perform
equally well in visual interpretations. Each also shows distinct patterns
of apparent off-target binding. 18F-MK-6240 showed a greater
dynamic range in SUVR estimates, which may be an advantage in
detecting early tau pathology or in performing longitudinal studies to
detect small interval changes.

Key Words: tau, PET, Alzheimer disease, 18F-flortaucipir, 18F-MK-
6240
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Alzheimer disease (AD) is pathologically characterized by 2
specific brain pathologies: extracellular b-amyloid (Ab) plaques
and intracellular neurofibrillary tangles (NFTs) comprised of

hyperphosphorylated tau protein. Although much evidence sup-
ports the amyloid cascade hypothesis of AD (1), whereby abnormal
Ab deposition is an initiating feature of AD, tau pathology is more
closely linked to symptom severity, rate of decline, and develop-
ment of dementia in AD pathophysiologic spectrum patients (2)
and to a decline in visuospatial and language functions (3).
The ability to detect tau pathology in the living brain is critical

for understanding the relationship between neuropathology and
clinical symptoms and for monitoring the efficacy of novel antitau
therapies (3–7). In addition to the recently U.S Food and Drug
Administration–approved flortaucipir (Tauvid; Eli Lilly and Co.),
previously known as 18F-AV-1451 and 18F-T807 (8), several tau
radioligands have been advanced to investigational human studies,
including 18F-MK-6240 (9), 18F-THK-5317, 18F-THK-5351,
11C-PBB3, 18F-RO-948, 18F-PI-2620, 18F-GTP1, and 18F-PM-
PBB3 (4). Ongoing investigations underscore that tau radioligands
differ in specificity to species of tau aggregates, dynamic range,
and nonspecific and off-target binding (4). Of the tau imaging
agents under development, 18F-flortaucipir and 18F-MK-6240 have
seen widespread investigational use and have emerged as leading
candidates for clinical translation.
Flortaucipir shows high in vitro binding affinity and selectivity

for paired helical filament tau (PHF-tau) constituting NFT
pathology, and in vivo indices of tau load correlate well with post-
mortem AD-related tau pathology (10). In vivo patterns of 18F-flor-
taucipir retention reflect Braak pathologic staging (11) and support
PET-based staging of AD (6). A robust 18F-flortaucipir in vivo
signal is observed predominantly in patients who show
AD-characteristic Ab deposits (4). Data suggest that 18F-flortaucipir
is specific for the mixed 3- and 4-repeat (3R/4R) PHF-tau deposits
prevalent in ADNFTs and dystrophic neurites (4) and suggest utility
for differential diagnoses of AD from other tauopathies (12).
An autopsy confirmation study of 18F-flortaucipir detected an

advanced level of NFT pathology (Braak V–VI) and high levels of
neuropathologic change according to the joint National Institute of
Aging–Alzheimer Association criteria for an AD neuropathologic
diagnosis (10). However, some 18F-flortaucipir characteristics are
not ideal for PET imaging assessments, such as slower clearance
from the cortex than the cerebellum with increasing tau pathologic
burden, resulting in unstable SUV ratio (SUVR) outcomes even
after long periods (13). Off-target binding in the basal ganglia,
choroid plexus, and other regions (4) may influence specific signal
determination in adjacent regions. Although the test–retest repro-
ducibility of 18F-flortaucipir is excellent (,4%) (14), a low signal
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in mild cognitive impairment (MCI) and early AD combined with
high nonspecific retention in amyloid-negative controls may pose
challenges for early detection and for longitudinal tracking of tau
aggregation (15,16).

18F-MK-6240 has also shown high affinity and selectivity for
3R/4R PHF-tau (5,17) and has advanced to human studies (4,18).
In amyloid PET–positive subjects, 18F-MK-6240 showed excellent
brain uptake and retention patterns consistent with Braak stages of
tau pathology (4,18). Like 18F-flortaucipir, the slowly equilibrating
kinetics of 18F-MK-6240 may represent a source of bias in SUVR
outcomes for typical scanning intervals (e.g., 70–90 min or
90–110 min) (5,17–21). Off-target binding of 18F-MK-6240 is not
present in the basal ganglia and choroid plexus (17,18,21),
although off-target binding in the retina, ethmoid sinus, substantia
nigra, and dura mater is common (19). In vivo studies of 18F-MK-
6240 show good reproducibility (test–retest reproducibility,
, 6%) (18,22), an ability to differentiate cognitively normal sub-
jects from MCI or AD patients (19,23), and sensitivity for detect-
ing tau in early disease stages (21).
Although amyloid PET tracers show similar patterns of specific

signal across subjects and radiotracers, this is not the case for tau
tracers. While both 18F-flortaucipir and 18F-MK-6240 appear to
detect tau deposits in vivo, evaluating the relative performance of
these 2 radiotracers is complicated by the absence of direct com-
parisons performed in the same subjects. This shortcoming layers
biologic variability on top of tracer variability since there is a
wide range in the spatial distribution and severity of tau pathology
across individuals (3). The present work describes a direct com-
parison of 18F-flortaucipir and 18F-MK-6240 in a group of 15 sub-
jects having a range of clinical diagnoses studied with both
radiotracers within a 2-mo interval.

MATERIALS AND METHODS

Human Subjects
The study was approved by the University of Pittsburgh’s Institu-

tional Review Board, and all subjects or their caregivers consented to
the Alzheimer Disease Research Center examination and imaging pro-
tocol. Fifteen subjects were recruited through the University of Pitts-
burgh Alzheimer Disease Research Center and other population-based
studies (Table 1), selected to represent a range of AD pathologic bur-
den based on cognition and amyloid PET. No subjects were excluded.
All subjects underwent a battery of cognitive tests and a consensus
clinical diagnosis performed by the same Alzheimer Disease Research
Center neurologist, geriatric psychiatrist, and neuropsychologist (24).
A 11C-Pittsburgh compound B (11C-PiB) scan was performed on the
day of the 18F-flortaucipir scan to determine amyloid status. Five sub-
jects were clinically diagnosed with probable AD (mini-mental state
examination score range, 9–29), and all were globally 11C-PiB–posi-
tive. One subject was classified as MCI-amnestic (mini-mental state
examination score, 22), but a negative 11C-PiB scan suggested a non-
AD etiology. The remaining 9 subjects had normal cognition (NC),
although 6 scored outside the reference ranges on at least 1 objective
measure of cognition, memory, or executive function (classified as
“impaired test without complaints”). Among the 9 NC subjects, 7 had
mini-mental state examination scores within reference ranges (28–30)
and only 1 NC subject was globally 11C-PiB–positive.

Imaging
11C-PiB and 18F-MK-6240 were produced in accordance with drug

master files approved by the University of Pittsburgh Radioactive Drug
Research Committee. Precursors for 18F-flortaucipir and 18F-MK-6240
were provided by Avid Radiopharmaceuticals, Inc., and Cerveau

Technologies, Inc., respectively, under existing agreements. 18F-flortau-
cipir was prepared in accordance with procedures detailed in Food and
Drug Administration–approved investigational-new-drug application
123396, and 18F-MK-6240 was prepared as previously described (9).
18F-flortaucipir (340 6 19 MBq) and 18F-MK-6240 (189 6 15 MBq)
PET scans were collected within 26 6 14 d (maximum, 54 d) on a
Biograph mCT (TrueV) (Siemens Healthcare) and reconstructed as pre-
viously described (25). To assess amyloid status, 11C-PiB scans (50–70
min, 529 6 107 MBq) were collected on a Siemens ECAT HR1 on
the same day as 18F-flortaucipir scans (26). A sagittal T1-weighted
MPRAGE (magnetization-prepared rapid acquisition with gradient
echo) MR image was acquired using a 3.0T Siemens Prisma scanner
(Siemens Healthcare) for brain segmentation and parcellation.

Data Analysis
MR images were processed using FreeSurfer, version 5.3, to obtain

a brain parcellation atlas for PET image sampling as previously
described (25,27). Briefly, motion-corrected 18F-MK-6240 and
18F-flortaucipir images were summed over 70–90 min for 18F-MK-
6240 (21) and 80–100 min for 18F-flortaucipir (13,28) and registered
to a subject-specific reference MR image. The FreeSurfer parcellation
template was used to sample summed PET images, and a volume-
weighted average of FreeSurfer regions was calculated for each of
6 composite Braak stage regions of interest (ROIs) (Supplemental
Table 1; supplemental materials are available at http://jnm.
snmjournals.org) (11). Striatal FreeSurfer ROIs (caudate, putamen,
accumbens, and pallidum) were excluded from the composite Braak V
ROI because of frequent off-target binding of 18F-flortaucipir but were
examined separately as a composite striatal region (bilateral), along
with the choroid plexus (unilateral because of asymmetries) and
meninges, to assess off-target binding (5). Regional 18F-flortaucipir
and 18F-MK-6240 SUVRs and SUVR images were calculated using
cerebellar gray matter as a reference (19,29).

To compare off-target binding in the meninges, individual MR images
were normalized into Montreal Neurological Institute space using
SPM12 software (Statistical Parametric Mapping, University College,
London). The c4 ROI (meninges 1 bone) was extracted from the
SPM12 tissue probability map and edited to exclude other head and neck
tissues based on an average MRI of all 15 subjects (Supplemental Fig. 1).
The c4 ROI was subsequently transformed back to native space for PET
image sampling. Voxelwise comparisons of 18F-flortaucipir and 18F-MK-
6240 SUVR images were performed using SPM12. T-value parametric
maps (representing voxels for which 18F-MK-6240 . 18F-flortaucipir
and 18F-flortaucipir . 18F-MK-6240) were generated from the output of
the paired t test and overlaid on an MRI template for visualization.

Visual Assessments
18F-flortaucipir and 18F-MK-6240 SUVR images were visually

assessed by 5 experienced raters using a randomized coding scheme.
Ratings were performed using only the PET images, which were
assessed for tau pathology in the medial temporal lobe (MTL) and neo-
cortex (NEO). Interrater reliability (Fleiss k) was assessed across tracers
and regions. The overallMTL and NEO ratings for assessing radiotracer
concordance were based on a simple majority of 5 individual ratings.
Additional details are provided in the supplemental materials.

RESULTS

PET Imaging
18F-flortaucipir and 18F-MK-6240 PET SUVR images displayed

a range of tau pathology, with patterns of cortical involvement that
were primarily posterior (AD2, AD3), highly focal (AD1), or
widespread (AD4) (Fig. 1). In NC subjects, the tau PET signal for
both radiotracers was modest and most prominent in the MTL.
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Visual Assessments
Five raters assessed abnormal tracer retention in the MTL and

NEO for 18F-flortaucipir and 18F-MK-6240. Overall tau-positivity
ratings showed complete concordance between radiotracers in the
MTL and NEO (Table 2), and there was substantial agreement

between raters (k . 0.73) for both regions (MTL and NEO) and
radiotracers (Table 3). Individual ratings showed complete
agreement for all AD subjects and were least reliable in
patients with low levels of tau pathology (e.g., NC4 and NC5,
Supplemental Fig. 2).

SUVR Analyses
18F-flortaucipir and 18F-MK-6240 SUVRs

correlated strongly (r2 . 0.9; p ! 0.001)
across Braak stage regions (Fig. 2 except
for Braak II (r2 5 0.52; P 5 0.0024).
However, the dynamic range of SUVR, as
indicated by the regression slope, was
approximately 2-fold greater for 18F-MK-
6240 across Braak stage regions except
Braak II, where the difference was more
modest (31.4). The distributions of cere-
bellar gray matter SUVs did not signifi-
cantly differ between 18F-flortaucipir and
18F-MK-6240 (P . 0.4, paired t test), with
a mean cerebellar SUV of 0.88 6 0.18 and
0.84 6 0.16, respectively (Fig. 2, right).

Off-Target Binding
Figure 3 shows the distribution of SUVR

outcomes and representative images of typ-
ical off-target binding, where the striatum
and choroid plexus were frequent loci of
18F-flortaucipir off-target signal. By com-
parison, off-target binding of 18F-MK-6240
in these regions was low. Off-target bind-
ing of 18F-flortaucipir in the choroid plexus
was frequent but variable, with an elevated
signal (SUVR . 1.0 in either hemisphere)
being seen in 9 of 15 subjects and extreme

TABLE 1
Subject Characteristics

Subject no. Age (y) Sex MMSE Education (y) Scan interval (d) Diagnosis

AD1 83 M 20 16 2 Probable AD (atypical)

AD2 68 M 23 14 6 Probable AD

AD3 86 M 15 12 1 Probable AD

AD4 53 M 9 12 2 Probable AD

AD5 64 F 29 12 1 Probable AD

MCI1 77 M 22 12 20 MCI-amnestic 1 other

NC1 79 F 24 12 7 Abnormal w/o complaint

NC2 79 F 30 18 52 Normal cognition

NC3 79 F 28 14 54 Abnormal w/o complaint

NC4 76 F 30 14 48 Abnormal w/o complaint

NC5 76 M 22 11 26 Abnormal w/o complaint

NC6 73 F 30 18 24 Abnormal w/o complaint

NC7 82 F 30 14 30 Abnormal w/o complaint

NC8 75 F 30 14 19 Normal cognition

NC9 69 F 30 16 49 Normal cognition

MMSE 5 mini-mental state examination; w/o 5 without.

FIGURE 1. 18F-flortaucipir (18F-FTP) and 18F-MK-6240 SUVR images from 6 subjects representing
the range of tau pathology observed in our cohort. From left to right: subject showing no evidence
of tau pathology (NC7); cognitively normal subject showing early Braak stage pathology (NC4); atyp-
ical AD subject with tau pathology in MTL and evidence of focal uptake in Braak V (AD1); and 3 AD
subjects showing progression of increasingly severe tau pathology culminating in widespread neo-
cortical involvement in AD4. 18F-flortaucipir and 18F-MK-6240 are shown on common scale (SUVR,
0.5–4.0). 18F-FTP images are repeated (row 3) on compressed scale (SUVR, 0.5–2.75) so that subtle
differences may be more appreciated. AWOC 5 abnormal without complaint; GBL 5 global;
MMSE5mini-mental state examination.
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values (SUVR . 2) being seen in 1 subject (NC5) who was
amyloid-negative and tau-negative in the MTL and NEO by visual
assessment. The remaining 18F-flortaucipir images and all
18F-MK-6240 images showed low off-target binding in the choroid
plexus. In the striatum, off-target binding of 18F-flortaucipir was
approximately 56% higher than that of 18F-MK-6240 on average
(SUVR, 1.45 6 0.12 vs. 0.93 6 0.18), and the ranges of striatal
SUVRs for the 2 tracers overlapped in only 3 of 15 subjects (Fig. 3).
Six of 15 subjects showed an increased 18F-MK-6240 signal
(SUVR . 1.0) at the pial surface of the brain, centered on the
meninges (Fig. 3), although meningeal SUVR outcomes correlated
strongly (r25 0.68; P, 0.001) between tracers.
In another group of 6 subjects, all female, we noted a conspicu-

ous signal from both radiotracers arising from an overgrowth of
bony tissue on the internal surface of the calvarium, consistent
with hyperostosis frontalis interna (30), which was apparent on
CT and MR images (Fig. 4). Hyperostosis is a common benign

radiographic finding in postmenopausal women (31) and is consid-
ered to be an X-chromosome–linked abnormality (32). In some
subjects, CT scans revealed other sites of calcification or ossifica-
tion corresponding to areas of increased 18F-MK-6240 and
18F-flortaucipir off-target signal; these sites included the pineal
gland, the meninges of the falx cerebri, and other focal meningeal
calcifications. These features were sometimes noted in the absence
of more generalized meningeal 18F-MK-6240 off-target binding,
as in NC1 and NC4 (Fig. 4).

Voxel-Based Analyses
T-value maps comparing patterns of 18F-flortaucipir and

18F-MK-6240 retention are shown in Figure 5 and reflect off-
target binding patterns. Clusters of voxels in which 18F-flortaucipir
retention was significantly greater than 18F-MK-6240 retention
were evident in the striatum, brain stem, and subcortical and cere-
bellar white matter (Fig. 5A). The voxels in which 18F-MK-6240
retention was significantly greater than 18F-flortaucipir retention
were limited to the meninges and bone (Fig. 5B). Clusters of sig-
nificant voxels in the cortical gray matter where tau pathology was
concentrated were not observed in either direction.

DISCUSSION

Amyloid radiotracers in human subjects with typical AD
dementia show a consistent pattern of pathology across tracers and
subjects despite differences in dynamic signal range and nonspe-
cific binding characteristics (33–36). The similarity in the brain
distribution of specific signal between Ab radiotracers has facili-
tated standardization techniques, such as centiloid scaling (37,38),
and is likely attributable to a single human isoform of fibrillar Ab
constituting a distinct brain pathology—amyloid plaques—which
is the dominant signal source for Ab in vivo imaging agents
(39,40). Tau is considerably more complex, with 6 human

TABLE 2
Visual Assessments of 18F-Flortaucipir and 18F-MK-6240 Scans

MTL NEO PiB GBL

Subject no. FTP MK FTP MK SUVR Centiloids Ab status

AD1 POS POS POS POS 2.53 132 POS

AD2 POS POS POS POS 2.42 112 POS

AD3 POS POS POS POS 2.3 103 POS

AD4 POS POS POS POS 2.47 129 POS

AD5 POS POS POS POS 2.51 121 POS

MCI1 POS POS NEG NEG 1.24 0 NEG

NC1 POS POS POS POS 1.56 50 POS

NC2 NEG NEG NEG NEG 1.13 22 NEG

NC3 NEG NEG NEG NEG 1.13 210 NEG

NC4 POS POS POS POS 1.31 19 NEG

NC5 NEG NEG NEG NEG 1.14 4 NEG

NC6 NEG NEG NEG NEG 1.18 9 NEG

NC7 NEG NEG NEG NEG 1.16 25 NEG

NC8 NEG NEG NEG NEG 1.21 4 NEG

NC9 NEG NEG NEG NEG 1.29 6 NEG

FTP 5 18F-flortaucipir; MK 5 18F-MK-6240; POS 5 positive; NEG 5 negative.

TABLE 3
Assessments of Interrater Reliability of Visual Ratings

Region Tracer k z score P

MTL FTP 0.836 (0.675–0.997) 10.2 ,,0.0001

MK 0.813 (0.653–0.973) 9.96 ,,0.0001

NEO FTP 0.733 (0.573–0.893) 8.98 ,,0.0001

MK 0.760 (0.600–0.920) 9.3 ,,0.0001

All FTP 0.785 (0.672–0.898) 13.6 ,,0.0001

MK 0.787 (0.674–0.900) 13.6 ,,0.0001

k 5 Fleiss k-statistic.
Data in parentheses are 95% CIs.
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isoforms, more posttranslational modifications, and a greater
diversity of pathologic lesions (e.g., NFTs, astroglial and oligoden-
droglial tau inclusions, or Pick bodies), stages of tangle maturity
(41), and ultrastructural conformations (i.e., PHF, straight fila-
ments, or twisted filaments), although in AD the most prevalent
species are NFTs comprising a PHF combination of 3R and 4R
tau isoforms (42,43). In vitro binding studies of flortaucipir and

MK-6240 suggest low affinity to tau pathologies other than PHF-
tau (17,29,44–46), although a few in vivo imaging studies have
suggested a possible or weak sensitivity of 18F-flortaucipir to
4R-tau deposits in some primary tauopathies (47–49).
As suggested by autoradiography (44), the present study sug-

gested that 18F-flortaucipir and 18F-MK-6240 are almost certainly
detecting the same AD- and age-related tau pathology. This

FIGURE 2. Comparison of 18F-flortaucipir and 18F-MK-6240 SUVR outcomes across 6 Braak stage regions, showing linear regression of values. For
each Braak stage region, dynamic range of SUVR outcomes is indicated. Data point representing AD1 is shown to illustrate dilution of visually evident
focal tau signal in large Braak-stage regions. CER5 cerebellum.

FIGURE 3. Comparison of off-target binding of 18F-flortaucipir (18F-FTP) and 18F-MK-6240 in choroid plexus, striatum, and meninges. Shown are rep-
resentative images of typical patterns of off-target retention in these regions (top). Distribution of SUVR outcomes is also shown (below).
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possibility is evidenced by the similarity in radiotracer retention
patterns across a spectrum of disease (Fig. 1), highly correlated
SUVR outcomes across Braak stage regions, and voxel-based
analyses that show no differences in patterns of specific binding to
pathologic tau deposits (Fig. 5). In some Braak regions, we
observed a slightly elevated floor signal for 18F-flortaucipir com-
pared with 18F-MK-6240, suggesting the former to have a slightly
higher nonspecific retention. This was most apparent in Braak II,
as is likely attributable to spill-in from off-target binding of 18F-
flortaucipir in the choroid plexus.
Our approach to visual interpretation of 18F-flortaucipir and

18F-MK-6240 images was intended to mirror a clinical nuclear
medicine environment, albeit with slightly more granularity than a
global rating. Although we observed only 1 instance in our small
cohort in which a subject (MCI1) was adjudicated overall to be
positive in either the MTL or the NEO but not both, conceivably

distinct ratings for MTL and NEO tau signal may provide some
differentiation of the diverse tau phenotypes previously described
(3) and, considering Ab status, may help to differentiate AD
pathology from normal aging processes (e.g., primary age-related
tauopathy) characterized by MTL tau deposits that may occur
independently of Ab (50,51).
Although we observed differences in dynamic signal range and

off-target binding between tracers, we expected either would per-
form well in visual assessments, in which off-target binding can
be more easily accounted for. This expectation was supported by
our results, which showed complete concordance between tracers
in overall ratings for both the MTL and the NEO (Table 2) and
substantial agreement between raters (k . 0.73, Table 3), regard-
less of tracer or region.
Comparing visual assessments with diagnoses, both MTL and

NEO tau pathology was present in all AD subjects. Among NC
subjects, 7 of 9 showed no evidence of tau
pathology in either the MTL or the NEO,
whereas NC1 and NC4 were positive in
both and had the highest 11C-PiB SUVRs
of all NC subjects, although only NC1 was
quantitatively Ab-positive (11C-PiB CL 5
50). The MCI subject, who was Ab-
negative (11C-PiB CL5 0), was tau-positive
only in MTL. This subject may be an exam-
ple of primary age-related tauopathy.
Comparison of SUVR images shows

that both 18F-flortaucipir and 18F-MK-
6240 indicated the same tau pathology,
although 18F-MK-6240 showed a nearly
2-fold higher dynamic range (Fig. 2) as
indexed by regression slopes ranging from
1.45 to 1.98. A similarity between 18F-flor-
taucipir and 18F-MK-6240 in cerebellar

FIGURE 4. 18F-flortaucipir (18F-FTP), 18F-MK-6240, CT, and MR images of subjects with hyperostosis frontalis interna (HFI) (first row); HFI and highly
calcified pineal gland (second row); marked meningeal ossification and calcification in falx cerebri (third row); and HFI and bony lesion of skull with sev-
eral small meningeal calcifications (fourth row).

FIGURE 5. Voxel-based comparison of 18F-flortaucipir and 18F-MK-6240 retention. Shown are
T-maps of significant contrasts (P , 0.05, uncorrected [T . 1.76]), where 18F-FTP . 18F-MK-6240
(A) and 18F-MK-6240 . 18F-FTP (B). T-maps are shown overlaid on average MR image generated
from 15 subjects.
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gray matter SUVs, which are used to compute SUVR, indicated
that this observation is not attributable to differences in nonspecific
retention. In vitro saturation binding studies of 3H-MK-6240 and
3H-flortaucipir conducted using the same AD tissue homogenates
showed 3H-MK-6240 to have a 3- to 10-fold higher affinity (KD)
for PHF-tau than did 3H-flortaucipir, as well as a 3- to 5-fold higher
Bmax/KD ratio (17,46). Indeed, differences in the pharmacologic
properties may reasonably explain the increased dynamic range of
18F-MK-6240 SUVR, although other factors such as nonspecific
binding, radiotracer metabolism, and rates of plasma and reference
region clearance may influence in vivo specific binding measures.
Although both tracers appeared to be well suited to visual interpre-
tation, the greater dynamic range of 18F-MK-6240 may represent an
advantage for longitudinal studies of tau progression or treatment
response, in which detecting small interval changes is key.
An examination of the dispersion of the SUVR data (Fig. 2)

shows that for all regions except Braak II there was a subject cluster,
with SUVRs of approximately 1 for both radiotracers in all subjects
visually adjudicated to be negative, whereas the positive cases cov-
ered a much broader range, with few subjects overlapping with the
negative cluster. The fact that there were only a few visually positive
subjects with low SUVRs likely indicates that they represent sub-
jects for whom the raters identified focally intense radiotracer
uptake but that the focus of increased signal was diluted in the aver-
aging of all voxels in the respective Braak stage region, such as the
relatively large Braak III–VI regions shown in Figure 6. An example
of such a subject is AD1 (Fig. 1), who showed a clear unilateral
focus of increased uptake in the left precuneus that, by visual rat-
ings, was indicated as positive for the MTL and NEO with both
radiotracers, but 18F-flortaucipir and 18F-MK-6240 SUVRs for the
Braak V region in this subject were only 1.16 and 1.09. This exam-
ple highlights a potential limitation of sampling PET images of tau
radiotracers in accordance with Braak staging. Another complica-
tion is that in some elderly subjects with or without cognitive
impairment, significant MTL (Braak stage I–III region) pathology
may occur independently of Ab. These subjects may represent cases
of primary age-related tauopathy. Therefore, classifying tau status
(T1/T2) on the basis of MTL pathology alone would presumably
reduce the specificity of a pathologic diagnosis of AD. It is likely
that the most sensitive and specific indicators of tau lesions
consistent with AD neuropathologic change will require tau PET
positivity beyond MTL structures. However, the Braak IV region is
relatively large and potentially suffers from the limitation of diluting
a focal signal that might be the earliest indicator of neocortical
spread of tau pathology. For this reason, others have moved toward
a data-driven approach with a more granular tissue sampling strat-
egy (52).

18F-flortaucipir images often exhibit ele-
vated off-target binding in the striatum and
choroid plexus (Fig. 4), as well as other tis-
sues, which may occur independently of
neurodegenerative disease pathology as
previously reported (6). For 18F-MK-6240,
the frequent observation of elevated signal
arising from the meninges and other extrac-
erebral structures (Fig. 3) was in accor-
dance with previous observations (21). In
some cases, it was apparent that spill-in of
off-target 18F-MK-6240 signal from the
meninges could impact the quantification

of signal in cortical brain regions as well as the cerebellum,
although the fact that meningeal off-target signal is not apparent
on 18F-flortaucipir images yet the SUVR outcomes of 18F-flortau-
cipir and 18F-MK-6240 correlated strongly (Fig. 2) suggests that
this effect does not represent a major confounder.
The off-target signal in bone observed with both tracers, most

notably in female subjects with hyperostosis frontalis interna, does
not appear to be completely explained by in vivo defluorination of
these tracers, as we did not observe widespread bone uptake con-
sistent with 18F-fluoride scans and the inspection of batch records
from our 18F-MK-6240 radiosyntheses did not show evidence of
significant residual 18F-fluoride in the injectate. Intracranial calcifi-
cations are a common and normal age-related radiographic finding,
often described in the pineal gland, habenula, choroid plexus,
basal ganglia, falx cerebri, dura mater, petroclinoid ligaments,
superior sagittal sinus, and dentate nuclei of the cerebellum and
the hippocampus (53). Interestingly, these regions overlap areas
where off-target binding of these tau radiotracers is often
observed, but inspection of low-dose CT scans showed no macro-
scopic calcifications in the choroid plexus of our study subjects.
Limitations of the present study include a small sample size and

a limited range of pathology and degree of clinical impairment.
Only 1 of 9 NC subjects was globally amyloid positive and the
only MCI subject was amyloid negative. The 5 AD subjects
showed mild to moderate cognitive impairment, and we observed
relatively limited tau pathology in Braak stages V and VI across
the sample. Given the small sample size of our pathologically het-
erogeneous cohort, in which patients with advanced tau pathology
comprise over one third of the study cohort, it might not be possi-
ble to generalize our measures of interrater reliability to other sub-
ject cohorts. We would expect there to be considerably less
agreement and lower reliability in studies of cohorts that com-
prised predominantly cognitively normal elderly individuals, in
whom tau burden is less. Indeed, we observed some discordance
between raters among nondemented subjects (Supplemental Fig.
4). In our study, 18F-MK-6240 injected doses were limited to 185
MBq to meet the organ dosimetry limits of the University of Pitts-
burgh’s Radioactive Drug Research Committee. Another limita-
tion of the present study was the lack of measures of intrarater
reliability, as the small size and high disease burden in our cohort
would be expected to yield a high level of intrarater reliability that
also could not be generalized to other cohorts.

CONCLUSION

The direct comparison of brain distribution, specific signal, and
off-target binding of 18F-flortaucipir and 18F-MK-6240 in the same
subjects suggests that these tau radiotracers indicate the same tau

FIGURE 6. Grouping of FreeSurfer regions to correspond to Braak pathologic stages (I–VI).
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pathology and reflect Braak stages of NFT pathology. The off-target
binding pattern was frequently observed in the choroid plexus and
striatum for 18F-flortaucipir and in the meninges for 18F-MK-6240.
Complete concordance in visual ratings of tau positivity suggests
that both radiotracers can be expected to perform well for visual
interpretation of images, although studies on larger cohorts across
the entire spectrum of tau accumulation are needed to test the limits
of visual rating methods. Differential ratings for the MTL and NEO
may be useful for discriminating tau AD phenotypes and for differ-
entiating AD neuropathologic changes from age-related tau deposi-
tion, although this methodology will also require further study. We
observed 18F-MK-6240 to have an approximately 2-fold greater
dynamic range in specific signal across the range of pathology pre-
sent in our subject cohort, possibly because of its higher affinity to
PHF-tau. This may be an important consideration in planning longi-
tudinal studies in which detecting small changes in tau load indices
over relatively short periods is of paramount importance.
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KEY POINTS

QUESTION: What are the cross-sectional differences in on- and
off-target binding of the two most commonly used tau PET imag-
ing agents?

PERTINENT FINDINGS: The head-to-head comparison of
18F-flortaucipir and 18F-MK-6240 showed very similar relative lev-
els of radiotracer retention in most cortical regions in both tau-
negative and tau-positive cases, suggesting that these agents
have on-target binding similar to that of PHF tau, the prevalent
form in AD. However, there were important differences in off-
target binding characteristics in the choroid plexus, striatum, and
meninges.

IMPLICATIONS FOR PATIENT CARE: These tau PET imaging
agents provide similar estimations of the presence of PHF tau
related to AD, but care must be taken to understand the influence
of off-target binding in the interpretation of each specific tracer.
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b-amyloid (Ab) PET is an important tool for quantification of amyloid-
osis in the brain of suspected Alzheimer disease (AD) patients and
transgenic AD mouse models. Despite the excellent correlation of Ab
PET with gold standard immunohistochemical assessments, the rela-
tive contributions of fibrillar and nonfibrillar Ab components to the
in vivo Ab PET signal remain unclear. Thus, we obtained 2 murine
cerebral amyloidosis models that present with distinct Ab plaque
compositions and performed regression analysis between immuno-
histochemistry and Ab PET to determine the biochemical contribu-
tions to Ab PET signal in vivo. Methods: We investigated groups of
AppNL-G-F and APPPS1 mice at 3, 6, and 12 mo of age by longitudinal
18F-florbetaben Ab PET and with immunohistochemical analysis of
the fibrillar and total Ab burdens. We then applied group-level inter-
modality regression models using age- and genotype-matched
sets of fibrillar and nonfibrillar Ab data (predictors) and Ab PET results
(outcome) for both Ab mouse models. An independent group of
double-hit APPPS1mice with dysfunctional microglia due to knockout
of triggering receptor expression onmyeloid cells 2 (Trem22/2) served
for validation and evaluation of translational impact. Results: Neither
fibrillar nor nonfibrillar Ab content alone sufficed to explain the Ab PET
findings in either AD model. However, a regression model compiling
fibrillar and nonfibrillar Ab together with the estimate of individual het-
erogeneity and age at scanning could explain a 93% of variance of
the Ab PET signal (P, 0.001). Fibrillar Ab burden had a 16-fold higher
contribution to the Ab PET signal than nonfibrillar Ab. However, given
the relatively greater abundance of nonfibrillar Ab, we estimate that
nonfibrillar Ab produced 79%6 25% of the net in vivo Ab PET signal
in AppNL-G-F mice and 25%612% in APPPS1 mice. Corresponding

results in separate groups of APPPS1/Trem22/2 and APPPS1/
Trem21/1 mice validated the calculated regression factors and
revealed that the altered fibrillarity due to Trem2 knockout impacts the
Ab PET signal. Conclusion: Taken together, the in vivo Ab PET signal
derives from the composite of fibrillar and nonfibrillar Ab plaque com-
ponents. Although fibrillar Ab has inherently higher PET tracer binding,
the greater abundance of nonfibrillar Ab plaque in AD-model mice
contributes importantly to the PET signal.

KeyWords: amyloid; fibrillar; nonfibrillar; PET signal; mouse
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PET for b-amyloid (Ab) is now widely used for identification
and quantification of amyloidosis in the brain of suspected Alzheimer
disease (AD) patients (1) and has been incorporated into the current
research framework for diagnostic recommendations in AD (2). Here,
the Ab status (A) identified by PET serves for diagnosis, together
with biomarkers for tau and neuronal injury (2). Furthermore, Ab
PET is used as an inclusion criterion in antiamyloid immunotherapy
clinical trials (3) and as a progression biomarker for therapy evalua-
tion in these trials (4). In the preclinical setting, Ab PET has also
become a useful tool for the dynamic assessment of neuropathology
in transgenic Ab mouse models (5,6). Despite the excellent correla-
tion of Ab PET with immunohistochemical gold standard assessments
of amyloidosis in patients (7,8) and mouse models of AD (6,9), there
has remained an uncertainty about the relative contributions of fibrillar
and nonfibrillar Ab components in plaques to the Ab PET signal
in vivo. This research gap needs to be closed because the 2 forms
have differing neurotoxicity, and there is evidence that alterations in
AD-related genes such as TREM2 (triggering receptor expressed on
myeloid cells 2) and APOE (apolipoprotein E) alter the net Ab plaque
fibrillarity, which would consecutively bias the relationship between
plaque density and Ab PET binding in vivo (5).
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A human autopsy–validated 18F-florbetaben PET study showed
preliminary evidence that diffuse plaques may make only a
minor contribution to the net Ab PET signal (10). However,
autopsy-controlled data with 18F-flutemetamol in vivo (11) and
comprehensive in vitro data (12) indicated that the binding of that
structurally distinct tracer to diffuse plaques also contributes to the
net PET signal. Furthermore, our recent preclinical study revealed
a discernible Ab PET signal in AppNL-G-F mice (13), although this
model displays only very limited fibrillar Ab pathology (14).
Therefore, we aimed to quantify the contributions of fibrillar and
nonfibrillar plaque components to the Ab PET signal in vivo in
AD-model mice.
We recently demonstrated that the AppNL-G-F and APPPS1

mouse models exhibit differences in Ab plaque fibrillarity (14),
such that a comparative study of these mice could help to deter-
mine the effect of fibrillarity on Ab PET signal in vivo. Thus, we
combined a standardized preclinical 18F-florbetaben PET study
with immunohistochemical characterization of fibrillar versus non-
fibrillar Ab in AppNL-G-F and APPPS1 mice examined at different
pathologic stages. We then developed a regression model for
immunohistochemistry and Ab PET to establish the relative pro-
portions of fibrillar and nonfibrillar sources in the Ab PET signal
in vivo. Furthermore, we validated the calculated regression fac-
tors in an independent cohort of APPPS1/Trem22/2 and APPPS1/
Trem21/1 mice and tested a hypothesis that the nonfibrillar Ab
pool contributes more to the Ab PET signal in APPPS1/Trem22/2

mice than in APPPS1/Trem21/1 mice.

MATERIALS AND METHODS

Experimental Design
All experiments were performed in compliance with the National

Guidelines for Animal Protection, Germany, and with the approval of
the regional animal committee (Regierung Oberbayern) and were
overseen by a veterinarian. Animals were housed in a temperature-
and humidity-controlled environment with a 12-h light–dark cycle and
with free access to food (Sniff) and water. We conducted longitudinal
18F-florbetaben Ab PET imaging in cohorts of female AppNL-G-F (n 5

18) and APPPS1 (n 5 14) mice at 3, 6, and 12 mo of age, together
with an age- and sex-matched group of wild-type (n 5 8) mice. Of the
Ab mouse models, 56% had their baseline examination at 3 mo of age
and the remaining 44% were imaged from 6 to 12 mo of age. All mice
of each model originated from the same breeding colony. To exclude
batch effects within each modality, we used separate cohorts of mice
(14) for immunohistochemistry analyses of fibrillar and nonfibrillar
Ab plaque components in wild-type and AD-model mice (n 5 3–4) at
3, 6, and 12 mo of age. We then applied intermodality regression mod-
els to separate the relative contributions of fibrillar and nonfibrillar Ab
plaque components to Ab PET signals in the 2 strains.

Animal Models
APP/PS1 (APPPS1-21) mice show extensive fibrillar Ab plaque

pathology, first evident at 6–8 wk of age (15). In contrast, AppNL-G-F

(AppNL-G-F/NL-G-F) is a murine model with relatively limited fibrillar
Ab plaque pathology but showing Ab PET signal from 8 wk of age in
homozygous mice (16,17). Wild-type controls were C57BL/6 mice.

PET Imaging
PET Data Acquisition, Reconstruction, and Postprocessing.

For all PET procedures, radiochemistry, data acquisition, and image
preprocessing were conducted according to an established, standard-
ized protocol (6). In brief, we obtained 18F-florbetaben Ab PET

recordings (average dose, 12.16 1.8 MBq) with an emission window
of 30–60 min after injection.
PET Image Analysis. We performed all analyses using PMOD

(version 3.5; PMOD Technologies). Normalization of attenuation-
corrected emission images to SUV ratio images was performed using
previously validated periaqueductal gray matter (18) and white matter
reference regions for the AppNL-G-F and APPPS1 mouse models,
respectively (5). We analyzed the wild-type mice separately with both
reference regions to serve as controls for the Ab mouse models.
Bilateral neocortical volumes of interest (15 mm3) matching the
region of interest in the immunohistochemistry analysis were applied
for calculation of forebrain–to–white matter SUV ratio or
forebrain–to–periaqueductal gray matter SUV ratio.

Immunohistochemical Analysis
Groups of APPPS1 and AppNL-G-F mice at an age of 3 mo (n 5 4),

6 mo (n 5 3), and 12 mo (n 5 4) were transcardially perfused with
ice-cold phosphate-buffered saline (0.1 M) followed by 4% parafor-
maldehyde, after being cryopreserved in 30% sucrose. The mouse tis-
sue used for immunohistochemical analysis included some of the
APPPS1 and AppNL-G-F mouse brains used in our previous publication
(14). All stainings and analyses were performed newly for the purpose
of the present study. We collected 30-mm-thick coronal sections for
free-floating immunostaining. We used the 3552 antibody (1:5,000
(19)) to label total Ab, and we used thiazine red (2 mM; Sigma) to
stain the fibrillar Ab. Twenty-four images were acquired in 4 coronal
sections (6 images per section) in regions matching PET using a con-
focal microscope (320 dry objective, TCS SP5; Leica). Given the
prominent differences in the levels of fibrillar Ab between the
APPPS1 and AppNL-G-F mice, the confocal settings were optimized for
each mouse model to acquire the thiazine red signal. For the 3- and 6-
mo-old AppNL-G-F mice, the averaging and accumulation confocal
functions were set to 2, to better detect the thiazine red signal. An
in-house–programmed macro from ImageJ (NIH) was used to analyze
the total and fibrillar Ab coverage.

As a validation analysis, we reanalyzed data from a previous study
that included immunohistochemistry markers for fibrillar (x-34) and
total (3552) Ab components of Ab plaques (5). Immunohistochemis-
try was obtained from APPPS1/Trem21/1 and APPPS1/Trem22/2

mice (3 and 6 mo, n 5 4; 12 mo, n 5 8). Ab PET data were analyzed
by the processing pipeline described above and at the same time
points for both genotypes (APPPS1/Trem21/1: three 3-mo-old, ten 6-
mo-old, and ten 12-mo-old mice; APPPS1/Trem22/2: seven 3-mo-
old, nine 6-mo-old, and seven 12-mo-old mice). Furthermore, for vali-
dation purpose we obtained Ab coverage for fibrillar (methoxy-x04 or
x-34) and total (3552) Ab components at 13 mo of age in the PET
cohorts. In all datasets, nonfibrillar Ab was calculated by subtraction
of fibrillar Ab from total Ab (percentage nonfibrillar area 5 percent-
age total area 2 percentage fibrillar area).

Statistics
Prism (version 8.43; GraphPad Software, LCC) was used for all sta-

tistical tests. A P value of less than 0.05 was considered to be signifi-
cant for rejection of the null hypothesis.
Group-Level Analysis. Nonfibrillar Ab, fibrillar Ab, and the Ab

PET z score were compared between AppNL-G-F and APPPS1 mice at
different ages by an unpaired Student t test. Mean values of each of
the 3 readouts from the AppNL-G-F and APPPS1 groups at different
ages were subject to a linear regression analysis. The area between the
regression plots served as an index of the potential bias in the esti-
mates of Ab pathology by Ab PET.
Individual-Level Analysis. We applied regression models using

the Ab PET z score of all investigated mice in both models as an out-
come variable. Fibrillar Ab and nonfibrillar Ab estimates deriving

118 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 63 � No. 1 � January 2022



from all age- and genotype-matched mouse groups were used as pre-
dictors, and heterogeneity of individual mice with respect to PET
results and age were used as additional covariates. We defined hetero-
geneity as the deviation of individual mice in each genotype from their
group mean at each time point. The regression coefficients for fibrillar
Ab and nonfibrillar Ab were extracted to calculate their relative con-
tributions to the Ab PET signal. Bootstrapping was performed with
1,000 random samples.
Validation Analysis. The derived regression coefficients were

applied to immunohistochemistry analysis of independent samples of
APPPS1/Trem21/1 and APPPS1/Trem22/2 mice. The predicted Ab
PET z scores were compared with the actual Ab PET z scores in vivo,
and the deviation between the predicted and actual Ab PET z scores was
compared with separate consideration of both plaque components and
sole consideration of fibrillar Ab. The bias resulting from consideration
of only fibrillar Ab was calculated as a function of longitudinal changes
in the Ab PET signal in the comparison of APPPS1/Trem21/1 and
APPPS1/Trem22/2 mice.

RESULTS

Separate Quantification of Fibrillar or Nonfibrillar Ab Plaque
Deposition Fails to Explain the Ab PET Signal
First, we performed a direct standardized comparison of nonfi-

brillar and fibrillar Ab estimates by immunohistochemistry and
Ab PET between AppNL-G-F and APPPS1 mouse models at differ-
ent ages. Nonfibrillar Ab area coverage of AppNL-G-F mice
exceeded that of APPPS1 mice at 3 and 6 mo of age, whereas
APPPS1 mice had higher nonfibrillar Ab area coverage at 12 mo
of age (Figs. 1A and 2). Fibrillar Ab area coverage was signifi-
cantly higher in APPPS1 mice than in AppNL-G-F mice at all ages
studied (Figs. 1B and 2). Immunohistochemically assessed area
coverage values did not differ between the immunohistochemistry
cohorts and the PET cohorts at 12/13 mo of age (all P . 0.05,
Supplemental Fig. 1; supplemental materials are available at

http://jnm.snmjournals.org). Ab PET z scores of AppNL-G-F and
APPPS1 mice are provided and illustrated in Figures 1C and 1D.
There were no interindividual SUV ratio differences between mice
imaged 3 times, at 3, 6, and 12 mo, and mice imaged only twice,
at 6 and 12 mo (all P . 0.05, Supplemental Fig. 2). Ab PET
showed significantly higher standardized differences in APPPS1
mice than in AppNL-G-F mice at 6 and 12 mo, whereas there were
no significant differences at 3 mo of age (Fig. 1C). Plotting of Ab
PET results as a linear function of nonfibrillar or fibrillar Ab at
different ages indicated a mismatch between the 2 mouse models
(Fig. 1E). Plotting of fibrillar Ab as a linear function of nonfibrillar
Ab coverage underpinned that APPPS1 mice had a higher propor-
tion of fibrillar Ab than did AppNL-G-F mice (Fig. 1E). The compari-
son of the linear functions of both mouse models (the area
transected by the regression lines) indicated that Ab PET underesti-
mated the proportion of nonfibrillar Ab in AppNL-G-F mice (22.08 z
score units) but overestimated the proportion of fibrillar Ab in
AppNL-G-F mice (12.36 z score units). Thus, neither fibrillar nor
nonfibrillar Ab alone could explain the combined Ab PET findings.

Nonfibrillar Ab Contributes Significantly to the Ab PET Signal
Next, we hypothesized that a combined model of nonfibrillar and

fibrillar Ab components could improve the explanation of variance
in the Ab PET signals. To test this hypothesis, we established a
multiple-regression model using all available combinations of age-
and genotype-matched Ab PET–immunochemistry or histochemis-
try estimates with inclusion of all AppNL-G-F and APPPS1 mice.
Simplified regression models with either fibrillar or nonfibrillar Ab

as predictors of the Ab PET z score explained 50% and 32% of the
variance in Ab PET, respectively (both P, 0.001, Table 1). Com-
bined consideration of fibrillar Ab and nonfibrillar Ab as predictors
of the Ab PET z score increased the explained variance to 57%
(P, 0.001, Table 1; Fig. 3A), and fibrillar (b 5 0.563, P5

FIGURE 1. (A–D) Quantitation of nonfibrillar Ab (A), fibrillar Ab (B), and Ab PET signal z scores (C) in neocortex of AppNL-G-F and APPPS1 mice at
3, 6, and 12 mo of age, together with axial images of groupwise PET z scores projected on MRI standard template (D). (E) Correlation
plots of associations between immunochemistry or histochemistry markers and PET at different ages (group level) in comparison of both mouse models.
*P, 0.05. **P, 0.01. ***P, 0.001.
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1.11e227) and nonfibrillar (b 5 0.309, P 5 9.38e211) Ab were both
strong and independent predictors of the Ab PET z score.
A model including fibrillar and nonfibrillar Ab components with

the estimate of individual heterogeneity yielded 85% explanation of

variance of the Ab PET signal (Fig. 3B), and further inclusion of
age further increased the explanation of variance of the Ab PET sig-
nal (93%, Fig. 3C). Thus, age-related factors influence, importantly,
immunochemistry/histochemistry and PET signals (i.e., age-

FIGURE 2. Representative images of immunochemistry and histochemistry. Total Ab was assessed by 3552 staining, and fibrillar Ab was assessed by
thiazine red. Hoechst (HOE, blue) was used for nuclear visualization (scale bars, 500 mm).

TABLE 1
Coefficients of Determination and Regression Coefficients for Prediction of Ab PET Signal by Fibrillar and Nonfibrillar Ab
Components, with Additional Factoring for Heterogeneity (in Mice with Equal Genotype at Single Time Point) and Age

Model R2 Corrected R2 B Fibrillar B Nonfibrillar P

Fibrillar 0.499 0.497 4.414 (3.915–4.926) ,0.001

Nonfibrillar 0.324 0.322 0.477 (0.378–0.569) ,0.001

Fibrillar 3 nonfibrillar 0.574 0.571 3.521 (2.954–4.041) 0.259 (0.178–0.341) ,0.001

Fibrillar 3 nonfibrillar 3 heterogeneity 0.854 0.852 3.521 (2.954–4.041) 0.259 (0.178–0.341) ,0.001

Fibrillar 3 nonfibrillar 3 heterogeneity 3 age 0.928 0.927 2.810 (2.620–3.032) 0.146 (0.103–0.193) ,0.001

R2 5 coefficient of determination; B 5 regression coefficient.
Numbers in parentheses represent 95% CIs as assessed by bootstrapping with 1,000 random samples.
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dependent perfusion or partial-volume effects). We considered
“fibrillar 3 nonfibrillar 3 heterogeneity” and “fibrillar 3 nonfibril-
lar 3 heterogeneity 3 age” to be the most accurate models, and we
calculated the mean regression coefficients from these 2 models to
obtain the contributions of fibrillar Ab and nonfibrillar Ab to the
PET signal. One percent area covered by fibrillar Ab explained 3.17
PET z score units, and 1% area covered by nonfibrillar Ab explained
0.20 PET z score units, thus indicating a 16-fold higher contribution
of fibrillar than of nonfibrillar Ab. The opposite edges of the 95%
CIs, as assessed by bootstrapping, indicated a possible range
between 11-fold and 26-fold for the relationship between fibrillary
and nonfibrillar contributions to the Ab PET signal. Application of
this multiplicative factor to the direct comparison of group-averaged
immunochemistry/histochemistry and Ab PET scores in AppNL-G-F

and APPPS1 mice at different ages confirmed the suitability of this
model, as indicated by 98% explanation of the variance using
weighted factors, compared with only 84% for isolated fibrillar and
55% for nonfibrillar plaque components (Fig. 3D).

Fibrillar and Nonfibrillar Plaque Components Have an Impact
on Mice with Dysfunctional Microglia
Finally, we validated our results in independent cohorts of

APPPS1 mice and made an additional investigation of the impact
of Trem2 deficiency on the Ab PET signal in these mice, given
that Trem2 is a known driver of changes in the plaque fibrillarity.

Application of the regression factors to
immunochemistry/histochemistry data indi-
cated an excellent prediction of the actual
Ab PET signal in independent cohorts of
APPPS1/Trem22/2 and APPPS1/Trem21/1

mice (Fig. 4A). APPPS1 mice with Trem2
loss of function showed a higher contribu-
tion of nonfibrillar plaque components to
the Ab PET signal (30% at 3 mo, 26% at
6 mo, and 24% at 12 mo) than did
APPPS1 mice with intact Trem2 (4% at 3
mo, 15% at 6 mo, and 21% at 12 mo; Fig.
4A). A combined consideration of fibrillar
Ab and nonfibrillar Ab predicted the
actual PET signal more precisely that did
sole consideration of fibrillar Ab (Fig.
4B). Previously calculated increases in Ab
PET signal with age in these mice indi-
cated a considerable bias when consider-
ing only the fibrillar Ab component
(Supplemental Fig. 3). In summary, micro-
glial dysfunction altered the relative pro-
portions of fibrillar and nonfibrillar Ab,
thus directly influencing the Ab PET sig-
nal as a function of mouse age.

DISCUSSION

We provide the first—to our knowl-
edge—in vivo analysis to elucidate the
contributions of fibrillar and nonfibrillar
plaque components to the Ab PET signal.
Our data clearly show that nonfibrillar pla-
que fractions have a significant impact on
the net 18F-florbetaben binding to Ab pla-
ques of Ab mouse models in vivo.

Although the resulting Ab PET tracer signal is inherently 16-fold
higher when comparing equal amounts of fibrillar and nonfibrillar
Ab, the larger proportions of nonfibrillar plaque components coun-
terbalance the net contribution. We validated our regression model
in an independent cohort of APPPS1 mice and extended the poten-
tial translational impact of our findings by showing that microglial
dysfunction can influence the longitudinal Ab PET signal via
changing the relative proportions of fibrillar-to-nonfibrillar plaque
components.
In various analyses of single amyloidosis mouse models, there

was a strong agreement between Ab PET and different immuno-
chemistry or histochemistry markers for Ab (9,20). It is widely
acknowledged that the Ab PET signal with 18F-florbetaben
derives primarily from aggregated fibrillar Ab, since this and
other clinically approved Ab PET tracers were derived from the
chemical scaffold of thioflavin-T, which colors only fibrillar Ab
(21). However, a recent small-animal Ab PET investigation from
our lab (18) indicated that there could be discrepancies between
immunochemistry/histochemistry and in vivo Ab PET signals, if
one attributes the entire PET signal to fibrillar Ab. In fact, AppNL-G-F

mice exhibited an only moderate Ab PET signal, although their
plaques were composed mainly of nonfibrillar Ab (14). Therefore,
we applied in this study a standardized 18F-florbetaben PET
examination comparing AppNL-G-F and APPPS1 mice in conjunc-
tion with combined histochemical and immunohistochemical

FIGURE 3. (A–C) Regression plots illustrate correlation between actual and predicted Ab PET z
score when using fibrillar Ab and nonfibrillar Ab as predictors and using individual heterogeneity and
age as covariates. Regressions were calculated with total of 261 permutations between immunochem-
istry or histochemistry and PET endpoints using all available combinations with matched age and
genotype. (D) Application of average regression factors for fibrillar (B5 3.17) and nonfibrillar (B5 0.20)
Ab on combined immunochemistry and histochemistry data for both models (group means per age).
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examination to elucidate the separate contributions of fibrillar and
nonfibrillar Ab sources to the in vivo Ab PET signal. We per-
formed PET acquisitions in both Ab models and wild-type mice
with identical housing conditions and using the same tomograph
and image reconstruction parameters, thus minimizing the poten-
tial methodologic bias. Nonetheless, we acknowledge that scan-
ning of mice on different days of the week, along with social
hierarchy factors and technical factors due to different cage posi-
tions, might still impact the detection of plaque pathology by Ab
PET. We had to choose between conducting a longitudinal PET
examination with immunochemistry/histochemistry in a seperate
cohort and conducting a cross-sectional study in which PET
examination directly preceded immunohistochemistry/histochem-
istry in the same mice. Since animal-batch effects may introduce
a bias into cross-sectional PET quantifications between different
ages of a given mouse model, we elected to conduct longitudinal
PET imaging together with cross-sectional immunochemistry and
histochemistry to exclude batch effects, at least for PET. To
account further for the heterogeneity (22) and asymmetry (13) of
amyloidosis in individual mice of a lineage, we used a bilateral
target in a regression model including each available combination
of PET–immunochemistry/histochemistry results for each model
at each of 3 ages, controlled for the individual heterogeneity.
Regression coefficients for the proportions of fibrillar and nonfi-
brillar Ab in different models were robust and revealed that fibril-
lar Ab makes an intrinsically 16-fold higher contribution to the
Ab PET signal than nonfibrillar Ab in the studied Ab mouse
models. Our preclinical in vivo results concur with the postmor-
tem validation of human 18F-flutemetamol PET data, where

ligand binding to diffuse plaques was the most likely explanation
for positive in vivo signals in patients who later proved to have
only sparse neuritic plaques at autopsy (11,23). The same research
group recently validated the contributions of diffuse and neuritic
plaques to the 18F-flutemetamol and 11C-Pittsburgh compound B
autoradiography signals in an in vitro study (12). However, our
study was the first translation of such findings into the in vivo set-
ting and enables the arithmetic conversion of Ab PET signals
into fibrillar and nonfibrillar Ab components. We note that the
structure of the stilbene 18F-florbetaben is different from the
structures of the benzothiazoles 18F-flutemetamol and 11C-Pitts-
burgh compound B and that this difference could result in differ-
ent proportions of fibrillar and nonfibrillar binding capacities
in vivo. As usual, the limited resolution of small-animal PET sys-
tems in relation to the mouse brain size and resulting partial-
volume effects present a limitation for the transfer of the present
findings into the human context, and we want to emphasize that
detailed regression factors cannot be transferred directly. Yet, the
demonstration of an inherently 16-fold higher contribution of
fibrillar plaque to the PET signal concurs with a biophysical
chemistry study investigating binding mechanisms of Ab ligands
by molecular docking, molecular dynamics, and generalized
Born-based free-energy calculations (24). Here, core sites of Ab
fibrils, which are more abundant in fibrillar components of the
plaque, dominated over surface sites in producing the Ab PET
signal (24).
Our findings could be of translational relevance since Ab-

immunotherapy and other treatment strategies against AD may
change the proportions of fibrillar and nonfibrillar plaque

FIGURE 4. (A) z scores of measured Ab PET signal and predicted fibrillar and nonfibrillar (blue) source components in independent cohort of APPPS1
mice with dysfunctional (Trem22/2) and intact (Trem21/1) microglia. Pie charts show fibrillar and nonfibrillar contributions to measured Ab PET signals
predicted by immunochemistry and histochemistry. Representative double staining of APPPS1/Trem22/2 mouse shows more nonfibrillar Ab (3552-posi-
tive) surrounding core (x-34-positive) than in APPPS1/Trem21/1 mouse, both at 3 mo of age. (B) Bias of predicted z scores when only fibrillar or combi-
nation of fibrillar and nonfibrillar plaque contributions was considered. Analysis displays deviation of immuno/histochemically predicted Ab PET values
and actual Ab PET signal. Each dot represents one age-related group of APPPS1/Trem22/2 or APPPS1/Trem2+/+ mice (3 mo, 6 mo, 12 mo).
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components and thus bias the Ab PET outcome. Furthermore,
alterations of microglial genes are associated with changes in pla-
que morphology, which consequently influence the Ab PET signal
(5). We can correlate the more diffuse amyloid plaque morphology
in AppNL-G-F mice with differences in plaque morphology
observed in AD mice deficient in TREM2 or APOE (5,25).
Although loss-of-function mutations of Trem2 are rare in humans,
microglia genes seem in general (26) to have a high impact on AD
pathology, and modulation of microglial function is being inten-
sively studied as a therapeutic strategy for AD (27). Another limi-
tation for the direct translation of our findings toward human AD
consists in different binding site densities of Ab plaques in Ab
mouse models when compared with sporadic AD (28). Thus, com-
parisons of Ab PET signal intensity between rodents and humans
need to be considered with caution. However, the regression
model generated in this study should increase awareness of the
impact of nonfibrillar Ab on the Ab PET signal in both species.
Thus, a potential shift in the plaque proportions needs to be con-
sidered when designing future Ab PET monitored studies that tar-
get microglia. Assessment of fibrillar and nonfibrillar plaque
components and the respective Ab PET tracer–binding properties
in autopsy cases after or during disease-modifying treatment stud-
ies of AD could serve to test the impact of our findings on the
human situation.

CONCLUSION

The Ab PET signal with 18F-florbetaben in vivo arises from a
combination of fibrillar and nonfibrillar plaque components. Fibril-
lar Ab has inherently higher tracer binding, but the greater propor-
tion of nonfibrillar Ab relative to fibrillar Ab in most plaques
means that the nonfibrillar signal source is a relevant component
of the total signal. Since experimental AD therapy regimens can
shift the proportion of fibrillar versus nonfibrillar Ab, any longitu-
dinal changes in Ab PET signal as a readout of therapy monitoring
must be interpreted with caution; a detailed understanding of the
biochemical basis of Ab PET signal is critical for the correct use
of PET for monitoring novel AD therapies.
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KEY POINTS

QUESTION: Does nonfibrillar Ab contribute to the in vivo Ab PET
signal?

PERTINENT FINDINGS: Fibrillar Ab has 16-fold higher tracer
binding than does nonfibrillar Ab, but the greater proportion of
nonfibrillar Ab relative to fibrillar Ab in most plaques means that
the nonfibrillar signal source is a relevant component of the total
Ab PET signal.

IMPLICATIONS FOR PATIENT CARE: Shifts of the proportion of
fibrillar versus nonfibrillar Ab need to be considered when inter-
preting the longitudinal Ab PET signal for monitoring of therapeutic
effects.
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I N V I T E D P E R S P E C T I V E

Perspective on Fibroblast Activation Protein–Specific PET/CT
in Fibrotic Interstitial Lung Diseases: Imaging Fibrosis—A
New Paradigm for Molecular Imaging?
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Interstitial lung diseases (ILDs) are a heterogeneous group of
parenchymal pulmonary disorders. Their hallmark is pulmonary
infiltration by immune-competent cells followed by lung fibrosis
(1). Depending on the subtype of ILD, its prognosis varies. How-
ever, several of these disease entities present with a chronic, irre-
versible, and progressive clinical course and are associated with
worsening lung function, impaired quality of life, and limited life
expectancy. Despite the possibility of detecting ILDs with the cur-
rent standard imaging technique high-resolution CT (HRCT) and
pulmonary function tests, monitoring of disease activity remains
challenging, since the course of disease, such as in systemic
sclerosis–associated ILD, is highly variable (2).
To date, HRCT is the mainstay to establish the diagnosis of

ILDs since certain morphologic disease patterns indicate specific
disease entities. However, morphologic imaging using HRCT is not
capable of determining tissue remodeling. Furthermore, the mea-
surement of functional decline by pulmonary function tests requires
long-term follow-up. Molecular imaging of ILDs for the assess-
ment of disease activity is so far based on the use of 18F-FDG
PET/CT. However, 18F-FDG PET/CT can generally assess only the
level of inflammation, not the degree of fibrotic activity in ILDs
and other fibroinflammatory diseases (3). Hence, novel noninvasive
diagnostic approaches to evaluating disease activity and monitoring
treatment of ILDs are of considerable interest. Persistent activation
and local accumulation of myofibroblasts play a key role in the
development of fibrotic diseases of the lung such as in systemic
sclerosis–associated ILD or idiopathic pulmonary fibrosis (4).
Fibroblast activation protein a (FAP) is a type II transmembrane
protease with dipeptidyl peptidase and endopeptidase activity and
is induced in fibroblasts on activation and is negligible or absent in
resting fibroblasts or other cell types (5). The recently developed
radiolabeled quinoline-based PET tracers binding to FAP demon-
strate tracer uptake in various tumor entities as well as in fibrotic
diseases and are a major advance for molecular imaging (6).

In a translational exploratory study published in this issue of
The Journal of Nuclear Medicine, R€ohrich et al. evaluated the
static and dynamic imaging properties of 68Ga-FAP inhibitor
(FAPI)-46 PET/CT in 15 patients with fibrotic ILD (fILD) and
suspected lung cancer (LC) (7). They performed static PET/CT
scans on 12 patients and dynamic scans on another 3 patients.
SUVs were measured for a total of 55 CT-morphologically typical
fibrotic lesions and 3 LC lesions. Furthermore, the FAP immuno-
histochemistry of 4 human fILD biopsy samples and of fibrotic
lungs of Nedd4–22/2 mice was performed. fILD and LC lesions
had considerably elevated uptake at each of the static imaging
time points. The SUVmax and SUVmean of both fILD and LC
lesions decreased over time, with a more pronounced decrease
in fILD lesions compared with LC lesions. In contrast, because
of the decreasing background activity over time, fILD manifesta-
tions demonstrated relatively stable target-to-background ratios,
whereas target-to-background ratios of LC manifestations tended
to increase during the sequential PET examinations. These find-
ings highlight the potential use of quantitative PET imaging at
sequential time points to differentiate between malignant and
fibrotic lesions. Analogous results were obtained in the dynamic
PET acquisitions: although fILD lesions showed an early peak in
tracer accumulation with a slowly decreasing signal intensity over
time, LC manifestations presented an increasing time–activity
curve with a delayed peak and gradual washout. Interestingly, the
peak of the tracer uptake in LC lesions was between 10 and
30min with a corresponding fast blood clearance resulting in high
target-to-background ratios. These findings suggest that, for 68Ga-
FAPI-46, the optimal imaging time point might be earlier than the
current standard 60 min after injection for LC and fibrosis imaging
being applied for 18F-FDG. Immunohistochemistry of both human
fILD biopsies and whole lung sections of Nedd4–22/2 mice serv-
ing as a gold standard were evaluated for FAP expression. FAP-
positive areas were localized in the transition zone between
healthy lung tissue and fibrotic areas in human fILD sections. In
Nedd4–22/2 mice, healthy lung parenchyma demonstrated only
low FAP expression, but fibrotic lesions exhibited FAP upregula-
tion. These impressive results suggest a promising role for FAP
imaging in fibrotic lung diseases for evaluation of disease activity.
The early peaks in tracer uptake of LC and fibrotic lesions
between 10 and 30 min allow for early image acquisition, which is
currently an important logistic advantage at the current time, at a
time when there is an increasing number of PET/CT examinations.
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Although the current imaging standard HRCT is not capable of
determining disease activity, 18F-FDG PET/CT is of limited use
for the assessment of response to antifibrotic drugs (8). This is not
surprising since 18F-FDG PET/CT visualizes increases in glucose
metabolism caused by inflammatory processes, but not the activity
of activated fibroblasts that play a key role in the development of
lung fibrosis. Recently, Bergmann et al. reported the use of 68Ga-
FAPI-04 PET/CT in 21 patients with systemic sclerosis–associated
ILD and showed that FAP imaging directly visualizes activated
fibroblasts in vivo (9). Furthermore, 68Ga-FAPI-04 uptake was
higher in patients with extensive disease, with previous ILD pro-
gression, or with higher European Sclerodermia Trials and
Research Group activity scores than in those with limited disease,
previously stable ILD, or low European Sclerodermia Trials and
Research Group activity scores. Increased 68Ga-FAPI-04 uptake at
baseline was associated with progression of ILD independently of
extent of involvement on HRCT scans and of the forced vital
capacity at baseline. Moreover, changes in 68Ga-FAPI-04 uptake
were concordant with the observed response to the fibroblast tar-
geting antifibrotic drug nintedanib (9).
To date, FAP PET/CT is the only clinically available imaging

approach that can directly visualize and quantify the activity of
activated fibroblasts in fibrotic and tumor diseases. In contrast to
other techniques, such as pulmonary function tests or HRCT,
which measure the cumulative result of tissue damage, 68Ga-FAPI
PET/CT can directly assess the dynamic of this process. 68Ga-
FAPI PET/CT might improve risk assessment of patients with
fibrotic diseases and allow earlier and more accurate treatment as
well as dynamic monitoring of the molecular response to
fibroblast-targeting therapies.
FAP imaging might open a completely new perspective for the

nuclear medicine community. This was also demonstrated in a
publication on FAPI PET/CT in IgG4-related disease (10). IgG4-
related disease is a paradigm of the inflammation-versus-fibrosis
dichotomy and is characterized by autoimmune inflammation asso-
ciated with tumefactive tissue fibrosis. The disorder has a predilec-
tion for the pancreas, the biliary tree, the salivary glands, the
kidney, and the aorta, among others. Histopathology studies and
clinical correlations have suggested progression of IgG4-related
disease from a proliferative to a fibrotic phase. Although in the
proliferative IgG4-related disease phase dense lymphoplasmacytic
infiltrates occur, the fibrotic phase has relatively sparse cellular
infiltrates and a greater degree of tissue fibrosis. The response of
fibrotic lesions to antiinflammatory treatment with rituximab was
far less pronounced than that of inflammatory lesions. The

conclusion of this study was that FAP-specific PET/CT permits
discrimination between inflammatory and fibrotic activity in IgG4-
related disease. This finding may profoundly change the manage-
ment of certain forms of immune-mediated disease, such as IgG4-
related disease, as subtypes dominated by fibrosis may require
approaches to controlling disease progression different from those
required by subtypes that are predominantly inflammatory. For
example, in the former, specific antifibrotic agents rather than
broad-spectrum antiinflammatory treatments might be useful.
The above-reviewed evidence has demonstrated that imaging of

active fibrotic processes has become feasible. Future clinical
research will reveal whether the new paradigm of imaging-
activated fibroblasts by PET is of clinical utility in ILDs and other
rheumatic disorders.
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Interstitial lung diseases (ILDs) comprise over 200 parenchymal lung
disorders. Among them, fibrosing ILDs, especially idiopathic pulmo-
nary fibrosis, are associated with a poor prognosis, whereas some
other ILDs, such as sarcoidosis, have a much better prognosis. A
high proportion manifests as fibrotic ILD (fILD). Lung cancer (LC) is a
frequent complication of fILD. Activated fibroblasts are crucial for
fibrotic processes in fILD. The aim of this exploratory study was to
evaluate the imaging properties of static and dynamic fibroblast acti-
vation protein (FAP) inhibitor (FAPI) PET/CT in various types of fILD
and to confirm FAP expression in fILD lesions by FAP immunohisto-
chemistry of human fILD biopsy samples and of lung sections of
genetically engineered (Nedd4-22/2) mice with an idiopathic pulmo-
nary fibrosislike lung disease. Methods: PET scans of 15 patients
with fILD and suspected LC were acquired 10, 60, and 180 min after
the administration of 150–250 MBq of a 68Ga-labeled FAPI tracer
(FAPI-46). In 3 patients, dynamic scans over 40 min were performed
instead of imaging after 10 min. The SUVmax and SUVmean of fibrotic
lesions and LC were measured and CT-density–corrected. Target-to-
background ratios (TBRs) were calculated. PET imaging was corre-
lated with CT-based fibrosis scores. Time–activity curves derived
from dynamic imaging were analyzed. FAP immunohistochemistry of
4 human fILD biopsy samples and of fibrotic lungs of Nedd4-22/2

mice was performed. Results: fILD lesions as well as LC showed
markedly elevated 68Ga-FAPI uptake (density-corrected SUVmax and
SUVmean 60 min after injection: 11.12 6 6.71 and 4.29 6 1.61,
respectively, for fILD lesions and 16.69 6 9.35 and 6.44 6 3.29,
respectively, for LC) and high TBR (TBR of density-corrected SUVmax

and SUVmean 60 min after injection: 2.30 6 1.47 and 1.67 6 0.79,
respectively, for fILD and 3.90 6 2.36 and 2.37 6 1.14, respectively,
for LC). SUVmax and SUVmean decreased over time, with a stable TBR
for fILD and a trend toward an increasing TBR in LC. Dynamic imag-
ing showed differing time–activity curves for fILD and LC. 68Ga-FAPI
uptake showed a positive correlation with the CT-based fibrosis

index. Immunohistochemistry of human biopsy samples and the
lungs of Nedd4-22/2 mice showed a patchy expression of FAP in
fibrotic lesions, preferentially in the transition zone to healthy lung
parenchyma. Conclusion: 68Ga-FAPI PET/CT imaging is a promising
new imaging modality for fILD and LC. Its potential clinical value for
monitoring and therapy evaluation of fILD should be investigated in
future studies.

Key Words: fibroblast activation protein; interstitial lung disease; lung
cancer
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Interstitial lung diseases (ILDs) comprise over 200 parenchymal
lung disorders. Among them, fibrosing ILDs, especially idiopathic
pulmonary fibrosis (IPF), are associated with a poor prognosis,
whereas some other ILDs, such as sarcoidosis, have a much better
prognosis (1,2). A high proportion manifests as fibrotic ILD (fILD),
and despite conventional therapy, fILD has a potential for disease
progression, which is associated with worsened lung function and
quality of life as well as early death (3). IPF is a subtype of fILD
with a typically chronic, irreversible, and progressive clinical course
(4,5); a variable disease course; and a poor prognosis (4,6,7). But
also in other fILDs, including rheumatoid arthritis–associated ILD
(8), systemic sclerosis–associated ILD (9), and unclassifiable ILD
(10), progression has been observed in a proportion of patients.
Lung cancer (LC), a frequent complication of fILD, crucially con-
tributes to the poor prognosis of these patients (11).
The standard imaging technique for the assessment of fILD is

high-resolution CT (7). CT is an essential component for the diagno-
sis of ILD, and radiologic patterns are predictors for outcomes and
therapy effects (12). Yet, CT is unable to assess disease activity in
fILDs. Next to CT, 18F-FDG PET/CT is used for the imaging of
fILDs, based on increased glucose metabolism in fibrotic pulmonary
lesions (13–16), and may add value to CT for risk stratification and
evaluation of antifibrotic therapies (13). But both CT and 18F-FDG
PET have inherent limitations for the evaluation of fILDs, as CT can
show only morphologic changes of the lung, which occur relatively
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late during fibrosis (14), and 18F-FDG PET/CT depicts inflammatory
reactions but not an activated fibrotic process itself (17,18).
There is growing evidence that activated fibroblasts play a cru-

cial role in the pathogenesis and progression of fibrotic processes
in fILD (15,19–21). Activated fibroblasts contribute to various
physiologic and pathologic processes, including fibrosis, inflam-
mation, and cancer (22,23). They are characterized by expression
of fibroblast activation protein (FAP). It has been shown that FAP
can be specifically targeted by radioactive tracer molecules
(24,25). The first pilot studies showed elevated uptake of FAP
inhibitor (FAPI) tracers in various tumor entities (25,26). In these
studies, elevated tracer uptake was observed not only in tumors
but also in reactive processes, fibrotic lesions, and inflammatory
lesions (27).
On the basis of these findings, we hypothesized that 68Ga-FAPI

PET/CT may be a useful imaging and diagnostic tool for fILD.
The aim of our analysis was to evaluate the imaging properties of
static and dynamic 68Ga-FAPI PET/CT in various types of fILD
and to confirm FAP expression of fILD lesions by FAP immuno-
histochemistry of human fILD biopsy samples and of lung sec-
tions of genetically engineered (Nedd4-22/2) mice with IPF.

MATERIALS AND METHODS

Study Design and Patient Characterization
This was an exploratory, hypothesis-generating retrospective transla-

tional study. The institutional review board approved this study (study
number S-115/2020), and all subjects gave written informed consent.

Between July 2018 and August 2019, 15 patients (aged 56–80 y;
average, 71.2 y) with different fILD subtypes were examined by 68Ga-
FAPI PET/CT. These patients were selected from 1,135 patients with
suspected LC who were examined in our institution between July 2018
and August 2019. Of these, 1,104 (97.3%) were examined by 18F-FDG
PET/CT and 31 (2.7%) by 68Ga-FAPI PET/CT, including the 15
patients with fILD who were retrospectively analyzed in this study. In
all these patients, the clinical indication for 68Ga-FAPI PET/CT imag-
ing was suspected LC. The individual decision for 68Ga-FAPI PET/CT
and not 18F-FDG PET/CT for these patients was made by a local inter-
disciplinary tumor board because of our previous experiences with
68Ga-FAPI PET/CT in LC (28) and the potential diagnostic benefit for
fILD. ILD diagnoses were made by an interdisciplinary team on the
basis of the clinical presentation and the radiologic pattern on CT—
and, in 8 of the 15 patients, on additional lung biopsy—before PET
imaging according to international guidelines (8). Biopsy samples of
sufficient size for immunohistochemistry were available for 4 patients.
Details on the clinical and pathologic characteristics and imaging pro-
tocols for each patient are given in Supplemental Table 1 (supplemen-
tal materials are available at http://jnm.snmjournals.org).

Static and Dynamic FAP-Specific PET/CT Imaging
Diagnostic imaging was performed under the conditions of the

updated Declaration of Helsinki, § 37 (“Unproven Interventions in
Clinical Practice”) and in accordance with the German Pharmaceuti-
cals Law, §13 (2b), for medical reasons. The radiotracer FAPI-46
labeled with 68Ga as previously described (29) was applied intrave-
nously (80 nmol/GBq). Static PET/CT scans of 12 patients were
obtained 10, 60, and 180 min after tracer administration with a
Biograph mCT Flow PET/CT Scanner (Siemens Medical Solutions)
using the following parameters: slice thickness of 5 mm, increment of
3–4 mm, soft-tissue reconstruction kernel, and CARE Dose4D. Imme-
diately after CT scanning, a whole-body PET scan was acquired in 3
dimensions (matrix, 200 3 200) in FlowMotion at 0.7 cm/min. The
emission data were corrected for randoms, scatter, and decay.

Reconstruction was performed with an ordered-subset expectation
maximization algorithm with 2 iterations and 21 subsets and Gauss-
filtered to a transaxial resolution of 5 mm in full width at half
maximum. Attenuation correction was performed using the low-dose
nonenhanced CT data. For dynamic PET/CT scans of 3 patients, a list-
mode acquisition of 40 min was performed as previously described
(30,31), followed by static imaging after 60 and 180 min.

CT
Nonenhanced full end-inspiratory thin-section low-dose CT was

routinely performed with the patient supine as previously described
(32). Patients were scanned on a 128-slice Definition AS scanner (Sie-
mens Healthcare AG) with a dose-modulated protocol at 120 kV,
40 mAs (effective), a collimation of 0.6 mm, and a pitch of 0.8.

Image Analysis and Quantification
Volumes of Interest (VOIs) in PET Data. SUVs were quantita-

tively assessed by an experienced nuclear physician (who had read
more than 3,000 PET examinations), a medical student, and a board-
certified nuclear physician working in consensus and using a VOI tech-
nique. For the VOI in fibrotic areas, a 20-mm sphere was drawn within
a total of 55 lesions with a morphologically typical fibrotic appearance
on CT. Tumor VOIs were defined by an automatic isocontour with a
cutoff at 50% of SUVmax. The SUVs of fibrotic areas and tumors were
corrected for healthy-appearing lung parenchyma as background.
Density Correction of SUVs. To correct the signal intensity in

68Ga-FAPI PET according to CT density, the SUVs of each voxel
were corrected for the tissue fraction within the CT scans that were
acquired during the PET/CT scan according to a method already pub-
lished and validated (33,34).
Dynamic PET Imaging Analysis. Time–activity curves of 68Ga-

FAPI uptake were obtained by applying the VOIs of 14 fibrotic lesions
and 3 tumors to the entire dynamic dataset. The times to peak value
(minutes from the beginning of the dynamic acquisition to the SUVmax

of the lesion) were derived from the time–activity curves. Dynamic data
analysis was done using PMOD software (PMOD Technologies Ltd.).
CT-Based Automatic Lobe Segmentation and Fibrosis (FIB)/

Ground-Glass Opacity (GGO) Indices. Lungs and individual lobes
were fully automatically segmented on inspiratory nonenhanced thin-
section CT images by the in-house program YACTA (version 2.7.1.3) as
described in previous publications (35,36). We defined the FIB index as
the percentage of lung voxels greater than2775 HU and the GGO index
as the percentage of voxels in the HU interval 2885 to 2775. The FIB
index and the GGO index were calculated for each lobe separately.
Coregistration Studies of 68Ga-FAPI PET/CT Images and CT

Images. To achieve anatomically identical segments of 68Ga-FAPI
PET/CT images and diagnostic CT images, both were coregistered
using 3DSlicer, version 4.6.2 (www.slicer.org). First, the low-dose CT
images of the PET/CT scan were intramodally coregistered with the
CT images on the basis of 11 manually selected anatomic landmarks
using affine transformation. Second, the transformation was applied to
the PET images to achieve intermodal coregistration. Coregistered
PET images and CT images were loaded into the PMOD software,
and SUVmean was extracted from the same CT-based pulmonary lobe
segmentations as were used for GGO and FIB indexing. A representa-
tive example of the intermodal coregistration of high-resolution CT
and 68Ga-FAPI PET images is shown in Supplemental Figure 1.

Animal Studies
The animal studies were approved by the animal welfare authority

responsible for the University of Heidelberg (Regierungspr€asidium Karls-
ruhe). We used Nedd4-22/2 mice, an established animal model of an
IPF-like lung disease (37). To induce the conditional deletion of Nedd4-2,
4- to 6-wk-old mice were exposed to a 1 mg/mL solution of doxycycline
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hydrochloride (Sigma) dissolved in a 5% sucrose solution supplied as
drinking water in light-protected bottles. Doxycycline solutions were pre-
pared freshly and changed at least every 3 d. For immunohistochemical
studies, 4- to 6-wk-old mice were treated for 3–4 mo with doxycycline
until clinically symptomatic and then killed for tissue collection. The
mice were housed in a specific pathogen-free animal facility and had free
access to food and water.

Immunohistochemistry of Human and Mouse Tissue
Biopsy yielded sufficient fILD tissue in 4 patients. The interval

between biopsy and 68Ga-FAPI PET/CT was 15.506 10.96 mo. All sam-
ples were provided by the Tissue Bank of the National Center for Tumor
Diseases, in accordance with the regulations of the tissue bank and the
approval of the ethics committee of Heidelberg University.

In human tissue, we used the primary anti-FAP antibody ab207178
(EPR20021; Abcam) diluted 1:100 and the primary anti-a-smooth
muscle actin (SMA) antibody ab5694 (Abcam) diluted 1:200, and
staining was performed as previously described (38). For animal tissue,
we used the rabbit anti-FAP antibody ab53066 (Abcam), and staining
was performed as previously described (37). For FAP and a-SMA
immunohistochemistry, negative controls were obtained by omitting
the primary antibody. All images were scanned and digitalized using a
NanoZoomer S60 digital slide scanner (Hamamatsu Photonics).

Statistical Analysis
We performed descriptive analyses for patients and their character-

istics. For determination of SUVs, median and range were used. The
correlation between 68Ga-FAPI uptake within or outside the tumor and
fibrotic lesions was determined using 2-sided t tests after testing for a
normal distribution. A P value of less than 0.05 was defined as statisti-
cally significant. Pearson correlation analysis was performed between
68Ga-FAPI PET parameters and FIB/GGO indices. Microsoft Excel,
version 2010, was used for statistical analyses.

RESULTS

Static PET Imaging
In static imaging, both fILD and LC lesions showed considerably

elevated tracer uptake after 10, 60, and 180 min. The density-

corrected SUVmax and SUVmean of fILD and LC lesions decreased
over time, with the decrease being more pronounced in fILD than in
LC (Figs. 1A and 1B). Because of decreasing background activity
over time (Supplemental Fig. 2), fILD showed relatively stable tar-
get-to-background ratios (TBRs), whereas the TBR (SUVmax and
SUVmean) of LC showed a tendency to increase over time (Figs. 1C
and 1D). A lesionwise overview of all SUVs and TBRs is given in
Supplemental Table 2. The 68Ga-FAPI uptake and TBRs (60 min
after injection) of IPF did not significantly differ from those of fILDs
(Supplemental Fig. 3). Figure 2 shows an exemplary case—a patient
with clinically progressive rheumatoid arthritis–associated ILD and
non–small cell lung carcinoma. In this patient, fILD lesions were
found in the middle lobe of the right lung and in the basal parts of
the right lung. Both of these lesions showed elevated tracer uptake,
with the uptake in the middle lobe being much greater than that in
the basal parts, potentially indicating that fILD was activated in the
middle lobe. The tumor lesion was intensively 68Ga-FAPI–positive
(Figs. 2A and 2B).

Dynamic PET Imaging
Time–activity curves for fILD and LC differed significantly.

fILD lesions showed an early peak correlating with the aortic perfu-
sion peak, followed by a slowly decreasing signal intensity over
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FIGURE 1. Average (6SD) density-corrected SUVmax (A), SUVmean (B),
and TBRs for SUVmax (C) and SUVmean (D) for tumor and fibrosis in 15
patients at 10, 60, and 180 min after application of 68Ga-FAPI.
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FIGURE 2. (A) Representative maximum-intensity-projection PET
images after injection of 68Ga-FAPI in 75-y-old man with rheumatoid
arthritis–associated ILD and non–small cell lung carcinoma (red arrow).
Clinically, patient had significant decrease in forced vital capacity (from
70% to 38%) over the last 4 mo before FAPI PET/CT and complained
about progressive weight loss and exertional dyspnea, which denotes
progressive phenotype according to criteria of INBUILD study (45). We
observed intensively 68Ga-FAPI–positive pulmonary fibrosis in right middle
lobe (blue arrow) and moderately 68Ga-FAPI–positive pulmonary fibrosis in
right lower lobe (yellow arrow). (B) Representative axial CT images and
PET/CT images of intensively 68Ga-FAPI–positive (middle lobe) and mod-
erately 68Ga-FAPI–positive (lower lobe) pulmonary fibrosis lesions of same
patient. Intensively 68Ga-FAPI–positive lesion in right middle lobe may be
a correlate of increased fibrotic activity, leading to observed clinical pro-
gression of fILD in this case. p.i.5 after injection.
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time. In contrast, LC showed an increasing time–activity curve with
a delayed peak, followed by a gradual washout phase (Fig. 3A).
These differences are reflected by delayed times to peak value in
LC, compared with fILD lesions (Fig. 3B).

Correlation Between PET Imaging and FIB/GGO Indices of
Pulmonary Lobes
To correlate 68Ga-FAPI PET signal intensities with CT-

morphology–based parameters, we correlated the SUVmean of 75
pulmonary lobes with corresponding FIB/GGO indices. Density-
corrected SUVmean showed a moderately positive correlation (r 5
0.57) with the FIB index (Fig. 4A). The correlations of SUVmean

and GGO index were moderately negative (r 5 20.44) (Fig. 4B).
Additional quartilewise analysis of SUVmean and FIB/GGO indices
also displayed these correlations (Supplemental Fig. 4). Analysis
of SUVmax and FIB/GGO indices showed similar tendencies rela-
tive to the correlation of SUVmean and FIB/GGO indices but no
strong or moderate correlations (r 5 0.13 for SUVmax vs. FIB
index and 20.19 for SUVmax vs. GGO index). Of note, the corre-
lation of FIB index and GGO index was strongly negative (r 5

20.75) in our dataset (Fig. 4C).

Immunohistochemistry of Human fILD Biopsies
In human fILD sections, we observed FAP-positive areas in the

transition zone between healthy lung tissue and fibrotic areas. FAP-
positive cells and a-SMA–positive cells were widely inversely dis-
tributed within the fibrotic sections. Of note, blood vessels in the

fibrotic areas were FAP-negative. Figures 5A–5C show exemplary
images of a FAP-positive fibrotic spot in a biopsy punch.

FAP Expression in Fibrotic Lungs of Nedd4-22/2 Mice
Immunohistochemistry of whole lung sections of Nedd4-22/2

mice with IPF-like lung disease showed differential expression of
FAP in fibrotic lesions and in healthy lung parenchyma. Although
healthy lung parenchyma showed low FAP expression, fibrotic
areas showed inhomogeneous FAP positivity (Supplemental
Fig. 5A). Next to perivascular FAP positivity (Supplemental Fig.
5B), we found FAP overexpressed predominantly in the transition
zone to normal parenchyma (Supplemental Fig. 5C), similarly to
the expression in human fILD tissue.
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FIGURE 3. (A) Axial PET/CT image and corresponding time–activity
curves showing uptake of 68Ga-FAPI over time in aorta, left-sided LC
lesion, and fibrotic area in right lung. (B) Comparison of average time to
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DISCUSSION

Potential Role of 68Ga-FAPI PET/CT in the Management
of fILD
Our results show that 68Ga-FAPI PET/CT can be used to visual-

ize fibrotic areas and LC lesions in patients with fILD. A potential
role for 68Ga-FAPI PET/CT in the management of fILD, particu-
larly as a potential prognosticator and way to evaluate response to
therapy, should be evaluated. Of special interest will be determin-
ing which beneficial information 68Ga-FAPI PET/CT may add to
the gold standard modality CT and to 18F-FDG PET/CT. With
respect to CT, we observed a positive correlation between 68Ga-
FAPI signal intensities and the CT-based FIB index, indicating
that 68Ga-FAPI PET and CT are, in principle, comparable in the
detection of fILD. A potential benefit of 68Ga-FAPI PET/CT over
CT could be the distinction between inactive and activated,

progressive fibrosis, as suggested by Figure 2. 18F-FDG PET/CT
has frequently been applied in patients with fILD (13,33,39). 18F-
FDG PET/CT is of prognostic value for fILD patients (13,15).
However, it has recently been demonstrated that 18F-FDG uptake
does not change after therapy with the antifibrotic drugs nintedanib
or pirfenidone and that 18F-FDG uptake cannot predict treatment
response (33). As 68Ga-FAPI PET does not display elevated glu-
cose metabolism but visualizes reactive fibroblasts (a key player in
fibrosis), 68Ga-FAPI PET may be more suitable for the imaging of
fibrotic activity and the evaluation of therapy response than is 18F-
FDG PET, which depicts only the inflammatory component
(17,18). In a recent pilot study, Bergmann et al. could demonstrate
in 21 patients with the fILD subtype systemic sclerosis–associated
ILD that tracer accumulation in 68Ga-FAPI PET/CT is associated
with disease progression independently of established predictors
of progression and that 68Ga-FAPI uptake decreases after antifi-
brotic treatment (40). These findings strongly support the hypothe-
sis that 68Ga-FAPI PET/CT imaging reflects fibrotic activity in
fILD and therefore is an extremely promising imaging modality
for this disease. For future systematic evaluation of 68Ga-FAPI
PET/CT for fILDs, preclinical experiments that include treatment
and evaluation of the therapy response must precede human stud-
ies. The Nedd4-22/2 mouse model could be useful for such
experiments, as it showed 68Ga-FAPI–positive fibrotic pulmonary
lesions with an expression pattern similar to that in human fILD.
Next to imaging of the fibrotic process itself, 68Ga-FAPI PET/CT
may serve as an excellent all-in-one monitoring tool for the detec-
tion of LC in fILD patients, as recent studies showed the value of
68Ga-FAPI PET/CT for the assessment of LC (26,41), and this
value is confirmed by our data.

Imaging at Different Time Points
68Ga-FAPI PET/CT is a promising imaging modality both for

malignancies and for nontumorous conditions. However, to date,
the optimal time point for acquisition of 68Ga-FAPI PET/CT
images is not clear. In our study, we observed the highest tracer
uptake by LC and fibrotic lesions at the earliest time point (10
min) and a decreasing uptake after 60 and 180 min. However, the
TBR of LC tended to increase over time, and fibrotic lesions
showed a relatively stable TBR over time. This finding indicates
that washout is slower in LC lesions than in lung tissue and that
the washout kinetics in the fibrotic lesions and in lung tissue do
not differ significantly. These findings are in line with our recently
published study in which we evaluated 68Ga-FAPI uptake over
time in pancreatic ductal adenocarcinomas and pancreatitis (27).
There, over time, we observed slightly decreasing uptake but
increasing TBRs in the tumors and decreasing uptake in the pan-
creatitis. The results of these studies on tumors and chronic
inflammatory or fibrotic processes indicate that imaging and analy-
sis of TBR at different time points could be helpful for discrimi-
nating between malignant and chronic inflammatory or fibrotic
68Ga-FAPI–positive lesions.

Dynamic Imaging
Next to imaging at different time points, dynamic PET imaging

can deliver important information additional to that from static
PET imaging, as it allows evaluating tracer uptake over time and
washout processes for the characterization of PET-positive lesions.
In brain tumor imaging with amino acid tracers, dynamic imaging
is of great value for the differentiation of low-grade versus high-
grade tumors and progress versus pseudoprogression (42,43). In
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FIGURE 5. Hematoxylin and eosin staining (A), FAP immunohistochem-
istry (B), and a-SMA immunohistochemistry (C) of exemplary FAP-positive
spot in fILD lesion of 71-y-old (at time of biopsy) man with IPF, who was
diagnosed with small cell lung carcinoma after 68Ga-FAPI PET/CT. High
FAP expression (red arrows) and high a-SMA expression (green arrows)
are widely inversely distributed in fibrotic tissue (320; scale bars, 50 mm).
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this project, we published the first (to our knowledge) clinical
experiences with dynamic 68Ga-FAPI PET/CT—experiences that
must be considered preliminary as they are based on a small num-
ber of patients. But 2 hypotheses can be generated from our
dynamic data on LC and fILD.
The first thesis is that the peak of the uptake in LC lesions is

between about 10 and 30 min and that washout in the blood is rela-
tively fast in the first minutes, after which the time–activity curve for
the blood volume slowly decreases. Therefore, it seems likely that the
optimal imaging time point with the highest SUVs and best TBR for
tumor lesions could be significantly earlier than 60 min after injec-
tion, which has been used in most studies in analogy to the common
acquisition time point in 18F-FDG PET/CT. Imaging time points later
than 60 min after injection may lead to decreased SUVs but an even
improved TBR. With respect to clinical practice, later time points are
less favorable if the detection rate of tumor lesions is not better than
at earlier time points. Analyses of the detection rates and TBR at dif-
ferent time points up to 180 min after injection are ongoing to define
the optimal imaging time point for 68Ga-FAPI PET/CT.
The second thesis is that time–activity curves based on dynamic

imaging data show that the activity in fibrotic lesions decreases
relatively quickly, comparable to the activity decrease in the blood
volume. In contrast, LC lesion activity peaked at about 10–30 min
after injection and then slowly decreased over time. Thus, a signif-
icantly decreasing activity over time, within the first 40 min, may
indicate that a lesion is more likely to be fibrotic than malignant,
and a stable or only slightly decreasing activity may indicate that a
lesion is more likely to be malignant.
Both theses need to be evaluated by future prospective dynamic

68Ga-FAPI PET/CT imaging studies that include higher numbers
of individuals with malignant tumors and noncancer lesions.

Limitations
Despite the promising results of this analysis, several limitations

must be mentioned. First, because the total number of patients, 15,
was relatively small and the number of patients examined by
dynamic 68Ga-FAPI PET/CT was only 3, our data must be consid-
ered preliminary and conclusions can be drawn only with caution.
Another major limitation is that there was a certain heterogeneity
in the patient population because we included various types of
fILDs. However, many fILDs have detrimental outcomes similar
to those of IPF when it comes to a progressive phenotype, thus
underscoring the need to visualize disease activity in fILDs. More-
over, subgroup analysis (68Ga-FAPI uptake and TBR of IPF vs.
other fILDs, Supplemental Fig. 3) of our dataset showed no signif-
icant differences between different types of ILDs. Nevertheless,
our results need confirmation by studies with larger cohorts of
ILD patients. Next, the patients underwent 68Ga-FAPI PET/CT
but not a corresponding 18F-FDG PET/CT study, as 2 PET/CT
examinations using ionizing radiation were not possible in the
clinical setting of this project. Nevertheless, a systematic intraindi-
vidual comparison of 68Ga-FAPI PET/CT and 18F-FDG PET/CT
in fILD would be an interesting and relevant topic for future stud-
ies, especially as previous studies showed significant differences
between these 2 tracers for the evaluation of malignant and non-
malignant diseases (18,41,44). Another limitation is that biopsies
of fILD tissue significantly preceded 68Ga-FAPI PET imaging; we
therefore could not determine whether there was a correlation
between 68Ga-FAPI PET signal intensities and immunohistochem-
ical expression of FAP. 68Ga-FAPI–guided biopsies of fILD tissue

and radiologic–pathologic correlations would be a promising
approach for future studies on 68Ga-FAPI PET in fILD.

CONCLUSION

68Ga-FAPI PET/CT is a promising new imaging modality for
fILD and LC displaying activated fibroblasts that are involved in
fibrotic processes, as well as in desmoplastic reactions in tumors.
Imaging at different time points and dynamic imaging provide
additional information on tracer kinetics and may be helpful for
discriminating malignant from nonmalignant 68Ga-FAPI–positive
lesions. The clinical value of 68Ga-FAPI PET/CT for fILD as a
potential predictor of prognosis and therapy response should be
evaluated in future studies.
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KEY POINTS

QUESTION: Is 68Ga-FAPI PET/CT a potential new imaging
method for patients with fibrotic interstitial diseases?

PERTINENT FINDINGS: We did a retrospective analysis of
68Ga-FAPI PET imaging of 15 patients with fILD and suspected
LC. Fibrotic areas and tumor lesions both showed elevated
68Ga-FAPI uptake but had different tracer kinetics.

IMPLICATIONS FOR PATIENT CARE: 68Ga-FAPI PET/CT is a
promising imaging method for patients with fILDs and should be
further investigated.
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COVID-19 mRNA Vaccination: Age and Immune Status and
Its Association with Axillary Lymph Node PET/CT Uptake
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With hundreds of millions of coronavirus disease 2019 (COVID-19)
messenger RNA (mRNA)–based vaccine doses planned to be deliv-
ered worldwide in the upcoming months, it is important to recognize
PET/CT findings in recently vaccinated immunocompetent or immu-
nocompromised patients. We aimed to assess PET/CT uptake in the
deltoid muscle and axillary lymph nodes of patients who received a
COVID-19 mRNA-based vaccine and to evaluate its association with
patient age and immune status.Methods: All consecutive adults who
underwent PET/CT scans with any radiotracer at our center during the
first month of a national COVID-19 vaccination rollout (between
December 23, 2020, and January 27, 2021) and had received the vac-
cination were included. Data on clinical status, laterality, and time
from vaccination were prospectively collected, retrospectively ana-
lyzed, and correlated with deltoid muscle and axillary lymph node
uptake.Results:Of 426 eligible subjects (median age, 676 12 y; 49%
female), 377 (88%) underwent PET/CT with 18F-FDG, and positive
axillary lymph node uptake was seen in 45% of them. Multivariate
logistic regression analysis revealed a strong inverse association
between positive 18F-FDG uptake in ipsilateral lymph nodes and
patient age (odds ratio [OR], 0.57; 95% CI, 0.45–0.72; P,0.001),
immunosuppressive treatment (OR, 0.37; 95% CI, 0.20–0.64;
P5 0.003), and presence of hematologic disease (OR, 0.44; 95% CI,
0.24–0.8; P50.021). No such association was found for deltoid mus-
cle uptake. The number of days from the last vaccination and the
number of vaccine doses were also significantly associated with
increased odds of positive lymph node uptake. Conclusion: After
mRNA-based COVID-19 vaccination, a high proportion of patients
showed ipsilateral lymph node axillary uptake, which was more com-
mon in immunocompetent patients. This information will help with the
recognition of PET/CT pitfalls and may hint about the patient’s
immune response to the vaccine.

Key Words: COVID-19; mRNA vaccine; PET/CT; axillary lymphade-
nopathy; immunogenicity
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The emergence of pneumonia cases caused by the novel severe
acute respiratory syndrome coronavirus 2 in December 2019
(1) and the subsequent coronavirus disease 2019 (COVID-19) pan-
demic have led to initiatives for developing an effective vaccine
from as early as January 2020. To date, more than 230 vaccine can-
didates have been developed (2), many of them using innovative
vaccine development technologies, most of which had never been
used commercially in humans before (3).
The first vaccines to be approved by the U.S. Food and Drug

Administration, in December 2020, were based on a messenger
RNA (mRNA) sequence encoding segments of the spike protein
of the severe acute respiratory syndrome coronavirus 2 and encap-
sulated in lipid nanoparticles (4,5).
To date, there are no published data regarding the efficacy of

mRNA vaccines in immunocompromised populations, and both
the U.S. Centers for Disease Control and Prevention and the
U.S. Food and Drug Administration state that immunocompro-
mised persons receiving mRNA vaccines may have a dimin-
ished immune response (4–6).
As the global COVID-19 vaccination endeavor is in its early

days, there are no published data on the prevalence of post–mRNA
vaccination PET/CT findings, especially in oncologic patients,
either immunocompetent or immunocompromised. The most com-
mon findings described in patients who underwent PET/CT after
receiving vaccines against influenza or papillomavirus were ipsilat-
eral lymphadenopathy with varying degrees of uptake (7–15).
In this study, we aimed to describe the PET/CT findings in

patients after mRNA-based COVID-19 vaccination and to identify
the patient characteristics associated with PET/CT uptake.

MATERIALS AND METHODS

Study Design and Setting
We conducted a retrospective analysis of prospectively collected

data. The study was approved by the institutional ethics committee.
The need for patient informed consent was waived.

Patients
All consecutive adults (.18 y old) who had been referred for a

PET/CT scan (with any radiotracer) for any indication between
December 23, 2020 (the initiation date of a national COVID-19 vacci-
nation rollout in the general population), and January 27, 2021, and
had received the vaccination were included in the study. Patients were
excluded if they had incomplete medical records or a known malig-
nancy involving axillary lymph nodes.
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Data Collection
Before entering the PET/CT unit, all patients were asked to com-

plete a standard clinical intake form, which included age, sex, indica-
tion for PET/CT, clinical and oncologic status, current oncologic
treatment, recent surgical procedures (including location of the proce-
dure), date of COVID-19 vaccination, and arm in which the vaccine
was administered for the first and second (if applicable) doses.

Immunosuppressive status was assigned to patients with a known
hematologic disease (any type of lymphoma, leukemia, or multiple
myeloma) or receiving any of the following treatments considered to
result in immunosuppression: current corticosteroid therapy, chemother-
apy within the last 3 mo, treatment with rituximab or daratumumab in
the last 6 mo, or bone marrow transplantation within the last 6 mo (16).

PET/CT Acquisition and Analysis
All PET/CT scans were performed according to our institute’s clini-

cal scanning protocols. A diagnostic CT examination was performed
on a 64-detector-row helical CT scanner (Vereos; Philips). The field
of view and pixel size for PET images reconstructed for fusion were
57.6 cm and 4mm, respectively, with a matrix size of 144 3 144. The
technical parameters used for CT imaging were a pitch of 0.83, a gan-
try rotation speed of 0.5 s/rotation, 120kVp, a modulated tube current
of 40–300mA, and specific breath-holding instructions. After fasting
for 2–6 h, the patients received an intravenous injection of tracer:
5.18MBq/kg for 18F-FDG or 18F-fluorodopa (18F-DOPA), 3.7MBq/kg
for 18F-prostate-specific membrane antigen (18F-PSMA), and
185–296MBq for 68Ga-PSMA or 68Ga-DOTATATE. About 60 min
after tracer administration, CT images were obtained from the vertex
to the mid thigh or of the whole body. An emission PET scan followed
in 3-dimensional acquisition mode for the same longitudinal coverage,
1.5 min per bed position. CT images were fused with the PET data
and used to generate a map for attenuation correction, eventually gen-
erating reconstructed images for review on a computer workstation.

The images were analyzed using Vue PACS (version 12.1.5.1;
Carestream). All PET/CT images were read in consensus by a physi-
cian with dual board certification in radiology and nuclear medicine
and 6 y of PET/CT reading experience, 2 board-certified radiologists
in nuclear medicine residency with 3 y of PET/CT experience, and a
nuclear medicine resident with 1 y of PET/CT experience.

Deltoid muscle and axillary lymph node SUVmax, normalized for body
weight, was measured by placing a region of interest at the injection site
and at the draining axillary lymph node with the highest uptake (i.e., the
ipsilateral side), as well as on the contralateral deltoid muscle and axillary
lymph node (i.e., the contralateral side), which were used as a reference.

Because SUVmax depends on the tracer used and on variable techni-
cal aspects, uptake in the deltoid muscle and axillary lymph node was
defined as positive if the ipsilateral-to-contralateral SUVmax ratio was
at least 1.5, a method previously used by Thomassen et al. (9).

Statistical Analysis
Logistic regression models were fit with a binary dependent vari-

able (positive deltoid muscle or axillary lymph node uptake [yes/no])
and with the following independent variables: scaled age, sex, immu-
nosuppressive treatment (yes/no), hematologic disease (yes/no), scaled
days since last vaccine dose, whether a second vaccine dose was
administered (yes/no), and the interaction between the last 2 indepen-
dent variables. The test of Hosmer and Lemeshow (17) with 8 groups
(representing the number of covariates plus 1) was used for assessing
the goodness of fit of each model. The Benjamini and Hochberg false-
discovery rate method (18) was used for multiple-testing adjustment,
jointly, for the 2 models, at the level of 0.05. All statistical analyses
were conducted in the R environment (https://www.r-project.org/).
Because of small number of non–18F-FDG scans, only 18F-FDG scans
were included in the statistical analysis.

RESULTS

Of 1,002 consecutive adults scanned during the study, 44%
(443) received at least 1 vaccine dose before the scan. Of those
vaccinated, 23% (103/443) received the second vaccine dose. After
excluding patients with incomplete medical records or with a
known malignancy involving the axillary lymph nodes, the final
vaccinated study cohort comprised 426 patients with a mean age of
67 y (SD, 12), each with a single PET/CT scan (Fig. 1). Patient
demographics are shown in Table 1. Most patients (377/426, 88%)
underwent 18F-FDG scans. 18F-PSMA and 68Ga-PSMA scans
were performed on 37 patients (9%), 68Ga-DOTATATE scans on

Vaccinated

n = 443

Consecutive adult 
patients

n = 1,002

Vaccinated study 
population

n = 426

Not vaccinated

n = 559

Axillary lymphadenopathy 
suspected for other 

absent data / disease

n = 17

FIGURE 1. Patient flowchart.

TABLE 1
Demographic Characteristics of Vaccinated Study

Population

Variable Data

Mean age 6 SD (y) 67 6 12 (range, 20–95)

Female 207 (49%)

PET/CT scan indication

Solid tumor 357 (83%)

Hematologic malignancy 66 (16%)

Inflammation or infection 4 (1%)

Treatment*

No current treatment 235 (55%)

Targeted therapy† 74 (17%)

Chemotherapy 71 (16%)

Immunotherapy 48 (11%)

Steroids 27 (6%)

Other immunosuppressive
treatment‡

4 (1%)

*Some patients received more than 1 treatment.
†Tyrosine kinase inhibitors, hormonal therapy, or proteasome

inhibitors.
‡Rituximab, daratumumab, or bone marrow transplantation.
Data are number followed by percentage in parentheses,

except for age Total n 5 426.
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11 patients (2.5%), and an 18F-DOPA scan on 1 patient
(0.5%). Among those who underwent 18F-FDG PET/CT, 20%
(76/377) received a second vaccine dose, 62% (232/377) were
immunocompetent, and 38% (145/377) were immunocompromised.
Among the immunocompromised patients, 52% (75/145) had a
hematologic malignancy and 56% (82/145) received immunosup-
pressive therapy. There was an overlap between these 2 groups, as
12 hematologic patients also received immunosuppressive treatment.
The time between the first vaccine dose and the PET/CT scan

ranged between 1 and 34 d (median, 13 d). The median time
between the last vaccination dose and the PET/CT scan was 11 d
(SD,6 6.4) for patients who received only 1 vaccine dose and 4 d
(SD,6 3.8) for patients who received a second vaccine dose.
Although the overall time frame between vaccination and imaging
was large (1–34 d), the distribution was similar between the

immunocompromised and immunocompetent groups (interquartile
ranges, 6–21 and 6–20, respectively).
Although positive 18F-FDG and 68Ga-DOTATATE axillary

lymph node uptake was noted in about half the patients, 18F-PSMA,
68Ga-PSMA, and 18F-DOPA uptake was far less common (Table 2;
Figs. 2 and 3). The mean 18F-FDG SUVmax in patients with positive
uptake was 26 0.8 (range, 0.6–4.6) and 2.76 1.6 (range, 0.6–12.4)
in the deltoid muscle and axillary lymph nodes, respectively.
A little over half the immunocompetent patients (122/232, 53%)

and a third of the immunocompromised patients (48/145, 33%)
showed 18F-FDG axillary lymph node uptake. More specifically,
18F-FDG axillary lymph node uptake was observed in 30%
(25/82) of patients treated with immunosuppressive treatment and
32% (24/75) of patients with a hematologic disease.
The multivariate logistic regression analysis of SUV uptake in

the deltoid muscle and the lymph nodes after COVID-19 vaccina-
tion is summarized in Table 3. There was a strong inverse associa-
tion between positive 18F-FDG uptake in ipsilateral lymph
nodes and patient age (odds ratio [OR], 0.57; 95% CI, 0.45–0.72;
P, 0.001), immunosuppressive treatment (OR, 0.37; 95% CI,
0.20–0.64; P5 0.003), and presence of hematologic disease (OR,
0.44; 95% CI, 0.24–0.8; P5 0.021). In addition, the number of
days from the last vaccine dose and the number of vaccine doses
were significantly associated with increased odds of positive
lymph node uptake (OR, 1.53; 95% CI, 1.18–1.99[P5 0.005], and
OR, 7.53; 95% CI, 2.91–23.50 [P5 0.001], respectively). No

TABLE 2
Prevalence of Increased Uptake in Ipsilateral Deltoid Muscle or in Ipsilateral Axillary Lymph Nodes with Different PET/CT

Tracers

Tracer Deltoid muscle uptake Axillary lymph node uptake Both deltoid and axillary uptake

18F-FDG 26% (98/377) 45% (170/377) 16% (60/377)
68Ga-DOTATATE 9% (1/11) 55% (6/11) 9% (1/11)
68Ga- or 18F-PSMA 0% (0/37) 0.3% (1/37) 0% (0/37)
18F-DOPA 0% (0/1) 100% (1/1) 0% (0/1)

FIGURE 2. 18F-FDG PET/CT after COVID-19 vaccination in 66-y-old
woman with suspected colon cancer and elevated carcinoembryonic anti-
gen, with no current immunosuppressive treatment: maximal-intensity
projection (A), axial multiplanar reformation (B), contrast-enhanced CT (C),
and PET/CT (D) 25 d after first vaccine dose and 2 d after second vaccine
dose, both in left arm. Increased uptake was observed in left deltoid mus-
cle (arrowhead), corresponding to injection site, and in ipsilateral enlarged
axillary lymph nodes (arrows). Otherwise, there were no hypermetabolic
findings suggestive of malignancy.

FIGURE 3. 68Ga-DOTATATE PET/CT after COVID-19 vaccination in
68-y-old woman with newly diagnosed typical carcinoid (G2), not currently
receiving immunosuppressive treatment: maximal-intensity projection (A), axial
multiplanar reformation (B), contrast-enhanced CT (C), and PET/CT (D) 24 d
after first vaccine and 3 d after second vaccine, both on left side. Increased
uptake was observed in left deltoid muscle (arrowhead), corresponding
to injection site, and in left axillary lymph nodes of normal size (arrows).
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association was found between positive deltoid muscle uptake and
patient age (OR, 0.86; 95% CI, 0.66–1.12; P5 0.32), immunosup-
pressive treatment (OR, 0.63; 95% CI, 0.31–1.23; P5 0.277), or
hematologic disease (OR, 0.72; 95% CI, 0.34–1.42; P5 0.411).
The number of vaccine doses was also associated with increased
odds for positive deltoid muscle uptake (OR, 2.85; 95%CI,
1.13–6.70; P5 0.040), whereas the interaction between the num-
ber of vaccine doses and the number of days from the last vaccina-
tion was associated with decreased odds of positive deltoid muscle
uptake (OR, 0.28; 95%CI, 0.09–0.75; P5 0.036).
A single patient presenting for staging of left-breast cancer after

2 doses of vaccine (first dose in left arm and second dose in right
arm) had 18F-FDG–avid lymphadenopathy in the left axilla, but a
further biopsy negated lymph node involvement (Fig. 4).

DISCUSSION

With the global vaccination effort against COVID-19 under
way, data on the safety and efficacy of the newly approved vac-
cines are accumulating (19). In the current study, 45% of patients
demonstrated avid ipsilateral axillary lymphadenopathy on
18F-FDG PET/CT in the weeks after vaccination with the novel
mRNA-based COVID-19 vaccine, a finding significantly less com-
mon in immunocompromised patients. During Pfizer’s phase 3
vaccine approval trial, only 0.3% of vaccinated participants were
diagnosed with ipsilateral lymphadenopathy (4), suggesting that
most lymph node uptake occurs in subclinical lymphadenopathy.
In our patient population, we encountered 426 patients who,

over a short period of 5 wk, had received an mRNA vaccination

for COVID-19 and undergone PET/CT (44% of all patients
scanned). It soon became apparent that on many of those scans,
the ipsilateral deltoid muscle and axillary lymph node showed
avid uptake that was not related to the underlying disease (20).
Previous studies have explored the association between aging or

immune status and vaccine-induced protection. Such studies
showed impaired primary and secondary antibody responses to
vaccination in the elderly (21), low vaccine-induced protection
against influenza A (H1N1) in patients receiving anti-CD20 treat-
ment with rituximab (22), and a weaker antibody response to influ-
enza virus vaccine in patients receiving cancer chemotherapy (23).
A previous study failed to show an association between 18F-FDG
axillary lymph node uptake and chemotherapy in patients vacci-
nated against influenza virus (8). Our study demonstrated that in
the weeks after injection of the novel mRNA-based vaccine, the
18F-FDG PET/CT images of 53% of immunocompetent patients
showed avid ipsilateral axillary lymphadenopathy, a finding that
was less common in immunocompromised patients (33%). Further-
more, we found a strong inverse association between axillary
lymph node uptake, patient age, and immune status, as well as a
strong association between the number of administered vaccine
doses (the odds of positive lymph node uptake were higher in
patients receiving 2 vaccine doses) and the time since the last vac-
cination (the longer the interval, the higher the odds of positive
lymph node uptake). Conversely, no association was found
between deltoid muscle uptake and age or immune status. Deltoid
muscle uptake was associated with only the interval from the sec-
ond vaccine dose and the number of administered vaccine doses

TABLE 3
Multivariate Logistic Regression Analysis of Uptake in Deltoid Muscle and Lymph Nodes After COVID-19 mRNA

Vaccination

Independent variable OR 95% CI P Adjusted P*

Deltoid muscle†

Scaled age 0.86 0.66–1.12 0.251 0.320

Sex (male) 1.09 0.64–1.85 0.744 0.744

Immunosuppressive treatment (yes) 0.63 0.31–1.23 0.192 0.277

Hematologic disease (yes) 0.72 0.34–1.42 0.352 0.411

Scaled number of days from last vaccination 0.74 0.53–1.01 0.066 0.116

Second vaccination (yes) 2.85 1.13–6.70 0.020 0.040*

Scaled number of days from last vaccination: second vaccination 0.28 0.09–0.75 0.015 0.036*

Constant 0.23

Lymph nodes†

Scaled age 0.57 0.45–0.72 0.000 0.000*

Sex (male) 0.74 0.47–1.17 0.198 0.277

Immunosuppressive treatment (yes) 0.37 0.20–0.64 0.001 0.003*

Hematologic disease (yes) 0.44 0.24–0.80 0.008 0.021*

Scaled number of days from last vaccination 1.53 1.18–1.99 0.001 0.005*

Second vaccination (yes) 7.53 2.91–23.50 0.000 0.001*

Scaled number of days from last vaccination: second vaccination 1.39 0.50–4.43 0.552 0.594

Constant 0.93

*P , 0.05 (false-discovery rate–adjusted for multiple testing).
†Hosmer–Lemeshow tests showed no indication of poor fit (P 5 0.919 for deltoid muscle model, P 5 0.674 for lymph node model).
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(taking into account that the median time before the PET/CT scan
was shorter for the second vaccine dose [4 d] than for the first vac-
cine dose [11 d]). These associations imply that the high metabolic
activity in the lymph nodes might be a marker of vaccine-induced
immune system activation, increasing over time and after the sec-
ond vaccine dose, whereas metabolic activity in the deltoid muscle
is inflammatory and likely secondary to local trauma from the
injection itself. Whether there is a causal association between axil-
lary lymph node uptake and vaccination-elicited immunogenicity
should be further explored.
Our study had a few limitations. First, all patients were vaccinated

with the Pfizer-BioNTech COVID-19 vaccine. It is yet unknown
whether similar PET/CT findings would be observed after adminis-
tration of other manufacturers’ mRNA vaccines and whether other
vaccine platforms (e.g., viral vectors) would elicit similar uptake on
PET/CT. Second, the method used to define patients as immunocom-
petent versus immunocompromised may have resulted in misclassifi-
cation of some patients, as we did not account for some conditions
requiring immunosuppressive therapy, such as posttransplantation or
rheumatologic diseases; however, we assume that their relative pro-
portion in the study cohort was low. Third, as most of the patients
underwent 18F-FDG PET/CT, the small number of patients undergo-
ing imaging with other tracers (68Ga-DOTATATE, PSMA, and
18F-DOPA) was not included in the statistical regression model, and
more data are required to assess these tracers. Last, the study was
conducted during a short period (37 d), and we did not have a repeat
scan of the same patients. Although our data show that 18F-FDG
uptake may be observed long after the first vaccine dose (up to
34 d), we have no data on its trend and change over longer periods.
These data could be collected in future studies.

Elderly and high-risk patients are more
prone to developing malignancies. Because
many countries choose to vaccinate these
populations first, and because hundreds of
millions of COVID-19 vaccine doses were
planned to be administered by the summer
of 2021 (24), the PET/CT findings we
describe here will likely be seen more
often. Recognition of reactive axillary
lymph node uptake as an indication of
prior mRNA vaccination will obviate
unnecessary oncologic patient work-up.

CONCLUSION

In about half the patients receiving the
novel mRNA-based COVID-19 vaccine,
PET/CT showed avid ipsilateral lymphade-
nopathy, which was significantly less com-
mon in immunocompromised and elderly
patients. These findings suggest that 18F-FDG
PET/CT may hint about the patient’s
immune response to the vaccine. In addi-
tion, these findings will help inform
nuclear medicine physicians about poten-
tial PET/CT pitfalls related to COVID-19
vaccination—pitfalls possibly requiring a
dedicated intake form addressing recent
COVID-19 vaccination. Lastly, these find-
ings may help oncologic physicians in
deciding the proper work-up, such as rec-

ommending that breast cancer patients be vaccinated on their
healthy side to avoid unnecessary biopsies.
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KEY POINTS

QUESTION: What is the prevalence of PET/CT findings after
COVID-19 mRNA vaccination, and are they associated with the
patient’s immune status?

PERTINENT FINDINGS: In this cross-sectional study of 426
patients after COVID-19 mRNA vaccination, 45% of the 377 who
underwent 18F-FDG PET/CT showed increased axillary lymph
node uptake, which was significantly inversely associated with
age and immunosuppressive status.

IMPLICATIONS FOR PATIENT CARE: Axillary lymph node
18F-FDG uptake ipsilateral to the mRNA COVID 19 injection site
may hint about the patient’s immune response to the vaccine.
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Longitudinal Imaging of T Cells and Inflammatory
Demyelination in a Preclinical Model of Multiple Sclerosis
Using 18F-FAraG PET and MRI
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Lymphocytes and innate immune cells are key drivers of multiple scle-
rosis (MS) and are the main target of MS disease-modifying therapies
(DMT). Ex vivo analyses of MS lesions have revealed cellular heteroge-
neity and variable T cell levels, which may have important implications
for patient stratification and choice of DMT. Although MRI has proven
valuable to monitor DMT efficacy, its lack of specificity for cellular sub-
typeshighlights theneed forcomplementarymethods to improve lesion
characterization. Here, we evaluated the potential of 29-deoxy-29-18F-
fluoro-9-b-D-arabinofuranosylguanine (18F-FAraG)PETimaging tonon-
invasively assess infiltrating T cells and to provide, in combination with
MRI, a novel tool to determine lesion types.Methods:Weused a novel
MS mouse model that combines cuprizone and experimental autoim-
mune encephalomyelitis to reproducibly induce 2 brain inflammatory
lesion types, differentiated by their T cell content. 18F-FAraGPET imag-
ing, T2-weighted MRI, and T1-weighted contrast-enhanced MRI were
performedbeforedisease induction,duringdemyelinationwithhigh lev-
els of innate immune cells, andafter T cell infiltration. Fingolimod immu-
notherapy was used to evaluate the ability of PET and MRI to detect
therapy response. Ex vivo immunofluorescence analyses for T cells,
microglia/macrophages,myelin, andblood–brainbarrier (BBB) integrity
wereperformed to validate the in vivo findings.Results: 18F-FAraGsig-
nal was significantly increased in the brain and spinal cord at the time
pointofTcell infiltration. 18F-FAraGsignal fromwhitematter (corpuscal-
losum) and gray matter (cortex, hippocampus) further correlated with
T cell density. T2-weightedMRI detectedwhitematter lesions indepen-
dently of T cells. T1-weighted contrast-enhanced MRI indicated BBB
disruption at the time point of T cell infiltration. Fingolimod treatment
prevented motor deficits and decreased T cell and microglia/macro-
phage levels. In agreement, 18F-FAraG signal was decreased in the
brain and spinal cord of fingolimod-treated mice; T1-weighted
contrast-enhanced MRI revealed intact BBB, whereas T2-weighted
MRI findings remained unchanged. Conclusion: The combination of
MRI and 18F-FAraG PET enables detection of inflammatory demyelin-
ation and T cell infiltration in an MS mouse model, providing a new
way to evaluate lesion heterogeneity during disease progression and
after DMT. On clinical translation, these methods hold great potential

for stratifying patients, monitoring MS progression, and determining
therapy responses.

Key Words: T cells; multiple sclerosis; central nervous system; 18F-
FAraGPET imaging;MRI
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Adaptive and innate immune cells play a critical role in the onset
and progression of multiple sclerosis (MS) (1). Currently, all
disease-modifying therapies (DMT) that slow MS progression act
on the immune system (2). Evidence from histopathology analysis
of brain tissue indicates that lesions are heterogeneous and that
T cell concentrations are highly variable at sites of active demyelin-
ation (3–7). Although conventional MRI is well established to diag-
nose and monitor MS progression by detecting lesions, its inability
to provide specific information on underlying cellular events justifies
the development of new complementary tools to improve lesion
characterization (8,9). Briefly, T1-weighted contrast-enhanced
MRI and T2-weighted MRI can assess blood–brain barrier (BBB)
integrity and demyelination or inflammation, respectively, but are
unable to inform on immune cell type presence (1,9). Imaging of
immune cells would improve our understanding of lesion progres-
sion across the course ofMS and, most importantly, allow for proper
stratification of patients and optimized choice of therapeutic
regimen.
Recently, molecular imaging using novel tracers for PET have

enabled the in situ detection of T cells in living organisms. On entry
to the cell through nucleoside transporters, 29-deoxy-29-18F-fluoro-
9-b-D-arabinofuranosylguanine (18F-FAraG) is phosphorylated by
cytoplasmic deoxycytidine and mitochondrial deoxyguanosine kin-
ases (10), trapping this PET probe in the cell. 18F-FAraG PET has
shown high specificity for activated T cells in vitro and in models
of graft-versus-host disease, inflammatory arthritis, and cancer
(10–14) and is currently under investigation in clinical trials.
Because MS lesions may differ in their T cell accumulation, 18F-
FAraG PET appears as a complementary method to assess lesion
types in MS.
The novel model of cuprizone and experimental autoimmune

encephalomyelitis (EAE) for MS (15) presents 2 types of brain
lesions temporally distinct and highly reproducible. First, cuprizone
administration induces demyelination and elevated microglia/
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macrophages. Next, after EAE immunization, these lesions addition-
ally display T cell infiltration.
Here, we investigated the potential of 18F-FAraG PET to detect

T cell infiltration into the central nervous system (CNS) in the
cuprizone-EAE model of MS. We also evaluated the ability of
18F-FAraG PET to detect response to fingolimod, a DMT that limits
the infiltration of T cells into the CNS (16). Our findings showed that
MRI allowed the detection of inflammatory demyelination indepen-
dently of T cell presence, whereas 18F-FAraG PET enabled lesion
stratification by informing on T cell load, thus providing a novel
methodology to evaluate immune cell heterogeneity in lesions.

MATERIALS AND METHODS

Animals and Experimental Design
All animal research was approved by the Institutional Animal Care

and Use Committee of the University of California, San Francisco.
The cuprizone-EAE model was induced by feeding 8-wk-old C57BL/
6J female mice (n 5 32, Jackson Laboratories) a cuprizone-
supplemented diet (0.25%, Sigma) for 3 wk, followed by 2 wk of normal
chow.At the start of the sixth week, themice were immunizedwithmye-
lin oligodendrocyte glycoprotein 35–55 in complete Freund adjuvant.
The mice received an intraperitoneal injection of pertussis toxin on the
day of immunization and the following day (Hooke Laboratories). After
immunization, the mice were evaluated daily for motor symptoms and
were scored using an EAE scale as previously described (17). A first
group of control mice underwent a 60-min dynamic PET acquisition
(n5 4) immediately followed by ex vivo biodistribution studies to eval-
uate tracer distribution and accumulation. A second group of cuprizone-
EAEmice (n5 10) underwent longitudinal PET andMRI sessions at the
following time points: before disease induction (baseline), after 3 wk of
cuprizone (W3), and at the end of the seventh week, which corresponds
to 14 6 1 d postimmunization (W7–14dpi). Euthanasia was performed
after the last imaging session.A third group of cuprizone-EAEmice (n5
10) received a daily administration of a fingolimod solution by oral
gavage (0.3 mg/kg; Combi-Blocks) for 14 6 1 d after immunization,
starting on the day of immunization. PET and MRI were performed at
W7–14dpi and immediately followed by euthanasia. A fourth group of
mice that did not undergo any imaging procedures was used for histo-
logic analyses (n 5 4 control, n 5 4 W3 cuprizone). The experimental
outline is shown in Supplemental Figure 1A (supplemental materials
are available at http://jnm.snmjournals.org).

MRI Acquisition
All in vivo MR experiments were conducted on a 14.1-T vertical MR

system (Agilent Technologies) equipped with 100 G/cm gradients and a
1H volume coil (inner diameter, 40 mm). For each imaging session, the
mice were anesthetized using isoflurane (1.5%–2% in O2) and a
27-gauge catheter was placed in the tail vein for injection of the gadolin-
ium contrast agent (gadobutrol [Gadavist; Bayer]). The animals were
placed in a water-heated cradle with the head secured to ensure similar
positioning between experiments. Respiration was continuously moni-
tored using PC-SAM software (SA Instruments, Inc.). T2-weighted
MRI was performed using the following parameters: an echo time/repe-
tition time of 11.8/3,000ms, a rapid-imaging-with-refocused-echoes fac-
tor of 8, a slice thickness of 0.5 mm, a gap of 0.25 mm, 6 averages, a
matrix of 256 3 256, and a field of view of 30 3 30 mm. T1-weighted
MRI was acquired before and 2 min after injection of a gadobutrol bolus
(1 mmol/kg of body weight) using an echo time/repetition time of 2.09/
120 ms, a slice thickness of 0.8 mm, a gap of 0.2 mm, 10 averages, a
matrix of 256 3 256, and a field of view of 20 3 20 mm.

PET Acquisition
All in vivo PET/CT scans were performed on a dedicated small-

animal PET/CT scanner (Inveon; Siemens Healthcare). 18F-FAraG
was synthesized as previously described (11). The mice were anesthe-
tized using isoflurane (2% in O2), and

18F-FAraG (3.7–5.5 MBq in
100–200 mL of saline) was injected into a catheterized tail vein. After
18F-FAraG injection, the mice were either imaged immediately for 60
min or were allowed to recover from anesthesia and be ambulatory for
60 min to permit tracer distribution, and whole-body static scans (a
15-min PET acquisition followed by a CT scan for anatomic reference
and attenuation correction) were then performed under anesthesia using
isoflurane (2% in O2) with warming and constant monitoring. PET
images were reconstructed using the ordered-subsets expectation maxi-
mization algorithm provided by the manufacturer.

Ex Vivo Biodistribution Studies
Immediately after the dynamic PET acquisitions, control mice (n5 4)

were euthanized and blood and brainwere collected. The blood and brain
tissue were weighed and radioactivity measured using a Hidex AMG
g-counter. The percentage injected dose per gram of tissue was calcu-
lated against a standard of known activity.

MRI and PET Analyses
The corpus callosum, hippocampus, and cortex were manually delin-

eated on T2-weighted images using AMIRA software (Thermo Fisher),
as indicated in Supplemental Figure 1B. Normalized mean T2-weighted
signal intensity for each region of interest was calculated as previously
described (18).Whole-brain alteration of the BBBwas assessed byman-
ually delineating hyperintense regions on contrast-enhanced
T1-weighted images as shown in Supplemental Figure 1C. To investi-
gate regional differences in the PET signal throughout the brain, we cor-
egistered PET/CT images with T2-weighted MR images using
VivoQuant software (version 4.0, patch 3; Invicro). Partial-volume cor-
rectionwas not performed. Regions of interest weremanually delineated
over the entire brain, corpus callosum, hippocampus, and cortex on
T2-weighted images, and corresponding mean PET signal values,
expressed as percentage injected dose per gram of tissue, were calculated
for each region of interest. In addition, we manually delineated the cer-
vical/thoracic and lumbar spinal cord segments as described by James
et al. (19), and the subiliac lymph nodes, to obtain the corresponding
mean percentage injected dose per gram of tissue (Supplemental Fig.
1D).

Immunofluorescence Analyses
All analyses were performed as previously described (17), except for

the inclusion of CD3 and fibrinogen immunostaining using the following
combinations: rabbit anti-fibrinogen (A0080, 1:200 dilution; Dako) with
donkey anti-rabbit Alexa Fluor 555 (A31572, 1:600 dilution; Invitro-
gen); rat anti-CD3 (MCA500G, 1:400 dilution; BioRad) with goat
anti-rat Alexa Fluor 488 (A11006, 1:800 dilution; Invitrogen). Quantita-
tive analyses of immunofluorescence images were performed using NIH
ImageJ (version 1.52p). CD3 cell number was manually evaluated using
the cell counter tool frommultiple regions depicted in Supplemental Fig-
ure 1E. Macrophages/microglia (ionized calcium binding adaptor mole-
cule 1 [Iba1]), myelin basic protein (MBP), and fibrinogen levels were
determined on the basis of image-covering staining and expressed as per-
centage of total area (17).

Statistical Analyses
Data are reported asmean6 SE. In thefigures, dots represent themean

value obtained for each individual and lines indicate longitudinal meas-
urements. Statistical analyses of longitudinal in vivo PET and MRI
were performed using a mixed-effect model with the restricted
maximum-likelihood method (GraphPad Prism, version 8.4.3). One-
way ANOVA was used to assess the statistical significance of the
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MBP, Iba1, CD3, and fibrinogen immunofluorescence staining. Correla-
tion analyses were performed using the Pearson correlation coefficient.P
values were corrected for multiple testing using the Tukey post hoc test.

RESULTS

18F-FAraG PET and MRI Detect T Cells and Inflammatory
Demyelination in the Cuprizone-EAE Mouse Brain
Dynamic 18F-FAraG PET acquisitions in control animals revealed

a steady increase in 18F-FAraG signal in the brain over 60 min. The
brain-to-blood ratio calculated from PET images (over the last 10
min) was 1.16 0.2, and the brain-to-blood ratio calculated from sub-
sequent ex vivo biodistribution studieswas 0.736 0.1 (Supplemental
Fig. 2). These results indicate that 18F-FAraG accumulates in the
brain and crosses the intact BBB in mice. Next, we evaluated the
potential of 18F-FAraG PET to detect brain-infiltrating T cells in

the cuprizone-EAE model. Figure 1A shows PET/CT images
obtained from themouse brain, and a clear increase in 18F-FAraG sig-
nal can be seen in the corpus callosum and hippocampal area at
W7–14dpi. Quantitative analyses revealed that 18F-FAraG signal
was significantly increased in the entire brain after immunization at
W7–14dpi (P 5 0.0004 and P 5 0.038 compared with baseline
and W3, respectively). A significant 18F-FAraG signal increase at
W7–14dpi was also seen in the corpus callosum (P 5 0.0003 and
P 5 0.0097 compared with baseline and W3, respectively) and hip-
pocampus (P 5 0.0005 and P 5 0.007 compared with baseline and
W3, respectively). A higher 18F-FAraG signal was found in the
somatosensory cortex (P 5 0.0077 compared with baseline). Histo-
logic analyses confirmed a significant increase in CD3 T cells after
immunization at W7–14dpi, with the highest CD3 T cell density in
the hippocampus (P , 0.0001 compared with both baseline and

W3), followed by the corpus callosum (P
5 0.0006 and P 5 0.0007 compared with
baseline and W3, respectively) and cortex
(P 5 0.004 and P 5 0.0041 compared
with baseline and W3, respectively), in
line with the PET imaging results (Fig.
1B). Also in line with the imaging data, T
cell levels were not significantly increased
in any region at W3 (Supplemental Fig.
3). Analysis revealed a significant positive
correlation between 18F-FAraG uptake
and CD3 T cell number (Fig. 1C, r2 5

0.72, P , 0.0001).
Next, we assessed the potential of MRI

to detect brain alteration at W3 and
W7–14dpi during inflammatory demyelin-
ation. A leaky BBB was observed after
immunization (W7–14dpi) (Fig. 2, P 5

0.0418 and P 5 0.05 compared with base-
line and W3, respectively). The volume of
T1-enhancing lesion varied greatly among
animals, ranging from 13 to 117 mm3.
T2-weighted MRI detected the presence
of hyperintense lesions in the corpus callo-
sum, but not in the hippocampus or cortex,
after the cuprizone diet (W3, P 5 0.0009)
and immunization (W7–14dpi, P 5

0.0011).
Inflammatory demyelination at W3 and

W7–14dpi was confirmed by immunofluo-
rescence analysis. Innate immune cells
(Iba1) were significantly increased at W3
(P , 0.0001) and W7–14dpi (P ,

0.0001) in the corpus callosum, along
with demyelination (MBP) at W3 (P ,

0.0001) and W7–14dpi (P 5 0.0059)
(Fig. 3). Fibrinogen staining confirmed
BBB disruption at W7–14dpi (P 5

0.0353 compared with both baseline and
W3). Similarly, an increase in innate
immune cells (Iba1) was observed at W3
and W7–14dpi in the hippocampus (P 5

0.0309 and P 5 0.0002 compared with
baseline) and at W7–14dpi in the cortex
(P , 0.0001 compared with baseline)

FIGURE 1. (A) 18F-FAraG PET/CT images and 18F-FAraG PET/CT overlaid on T2-weighted (T2w) MR
imagesatbaseline,W3,andW7–14dpi.Graphsshow18F-FAraGuptake inentirebrain,corpuscallosum,
hippocampus,andcortex. (B) Immunofluorescence imagesofCD3Tcells (green) fromcorpuscallosum,
hippocampus,andcortex atW7–14dpi.QuantificationofCD3Tcells in corpus callosum,hippocampus,
and cortex at baseline, W3, and W7–14dpi. (C) Correlation of 18F-FAraG signal with CD3 T cells at
W7–14dpi. ID5 injected dose. **P# 0.01. ***P# 0.001. ****P# 0.0001.

142 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 63 � No. 1 � January 2022



(Supplemental Fig. 4). Interestingly, demyelination (MBP) was pre-
sent atW3 in the hippocampus (P5 0.0117 comparedwith baseline)
andW7–14dpi in the cortex (P5 0.0048 andP5 0.0158, compared

with baseline andW3, respectively). Fibrin-
ogen staining confirmedBBBbreakdown in
the hippocampus atW7–14dpi (P5 0.0004
andP5 0.0002 comparedwith baseline and
W3, respectively).

18F-FAraG PET Detects T Cells in the
Spinal Cord and Lymph Nodes
After immunization, the mice showed

phenotypical symptoms of EAE pathology
indicative of spinal cord lesions (mean
EAE score, 2.2 6 0.3 at W7–14dpi). As
shown in Figure 4A, a clear 18F-FAraG sig-
nal arising from the lumbar spinal cord can
be observed at W7–14dpi. Quantitative
analyses revealed a significant increase in
18F-FAraG signal in both the cervical/tho-
racic (P , 0.0001 and P 5 0.0081 com-
pared with baseline and W3, respectively)
and the lumbar (P , 0.0001 and P 5
0.0068 compared with baseline and W3,
respectively) spinal cord at W7–14dpi.
CD3 T cells were detected at W7–14dpi in
the cervical/thoracic (P , 0.0001 and P ,
0.0001 compared with baseline and W3,
respectively) and the lumbar (P , 0.0001
and P , 0.0001 compared with baseline

and W3, respectively) spinal cord (Fig. 4B) and significantly corre-
lated with 18F-FAraG signal (Fig. 4C, r2 5 0.78, P 5 0.004). 18F-
FAraG signal was also increased in the subiliac lymph nodes at
W7–14dpi (P , 0.0001 and P 5 0.0084 compared with baseline
and W3, respectively), in agreement with the elicited adaptive
immune response after immunization (Fig. 5).

18F-FAraG PET Detects Response to Fingolimod Therapy
We evaluated whether 18F-FAraG could detect the effect of fingo-

limod treatment. Untreated animals showedweakness or paralysis of
the limbs (mean EAE score at W7–14dpi, 2.2 6 0.3). In contrast,
fingolimod-treated mice did not show any sign of EAE pathology
(mean EAE score at W7–14dpi, 06 0), confirming the effect of fin-
golimod treatment.

18F-FAraG signal was significantly lower in the entire brain (P5
0.0467), corpus callosum (P5 0.0011), hippocampus (P5 0.0169),
and cortex (P5 0.0355) offingolimod-treated animals (Fig. 6A). No
T1-enhancing lesions could be detected in the brain of fingolimod-
treated mice (P , 0.0001, Fig. 6B). Interestingly, T2-weighted
MRI did not detect any differences between fingolimod-treated
and untreated mice. Histologic analyses confirmed a significantly
lower CD3 T cell number in the corpus callosum (P 5 0.0047),
hippocampus (P , 0.0001), and cortex (P 5 0.0077) after fingo-
limod treatment (Fig. 6C, Supplemental Fig. 5). Microglia and
macrophage levels (Iba1) were decreased in fingolimod-treated
mice, whereas demyelination (MBP) was comparable between
fingolimod-treated and untreated animals. Furthermore, 18F-
FAraG signal was significantly lower in the spinal cord and lymph
nodes of fingolimod-treated mice (Supplemental Fig. 6).

DISCUSSION

A way to noninvasively visualize immune cells within the CNS
would tremendously help improve the diagnosis and monitoring of
neurodegenerative disorders, particularly MS. Here, we showed the

FIGURE2. (A) T1-weighted (T1w)MR images after injection of gadoliniumand T2-weighted (T2w)MR
images at baseline, W3, andW7–14dpi. Arrows indicate corpus callosum. (B) Corresponding quantifi-
cationof T1-enhancing lesions andnormalizedT2-weighted signal intensity fromcorpus callosum, hip-
pocampus, and cortex. *P# 0.05. **P# 0.01. ***P# 0.001.

FIGURE 3. (A) Immunofluorescence images from corpus callosum
(dashed lines) formicroglia/macrophages (Iba1, red), myelin (MBP, orange),
andfibrinogen (magenta). (B)Correspondingquantitativeanalyses incontrol
animals, at W3 and W7–14dpi. *P# 0.05. **P# 0.01. ****P# 0.0001.
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high potential of 18F-FAraG PET in the detection of T cell infiltration
and accumulation within the CNS and lymphoid tissue in a MS
model, andwe demonstrated its ability to detect response to an immu-
nomodulatory DMT.
The cuprizone-EAEmodel was particularly suited for this study

because it allows evaluation of 2 lesion types well separated in
time (W3 and W7–14dpi) within the same animal. Furthermore,
in space, the differential load of T cells throughout the brain,
with different levels in white and gray matter, enables evaluation
of the capability of 18F-FAraG PET to detect various levels of
infiltrating T cells.We showed that 18F-FAraG signal was strongly
associated with T cell density in the brain and spinal cord. Prior
in vitro studies have shown that 18F-FAraG uptake also occurs
in macrophages, but the agent is not retained because of low levels
of cytoplasmic deoxycytidine and deoxyguanosine kinases (10).

This is likely the case in our study,
because high level of microglia/macro-
phages are observed after a cuprizone
diet (W3) (18), but 18F-FAraG signal
remained unchanged compared with
baseline.
In healthy conditions, the adult brain has

a limited capacity for de novo synthesis of
nucleosides and relies on uptake through
nucleoside transporters present on the
BBB, thus providing a means for 18F-
FAraG delivery to the brain (20). Although
a low background signal of 18F-FAraG in
the brain enables detection of small
changes in tracer accumulation (11), we
noted a higher 18F-FaraG signal in ventral
brain areas (Supplemental Fig. 7). 18F-
FAraG brain uptake in the 2 cohorts of con-
trol mice showed different values (Fig. 1;
Supplemental Fig. 2), as might be
explained by different anesthesia lengths
or acquisition parameters (static vs.
dynamic). When 18F-FAraG brain uptake
was normalized to 18F-FAraG uptake in
muscle, no significant differences between
these cohorts were found (Supplemental
Fig. 8).
In cuprizone-EAE, the increase in 18F-

FAraG signal coincided with the time point of BBB disruption
measured by contrast-enhanced T1-weighted MRI and fibrinogen
immunostaining—a timing that may facilitate 18F-FAraG accu-
mulation in the brain. However, we showed in Supplemental Fig-
ure 9 that T1-enhancing lesion volumes did not correlate with 18F-
FAraG signal and that 18F-FAraG signal was increased in non–T1-
enhancing lesions containing high levels of CD3 T cells. These
findings further support that 18F-FAraG provides additional infor-
mation with regard to T cell accumulation. Discrepancies between
imaging modalities might also be explained by differences in
molecular weight and lipid solubility of the different agents used
to evaluate BBB permeability (21), although fibrinogen and gado-
butrol are well established. Additionally, small lesions might
remain undetected because of a low MRI resolution and the
partial-volume effect.
Recent work by Chen et al. described 1-(29-deoxy-29-18F-fluo-

roarabinofuranosyl) cytosine (18F-FAC) use in the EAE model
(22). 18F-FAC has been shown to accumulate in leukocytes through
cytoplasmic deoxycytidine kinase phosphorylation in models of
immune activation (23,24) and accumulated in nearly equal amounts
within brain-infiltrating T cells and innate immune cells.When com-
pared with our study, 18F-FAC and 18F-FAraG showed a similar
magnitude of change, displaying a 180% and 140% increase in brain
PET signal compared with control mice, respectively, although the
MS models were different. Similarly, after fingolimod therapy,
18F-FAC accumulation was decreased by 37% and 18F-FAraG accu-
mulation by 32% in the corpus callosum. Although fingolimod
blocks egress of lymphocytes out of secondary lymphoid organs
(16), we observed lower 18F-FAraG uptake in lymph nodes. This
findingmay be explained by fingolimod’s inhibition of T cell activa-
tion (25) and will require further investigation in future studies. Sur-
prisingly, in contrast to our findings, 18F-FAC did not accumulate in
the spinal cord, despite high T cell levels andmacrophage infiltration

FIGURE4. (A) 18F-FAraGPET/CTsagittal imagesatbaseline,W3,andW7–14dpi.Arrowspoint to lum-
bar spinal cord. Graphs show corresponding quantification of 18F-FAraG signal in cervical/thoracic and
lumbar spinal cord. (B) Immunofluorescence images ofCD3 T cells (green) in cervical/thoracic and lum-
barspinal cord atW7–14dpi, andquantificationofCD3 immunostainingatbaseline,W3,andW7–14dpi.
(C)Correlationof 18F-FAraGsignalwithCD3Tcells atW7–14dpi. ID5 injecteddose. **P# 0.01. ****P#

0.0001.

FIGURE 5. 18F-FAraGPET/CT images showing subiliac lymph nodes and
quantification of 18F-FAraG uptake at baseline, W3, and W7–14dpi. ID 5

injected dose. **P# 0.01. ****P# 0.0001.
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(26). This result was explained by low spinal cord cytoplasmic deox-
ycytidine kinase expression and thus suggests that 18F-FAraGmight
provide a more accurate detection of T cells because of its higher
affinity for deoxyguanosine kinase. Additionally, 18F-FAC is deam-
inated in humans, limiting its clinical translation. In contrast, 18F-
FAraG has shown feasibility and safety in humans (11) and is under
investigation in multiple clinical trials.
Alongside PET, conventional MRI proved essential to detect

brain lesions. T2-weighted MRI detected white matter lesions,
independently of their T cell content (W3 and W7–14dpi). How-
ever, this method failed to detect fingolimod therapy response,
as both demyelination and immune cell content influence the T2
tissue properties and are important components of lesions before
and after DMT (27). A major drawback of T2-weighted MRI is

the low sensitivity for gray matter lesion detection (18,28). In con-
trast, 18F-FAraG PET detected changes in white and gray matter
and thus could help identify lesions invisible on T2-weighted MRI
(Figs. 1–2 and 6). T1-weighted contrast-enhanced MRI indicated
BBB alterations after EAE immunization, as previously described
(29), and detected fingolimod efficacy, because no BBB disruption
was observed in treated animals, supporting fingolimod’s action on
endothelial cells (30).

CONCLUSION

Altogether, our results indicate that 18F-FAraG PET can be used
to noninvasively image T cell infiltration within the brain and spinal
cord during a demyelinating event and detects response to

FIGURE 6. (A) 18F-FAraG PET/CT and 18F-FAraG PET/CT overlaid on T2-weighted (T2w) MR images from untreated and fingolimod-treated animals at
W7–14dpi. Graph shows quantification of 18F-FAraG signal in entire brain, corpus callosum, hippocampus, and cortex. (B) T1-weighted (T1w) and
T2-weighted MR images of fingolimod-treated and untreated mice and corresponding quantification of T1-enhancing lesions and normalized
T2-weighted signal intensity of corpus callosum, hippocampus and cortex. (C) Immunofluorescence images of corpus callosum for CD3 T cells (green),
microglia/macrophages (Iba1, red), and myelin (MBP, orange) from untreated and fingolimod-treated mice at W7–14dpi. Graphs show quantification of
immunofluorescence images from corpus callosum, hippocampus, and cortex. ID5 injected dose. *P# 0.05. **P# 0.01. ****P# 0.0001.
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immunomodulatory therapy. These data support further investiga-
tion of 18F-FAraG as a potential agent for clinical translation, with
the aim of improving lesion characterization inMS patients and pro-
vide a novel tool to evaluate response to therapies.
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KEY POINTS

QUESTION: Can 18F-FAraG PET imaging detect T cell infiltration in
the CNS in a preclinical model of MS and improve lesion charac-
terization when combined with conventional MRI?

PERTINENT FINDINGS: 18F-FAraG uptake increased in the brain
and spinal cord of an MS mouse model and correlated with T cell
density, providing additional information on T cell presence in MRI-
detected lesions and enabling lesion stratification. After treatment
with an immunomodulatory DMT, 18F-FAraG uptake was decreased
in the brain and spinal cord, highlighting its potential to monitor
response to immunotherapy.

IMPLICATIONS FOR PATIENT CARE: 18F-FAraG may provide a
new methodology to evaluate T cell presence in the CNS and thus
may enable patient stratification and monitoring of immune cell
dynamics during disease progression and after therapy in MS and
other T cell–mediated neurologic conditions.
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The assessment of gliomas by 18F-FDOPA PET imaging as an
adjunct to MRI showed high performance by combining static and
dynamic features to noninvasively predict the isocitrate dehydro-
genase (IDH) mutations and the 1p/19q codeletion, which the
World Health Organization classified as significant parameters in
2016. The current study evaluated whether other 18F-FDOPA PET
radiomics features further improve performance and the contri-
butions of each of these features to performance. Methods: Our
study included 72 retrospectively selected, newly diagnosed
glioma patients with 18F-FDOPA PET dynamic acquisitions. A set
of 114 features, including conventional static features and
dynamic features, as well as other radiomics features, were
extracted and machine-learning models trained to predict IDH
mutations and the 1p/19q codeletion. Models were based on a
machine-learning algorithm built from stable, relevant, and
uncorrelated features selected by hierarchic clustering followed
by a bootstrapped feature selection process. Models were
assessed by comparing area under the curve using a nested
cross-validation approach. Feature importance was assessed
using Shapley additive explanations values. Results: The best
models were able to predict IDH mutations (logistic regression
with L2 regularization) and the 1p/19q codeletion (support vector
machine with radial basis function kernel) with an area under the
curve of 0.831 (95% CI, 0.790–0.873) and 0.724 (95% CI,
0.669–0.782), respectively. For the prediction of IDH mutations,
dynamic features were the most important features in the model
(time to peak, 35.5%). In contrast, other radiomics features were
the most useful for predicting the 1p/19q codeletion (up to 14.5%
of importance for the small-zone low-gray-level emphasis). Con-
clusion: 18F-FDOPA PET is an effective tool for the noninvasive
prediction of glioma molecular parameters using a full set of
amino-acid PET radiomics features. The contribution of each
feature set shows the importance of systematically integrating
dynamic acquisition for prediction of the IDH mutations as well as
developing the use of radiomics features in routine practice for
prediction of the 1p/19q codeletion.

Key Words: 18F-FDOPA PET; radiomics; glioma; machine learning;
WHO 2016 classification
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The World Health Organization (WHO) 2016 classification of
gliomas shifted from a purely histology-based approach (1) to the
integration of molecular parameters (2). These parameters notably
include isocitrate dehydrogenase (IDH) mutations and the 1p/19q
codeletion, which are determinant in the patient’s prognosis (3).
PET imaging using radiolabeled amino acids is currently

recommended as an adjunct to MRI by the Response Assessment
in Neuro-Oncology group (4), with the ability to noninvasively
predict molecular parameters using, among others, 6-18F-fluoro-L-
DOPA (18F-FDOPA) (5). One advantage of such an image-derived
noninvasive prediction is the ability to study the metabolism of the
whole tumor area, whereas histopathologic analyses consider only
part of the tumor. In a recent series of 58 newly diagnosed gliomas,
18F-FDOPA PET imaging was found to predict IDH mutational
status with an accuracy of 74% thanks to the integration of dynamic
features (5).
The non-invasive predictive capability of dynamic amino-acid

PET correlated with the emergence of the radiomics field, which
extracts numerous quantitative features from images on the basis
of classic static and dynamic features (5) but also others, such as
morphologic and textural features (6). These radiomics studies
helped to noninvasively predict specific tumor phenotypes by
using machine learning algorithms to identify advanced imaging
biomarkers representative of the intratumoral heterogeneity (7).
Radiomics is increasingly being used in the PET characterization

of gliomas at the initial diagnosis (8), even though only a minority of
studies to date has been performed with the amino-acid tracers
recommended for glioma assessment (9–11). It has therefore
become paramount to understand the potential significance of
particular imaging features—that is, static, dynamic, and other
radiomics features—to predict IDH mutations and the 1p/19q
codeletion. To the best of our knowledge, in the age of radiomics no
study has yet assessed the potential benefits of amino-acid PET
imaging to characterize the molecular parameters of gliomas
according to the WHO 2016 classification by exploiting amino-
acid PET acquisition as a whole.
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The current study therefore aimed to determine to what extent the
high-throughput extraction of advanced imaging biomarkers can
predict these molecular parameters and the contributions of each of
these 18F-FDOPA PET features to performance.

MATERIALS AND METHODS

Patients
We retrospectively selected newly diagnosed glioma patients who

were investigated by 18F-FDOPA PET for suspected glioma
components in the Department of Nuclear Medicine at the CHRU of
Nancy, between November 2012 and November 2019. Only included
patients satisfying the following selection criteria were included:
patients with a neuropathologic diagnosis of grade II, III, or IV glioma
according to the WHO 2016 classification (2) with a maximum delay
from the time of the 18F-FDOPA PET of 150 d for diffuse grade II or
III glioma and 60 d for glioblastoma, in line with previously published
time ranges (5,12,13); patients with a dynamic analysis and available
raw data; and patients with visually abnormal 18F-FDOPA uptake, that
is, by excluding isometabolic and photopenic gliomas (14,15). A
flowchart of patient selection is shown in Figure 1. The institutional
ethics committee (Comit�e d’Ethique du CHRU de Nancy) approved
the evaluation of retrospective patient data on August 26, 2020. The
trial was registered at ClinicalTrials.gov (NCT04469244). This
research complied with the principles of the Declaration of Helsinki.
Informed consent was obtained from all individuals included in the
study.

18F-FDOPA PET Acquisition and Image Reconstruction
Patients were instructed to fast for at least 4 h before the examination,

and some patients were administered carbidopa 1 h before the
examination to increase uptake of the tracer in the brain (16). Patients
were scanned on a conventional PET/CT camera (Biograph 6 True
Point; Siemens Healthineers) and on a digital PET/CT camera (Vereos;
Philips). A CT scan was first recorded for each patient, immediately
followed by a 30-min 3-dimensional list-mode PET recording initiated
during the bolus injection of 3MBq (conventional) or 2MBq (digital) of
18F-FDOPA per kilogram of body weight. Dynamic PET images
consisted of 30 frames of 1 min each, whereas static PET images were
reconstructed from the list-mode data acquired 10–30min after injection
(Fig. 2) (10,17).

The conventional PET/CT static and dynamic images were
reconstructed using the ordered-subsets expectation maximization
2-dimensional algorithm (2 iterations, 21 subsets, 4-mm gaussian
postreconstruction filter) without time-of-flight information and 256 3

2563 148 voxels of 2.73 2.73 3 mm with a slice spacing of 1.5 mm
for the static and dynamic images. The digital static images were
reconstructed using the time-of-flight information and a high-resolution
protocol with the ordered-subsets expectation maximization
3-dimensional algorithm (2 iterations, 10 subsets, a deconvolution of
the point-spread function) and 256 3 256 3 164 voxels of 1 3 1 3 1
mm, whereas a protocol with a lower spatial resolution was used for the
dynamic images in order to limit the level of noise—that is, 3 iterations,
15 subsets, without point-spread function, and 128 3 128 3 82 voxels
of 2 3 2 3 2 mm (18).

All images were corrected for attenuation using CT, dead time,
random coincidences, and scattered coincidences during the reconstruc-
tion process.

Segmentation
Volumes of interest (VOIs) for tumor, contralateral healthy brain, and

striatum were defined on the static image using LifeX software
(lifexsoft.org) (19).

This healthy brain uptake was measured in a crescent-shaped VOI
manually positioned on the unaffected hemisphere so as to comprise
both white and gray matter, as recommended (10).

Tumor VOI was segmented semiautomatically using a threshold of
1.6 for healthy brain SUVmean (10). The striatum was delineated
semiautomatically using a threshold of 70% of the SUVmax

18F-FDOPA
uptake and corrected manually when required.

When a VOI comprised multiple components, the one with the largest
volume was retained in the analysis. All final VOIs were visually
inspected by an experienced physician to ensure the quality of the
methods applied. Examples of representative VOIs are provided in
Figure 2.

Image Preprocessing and Extraction of Features
Figure 2 illustrates the workflow of image preprocessing and the

extraction of features.
Static Features. Mean, maximum, and peak tumor–to–normal-brain

ratios and tumor-to-striatum ratios were computed as, respectively,
SUVmean, SUVmax, and SUVpeak in the tumor VOI divided by the
SUVmean in the brain and the striatumVOI. Themetabolic tumor volume
was defined as the volume of the tumor VOI.
Dynamic Features. Each dynamic frame was first registered to the

associated CT image, in order to correct for any potential patient
movement during the acquisition (20). The brain and tumor
time–activity curves were extracted by retrieving the SUVmean for
each frame, respectively, in the brain VOI and in the volume
corresponding to the SUVpeak of the tumor VOI on the static image, to
represent the most aggressive part of the tumor (21). To overcome
noise effects, a nonlinear fit was applied to each time–activity curve
(5,22), with a function dedicated to tumoral vascularization (patent
WO/2008/053268, entitled “Method and System for Quantification of
Tumoral Vascularization”) and a nonlinear least optimization using
the trust-region–reflective algorithm. Given that tumor–to–normal-
brain values are less likely to be influenced by carbidopa premed-
ication than is SUV, the time–activity curve ratio, representing the
evolution of the ratio between the tumor- and brain-fitted
time–activity curves, was calculated (5). Time to peak was computed
as the delay between the beginning of the dynamic acquisition and the
time of the maximum uptake value, and the slope of the linear
regression of the data between the 10th and 30th minutes was then
determined (5).
Other Radiomics Features. For patients whose acquisition was

performed on the conventional PET camera, isotropic voxel resampling
was performed using the SimpleITK Python package following Image
Biomarker Standardization Initiative recommendations to reach a voxel
size of 2.73 2.73 2.7 mmwith tricubic spline interpolation. Each static
image was normalized by the SUVmean in the brain VOI to compensate
for differences in carbidopa premedication in our population—differ-
ences that are known to impact SUVmeasurements (23). A fixed bin size
of 0.1 was used for absolute image discretization in all patients. One
hundred five features were extracted from the tumor VOI, including
morphologic, local intensity, intensity-based statistical, intensity histo-
gram, and textural features. A 3-dimensional merging strategy was used
for textural matrices (24). Extraction of the features was based on the
guidelines and benchmark values of the Image Biomarker Standardiza-
tion Initiative (24) using pyradiomics (https://github.com/Radiomics/
pyradiomics) or an in-house software for local intensity features that
were not available in pyradiomics. The full list of extracted features is
given in Supplemental Table 1, and extraction parameters are given in
Supplemental Table 2 (supplemental materials are available at http://
jnm.snmjournals.org).

These 114 features were used for the following classification tasks:
IDH mutant (IDH-positive) versus IDH wild-type (IDH-negative)
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gliomas, and gliomas with and without 1p/19q codeletion (1p19q-
positive vs. 1p19q-negative).

Data Harmonization
All extracted features other than dynamic features were harmonized with

the modified ComBat method (http://github.com/SteinCK/M-ComBat) (25)
using the digital PET device as a reference. This harmonization proved to be
efficient for removing the device effect without altering the biologic variation

(26). Dynamic features were not harmonized since they represent semiquan-
titative kinetic features and are not much affected by the PET device (9).

Model Building
For a given training and validation set, all transformations and the

algorithm were fitted using the training set only. In the validation set, all
transformations computed on the training set were applied and the fitted
algorithm was used to predict the output.

FIGURE 1. Flowchart of retrospective selection of study patients.
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FIGURE 2. Detailed workflow of image acquisition and reconstruction, VOI segmentation (shown in red contours), and features extracted, where images
and VOIs are listed in orange and gray rectangles, respectively, processing steps in green rectangles, intermediate results in dark blue rectangles, and final
features in lightblue rectangles.GLCM=gray level co-occurrencematrix;GLRLM=gray level run lengthmatrix;GLSZM=gray levelsize zonematrix;MTV5

metabolic tumor volume; NGTDM= neighborhood gray tone differencematrix; NGLDM= neighboring gray level dependence; p.i.5 after injection; TBR5

tumor–to–normal-brain ratio; TSR5 tumor-to-striatum ratio; TAC5 time–activity curve; TTP5 time to peak.
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All static, dynamic, and other features were first normalized with
a z score normalization. Then, dimensionality was reduced by
hierarchic clustering (27), where highly correlated features (abso-
lute Spearman correlation coefficient $ 0.9) are clustered together.
For each cluster, the feature selected was the medoid of the cluster,
that is, the feature that minimizes the dissimilarity from all other
features in the cluster. The most relevant and stable uncorrelated
features were selected on the basis of 100 bootstrap samples in
which the features were ranked using the Wilcoxon score (28), with
a global rank computed with the previously published importance
score (27). A range of 5–15 selected features was tested, in
increments of 5.

Finally, selected features were given as an input to a machine
learning classification algorithm. Class imbalance for each classifica-
tion task was addressed by assigning weights inversely related to the
class’s prevalence in the training data during machine-learning
algorithm training. In the case of severely imbalanced groups in a
given classification task (classification of 1p/19q codeletion), the
Synthetic Minority Oversampling Technique algorithm (29) was used
for oversampling the minority class. The performance of 5 classifiers
implemented were compared: logistic regression with L2 regulariza-
tion, neural networks, random forest, support vector machine with
radial basis function kernel, and support vector machine with linear
kernel.

Model Performance
Nested cross-validation was used to get an unbiased estimate of

the model’s performance (30), with repeated stratified cross-
validations as inner and outer loops to reduce the influence of the
variance on the results (31). Hyperparameters were tuned through an
inner loop with a 3-fold stratified cross-validation repeated 50 times
by optimizing the mean area under the curve (AUC) overall inner
folds and using 100 iterations of a random search over the set of
hyperparameters described in Supplemental Table 3. The model
assessment was performed through the outer loop with a 10-fold
stratified cross-validation repeated 5 times by calculating the mean
AUC overall outer folds. For this purpose, software was developed
in-house and is freely available online (https://github.com/
TimZaragori/Sklearn_NestedCV/tree/master/Radiomics_gliomas_
article). The whole modeling pipeline is shown in Figure 3. For each
classification task, the final model selected was the one with the
highest performance.

Statistical Analysis
Categoric variables are expressed as percentages, and continuous

variables as medians (first to third quartiles), because variables did not
follow a normal distribution. Groups were compared with the x2 test for
categoric variables and theMann–Whitney test for continuous variables.
For each outer fold receiver-operating-characteristic curve, the optimal
threshold was computed on the training set by selecting the point on the
curve closest to (0,1) and applying it on the validation set to get the
predictions. Diagnostic performance (accuracy, sensitivity, specificity,
positive predictive value, and negative predictive value) was computed
from outer model predictions. P values lower than 0.05 were considered
significant. One thousand bootstrap iterations of outer results were used
to determine the 95% CIs of each dataset performance. Analyses were
performed with R software, version 3.6.2 (R Foundation for Statistical
Computing). For each classification, the model introspection was
performed using Shapley additive explanation (SHAP) values (32),
which provide information on the importance of each feature by taking
into account the whole modeling pipeline. SHAP values were computed
on each outer model and concatenated to obtain a global and reliable
importance score for each feature.

RESULTS

Patients
We retrospectively selected 72 patients (median 51.0 [inter-

quartile range (IQR), 34.8-62.4 y]; 29 women), who underwent
18F-FDOPA PET for a newly diagnosed glioma, with a histo-
pathologic diagnosis determined either from tissue obtained
during surgery (n 5 33) or from biopsies (n 5 39): 43 IDH-
positive gliomas from which 18 1p/19q codeleted. The time
window between PET imaging and neuropathologic confirmation
was 35 d (IQR, 11.5–84 d) for diffuse grade II or III gliomas and
3 d (IQR, 1–24 d) for glioblastomas. Data for 44 of the patients
(61%) were acquired by conventional PET/CT, and data for 28
(39%) were acquired by digital PET/CT. Forty-two (58%)
patients were premedicated with carbidopa. The patients who
underwent the conventional PET/CT were already analyzed
previously (5). Further details of the patient characteristics are
provided in Table 1. The validations of the harmonization and
normalization processes are shown in, respectively, Supplemen-
tal Tables 4 and 5.

Predicting IDH Mutations
The combination of logistic regression with L2 regularization and

5 selected features was the best-performing model for predicting
IDHmutations and yielded an AUC of 0.831 (95%CI, 0.790–0.873)
(details of the predictive performance of this model and the
performance of all models for predicting IDH mutations are
presented in Table 2 and Supplemental Fig. 1, respectively). The
time to peak was found to be the feature with the highest importance,
reaching a 35.5% contribution to the overall model’s performance
(Fig. 4). The other dynamic parameter, slope, was also among the 5
most contributive features, even though with a lower importance
(4.3%).

Predicting the 1p/19q Codeletion
The 1p/19q codeletion was best predicted by a model that

combined a support vector machine with a radial basis function
kernel and 15 features selected (AUC, 0.724 [95%CI, 0.669–0.782])
(Supplemental Fig. 2 shows the results of all models for 1p/19q
codeletion, and Table 2 shows the complete predictive performance
of this model). In contrast to the prediction of the IDHmutations, the
other radiomics features were the most contributive, with the small-
zone low-gray-level emphasis from gray level size zone matrix
being the most important feature (14.5%) (Fig. 4).
An overview of the impact on the model of each feature according

to its values for the interpretation of the radiomics signatures is
shown in Figure 5. Representative examples of patients for both
classifications, with their local interpretation using SHAP values, are
provided in Figure 6.

DISCUSSION

The current study shows that 18F-FDOPA PET imaging is an
efficient tool for the noninvasive prediction of two of the most
important molecular parameters of newly diagnosed gliomas
according to the WHO 2016 classification, the IDHmutations using
dynamic features and the 1p/19q codeletion using other radiomics
features. Using a set of 114 radiomics features, a good performance
for predicting these 2 parameters was achieved, with AUCs of 0.831
and 0.724, respectively. Interestingly, the greatest contribution to the
predictive performance for IDHmutations was provided by dynamic
features, whereas the contribution of the set of other radiomics
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features was the most useful for predicting the 1p/19q codeletion
(Table 2; Figs. 4 and 5).
Since the emergence of the radiomics field, only a few amino-acid

PET studies have been devoted to the characterization of molecular
parameters in newly diagnosed gliomas (8). Among these, only two
were performed for the 2 molecular parameters that are key features of
the WHO 2016 classification. Lohmann et al. (9) focused their analysis

exclusively on predicting IDH genotype, whereas Haubold et al.
extended their analysis to various othermolecular parameters usingMR
fingerprints and 18F-FET but did not include the information provided
by the dynamic PET acquisitions (11). The objective of our studywas to
predict the classification of newly diagnosed gliomas according to both
IDH mutations and the 1p/19q codeletion by considering amino-acid
PET data as a whole—that is, by extracting a full set of radiomics

FIGURE 3. Modeling pipeline using nested cross-validation to obtain unbiased estimate of model performance. Fifty repeats of 3-fold cross-validation
wereusedas inner loopand5 repeatsof10-foldcross-validationasouter loop.Foreach foldofoutercross-validation,hyperparametersofmodelwere tuned
in inner cross-validation using only outer training data. Best hyperparameters chosen were then used to fit model to outer training data, and model
performancewas evaluated on outer test data. Blue and red rectangles, respectively, denote training and test data for each cross-validation. Green arrows
represent predictionsmade by fittedmodel on test data, and green boxes represent score calculated from these predictions. CV5 cross-validation; OF5

outer fold; IF5 inner fold; Si = score on test data of outer fold i; Si.j = score on test data of inner fold j from outer fold i.
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features, including dynamic ones, to better characterize the contribution
of each group of features (static, dynamic, and other radiomics features)
in the prediction of molecular parameters.
For the prediction of IDH mutations, our results are consistent

with those of Lohmann et al. using dynamic 18F-FET, who
reported accuracies of greater than 70% (9) (vs. 74.7% in the
present study). Conversely, Haubold et al. reported lower predic-
tive performances for IDH mutations (AUC of 0.639, vs. 0.831 in
the present study) but without including any dynamic information

in their analyses (11). This latter point underlines the fact that
dynamic information is crucial for the prediction of IDH
mutations, consistent with our previous results, in which dynamic
features led to accuracies of up to 74% in predicting IDH
mutations (5). For the prediction of the 1p/19q codeletion, the set
of other radiomics features provided the most important contri-
bution (Figs. 4 and 5). These statements are supported by the
findings of Haubold et al., who reported a much higher prediction
of the textural features for the classification of the 1p/19q

TABLE 1
Patient Characteristics (n 5 75)

Characteristic
Conventional

(n 5 44)
Digital
(n 5 28)

All
(n 5 72) P

Age (y) 0.020*

Median 42.4 57.2 51.0

Range 19.8–73.7 20.3–78.6 19.8–78.6

Female sex 15 (34) 14 (50) 29 (40) 0.273

Primary histopathologic type 0.305

Astrocytoma, IDH-mutant 10 (23) 7 (25) 17 (24)

Anaplastic astrocytoma, IDH-mutant 5 (11) 1 (4) 6 (8)

Astrocytoma, IDH-wild-type 2 (5) 3 (11) 5 (7)

Anaplastic astrocytoma, IDH-wild-type 2 (5) 3 (11) 5 (7)

Oligodendroglioma, IDH-mutant and 1p/19q codeleted 7 (16) 4 (14) 11 (15)

Anaplastic oligodendroglioma, IDH-mutant and 1p/19q codeleted 7 (16) 0 (0) 7 (10)

Glioblastoma, IDH-wild-type 10 (23) 9 (32) 19 (26)

Glioblastoma, IDH-mutant 1 (2) 1 (4) 2 (3)

Carbidopa premedication 14 (32) 28 (100) 42 (58) ,0.001*

Contrast enhancement on MRI 18 (41) 11 (39) 29 (40) 1

*P , 0.05 for comparison between conventional PET and digital PET patients.
Data are number followed by percentage in parentheses, except for age.

TABLE 2
Model Performances for Each Classification

Classification AUC Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)

IDH-positive vs.
IDH-negative
(LR_L2 and 5
features
selected)

0.831
(0.790–0.873)

77.0 (72.5–81.4) 70.7 (63.0–78.3) 74.7 (71.4–78.4) 82.5 (78.5–86.7) 70.9 (64.9–76.6)

1p19q-positive
vs. 1p19q-
negative
(SVM_RBF
and 15
features
selected)

0.724
(0.669–0.782)

55.0 (43.0–66.0) 72.3 (66.7–78.5) 67.0 (62.5–71.2) 39.6 (30.4–48.3) 84.2 (80.5–88.2)

PPV 5 positive predictive value; NPV 5 negative predictive value; IDH-positive 5 IDH mutant gliomas; IDH-negative 5 IDH wild-type
gliomas; LR_L2 5 logistic regression with L2 regularization algorithm; 1p19q-positive 5 1p/19q codeleted gliomas; 1p19q-negative 5

gliomas not 1p/19q codeleted; SVM_RBF 5 support vector machine with radial basis function kernel algorithm.
Data are mean followed by 95% CI in parentheses.
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codeletion (AUC of 0.858) than IDH mutations (AUC of 0.639).
The highly predictive value of dynamic parameters for IDH
mutations and other radiomics features for 1p/19q codeletion is
further supported by additional results obtained when comparing
the performances of the 114-feature dataset with the datasets
having only static features, static and other radiomics features, and
static and dynamic features (Supplemental Fig. 3).
It is crucial to try and explain glioma signatures in terms of the

significance of the selected features (Figs. 4 and 5). In the signature of
the IDH mutations, IDH wild-type gliomas are characterized by low
time-to-peak values. This is consistent with results from our previous
study (5), in which IDH wild-type gliomas, reputed as more
aggressive tumors, were associated with a breakdown of the
blood–brain barrier but also a higher microvessel density and LAT1

expression. All these considerations are consistent with intense wash-
in and washout phenomena, leading to short times to peak.
The signature interpretation for the 1p/19q codeletion classi-

fication is more complex and can be considered in 2 parts. The
first is by focusing on features that have highly negative SHAP
values and that help the classifier exclude a potential 1p19q-
positive glioma. This is the case for high values of minimum
intensity statistics, given that 1p19q-positive gliomas exhibit
high amino-acid PET uptake (33), as well as low values of small-
zone low-gray-level emphasis from gray level size zone matrix
and high values of busyness from neighborhood gray tone
difference matrix, since 1p19q-positive gliomas are homoge-
neous tumors. Second, and in contrast to the first interpretation of
the signature, features exhibiting positive SHAP values allow the

FIGURE 4. Feature importance derived from outer models for most contributive features to prediction of IDHmutations using logistic regression with L2
regularization and5 features selected (A) and 1p/19qcodeletion using support vectormachinewith radial basis function kernel and 15 features selected (B).
Individual importance of each feature was normalized to sum of 1.0. Other radiomic features are in blue, and dynamic features are in orange.
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classifier to confirm a potential 1p19q-positive glioma. This is the
case for features associated with a nonaggressive behavior such
as high values of sphericity morphologic feature, characterizing
spheric tumors or other features from the gray level size zone
matrix representative of a homogeneous tumor (high values of
large-zone emphasis and low values of zone percentage).
As a limitation, the number of patients was relatively low,

particularly the number of glioma patients with 1p/19 codeletions,
even though the number was comparable to and even larger than
that of other radiomics studies performed on this relatively rare

entity (9,11). Our methodology for radiomics modeling (feature
selection, nested cross-validation, and adapted corrections for
imbalanced datasets) was nevertheless adapted to the number of
patients to avoid the risk of overfitting. However, validation on an
external dataset of the suggested models is still required before
transfer to the clinical setting. Another limitation is the use of 2
different PET cameras for acquisitions—a factor that we handled by
harmonizing the features of each device using the modified ComBat
method (Supplemental Table 4). In contrast to the ComBat method,
the modified method has the advantage of aligning data in the space

FIGURE5. Overviewof impact onmodel of each feature according to its values (forpredictionof IDHmutations [A] and for prediction of 1p/19q codeletion
[B]). Impactonmodeloutput is shownwithSHAPvaluesonx-axis, and featurevalue isdisplayed incolors (blueandred for, respectively, lowandhighvalues).
For instance, in A, for classification of IDH mutations, high values of time to peak (in red) are showing positive SHAP values and thus are associated with
prediction of positive class (IDH-positive gliomas) as opposed to lowvalues of time to peak (in blue), which exhibit negativeSHAP values,meaning that they
are associated with prediction of negative class (IDH-negative gliomas).
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of a specific device so that results can be used in routine clinical
practice.

CONCLUSION

To the best of our knowledge, our current study was the first to
focus on predicting the presence of major molecular parameters that
are of prognostic interest, based on the WHO 2016 glioma
classification, by using a full set of amino-acid PET static, dynamic,
and radiomics features. Interestingly, most of the salient information
for the prediction of IDH mutations is provided by the dynamic

analysis, which highlights the necessity of systematically including
dynamic acquisition as part of routine amino-acid PET imaging.
However, for the classification of the 1p/19q codeletion, the
predominant contribution of textural features shows the need to
develop the routine extraction of such features through machine
learning models as complementary tools for clinical interpretation.
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FIGURE 6. Representative examples of patients with IDHwild-type glioma (A) and 1p/19q codeleted glioma (B). Shown for each patient are axial slice of
18F-FDOPAPET (left), dynamicmean tumor–to–normal-brain ratio curve (middle; time to peak, light gray dotted line; slope, dark blue dotted line), and same
slice on FLAIR MRI (right), above graphic representing contribution of features involved in model prediction (IDH mutations classification [A]; 1p/19q
codeletion classification [B]). Red features push prediction toward positive class, whereas blue features push toward negative class; longer arrow indicates
more impact on model. Base model values (value of featureless model) and final decision values are displayed, respectively, in italics and boldface. For
interpretation purposes, feature names along with their value (expressed in z score) are displayed under each arrow. TTP 5 time to peak; ZP 5 zone
percentage; DV 5 difference variance; LZE 5 large-zone emphasis; SZLGE 5 small-zone low-gray-level emphasis; GLNU 5 gray-level nonuniformity;
DCNUN5 dependence count nonuniformity normalized. IS = intensity statistics; GLCM = gray level co-occurrence matrix; GLRLM = gray level run length
matrix;GLSZM=gray level size zonematrix;MORPH=morphologic;NGTDM= neighborhoodgray tonedifferencematrix;NGLDM=neighboringgray level
dependence matrix.
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KEY POINTS

QUESTION: To what extent can the high-throughput extraction of
advanced imaging biomarkers predict molecular parameters in
gliomas, and what is the contribution of each 18F-FDOPA PET
feature to the performance?

PERTINENT FINDINGS: 18F-FDOPA PET is an effective tool for the
noninvasive prediction of glioma molecular parameters using a full
set of amino-acid PET radiomics features, with respective AUCs of
0.831 (95% CI, 0.790–0.873) and 0.724 (95% CI, 0.669–0.782) for
IDH mutations (dynamic features) and the 1p/19q codeletion
(radiomics features).

IMPLICATIONS FOR PATIENT CARE: The contribution of each
feature set shows the importance of systematically integrating the
dynamic acquisition and of developing the use of radiomics features
in clinical 18F-FDOPA PET imaging.
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Quantitative Plaque Analysis on CT Angiography for the
Future Risk of Myocardial Infarction
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Coronary 18F-sodium fluoride (18F-NaF) PET and CT angiography–
based quantitative plaque analysis have shown promise in refining
risk stratification in patients with coronary artery disease. We com-
bined both of these novel imaging approaches to develop an optimal
machine-learning model for the future risk of myocardial infarction in
patients with stable coronary disease. Methods: Patients with known
coronary artery disease underwent coronary 18F-NaF PET and CT
angiography on a hybrid PET/CT scanner. Machine-learning by
extreme gradient boosting was trained using clinical data, CT quanti-
tative plaque analysis, measures and 18F-NaF PET, and it was tested
using repeated 10-fold hold-out testing. Results: Among 293 study
participants (656 9 y; 84% male), 22 subjects experienced a myocar-
dial infarction over the 53 (40–59) months of follow-up. On univariable
receiver-operator-curve analysis, only 18F-NaF coronary uptake
emerged as a predictor of myocardial infarction (c-statistic 0.76, 95%
CI 0.68–0.83). When incorporated into machine-learning models, clini-
cal characteristics showed limited predictive performance (c-statistic
0.64, 95% CI 0.53–0.76) and were outperformed by a quantitative pla-
que analysis-based machine-learning model (c-statistic 0.72, 95% CI
0.60–0.84). After inclusion of all available data (clinical, quantitative
plaque and 18F-NaF PET), we achieved a substantial improvement
(P 5 0.008 versus 18F-NaF PET alone) in the model performance
(c-statistic 0.85, 95% CI 0.79–0.91). Conclusion: Both 18F-NaF
uptake and quantitative plaque analysis measures are additive and
strong predictors of outcome in patients with established coronary
artery disease. Optimal risk stratification can be achieved by combin-
ing clinical data with these approaches in a machine-learning model.

Key Words: myocardial infarction; CT; 18F-NaF PET; quantitative
plaque analysis; machine-learning
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In everyday clinical practice, prediction of myocardial infarction
is challenging and is typically based on cardiovascular risk factors
and scores, especially in subjects with suspected coronary artery
disease (1). However, in patients with established coronary artery
disease, the performance of risk scores is limited, with c-statics
ranging from 0.60 to 0.68 (1). Recently, advanced imaging techni-
ques have demonstrated considerable promise in refining risk strat-
ification in patients with established coronary artery disease. We
have demonstrated that assessment of disease activity in the coro-
nary arteries with 18F-sodium fluoride (18F-NaF) PET outperforms
clinical variables and risk scores for the prediction of myocardial
infarction in patients with a high burden of coronary artery disease
(2,3). Similarly, in observational studies and a subanalysis of the
SCOT-HEART trial, quantitative plaque analysis investigating
both plaque type and burden on contrast enhanced CT angiogra-
phy has emerged as a major predictor of adverse outcomes (4,5).
To date, no study has investigated whether these 2 promising
methods (which can be obtained during a single imaging session
on a hybrid PET/CT scanner) are interchangeable or can provide
superior predictive performance when used in combination.
In this study, we used machine-learning to investigate whether

the prognostic information provided by quantitative CT plaque
analysis and assessments of disease activity by 18F-NaF PET are
complementary, and to develop an optimized model to determine
the future risk of myocardial infarction in patients with established
coronary artery disease (6).

MATERIALS AND METHODS

Study Population
The current study is based on a cohort of patients with established

coronary artery disease on guideline-recommended medical treat-
ments, which we assembled for our previous publication regarding the
prognostic utility of 18F-NaF PET (2). However, in the current study,
we have included longer follow-up and used novel quantitative plaque
analysis of coronary CT angiography. Our work is focused specifically
on whether machine-learning methods can combine the prognostic
information provided by clinical factors, quantitative CT plaque analy-
sis and 18F-NaF PET to improve the prediction of myocardial
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infarction. All participants underwent hybrid coronary 18F-NaF PET
and contrast CT coronary angiography within prospective observational
research studies (NCT01749254, NCT02110303, NCT02607748)
(3,7,8). All patients had established coronary artery disease and under-
went a comprehensive baseline clinical assessment with evaluation of
their cardiovascular risk factor profile including calculation of the
Secondary Manifestations of ARTerial disease (SMART) risk score
(supplemental materials, available at http://jnm.snmjournals.org) (1).
Studies were conducted with the approval of the local research ethics
committee, in accordance with the Declaration of Helsinki, and with
written informed consent from each participant.

CT Angiography and 18F-Sodium Fluoride PET
Acquisition and Reconstruction. Patients underwent 18F-NaF

PET on hybrid PET/CT scanners (128-slice Biograph mCT, Siemens
Medical Systems; or Discovery 710, GE Healthcare) 60 min after
intravenous administration of 18F-NaF (250 MBq). We acquired a
noncontrast CT attenuation correction scan followed by a 30-min PET
emission scan in list mode, a low-dose noncontrast ECG-gated CT for
calculation of the coronary calcium, and a contrast-enhanced ECG-
gated coronary CT angiogram, which was obtained in mid-diastole
and end-expiration on the same PET/CT system without repositioning
the patient. The ECG-gated PET list-mode dataset was reconstructed
using harmonized protocols as described previously (supplemental
materials) (8–10).
Coronary Microcalcification Activity (CMA) Quantification.

Image analysis was performed in FusionQuant (Cedars-Sinai Medical
Center) (11). We used a recently described measure of coronary 18F-NaF
uptake, CMA, that quantifies PET activity across the entire coronary vas-
culature (12). CMA is a highly reproducible and robust measure of disease
activity predicting both disease progression and myocardial infarction
(2,13). We calculated the per-vessel and per-patient CMA (Fig. 1), maxi-
mum coronary SUV, and target-to-background ratio (TBR) as described
previously (supplemental materials) (3,12).

CT. The coronary artery calcium score was measured in Agatston
units (AU) using clinical software (NetraMD, ScImage) on noncon-
trast CT scans. The presence, extent, and severity of coronary artery
disease were evaluated on contrast-enhanced CT angiography by
defining the segment involvement score, DUKE coronary artery dis-
ease index, and the number of vessels with .50% luminal stenosis
(14). Multivessel coronary artery disease was defined as at least 2
major epicardial vessels with any combination of either .50% steno-
sis, or previous revascularization.
Quantitative Plaque Analysis of CT Angiography. We per-

formed quantitative plaque analysis of all coronary segments with a
lumen diameter greater than 2 mm using semiautomated software (Auto-
Plaque, version 2.0, Cedars-Sinai Medical Center) (4,5). Proximal and
distal limits of lesions were manually marked by an experienced reader
after examination of coronary CT angiography images in multiplanar
format. Subsequent plaque quantification was fully automated using
adaptive scan-specific thresholds. Total, calcified, noncalcified as well as
low attenuation plaque volumes were calculated. The plaque burden was
calculated according to the following equation (plaque volume 3 100%/
vessel volume). The contrast density difference was the maximal differ-
ence in contrast density (mean Hounsfield unit/cross-sectional area) in
the plaque and the reference proximal vessel cross section.

Machine Learning
Machine learning was used to derive a joint score for myocardial

infarction by incorporating the key clinical variables, quantitative CT
variables, and 18F-NaF PET findings.
Model Building. XGBoost is a recent implementation of a gradient

boosting algorithm, which iteratively trains a set of weak learners
(simple decision trees) using a given set of patient data, to build a
combined strong classifier to identify an outcome (15). For every
patient, the XGBoost algorithm computes an individualized probabil-
ity of outcome, considering all input variables.

We applied XGBoost for prediction of myocardial infarction by
building 3 models. First, a clinical model with baseline clinical charac-
teristics: age, sex, comorbidities, medication, biomarkers, past medical
history, and coronary calcium score (model 1). The second model was
derived from quantitative plaque analysis variables (including low
attenuation plaque burden and the contrast density difference). A final
model incorporated clinical, CT and 18F-NaF PET data in combina-
tion. All variables used in the machine-learning modeling are pre-
sented in Supplemental Table 1.
Model Testing. Given the limited number of cases, we refrained

from performing data-specific hypertuning and applied fixed XGBoost
parameters established in our previous studies (15). Furthermore, to
avoid biased results and limit overfitting, we tested all of our models
using repeated 10-fold cross-testing, which separates training and test-
ing data (16). The dataset was randomly split into 10-folds with simi-
lar myocardial infarction rates in each fold (stratified 10-folds). Ten
models were created each from 90% of the data, and each tested in
held-out test sample (10% of the data). These 10 held-out samples
containing nonoverlapping test results were subsequently concatenated
to evaluate the average performance of XGBoost in unseen data.
Feature Importance. To elucidate the influence of each of the var-

iables included in the machine-learning model, we provided machine-
learning feature importance scores. Importance is the relative amount
that each attribute improves the XGBoost performance measure. The
variable importance was determined directly from the XGBoost model
separately in each fold and returned from the XGBoost model for each
variable. The variable importance represents the relative improvement
in the log loss objective function of the XGBoost (17).

Clinical Follow-up
The primary endpoint of the study was fatal or nonfatal myocardial

infarction. Outcome information was obtained in June 2020 from the

FIGURE 1. Measuring disease activity across the coronary vasculature
with 18F-NaF CMA and the low-attenuation plaque burden with quantita-
tive plaque analysis. Three-dimensional (3D) rendering of coronary CT
angiography coregistered with PET for evaluation of 18F-NaF uptake (blue
and red; left panel). The CMA is a summary measure of 18F-NaF activity
across the entire coronary vasculature as it includes all counts originating
from the coronary artery 3D rendering of CT angiography–based quantita-
tive plaque analysis with orange low-attenuation plaque (LAP) and yellow
calcified plaque. The low-attenuation plaque burden was defined as the
LAP volume3 100%/vessel volume. LAD5 left anterior descending; LCX
5 left circumflex; RCA5 right coronary artery.
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TABLE 1
Baseline Clinical Characteristics

Category Variable Mean 6 SD/median [Q1-Q3]/n (%)

Baseline clinical characteristics Age 65 6 9

Men 245 (84%)

Body-mass index (kg/m2), 29 6 5

Systolic blood pressure (mm Hg) 141 6 20

Diastolic blood pressure (mm Hg) 79 6 11

Cardiovascular history History of acute coronary syndrome 161 (55.1%)

History of percutaneous coronary intervention 182 (62.3%)

History of coronary artery bypass graft surgery 48 (16.4%)

History of angina 136 (46.6%)

Recent acute coronary syndrome 61 (21%)

Cerebrovascular accident or transient ischemic attack 9 (3.1%)

Comorbidities/risk factors Hypertension 174 (59.6%)

Hyperlipidemia 257 (88%)

Diabetes mellitus 61 (20.8%)

Current smoking 58 (19.9%)

Ex-smoker 137 (46.9%)

Atrial fibrillation 10 (3.4%)

Peripheral vascular disease 16 (5.5%)

Medications* Aspirin 268 (91.8%)

Dual antiplatelet therapy 62 (21.2%)

Statin 262 (89.7%)

b-Blocker 196 (67.1%)

Angiotensin-converting enzyme inhibitor or
angiotensin receptor blocker

197 (67.4%)

Insulin 4 (1.4%)

Oral diabetic medications 48 (16.4%)

Calcium blockers 63 (21.6%)

Diuretics 38 (16.0%)

Biomarkers Total cholesterol (mg/dL) 159 [139–182]

LDL cholesterol (mg/dL) 73 [46–93]

HDL cholesterol (mg/dL) 46 [39–66]

Triglycerides (mg/dL) 133 [97–204]

Creatinine (mg/dL) 0.9 [0.8–1.0]

Risk scores SMART 18 [13–26]

CT – qualitative & noncontrast - Single vessel disease 87 (29.8%)

- Two vessel disease 110 (37.7%)

- Three vessel disease 81 (27.6%)

- Left main stem involvement 18 (6.1%)

Coronary stent 218 (73.4%)

Segment involvement score 5 [3–7]

Segment involvement score . 5 145 (73.5%)

Coronary calcium score 334 [76–804]

Coronary calcium score category

0–99 84 (28.7%)

100–399 76 (25.9%)

400–999 74 (25.3%)

.1,000 59 (20.1%)

(continued)
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local and national health-care record systems that integrates primary
and secondary health-care records. Categorization of these outcomes
was performed blinded to the coronary CT angiography and PET data.

Statistical Analysis
We assessed the distribution of data with the Shapiro–Wilk test.

Continuous parametric variables were expressed as mean 6 SD, and
nonparametric data were presented as median (interquartile interval).
Fisher exact test or x2 test was used for analysis of categoric variables.
The performance of machine-learning models and single clinical char-
acteristics in predicting myocardial infarction was assessed using
receiver operator characteristic (ROC) analysis, and the area under the
curve (c-statistic) values were compared with the DeLong test (18).
Statistical analysis was performed with SPSS, version 24 (IBM SPSS
Statistics for Windows, version 24.0, IBM Corp.) and R studio and
R software, version 4.01 (R Foundation for Statistical Computing).
A 2-sided P , 0.05 was considered statistically significant.

RESULTS

All 293 study participants (656 9 y; 84% male) had established
coronary artery disease and were on guideline-recommended med-
ical treatments (Table 1). Two-hundred thirty-seven (81%) patients
had a history of revascularization, 191 (65%) had multivessel
obstructive coronary artery disease, and the median coronary cal-
cium score was 334 (76 to 804) AU. Over the 53 (40–59) months
of follow-up, 22 subjects experienced a fatal (n 5 3) or nonfatal
(n 5 19) myocardial infarction.
The high burden of atherosclerosis was reflected in the quantita-

tive plaque analysis derived from coronary CT angiography. The
median total plaque volume was 1,174 (716 to 1,772) mm3 and
consisted largely of noncalcified plaque (1,099 [647 to 1,574]
mm3) with a substantial volume of low-attenuation plaque (88 [44
to 167] mm3). Over half of the study population (166 [56%]) had

a low-attenuation plaque burden exceeding 4%. On PET, 109
(37.2%) patients presented with a high 18F-NaF CMA (.1.56;
Fig. 2).
On receiver operator curve analysis, 18F-NaF CMA (c-statistic

0.76, 95% CI 0.68 to 0.83; P , 0.001), maximum 18F-NaF TBR
(c-statistic 0.72, 95% CI 0.63 to 0.82; P , 0.001) and maximum
18F-NaF SUV (c-statistic 0.70, 95% CI 0.59 to 0.81; P 5 0.002)
were the only statistically significant predictors of myocardial
infarction. In contrast, baseline clinical characteristics, luminal ste-
nosis severity, qualitative or quantitative CT-derived variables
were not significant predictors of myocardial infarction on
their own (Table 2). However, when incorporated into machine-
learning models, the aforementioned variables emerged as
predictors of adverse events. Although a model based on clinical
characteristics only showed limited predictive performance with a
c-statistic of 0.64 (95% CI 0.53–0.76), the quantitative plaque
analysis-based machine-learning model outperformed the former
with a c-statistic of 0.72 (95% CI 0.60–0.84, P 5 0.02), which
was comparable to 18F-NaF CMA alone (P 5 0.47). Inclusion of
clinical data improved the 18F-NaF CMA and quantitative plaque
analysis–based models only slightly (0.77 [95% CI 0.69–0.84] and
0.74 [95% CI 0.64–0.83], respectively). Importantly, after inclu-
sion of all available data (clinical, quantitative plaque and 18F-NaF
PET), we achieved an increase in model performance with a
c-statistic of 0.85 (95% CI 0.79–0.91, P , 0.001), which was
higher than the quantitative CT plaque model (P 5 0.008) and the
18F-NaF CMA (P 5 0.01; Figs. 3 and 4) as well as the clinical
characteristics model (P , 0.001).

DISCUSSION

We have built a machine-learning model for risk stratification in
patients with established coronary artery disease. In our cohort of

TABLE 1
Baseline Clinical Characteristics (cont.)

Category Variable Mean 6 SD/median [Q1-Q3]/n (%)

CT – quantitative Total plaque volume, mm3 1174 [716, 1772]

Noncalcified plaque volume, mm3 1099 [647, 1574]

Calcified plaque volume, mm3 77 [23, 180]

Low-attenuation plaque volume, mm3 88 [44, 167]

Total plaque burden, % 55 [49, 63]

Noncalcified plaque burden, % 51 [45, 57]

Calcified plaque burden, % 3.5 [1.4, 7.9]

Low-attenuation plaque burden, % 4.4 [2.6, 7.0]

Area stenosis, % 58 [47, 75]

Contrast density difference, % 29 [24, 37]

Ischemia score 31 [21, 47]
18F-NaF PET CMA 0.66 [0–2.84]

TBRmax 1.22 [1.1–1.42]

SUVmax 1.44 [1.19, 1.71]

Outcome Myocardial infarction 22 (7.5%)

Recent acute coronary syndrome was defined as an event within less than 14 days before PET imaging.
SMART 5 Secondary Manifestations of ARTerial disease risk score; SUVmax 5 maximum SUV; TBRmax 5 maximum target to

background ratio.

AI FOR CORONARY PET AND CT ANGIOGRAPHY � Kwiecinski et al. 161



patients with advanced coronary atherosclerosis, we showed that
risk prediction does not depend on cardiovascular risk scores, ste-
nosis severity or CT calcium scoring. Rather the risk of myocar-
dial infarction is primarily governed by the analysis of plaque type
and plaque burden provided by coronary CT angiography and
assessments of disease activity by 18F-NaF PET. Importantly, our
machine-learning approach has overcome the challenges posed by
colinearity of these variables and, for the first time, has demon-
strated that this information is complementary and additive with
the combination of both providing the most robust outcome predic-
tion. If confirmed in further studies this comprehensive approach
holds major promise in refining risk stratification of patients with

established coronary artery disease, a population for which such
prediction is currently challenging. Importantly, such stratification
in these patients can be achieved objectively with quantitative vari-
ables obtained on a single hybrid PET/CT acquisition.

18F-NaF PET provides an assessment of vascular injury and
disease activity across a wide spectrum of cardiovascular condi-
tions including aortic stenosis, mitral annular calcification,
abdominal aortic aneurysm, erectile dysfunction, bioprosthetic
valve degeneration and coronary artery disease (2,19–22).
Indeed, baseline 18F-NaF PET is consistently associated with
future disease progression and adverse events in each of these
conditions. On the other hand, quantitative assessment of athero-
sclerotic plaque on contrast-enhanced CT angiography allows us
to measure the burden of different types of plaque across the
coronary arteries (4). We recently demonstrated that the low-
attenuation plaque burden provides powerful prediction of myo-
cardial infarction, outperforming cardiovascular risk scores,
Agatston coronary artery calcium scoring, or the presence and
severity of obstructive coronary artery disease (5). Whether
these 2 exciting developments can be used in combination to
further advance risk prediction was previously unknown.
Using the information from these approaches and by leveraging

machine learning, we were able to build an integrated model for
prediction of events in patients with established coronary artery
disease, a group of patients in whom risk prediction is currently
challenging. The XGBoost algorithm has been successfully imple-
mented for risk prediction in a wide range of clinical scenarios
(15,23). It enables the incorporation of numerous predictors into
the model even when these variables are correlated—a major limi-
tation with conventional regression analyses. Although we have
previously shown that 18F-NaF uptake is associated with quanti-
tative plaque analysis indices, our current analysis highlights the
complementary prognostic information that PET and quantita-
tive CT plaque assessments provide together (24,25). Indeed,
our machine-learning model incorporating the information
from these 2 modalities alongside clinical factors outperformed
the individual components analyzed separately with a high
c-statistic of 0.85. Importantly, our study also underscores that
in patients with advanced coronary artery disease, markers of
disease activity, plaque type and plaque burden provide risk pre-
diction superior to clinical risk scores and conventional coronary
calcium CT analyses.
According to societal guidelines, patients with clinically man-

ifest atherosclerotic arterial disease are considered to be at very
high risk of a recurrent cardiovascular events and cardiovascular
mortality. However, in everyday clinical practice, it is apparent
that there is a wide distribution of actual risk for recurrent vas-
cular events in patients with clinically established arterial dis-
ease. Although the population of subjects with manifested
coronary artery disease is rapidly growing, accurate risk predic-
tion in this important population remains challenging. The
guideline-recommended SMART risk score was shown to have
only a moderate c-statistic (0.64–0.68), and there is a paucity of
data regarding the role imaging could play in this cohort (1). In
our study we have targeted this important high-risk population.
We have demonstrated that quantitative plaque analysis meas-
ures and the coronary microcalcification activity considerably
improve stratification of patients’ risk (c-statistic 0.85). In a con-
servative 10-fold cross testing machine-learning model, we
showed that CT and PET data need to be used together for opti-
mal stratification.

FIGURE 2. Case examples of quantitative plaque analysis on coronary
CT angiography and 18F-NaF PET in patients with established coronary
artery disease. Hybrid CT angiography and 18F-NaF PET of coronary arter-
ies. (A) A 70-y-old male, who presented with diffused largely noncalcified
disease (middle panel in red) in the LAD and demonstrated increased 18F-
NaF uptake in the LAD on PET. (B) A 59-y-old male with mild LCX athero-
sclerosis, who presented with a high noncalcified plaque burden (middle
panel in red) on CT angiography, significant 18F-NaF uptake and experi-
enced a lateral non–ST-segment elevation myocardial infarction during
follow-up. LAD 5 left anterior descending; LCX 5 left circumflex; LAP 5

low attenuation plaque.
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Limitations

With the limited number of patients and events, our findings
require confirmation in future studies. Machine-learning models
can perform better when trained within bigger datasets, and

therefore further studies are needed to confirm our findings and
allow further testing to refine and to calibrate the machine-
learning models. External validation of our findings in other
cohorts is needed. Although this is currently challenging given

TABLE 2
Prediction of Myocardial Infarction in Patients with Advanced Coronary Artery Disease

Category Variable
Area under the
curve (95% CIs) P value

Baseline clinical characteristics Age 0.51 (0.35–0.67) 0.81

Sex 0.51 (0.38–0.64) 0.84

Body-mass index 0.58 (0.46–0.70) 0.23

Systolic blood pressure 0.52 (0.37–0.67) 0.74

Past medical history Myocardial infarction 0.45 (0.33–0.58) 0.48

Recent acute coronary syndrome 0.57 (0.43–0.71) 0.33

Percutaneous coronary intervention 0.53 (0.40–0.67) 0.66

Coronary artery bypass graft 0.52 (0.39–0.65) 0.80

Cerebrovascular accident 0.53 (0.40–0.67) 0.60

Comorbidities Hypertension 0.47 (0.35–0.59) 0.57

Hyperlipidemia 0.48 (0.35–0.60) 0.61

Diabetes 0.51 (0.37–0.65) 0.29

Smoking 0.46 (0.32–0.60) 0.59

Peripheral vascular disease 0.52 (0.39–0.66) 0.80

Biomarkers Total cholesterol (mmol/L) 0.53 (0.38–0.68) 0.68

LDL cholesterol (mmol/L) 0.59 (0.43–0.75) 0.18

HDL cholesterol (mmol/L) 0.53 (0.38–0.67) 0.71

Triglycerides (mmol/L) 0.57 (0.44–0.69) 0.33

Creatinine (mmol/L) 0.54 (0.40–0.68) 0.54

Risk scores SMART 0.57 (0.43–0.70) 0.35

CT – qualitative & noncontrast Multivessel disease 0.55 (0.42–0.68) 0.48

Segment involvement score 0.56 (0.41–0.71) 0.40

Coronary calcium score 0.51 (0.37–0.66) 0.87

Modified Duke index 0.61 (0.48–0.74) 0.11

CT – quantitative Total plaque volume 0.53 (0.39–0.67) 0.65

Noncalcified plaque volume 0.54 (0.40–0.68) 0.53

Calcified plaque volume 0.46 (0.33–0.58) 0.48

Low-attenuation plaque volume 0.57 (0.41–0.72) 0.30

Total plaque burden 0.45 (0.33–0.57) 0.42

Noncalcified plaque burden 0.47 (0.35–0.59) 0.67

Calcified plaque burden 0.41 (0.29–0.54) 0.16

Low-attenuation plaque burden 0.61 (0.48–0.75) 0.071

Area stenosis 0.48 (0.35–0.62) 0.79

Contrast density difference 0.56 (0.40–0.71) 0.33

Ischemia score 0.52 (0.38–0.65) 0.77
18F-NaF PET CMA total 0.76 (0.68–0.83) , 0.001

TBRmax 0.72 (0.63–0.82) , 0.001

SUVmax 0.70 (0.59–0.81) 0.002

Receiver operator curve modeling for prediction of myocardial infarction.
HDL 5 high-density lipoprotein; LDL 5 low-density lipoprotein; SMART 5 Secondary Manifestations of ARTerial disease risk score;

SUVmax 5 maximum SUV; TBRmax 5 maximum target-to-background ratio.
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that 18F-NaF PET is an emerging technique, this will be possible in
the future using outcome data from the Prediction of Recurrent
Events With 18F-Fluoride (PREFFIR) study, which is prospectively
investigating the ability of 18F-NaF coronary PET and CT angiogra-
phy to predict recurrent events in patients with multivessel disease
and recent myocardial infarction. Since most of the study partici-
pants had multivessel disease, future studies should characterize the
utility of 18F-NaF PET in patients with single vessel disease.

CONCLUSION

Both 18F-NaF uptake and quantitative plaque analysis measures
from contrast CT are strong predictors of outcome in patients with

established coronary artery disease. Optimal risk stratification can
be achieved by combining these imaging assessments of plaque
type, burden, and activity with clinical variables in a machine-
learning model.
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FIGURE 3. Prediction of myocardial infarction by machine-learning. (A) Receiver operator curves for the risk of myocardial infarction: 18F-NaF CMA
alone (dark blue), machine-learning models based on clinical data (light blue), quantitative plaque analysis (gray), clinical 1 quantitative plaque analysis
1 18F-NaF PET (red). The model based on both PET and quantitative CT–based plaque analysis data outperformed the clinical data and both unimodal-
ity models (P , 0.01 for all). (B) Feature importance for the machine-learning model based on all variables. Solid bars and error bars represent the mean
gain and SD derived from the distribution of the importance within 10-folds of the cross testing, for each variable. *indicates a P , 0.01 for a difference
compared with 18F-NAF CMA, quantitative plaque, Clinical and CT (DeLong test). #error bars indicate 95% CIs. TBR5 target-to-background ratio.

FIGURE 4. Calibration plot for clinical 1 quantitative plaque analysis 1
18F-NaF PET machine-learning XGBoost model. Calibration plot shows
the relationship between the observed and predicted proportion of events,
grouped by decile of risk. Our model showed very good calibration with
the observed risk of myocardial infarction during follow-up.
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KEY POINTS

QUESTION: Does combining information provided by CT plaque
analysis and assessments of disease activity by 18F-NaF PET with
machine-learning enhance risk stratification in established
coronary artery disease?

PERTINENT FINDINGS: In a post hoc analysis of data collected for
prospective observational studies, on a cohort of 293 patients with
established coronary artery disease, we have demonstrated that
optimal risk stratification can be achieved by combining clinical data
with 18F-NaF PET and quantitative coronary CT angiography plaque
analysis in a machine-learning model.

IMPLICATIONS FOR PATIENT CARE: This approach has major
potential for the risk stratification of patients with established
coronary artery disease.
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Quantification of the avb6 Integrin by PET/CT
Imaging in the Lungs of Patients After
SARS-CoV2 Infection and Comparison to
Fibrotic Lungs

TOTHEEDITOR:Wewere interested to read the recent article by
Foster et al. (1) describing early experience of avb6 PET/CT imag-
ing of the lungs after severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection.
Wewould like to point out that the suggestion that theavb6 uptake

in lung regions affected by SARS-CoV-2 is 3 times that which we
reported previously for fibrotic lung (2) may be misleading. Foster
et al. report an SUVmax of approximately 3.0 in SARS-CoV-2
and compare this with our reported value of 1.03 in subjects with idi-
opathic pulmonary fibrosis. However, our value is the SUVmean

averaged over the whole lung volume, which will be systematically
lower than SUVmax. Although we did not perform an equivalent
analysis, and the color scale in our example images (Lukey et al.
(2), Fig. 1) was chosen to enable comparison with the healthy par-
ticipants rather than visualization of the maximal value, we can con-
firm qualitatively that localized SUVs of 3.0 or more were observed
widely in the fibrotic lung regions in our study.
Clearly, more data and appropriate analyses (3) would be needed

to make a valid quantitative comparison, particularly given the
potential influence of tissue fraction (4) and the known (micro)-vas-
cular component of the SARS-CoV-2 disease mechanism (5), which
might influence the blood signal.
We look forward to seeing more results from this important work

in due course.
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Potential Theranostic Role of Bone Marrow
Glucose Metabolism on Baseline 18F-FDG PET/CT
in Metastatic Melanoma

TO THE EDITOR: We have read with great interest the article
“Prognostic Value of Bone Marrow Metabolism on Pretreatment
18F-FDG PET/CT in Patients with Metastatic Melanoma Treated
with anti-PD-1 Therapy” from Nakamoto et al. (1). Although The
Journal of NuclearMedicine has published several papers highlight-
ing the clinical value of sequential 18F-FDG PET/CT for response
assessment (2,3), this new article showed that baseline 18F-FDG
PET/CT could also be used to guide treatment decisions.
To this end, the authors studied a population of 92 patients with a

diagnosis of metastatic melanoma treated with immune checkpoint
inhibitors (ICIs) (1). ICIs included anti-PD1 as single-agent (88%)
or in combination (12%) with anticytotoxic T-lymphocyte
antigen-4 or antilymphocyte activation gene-3. The authors have
evaluated whether patients’ overall survival (OS) could be predicted
by biomarkers such as demographic or clinical (n5 4), biologic
(n5 1), pathologic (n5 1), and imaging variables extracted from
baseline and on treatment 18F-FDG PET/CT (n5 6).

Confirming Prognostic Significance of BM Metabolism
In this population, the authors confirmed that noninvasive mea-

surement of glucose metabolism on nontumoral bone marrow can
be used to predict OS in patients with a diagnosis of advanced mel-
anoma treated with ICIs (4). They demonstrated that mean bone
marrow–to–liver uptake ratio (BLRmean5 bone marrow SUVmean/
liver SUVmean) was the most valuable prognostic imaging bio-
marker. High baseline BLRmean predicted a significantly poor
progression-free survival andOS. The finding that bonemarrow glu-
cose metabolism is an imaging biomarker correlated with survival is
of interest and aligns with findings in existing literature (4,5). Hence,
this letter aims to sharewith the readership ofThe Journal of Nuclear
Medicine (JNM) recent publications in the field to provide a deeper
understanding on the relationship between bone marrow and clinical
outcomes.

AssociationBetweenBoneMarrow (BM)MetabolismandSystemic
Inflammation
In a recent review published in JNM, tumor and bone marrow glu-

cose metabolism were analyzed in 12 studies including 2,588 cancer
patients who underwent both 18F-FDG PET/CT scans and biochem-
ical assessments with blood samples (6). Most studies showed thatCOPYRIGHT� 2022 by the Society of Nuclear Medicine andMolecular Imaging.
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these imaging biomarkers were associated with clinical outcomes as
well as systemic inflammatory responses (high C-reactive protein,
low albumin, high neutrophils or leukocytes or platelets).

Association Between Bone Marrow (BM) Metabolism and Tumor
Immune Environment
Because there is a cross talk between the tumor immune environ-

ment andBM, our team evaluated the association between bonemar-
row glucose metabolism and transcriptomics in patients with a
diagnosis of metastatic cutaneous melanoma treated with ICIs (4).
To this end, we assessed the tumor immunemicroenvironment using
transcriptomics analysis on tumor tissues. Strikingly, high bonemar-
row metabolism was associated with an upregulation of genes
related to dendritic cells, regulatory T cell activity, and memory T
cells phenotypes (4).
Of note, this was a pilot study and the major molecular pathways

determining the cross talk between the BM and tumor immune envi-
ronment remain to be elucidated. For now, preclinical studies
showed that tumor growth in melanoma seems to play a critical
role in reprogramming the host immune system by regulating hema-
topoiesis, whichmight be associated with the expansion of immuno-
suppressive cells such as tumor-associated macrophages, regulatory
T cells, and myeloid-derived suppressor cells (MDSCs) (7).
In patients with gynecologic cancer, high BMglucosemetabolism

was mainly due to the production of granulocyte colony-stimulating
factor (G-CSF) by tumor cells (8). Patients with high BM glucose
metabolism displayed an im-munosuppressive phenotype with
increased MDSCs and decreased CD81 T cells (8).
Prospective studies and translational studies correlating BM glu-

cose metabolism with antitumor immunity are warranted. Contin-
ued efforts need to be made and should focus on improving our
understanding of physiopathologic concepts. We have to clarify
the association between baseline bone marrow glucose metabolism
and the presence of an immunosuppressive environment. This is
necessary to unravel further cancer-related inflammation and
immunosuppressive phenotypes associated with immunotherapy
resistance through the use of quantitative transcriptome analyses
of tumor, lymphoid tissue biopsies, and immuno-PET imaging.

Potential Theranostic Approaches
The demonstration of the prognostic value of BM glucose metab-

olism and of its association with tumor immune environment offers a
springboard to exciting, new theranostic research. Novel therapies
blocking immunosuppressive agents, such as MDSCs, are indeed
under investigation (9) to potentiate ICIs. The underlying assumption
is that glucosemetabolism on tissueswithmedullary and extramedul-
lary hematopoiesis could be associated with tumor-induced immune
suppression. For instance, preimmunotherapy 18F-FDG PET/CT that
explores bone marrow might be a relevant assay to predict response
to MDSCs-blockade therapies, in combination with ICI (10).
In conclusion, the scientific community has demonstrated that

BM glucose metabolism measured on 18F-FDG PET is associated
with immunotherapy outcomes in patients with metastatic mela-
noma. The next step is to pursue efforts with prospective and large
multicenter studies that would ensure a deeper understanding
on how this specific biomarker could be used as a clinical decision
support tool in patients with metastatic melanoma treated with ICIs.
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Is 18F-FDG PET/CT Effective in Identifying
True Residual Disease After Treatment of
Pediatric PTLD?

TO THE EDITOR: Limited data are available describing the role
of 18F-FDG PET/CT in assessing treatment response in pediatric
posttransplant lymphoproliferative disease (PTLD). In this journal,
Montes de Jesus reported 8 patients who underwent end-of-treatment
18F-FDG PET/CT. Of 4 positive scans, 1 was true-positive and the
remaining 3 were false-positive. There were 4 true-negative and 1
false-negative results. In 2 of the false-positive cases, a 2-y follow-
up did not reveal PTLD, and in 1 case a biopsy revealed no evidence
of PTLD. For the false-negative end-of-treatment 18F-FDG PET/CT,
a biopsy 2 mo later revealed residual monomorphic PTLD (1). Sim-
ilar data were reported in adult PTLD. Van Keerberghen reported
positive predictive values (PPVs) and negative predictive values
(NPVs) for disease recurrence of 13% and 85% for interim and
33% and 87% for end-of-treatment 18F-FDG PET/CT, respectively.
Negative interim or negative end-of-treatment 18F-FDGPET/CT cor-
related with durable remissions (2). A lower false-positive rate was
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reported at assessment of treatment response in 20% of cases in a
recent metanalysis evaluating the performance of 18F-FDG PET/
CT either at interim or end-of-treatment assessments (3).
A 12-y-old with history of heart transplant in infancy presented

with bowel obstruction and was found to have an abdominal mass.
Tumor biopsy revealed monomorphic PTLD/diffuse large B-cell
lymphoma (DLBCL) subtype, Epstein-Barr virus–negative. After 4
cycles of immune-chemotherapy, 18F-FDG PET/CT showed avid
uptake in a segment of the small bowel (Deauville 4). Because of
the limited data about interpreting a positive end-of-treatment 18F-
FDG PET/CT in a child with PTLD, he underwent a biopsy, which
was negative for PTLD/DLBCL. This case illustrates the problem of
a false-positive uptake on 18F-FDG PET/CT and therefore the limita-
tions of a positive 18F-FDG PET/CT in the assessment of treatment
response, similar to the report in this journal (1). In another child, an
8-y-oldwithBurkitt lymphomapostcardiac transplant, a residualmedi-
astinal mass at end of therapy was 18F-FDG PET/CT–negative; there-
fore, no biopsy was performed and no further therapy was
administered. This child remains in remission 9 mo after the end of
therapy. This decision was guided by the relatively high NPV reported
by Van Keerberghena and Montes de Jesus (2,3). In a metanalysis by
Montes de Jesus, inactivemetabolic lesions on 18F-FDGPET/CTwere
considered to be in complete remission. Treatment was stopped in half
of the cases to minimize treatment-related complications. Patients in
whom treatmentwas stopped remained in complete remission through-
out the study follow-up (3).
In pediatric non-Hodgkin lymphoma (NHL), a high NPV was

reported in 2 studies (4,5). This remains to be studied further
in patients with post–solid organ transplant Burkitt lymphoma
(PSOT-BL), as in our second patient. Post solid organ transplant Bur-
kitt lymphoma is considered a separate entity of PTLD and is treated
similarly to Burkitt lymphoma in immunocompetent children. This
raises an important point concerning the clinical and pathologic spec-
trumof pediatric PTLDand the implications this variabilitymay have
on the metabolic response by 18F-FDG PET/CT based on the subtype
of PTLD. Even in studies of pediatric NHL, a high false-positive rate
was reported. In the study byMinard et al., only 2 of 26 patients who
underwent biopsy, after chemotherapy, for positive 18F-FDG PET/
CT had evidence of residual lymphoma. None of the 62 patients
with negative 18F-FDG PET/CT had viable cells at biopsy, and

none experienced relapse (4). In a study of 18 children with NHL
who underwent 18F-FDG PET to assess treatment response, the sen-
sitivity and NPV were 100%, but the specificity and PPV were 60%
and 25%, respectively (5).
The question is: what is the value of 18F-FDG PET/CT in assess-

ing treatment response and identifying true-positive residual PTLD?
The limited data available indicate low sensitivity and a high false-
positive rate (1–3). Therefore, as a screening tool for response
assessment, 18F-FDG PET/CT appears to have limited value in
identifying true-positive residual disease in pediatric PTLD. The
value of performing 18F-FDG PET/CT to assess treatment response
is its high specificity and its ability to predict true-negative residual
PTLD.
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