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2021 SNMMI Highlights Lecture: Neuroscience
Julie Price, PhD, Professor of Radiology, Harvard Medical School, and Director, PET Pharmacokinetic Modeling,
Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Boston, MA

From the Newsline Editor: The Highlights Lecture, pre-
sented at the closing session of each SNMMI Annual Meet-
ing, 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 Newsline 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 Julie Price, PhD, a pro-
fessor of radiology at the Harvard Medical School and
director of PET Pharmacokinetic Modeling in the Athinoula
A. Martinos Center for Biomedical Imaging at the Massa-
chusetts General Hospital (Boston, MA), who spoke on neu-
roscience highlights from the meeting. Note that in the
following presentation summary, numerals in brackets rep-
resent abstract numbers as published in The Journal of
Nuclear Medicine (2021;62[suppl 1]).

I
t is my pleasure to present the 2021 SNMMI Neuroscien-
ces Highlights lecture. We will start things off with the
Kuhl–Lassen award, given annually by the Brain Imaging

Council for the past 25 years. The first recipient was Louis
Sokoloff, MD, the functional imaging pioneer, who received
the award in 1996. The list of awardees over the years consti-
tutes a truly impressive group of scientists and physician sci-
entists. I am immensely humbled to have been this year’s
recipient and thank the Brain Imaging Council for selecting
me for this tremendous honor. The topic of my Kuhl–Lassen
lecture was “PET methodology in amyloid imaging.”

I want to congratulate the individuals who were selected
to take part in the 2021 Neurosciences Young Investigator
Award session at this meeting. This is a challenging compe-
tition each year, with excellent presentations from our future
research leaders. This year the first-place awardee was
Emma M. Coomans, the second-place awardee was Mat-
thew Zammit, PhD, and the third-place awardee was Ganna
Blazhenets, PhD. Each of their presentations will be featured
in this Highlights lecture. I strongly encourage you to view
all the Young Investigator Award presentations on the
SNMMI Annual Meeting virtual site.

Three oral sessions (Novel Radiotracers and Multimodal
Imaging of the Brain, Neurosciences Young Investigator
Award Session, and Advances in Clinical Neuroimaging)
focused on the neurosciences at this meeting, as did 3 poster
sessions covering the basic neurosciences, general neurosci-
ence, and neurology/psychiatry. A rough assessment of these
presentations indicated that the topic distribution was largely

focused again this year on neuro-
degeneration and related targets
(36%), then on synaptic function
and metabolism (23%) and recep-
tor/transporter imaging (14%),
with fewer abstracts on inflamma-
tion (9%) and brain tumor assess-
ment (4%). The talks highlighted
in this lecture will reflect this gen-
eral distribution.

Neurotransmitters, Synaptic Function, and Designer
Receptors

We will begin with glutamate, the most abundant excit-
atory neurotransmitter in the vertebrate nervous system. The
GluN2B subunit of the N-methyl-D-aspartate (NMDA) recep-
tor complex is a therapeutic target for a range of neuropsychi-
atric disorders, including dementia and schizophrenia.
Ongoing efforts to develop GluN2B-specific radiotracers for
clinical use have produced several promising compounds.
Smart (a Young Investigator) et al. from Yale University PET
Center (New Haven, CT), Institute of Pharmaceutical Scien-
ces ETH Z€urich (Switzerland), Union Hospital/Tongji Medi-
cal College/Huazhong University (Wuhan, China), Jiangsu
Institute of Nuclear Medicine (China), and the National Insti-
tute of Mental Health (Bethesda, MD) reported on “In vivo
comparison of 3 novel radiotracers for the NMDA receptor
GluN2B subunit in nonhuman primates” [46]. They com-
pared in rhesus macaques the imaging properties of 3 candi-
date radiotracers for the GluN2B site: (R)-18F-OF-Me-NB1,
(R)-11C-NR2B-Me, and (S)-18F-OF-NB1. In baseline imag-
ing and in blocking scans with selective antagonists for
GluN2B and s1, the researchers compared tracer metabolism
in plasma, plasma binding, tissue kinetics, modeling, and
selectivity among the 3 compounds. Figure 1 shows the brain
distribution for each radiotracer at baseline, as well as the
reduction in signal achieved with the blocking scans. (R)-11C-
NR2B-Me and (S)-18F-OF-NB1 showed similar distribution
in brain as well as cortical nondisplaceable binding potential
values of 2–3, making them particularly promising candidates
for evaluation in humans. Pretreatment with the FTC-146 s1
antagonist reduced uptake and volume of distribution values
in all tracers, most notably for the NR2B ligand, suggesting
possible interaction of radiotracers and/or GluN2B targets
with s1 receptors. Additional pharmacologic studies will
explore these in vivo properties and interactions.

Afshar et al. from Massachusetts General Hospital/Har-
vard Medical School (Boston, MA) reported on “Longitudinal
assessment of the glutamatergic neurosystem in a fragile X

Julie Price, PhD
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knockout mouse model” [118]. Fragile X syndrome is a devel-
opmental disorder characterized by learning disabilities and
cognitive impairments, caused by mutations of the FMR1
gene. In this study, a cohort of fragile X syndrome mice and
age- and sex-matched healthy control mice underwent PET
using the allosteric modulator radiotracer 18F-FPEB to exam-
ine mGluR5 expression as well as Morris water maze testing
of spatial learning and memory at 4 time points, beginning
34–41 days after birth and extending to about 1 year. The
images in Figure 2 show the cumulative distribution of
18F-FPEB binding to be greater in control mice than in male
fragile X knockout mice in cortical and subcortical areas. This
was consistent with data that showed a higher binding poten-
tial in controls than in knockout mice. Age- and sex-
dependent binding potential variations were also observed in
different brain areas in the fragile X knockout mice. In male
mice, mGluR5 binding potential increased significantly from
early adolescence to late adolescence but then decreased in
adulthood, suggesting that optimal treatment age may be in
adolescence. Increased spatial learning rates during aging was
evidenced in the fragile X syndrome mice in mean swim
latencies across trials in the Morris water maze studies. The
results of these studies provide potential mechanistic insights
for design of therapeutic interventions for fragile X and are
consistent with the clinical observation that females often
have milder symptoms than males. The authors concluded
that these findings “reflect the critical brain areas known to be
impacted by the progression of the fragile X syndrome,
namely striatum, cortex, and hippocampus.” In addition, they
noted that “biobehavioral vulnerability was predicted on the
basis of disease progression and holds exciting potential” as a
target for pharmacologic interventions.

Gravel et al. from Yale University (New Haven, CT)
and F. Hoffmann-La Roche Ltd. (Basel, Switzerland)
reported on “Kinetic modeling of novel radiotracers for the
GABA transporter-1 (GAT-1) in nonhuman primates” [117].
g-aminobutyric acid (GABA) is the chief inhibitory neuro-
transmitter in humans, and GAT-1 is of particular interest
because of its potential role in neuropsychiatric disorders.
Two novel radiotracers, 18F-GATT-34 and 18F-GATT-44,
were evaluated at baseline and after blocking with tiagabine,
an antiepileptic compound. The uptake images (Fig. 3) for
these 2 compounds show that tiagabine blocking decreased
the signal for both radiotracers, with moderate success for
GATT-34 (48% blocking of specific binding) and better suc-
cess for GATT-44 (57%–66% blocking of specific binding).
The nondisplaceable volume of distribution and average non-
displaceable binding potential values were respectively 0.98
and 0.71mL/cm3 for GATT-34 and 0.85 and 2.20mL/cm3

for GATT-44. Injection properties were similar for the 2
tracers. The authors plan to evaluate additional ligands and
progress the best to humans.

Yan et al. from the National Institute of Mental Health
(Bethesda, MD) and the National Institutes for Quantum and

FIGURE 1. Three novel radiotracers for the NMDA receptor GluN2B
subunit in nonhuman primates. Brain distribution of (left to right) (R)-18F-
OF-Me-NB1, (R)-11C-NR2B-Me, and (S)-18F-OF-NB1 PET at (top to
bottom) baseline, after GluN2B blocking, and after s1 blocking. (R)-11C-
NR2B-Me and (S)-18F-OF-NB1 showed similar distribution in brain as well
as cortical binding potential values of 2–3 and are particularly promising
candidates for evaluation in humans. Pretreatment with the s1 antagonist
reduced uptake and volume of distribution values of all tracers, most nota-
bly for the NR2B ligand, suggesting possible interaction of radiotracers
and/or GluN2B targets with s1 receptors.

FIGURE 2. Longitudinal assessment of the glutamatergic neurosystem
in a fragile X knockout mouse model. Cumulative distribution of 18F-FPEB
binding 20–45 min after administration is shown in control male mice (top
block) and fragile X syndrome mice (bottom row) in (left to right) cortex,
hippocampus, and cortex/hippocampus horizontal views. Differences in
distribution reflect the critical brain areas (striatum, cortex, and hippocam-
pus) known to be impacted by progression of fragile X syndrome. Addi-
tional biobehavioral studies correlated disease progression as assessed
by imaging with symptomatic behaviors and offered potential for identifi-
cation of targets for pharmacologic intervention.
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Radiological Science and Technology (Chiba, Japan) reported
that “11C-deschloroclozapine (11C-DCZ) is an improved PET
radioligand for quantifying a human muscarinic DREADD
(Designer Receptors Exclusively Activated by Designer
Drugs) expressed in monkey brain” [120]. DREADDs are a
powerful technique for selectively manipulating neuronal
activity. Recent studies indicate, however, that ligands used
for DREADDs, such as clozapine-N-oxide or its parent com-
pound clozapine, are not as selective as expected, even at rea-
sonable concentrations. This study was motivated by a
previous investigation that found that 11C-DCZ was superior
to 11C-clozapine (11C-CLZ) for imaging DREADDS. The
researchers used PET to quantitatively and individually mea-
sure signal from transfected receptors, endogenous receptors/
targets, and nondisplaceable binding in other brain regions to
assess qualities that contribute to the higher signal-to-back-
ground ratio of 11C-DCZ compared to 11C-CLZ. A genetically
modified muscarinic type-4 human receptor was injected into
the right amygdala of an 11-year-old male rhesus macaque.
11C-DCZ and 11C-CLZ PET scans were conducted at base-
line and after receptor blockade, and uptake was quantified
relative to the concentration of parent radioligand in arterial
plasma at both timepoints. Both tracers had high-affinity dis-
placeable binding to DREADDs relative to endogenous
receptor(s) (Fig. 4). The overall signal was 5 times lower
for 11C-DCZ than for 11C-CLZ, but the background was 10
times lower for 11C-DCZ, yielding an overall 2-fold gain in
signal-to-background ratio for 11C-DCZ. This higher signal-
to-background ratio suggested superior imaging characteris-
tics for 11C-DCZ, although the percentage of off-target
binding (�16%) was similar for the 2 tracers. This is an
important study evaluating DREADD in vivo, with implica-
tions for behavioral and translational investigations.

Clinical Neuroimaging: Oncology and COVID-19
This category includes 2 studies aimed at improving

therapy response in patients with glioblastoma and a third
on COVID-19–related alterations in 18F-FDG metabolism.

Gan et al. from the Olivia Newton-John Cancer
Research Institute/Austin Hospital (Melbourne, Australia)
and Royal Brisbane and Women’s Hospital (Brisbane, Aus-
tralia), QIMR Berghofer Medical Research Institute (Bris-
bane, Australia), and Humanigen, Inc. (Burlingame, CA)

reported on “Phase I safety and bioimaging trial of ifabotu-
zumab in patients with glioblastoma” [104]. Ifabotuzumab is
an immunoglobulin G1k humaneered antibody that targets
the EphA3 receptor, which is a tumor-restricted antigen
expressed in stroma and in the tumor vasculature of 100%
of glioblastoma multiforme. This study is interesting,
because it includes evaluation of the biodistribution and
pharmacokinetics of 89Zr-labeled ifabotuzumab, the fre-
quency of EphA3-positive glioblastoma multiforme (tumor
targeting), and response rates. Twelve patients (7 men, 5
women; mean age, 51.6 6 14.24 years) were enrolled, with
6 individuals in each dose cohort (3.5 and 5.25 mg/kg).
Treatment was well tolerated with no dose-limiting toxicities
observed. Posttreatment MR imaging showed T2/FLAIR
changes consistent with treatment effect on tumor vascula-
ture. Figure 5 shows consistent targeting of the tumor micro-
environment. The absence of normal tissue uptake of the
tracer indicated ideal characteristics for a range of therapeutic

FIGURE 3. Kinetic modeling of novel radio-
tracers for GABA transporter-1 in nonhuman
primates. SUV images with 18F-GATT-34 (left
block) and 18F-GATT-44 (right block) at baseline
(top row) and after administration of tiagabine
as a blocking agent (bottom row).

FIGURE 4. 11C-deschloroclozapine (11C-DCZ) is an improved PET
radioligand for quantifying a human muscarinic Designer Receptors Exclu-
sively Activated by Designer Drug (DREADD) expressed in monkey brain.
Left: The signal-to-background ratio of 11C-DCZ (right column) on
PET imaging was found to be �2-fold higher than that of 11C-clozapine
(11C-CLZ) (left column). RIGHT: Baseline 11C-CLZ image for which right
amygdala uptake (circle, left) reflects nonspecific, off-target, and on-target
signals, whereas left amygdala (circle, right) reflects only nonspecific and
off-target signals. The difference between the uptake in right and left
amygdala yields the on-target signal, and the difference between baseline
and blocking uptake in other regions yields the off-target signal. In vivo
exploration of DREADDs holds broad potential for behavioral and transla-
tional investigations.
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approaches. Median overall survival was 7.17 months (range,
2–28 months), with 3 patients in survival follow-up at the
time of the report. Although no objective therapeutic
responses were observed (the best being stable disease for 23
weeks), additional studies are planned to evaluate the mono-
clonal antibody as part of an antibody–drug conjugate in vari-
ous solid tumor types.

Beinat and Molecular Imaging Program colleagues from
Stanford University/Stanford University School of Medicine
(CA) reported on “Initial clinical evaluation of 18F-DASA-23,
a PET imaging tracer for evaluation of aberrantly expressed
pyruvate kinase M2 (PKM2) in glioblastoma” [99]. PKM2 cat-
alyzes the final step in glycolysis and is highly expressed in
glioblastoma cells, with minimal expression in healthy brain. In
healthy volunteers, dynamic 18F-DASA-23 scans exhibited
high initial uptake (SUV�5) in most brain structures, followed
by washout over the 60-minute acquisition period. In patients,
18F-DASA-23 delineated primary brain tumors with a trend
toward increasing uptake with increasing tumor grade. This is
the first report of the evaluation of a PKM2-specific radiophar-
maceutical in humans (Fig. 6). Figure 7 is an example of imag-
ing acquired in an individual in whom 18F-DASA-23 identified
metabolic nonresponse to temozolomide chemotherapy and

Avastin antiangiogenic therapy within 1 week of treatment ini-
tiation, almost 3 months earlier than contrast-enhanced MR
imaging. A promising potential application of 18F-DASA-23 is
in detection of early glycolytic response to therapy in patients
with glioblastoma multiforme, with the need for further evalua-
tion of utility. I would like to take a moment to remember a
truly exceptional colleague and leader at Stanford University,
Sanjiv Sam Gambhir, MD, PhD, who will forever be missed.

Blazhenets et al. from the University of Freiburg (Ger-
many) reported on “Altered regional cerebral function and its
association with cognitive impairment in COVID-19: A pro-
spective FDG PET study” [41]. The study included 29 adult
patients from the Freiburg Neuro-COVID Registry, with an
inclusion criterion of 1 new neurologic symptom related to
COVID-19 (disturbed gustation, 100%; disturbed olfaction,
86%; and cranial nerve palsies, 10%). Those with premorbid
neurologic conditions, such as dementia, were excluded. Par-
ticipants underwent neurologic examination, a cognitive test
battery, cerebrospinal fluid investigation, and multimodal
imaging. Fifteen of the 29 patients with a least 2 new neuro-
logic symptoms underwent cerebral 18F-FDG PET imaging.
Visual reads of the resulting images indicated that 10 of the
15 showed pathologic results. The investigators compared
these subjects with a group of controls using principal compo-
nent analysis, which yielded a distinctive COVID-19–related
FDG spatial covariance pattern involving multiple brain

FIGURE 5. 89Zr-ifabotuzumab targeting of tumor microenvironment in
glioblastoma multiforme. Left: Post-ifabotuzumab-treatment MR imaging
showed T2/FLAIR changes consistent with treatment effect on tumor vas-
culature (arrow). Middle: 89Zr-ifabotuzumab showed high specific target-
ing of the tumor microenvironment in all patients, with no normal tissue
uptake, indicating ideal characteristics for a range of therapeutic
approaches. Right: PET/MR image. The study evaluated not only the bio-
distribution and pharmacokinetics of the 89Zr-labeled immunoglobulin
G1k humaneered antibody, but also the frequency of EphA3-positive glio-
blastomamultiforme (tumor targeting) and response rates to treatment.

FIGURE 6. Initial clinical studies of 18F-DASA-23 PET for evaluation of
aberrantly expressed pyruvate kinase M2 in glioblastoma. 18F-DASA-23
delineated primary brain tumors with a trend toward increasing uptake
with increasing tumor grade. Left: low-grade optical nerve glioma (tissue-
to-background ratio maximum [TBRmax], 2.1). Middle: grade 3 oligoden-
droglioma (TBRmax, 2.5). Right: grade 4 glioblastoma (TBRmax, 2.8).

FIGURE 7. 18F-DASA-23 PET in early evaluation of glioblastoma. 18F-DASA-23 identified a metabolic nonresponder to temozolomide chemotherapy
and Avastin antiangiogenic therapy within 1 week of treatment initiation, almost 3 months earlier than contrast-enhanced MR imaging. Left to right: T1 1
C MR imaging at 15 days pretreatment, 18F-FDG PET at 12 days pretreatment, 18F-DASA-23 PET at 3 days pretreatment, 18F-DASA-23 PET at 6 days
posttreatment, T1 1 CMR at 6 days posttreatment, and T1 1 C MR at 90 days posttreatment.
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regions and characterized by negative weights (hypometabo-
lism) in widespread neocortical areas (positive weights 5
preserved regions), brain stem, cerebellum, white matter, and
mesiotemporal structures and negative weights in widespread
neocortical areas (with frontoparietal predominance) (Fig. 8).
Conventional statistical parametric mapping analysis also
showed widespread frontoparietal-dominant neocortical
hypometabolism, whereas there were no hypermetabolic clus-
ters. In the 8 COVID-19 patients presented for follow-up, the
mean pattern expression score at the chronic stage was signif-
icantly lower than in the subacute stage. Although significant
recovery of regional neuronal function and cognition was
clearly evident in these individuals, COVID-19–related
residuals were still measurable even 6 months after recovery.
Higher 18F-FDG pattern expression was also associated with

worse cognitive performance (i.e.,
COVID-19–related pattern expression
score versus Montreal Cognitive
Assessment global cognitive score,
adjusted for education). This is a very
important study, as it quantifies the
neurologic impact of the COVID-19
infection over time. The authors con-
cluded that “post–COVID-19 patients
with persistent cognitive complaints
should be presented to a neurologist
and possibly allocated to cognitive
rehabilitation programs.” Images from
this presentation were named as the
winner of the prestigious SNMMI
Image of the Year award for 2021.

Neurodegeneration
Coomans et al. from Vrije Univer-

siteit Amsterdam/Amsterdam UMC
(The Netherlands), Lund University
(Sweden), Rodin Therapeutics, Inc.
(Boston, MA), and University College
London Institutes of Neurology and
Healthcare Engineering (UK) reported
that “In vivo tau pathology is associ-
ated with synaptic loss and altered
synaptic function” [43]. The authors
applied a novel multimodality approach
in amyloid-positive Alzheimer disease
subjects from the Amsterdam Demen-
tia Cohort who underwent dynamic
130-minute 18F-flortaucipir PET, dyna-
mic 60-minute 11C-UCB-J PET with
arterial sampling, and 2 3 5-minute
resting-state MEG measurements. Fig-
ure 9 demonstrates spatial overlap and
differences between tau pathology and
synaptic loss observed respectively by
T1 MR imaging, 18F-flortaucipir PET,

and 11C-UCB-J PET. The locations of increases in distribu-
tion of the PET ligands were markedly different. Across sub-
jects, higher regional 18F-flortaucipir uptake was associated
with lower 11C-UCB-J uptake, consistent with lower synaptic
density. Within subjects, the association between 18F-flortau-
cipir and 11C-UCB-J ligand binding was dependent on the
within-subject neocortical tau load or degree of neurodegen-
eration. Both higher 18F-flortaucipir and lower 11C-UCB-J
uptake were associated with altered synaptic function, indica-
tive of slowing of oscillatory activity, most pronounced in
the occipital lobe. These results indicated that in Alzheimer
disease tau pathology is closely associated with reduced
synaptic density and synaptic dysfunction. This study illumi-
nates ways in which 11C-UCB-J synaptic parameters re-
late to other imaging parameters in neurodegeneration and

FIGURE 8. 18F-FDG PET and altered regional cerebral function and cognitive impairment in patients
after COVID-19. Top block: 18F-FDG PET in COVID patients (top row) and a control group (middle
row). COVID-19–related spatial covariance patterns engaged multiple brain regions and were charac-
terized by negative weights (hypometabolism) in widespread neocortical areas (bottom row). Bottom
block: Statistical parametric mapping in subacute COVID patients (top row) and at 6-month follow-up
(bottom row), with higher pattern expression associated with worse cognitive performance. Although
significant recovery of regional neuronal function and cognition was evident, COVID-19–related resid-
uals were still measurable even 6 months after recovery.
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continues to build on information that can inform future ther-
apeutic strategies.

Zammit et al. from the University of Wisconsin Madi-
son, University of Pittsburgh (PA), University of Cambridge
(UK), and Washington University in St. Louis (MO)
reported that “Neurofibrillary tau emerges in adults with
Down syndrome during the earliest stages of Ab accumu-
lation” [42]. Adults with Down syndrome are predisposed to
early Alzheimer disease, accumulating amyloid-b early in
life. The aim of the study was to evaluate neurofibrillary tau
deposition (using 18F-AV-1451 or 18F-flortaucipir PET) in
adults with Down syndrome classified as amyloid-negative
(A–) or amyloid-positive (A1) at subthreshold levels. Fig-
ure 10 is an SUV ratio (SUVr) difference image between the
subthreshold A1 and A– participants, with greater uptake
difference indicating elevated AV-1451 retention in the sub-
threshold A1 group. Even at very low amyloid load levels,
the subthreshold A1 group exhibited significantly higher
tracer uptake in Braak regions I–III. Higher off-target bind-
ing in choroid plexus and basal ganglia was observed in the
subthreshold A1 group compared to the whole sample of
A–, whereas the SUVr difference in off-target binding was
lower in the age-matched group, indicating age-related
AV-1451 off-target binding in Down syndrome. These find-
ings indicate that neurofibrillary tau burden is evident even
in the early Braak stage regions during the subthreshold
amyloid-b accumulation phase in Down syndrome, suggest-
ing a short latency between the onset of amyloid-b and the
spread of neurofibrillary tau.

High neocortical tau is rarely observed in the absence of
high amyloid-b in Alzheimer disease. We also know that
there is believed to be a threshold of amyloid beyond which
tau accumulation progresses with cognitive decline. Krish-
nadas et al. from Austin Hospital Heidelberg, the University
of Melbourne Parkville, Florey Institute of Neurosciences
and Mental Health Parkville, CSIRO Biomedical Imaging
Health and Biosecurity Flagship Parkville, and the Austra-
lian Dementia Network (Victoria; all in Australia) reported
on “Discordant low amyloid-b PET and high neocortical tau

PET retention” [100]. In a large cohort (466 participants)
from the Australian Imaging Biomarkers and Lifestyle study
of aging and Alzheimer disease, 287 individuals were found
to have low/negative amyloid-b on 18F-NAV4694 PET
(centiloid, 25), 12 of these had both low/negative amyloid-
b PET and quantitatively high neocortical 18F-MK6240 tau,

FIGURE 9. In vivo imaging of tau pathology
associated with synaptic loss and altered synap-
tic function. Images demonstrate spatial overlap
between tau pathology and synaptic loss
observed in T1 MR imaging (left column in
each block) and binding potential maps of
18F-flortaucipir (middle column) and 11C-UCB-J
PET/CT (right column). Left block acquired in a
50–55-year-old woman with a Mini Mental State
Examination (MMSE) score of 22. Right block
acquired in a 55–60-year-old man with an
MMSE524. Both higher 18F-flortaucipir and
lower 11C-UCB-J uptake were associated with
altered synaptic function, indicative of slowing of
oscillatory activity, most pronounced in the
occipita l lobe. These results indicated that tau
pathology in Alzheimer disease is closely
associated with reduced synaptic density and
synaptic dysfunction.

FIGURE 10. Neurofibrillary tau in adults with Down syndrome. 18F-AV-
1451 PET SUVr difference imaging between amyloid-negative and sub-
threshold amyloid-positive participants (top block, whole sample; bottom
block; age-matched sample). Even at very low amyloid load levels, the
subthreshold amyloid-positive group exhibited significantly higher tracer
uptake in Braak regions I–III, indicating that neurofibrillary tau burden is
evident even in the early Braak stage regions during the subthreshold
amyloid-b accumulation phase in Down syndrome.
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and only 4 of the 12 had low/negative amyloid-b PET and
quantitatively high neocortical tau with visually positive tau
PET consistent with Alzheimer disease. Figure 11 shows
example PET images in 4 participants with discordant low
amyloid-b PET (18F-NAV4694) and high neocortical tau
(18F-MK6240). Despite this atypical presentation, alterna-
tive biomarkers were suggestive of Alzheimer disease in all
4 participants. The authors proposed that in these very rare
instances of discordance, “the amyloid-b PET ligand may
not be detecting Ab, maybe due to a different conformation
of the aggregates.” They called for larger studies to validate
the findings, as well as genetic testing and postmortem cor-
relation to enhance understanding and determine whether
this constitutes a different form of Alzheimer disease.

Previous studies have shown that amyloid-b likely pro-
motes the spread of tau beyond the medial temporal lobe.
However, the amyloid-b levels necessary for tau to spread
in the neocortex remain unclear. Dore et al. from CSIRO
Heidelberg, Austin Hospital Heidelberg, CSIRO Herston,
and the Florey Institute of Neuroscience and Mental Health
(Melbourne; all in Australia) reported on the “Relationship
between amyloid and tau levels and its impact on tau spread-
ing” [116]. In the same large cohort from the Australian
Imaging Biomarkers and Lifestyle study, participants

underwent tau imaging with 18F-MK6240 and amyloid-b
imaging with 18F-NAV4694. Amyloid-b scans were quanti-
fied on the centiloid scale with a cutoff of 25 for abnormal
levels of amyloid-b (A1). The prevalence of abnormal tau
levels along the centiloid continuum was also determined.
Below 50 on the centiloid scale, the prevalence of individu-
als with an abnormal tau scan was low in mesial temporal
and rare in temporoparietal areas. Above 50 centiloids, the
prevalence of abnormal tau levels accelerated in all areas. In
cognitively unimpaired individuals, the prevalence of abnor-
mal tau increased along the centiloid continuum. The highest
prevalence of tau abnormality was found in the entorhinal
cortex, reaching 40% at 40 and 80% at 60 on the centiloid
scale. Outside the entorhinal cortex, abnormal levels of cor-
tical tau on PET were rarely found with amyloid-b levels
below 40. Moderate amyloid-b levels, then, appear to be
required before neocortical tau becomes detectable.

Conclusion
I would like to end this lecture by thanking my colleagues

for this honor and paying tribute to Henry N. Wagner, Jr.,
MD, for his stewardship, mentorship, and extraordinary efforts
to advance the field of nuclear medicine.

FIGURE 11. Discordant low amyloid-b PET
and high neocortical tau PET retention. Only 4
out of 466 individuals in a large Alzheimer dis-
ease study were found to have low/negative
amyloid-b PET and quantitatively high neocorti-
cal tau with visually positive tau PET consistent
with Alzheimer disease. These individuals (left
to right, assessed as clinically unimpaired,
with mild cognitive impairment, with mild cog-
nitive impairment, and with Alzheimer disease)
were imaged with 18F-NAV4694 (top row) and
18F-MK6240 (middle and bottom rows).
Despite this atypical presentation, alternative
biomarkers were suggestive of Alzheimer dis-
ease in all 4 participants.
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ABNM: Interim Report on Provisional Requirements for
Radionuclide Therapy
George M. Segall, MD, Executive Director, American Board of Nuclear Medicine

I
n 2020, the American Board of Nuclear Medicine
(ABNM) proposed new requirements for radionuclide
therapy (J Nucl Med. 2020;61[12]:41N). The proposed

changes were based on the evolution of practice since the
requirements were changed in 2014, with fewer radioiodine
therapies for hyperthyroidism and thyroid cancer and more
parenteral therapies due to U.S. Food and Drug Administra-
tion (FDA) approval of additional radiopharmaceuticals for
cancer treatment. Before making changes, the ABNM polled
the directors of all 38 Accreditation Council for Graduate
Medical Education (ACGME)–accredited nuclear medicine
programs. Fifty-three percent approved the proposal in its
entirety. Thirty-four percent supported the proposal with res-
ervations about decreasing the minimum number of radioio-
dine therapies and increasing the minimum number of
parenteral radiopharmaceuticals, including requiring experi-
ence with at least 2 different FDA-approved radiopharma-
ceuticals. Four directors (10%) did not support the proposal
because of challenges in providing experience with paren-
teral therapies. Based on this feedback, the ABNM decided
that candidates for the 2021 and 2022 certification examina-
tions could fulfill the requirements using the current
ACGME-based criteria or by using the new provisional cri-
teria proposed by the ABNM. The ACGME Nuclear Medi-
cine Review Committee decided that programs would not be
cited if trainees met the ABNM provisional requirements
instead of the ACGME requirements.

The ABNM provisional requirements did not change the
minimum number of all therapies, which was maintained
at 35. The minimum number of radioiodine therapies using
#33 mCi of 131I was decreased from 10–15 to 5, and the
minimum number using.33 mCi of 131I was also decreased
from 10–15 to 5. The minimum number of parenteral
therapies was increased from 5 to 10, with the additional
requirement that experience must include at least 2 different
FDA-approved radiopharmaceuticals, excluding 90Y micro-
spheres. The requirement for 35 total therapies could be met
by any therapy beyond the specified minimum.

Sixty-five candidates took the 2021 ABNM certification
examination. Seven candidates (11%) met the new provi-

sional requirements, with the
remaining candidates meeting the
current ACGME-based require-
ments. Six of the 7 candidates also
met the eligibility requirements for
certification by the American Board
of Radiology (ABR) in diagnostic
radiology and had 16 months of
nuclear medicine training. Four of
the candidates completed the ABNM
and ABR requirements during 4
years of diagnostic radiology resi-
dency, and 2 candidates completed the requirements in 5
years, with 1 year of nuclear medicine plus 4 years of diag-
nostic radiology training. One candidate was certified by
another specialty board and met the requirements with 2
years of nuclear medicine training.

The radionuclide therapy case logs of the 7 candidates
who met the new provisional requirements were reviewed.
The parenteral radionuclides listed included 223Ra-dichloride
(41 therapies) and 177Lu-DOTATATE (37 therapies). Candi-
dates were required to list only the minimum requisite num-
ber of 10 parenteral therapies (although some listed more
than 10), so it is not known whether these candidates had
additional experience with these or other FDA-approved
radiopharmaceuticals. No candidates listed 89Sr-chloride,
153Sm-lexidronam, 90Y-ibritumomab tiuxetan, or 131I-ioben-
guane. It is also unknown how many trainees had experience
with prostate-specific membrane antigen (PSMA)–targeted
radiopharmaceuticals, which are still in clinical trials.

The number of trainees meeting the provisional radionu-
clide therapy criteria this year was small. The ABNM does
not expect any significant change in the number of trainees
having greater experience with parenteral therapies until the
FDA approves PSMA-targeted radiopharmaceuticals for
treatment of prostate cancer. FDA approval will likely be
too late to impact training during the current academic year
at sites that are not participating in clinical trials, but adop-
tion of the new treatment is expected to be rapid at teaching
institutions once these therapies are approved.

George M. Segall, MD
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SNMMI Mid-Winter and ACNM Annual Meeting Convene
In-Person
Virginia Pappas, CAE, SNMMI CEO

A
fter almost 2 years of virtual meetings, we are pleased to
announce that the SNMMI Mid-Winter and American
College of Nuclear Medicine (ACNM) Annual Meeting

will be held in person January 27–29, 2022, in Orlando, FL. We
are eager to welcome nuclear medicine and molecular imaging
professionals for 3 days of outstanding programming and much-
missed in-person networking.

The meeting will feature 3 educational tracks highlighting the
latest innovations and techniques in the field. The Nuclear Cardiol-
ogy track will focus on basic concepts in nuclear cardiac imaging
and stress testing, as well as exciting new areas in nuclear cardiol-
ogy. The track kicks off with a cardiac CT workshop on Thursday
morning, January 27. Sessions throughout the weekend will pro-
vide attendees with tangible outcomes for optimizing cardiovascu-
lar imaging in clinical practice.

The General Nuclear Medicine education track will feature
the latest clinical applications and best practices across the field.
The track features a wide-ranging scope of sessions on topics
including 18F-DOPA, fibroblast-activation protein PET, artificial
intelligence in imaging, amyloid imaging, newly approved PET/CT
imaging agents, and more.

The ACNMAnnual Meeting education track will offer a robust
program of cutting-edge educational content and oral presentations.
It will begin on Thursday, January 27, with 2 sessions of oral pre-
sentations. Friday begins the education session, with topics focusing
on the coming of age of theranostics, including the use of theranos-
tics to treat hyperthyroidism, metastatic thyroid cancer, and neuro-
endocrine tumors. Additional sessions will share the latest on
131I-MIBG therapy, U.S. Food and Drug Administration–approved
PET radiotracers for prostate cancer, and estrogen receptor–targeted
PET with 18F-FES for patients with breast cancer.

Along with the education program, the meeting will offer an
exhibit hall, open January 28 and 29. This is a great chance for
attendees to meet with top companies in person and explore the lat-
est technologies and products available in the field. Among the
exhibitors are the meeting’s Title Sponsor, Advanced Accelerator
Applications, and its Gold Sponsors, Ionetix and Point Biopharma.
An Exhibitor Welcome Reception will be held on Friday, January
28, at which exhibitors will have information and products on dis-
play showcasing the latest technology and services available in the
nuclear medicine and molecular imaging fields. Light refreshments
will be served.

Several additional networking events will be offered
for meeting attendees. Throughout the meeting, short networking
Attendee Coffee Breaks will be scheduled into the programming.
On Friday, all meeting attendees are invited to attend the ACNM
Awards Ceremony and Banquet, during which the ACNM will
honor its 2022 ACNM Lifetime Achievement Award and Gold
Medal Award winners and present the ACNM Abstract Awards.
ACNM will also induct its 2022 Class of Fellows.

This year’s meeting will be held at the Hilton Orlando Lake
Buena Vista Palace–Disney Springs resort area. The hotel fea-
tures spacious guest rooms, multiple dining options, and 2
heated outdoor pools. The hotel is connected by a pedestrian
skybridge to Disney Springs, which boasts more than 50 addi-
tional dining options, boutiques, and family-friendly activities
and entertainment. Daily shuttle buses to all Disney theme parks
are available, and hotel guests can enjoy 30-minute early entry
to any theme park on any day.

SNMMI is committed to ensuring that appropriate and nec-
essary health and safety measures are in place during the meet-
ing. We will follow all Centers for Disease Control and
Prevention safety protocols and recommendations and will com-
ply with all federal, state, and local regulations. All attendees
must be fully vaccinated for COVID-19, and masks will be
required.

Travel restrictions have eased considerably over the past few
months, and most medical institutions are allowing domestic travel
for individuals who are fully vaccinated. Vaccinated travelers from
abroad will also be able to enter the United States beginning in
early November with proof of vaccination and a negative COVID
test within 3 days of their flights. SNMMI recommends that inter-
national attendees check their countries’ travel requirements for
more specific guidance.

Please note that while SNMMI is excited to offer its
first in-person meeting since 2020, we understand that the
COVID-19 pandemic is continuously changing. We will moni-
tor ongoing conditions in Florida and across the world and will
communicate any changes about the meeting.

Registration for the SNMMI Mid-Winter and ACNM
Annual Meeting is open. I encourage you to register today and
begin making plans to join us in Orlando. It’s been a long time,
and we can’t wait to see you in person again!
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Global 225Ac Partnerships
Announced

The widely acknowledged promise
of a-emitting radioisotopes in thera-
nostic applications has been chal-
lenged by limitations in reliable supply
and efficient production technologies.
National and international companies
and government agencies are address-
ing these shortages with formal col-
laborative partnerships that leverage
individual strengths.

On September 8, NorthStar Medical
Radioisotopes, LLC (Beloit, WI), and
POINT Biopharma Global Inc. (India-
napolis, IN) announced the signing of a
supply agreement for 225Ac. Under the
terms of the agreement, NorthStar will
provide POINT with its electron accel-
erator–produced 225Ac, which POINT
will use: in investigational studies of
PNT2001, a next-generation prostate-
specific membrane antigen (PSMA)
agent for nonmetastatic castrate-sensi-
tive prostate cancer; in PNT2004, a
fibroblast-activation protein-a candidate
with multiple potential oncologic appli-
cations; and to advance its novel tumor
microenvironment–targeting technology
platform. “NorthStar is at the forefront
of U.S. radioisotope production as the
only commercialized producer of the
important medical radioisotope 99Mo,
and we are applying that same develop-
ment expertise to rapidly advance large-
scale availability of 225Ac,” said
Stephen Merrick, president and CEO of
NorthStar. “Our 225Ac process uses
highly efficient electron accelerator
production technology that provides
increased capacity and scheduling flexi-
bility. Like all NorthStar processes, it is
environmentally friendly, nonuranium
based, and uses highly advanced
technology.”

IBA (Ion Beam Applications SA;
Louvain-la-Neuve, Belgium) and SCK
CEN (Belgian Nuclear Research Cen-
ter; Mol, Belgium) announced on Sep-
tember 15 a strategic research and
development partnership to enable
225Ac production. The first phase of

the partnership will include an in-
depth evaluation of technical and
economic feasibility, followed by con-
struction and commissioning of a pro-
duction unit on the SCK CEN site.
This initiative is in alignment with the
recent European recovery plan for Bel-
gium, in which the European Commis-
sion designated 177Lu and 225Ac as
promising isotopes. Eric van Walle,
director general of SCK CEN, said:
“Theranostics have the potential to
revolutionize the way we treat cancer.
By partnering with IBA, we can use
our nuclear knowhow to transform iso-
topes meant to become radioactive
waste into therapeutic compounds.
Our complementary expertise will
enable us to work towards providing
the greatest number of patients with
the benefits of this latest generation of
nuclear medicine.”

One day later, on September 16,
BWXT Medical (BWX Technologies;
Lynchburg, VA) and Bayer AG
(Leverkusen, Germany) announced in
Ottawa, Canada, an agreement to
develop 225Ac supply and advance
additional partnering opportunities on
finished products as both companies
broaden their respective commerciali-
zation strategies for targeted radionu-
clide therapies. BWXT Medical is a
worldwide supplier of medical iso-
topes and radiopharmaceuticals. Bayer
is a global enterprise with core compe-
tencies in the life science fields of
health care and nutrition. The oncol-
ogy franchise at Bayer includes 6 mar-
keted products, including Xofigo
(223Ra-dichloride, the first approved
targeted a therapy) and several other
targeted a therapies in different stages
of development, including an investi-
gational 225Ac-labeled differentiated
PSMA small molecule for treatment of
prostate cancer.

NorthStar Medical Radioisotopes,
LLC/POINT Biopharma Global Inc.
Ion Beam Applications SA/Belgian

Nuclear Research Center
BWXT Medical/Bayer AG

New SNMMI Annual Awards
Guide Published

SNMMI announced on September
30 the release of its first comprehensive
awards publication, SNMMI Annual
Grants & Awards Recognition 2021,
highlighting recipients of the many hon-
ors, awards, grants, and scholarships
presented by SNMMI and the SNMMI
Technologist Society in the past year.
This will be an annual publication dis-
tributed to all members and published
on the SNMMI website. The publica-
tion includes the winners of distin-
guished service awards, research grants,
scholarships, council and centers of
excellence recognitions, publication
awards, professional development selec-
tions, and SNMMI Annual Meeting
awards. These awards highlight ground-
breaking accomplishments within the
specialty of nuclear medicine as well as
contributions to the society itself.

In addition to recognizing award
recipients, the publication serves as a
means through which SNMMI mem-
bers and the public can learn more
about grant and award opportunities
available through the society. SNMMI
provides more than $400,000 annually
to advance nuclear medicine, molecu-
lar imaging, and therapy; fund pro-
fessional development efforts; and
support the next generation of re-
searchers. The fall application window
for the 2021–2022 Grants & Awards
Program opened in October. For open
opportunities and upcoming deadlines,
see: http://www.snmmi.org/grants. For
the 2021 grants and awards publica-
tion, see: https://s3.amazonaws.com/
rdcms-snmmi/files/production/public/
FileDownloads/Membership/FINAL_
2021AwardsBrochure.pdf.

FDA Clears Photon-Counting–
Based CT Device

The U.S. Food and Drug Adminis-
tration (FDA) announced on Septem-
ber 30 its 510(k) clearance of the
NAEOTOM Alpha (Siemens Healthi-
neers; Frankfurt, Germany), described
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by the agency in a press release as
“the first new major technological
improvement for CT imaging in nearly
a decade.” The device includes a new
photon-counting detector with an
active detection layer and a cadmium
telluride crystal. According to a state-
ment on the same day from Siemens
Healthineers, the device offers clear
advantages over conventional CT
detectors, which convert X-rays in a
2-step process first into visible light
that is then detected by a light sensor,
ultimately producing the final image.
In this intermediate step, important
information about the energy of the
X-rays is lost, contrast is reduced, and
images lack clarity. The photon-
counting CT detector converts X-rays
directly into completely digital electri-
cal signals that are then counted with-
out information loss, adding clinically
relevant information and improving
image sharpness and contrast.

“About 15 years ago, work on
photon counting and its clinical vision
started at Siemens Healthineers,” said
Andr�e Hartung, MD, Head of Diagnos-
tic Imaging at Siemens Healthineers.
“We always believed in the tremen-
dous clinical value and relentlessly
worked on it together with our part-
ners. We are excited that we have
received FDA 510(k) clearance.”

U.S. Food and Drug Administration
Siemens Healthineers

Societies Urge Congress to
Avert Physician
Reimbursement Cuts

On October 14 SNMMI and more
than 200 medical societies expressed
their support for averting cuts to the
Medicare Physician Fee Schedule
(MPFS). Reps. Ami Bera (D-CA) and
Larry Bucshon (R-IN) led this effort in
a “Dear Colleague” letter to House
leadership, supported by 245 members
of Congress. SNMMI, along with
many societies with which it shares
interests, including the American Col-
lege of Radiology, was instrumental in
engaging members of Congress to sup-
port this effort. The MPFS has failed to
keep up with inflation, and larger
increases to some providers must be

offset by cuts to other providers to con-
form to a budget neutrality provision,
further contributing to the financial
pressure on health care professionals.
In addition, health care professionals
are facing payment cuts stemming
from MPFS adjustments as well as the
Medicare sequester and the Statutory
Pay-As-You-Go (PAYGO) Act. The
Consolidated Appropriations Act, en-
acted on December 27, 2020, contained
a 3.75% payment adjustment for all
PFS services in calendar year 2021 as
part of Congressional relief provided
for the impending payment cuts. This
payment adjustment afforded some
short-term stability for health care pro-
fessionals struggling with the impact of
the COVID-19 pandemic. This critical
piece of Congressional relief will
expire at the end of 2021 and adds to
impending cuts resulting from the
expiring moratorium on the 2% Medi-
care sequester and the 4% Medicare
payment cut due to PAYGO, which
was triggered by the passage of the
American Rescue Plan. The combined
impact of these cuts means that all
health care professionals are likely fac-
ing at least 9% in cuts to Medicare pay-
ment unless Congress takes action.
SNMMI members, patient advocates,
and concerned citizens are encouraged
to send letters of support to avert phy-
sician reimbursement cuts.

SNMMI

2021–2023 SNMMI
Wagner–Torizuka Fellowship

SNMMI on October 15 announced
that Yoshito Kadoya, MD, PhD, assis-
tant professor in the Department of
Cardiovascular Medicine at Kyoto
Prefectural University of Medicine
(Japan), is the recipient of the
2021–2023 SNMMI Wagner–Torizuka
Fellowship. This 2-year award, created
in 2008 by the late Henry N. Wagner,
Jr., MD, and the late Kanji Torizuka,
MD, PhD, is designed to provide exten-
sive training and experience in the fields
of nuclear medicine and molecular
imaging for Japanese physicians in the
early stages of their careers. Kadoya’s
research focuses on the potential of
nuclear medicine applications for

interventional cardiology in structural
heart disease. He will study in the Uni-
versity of Ottawa Heart Institute (Can-
ada) Cardiac Imaging Program under
the supervision of Benjamin Chow,
MD. The fellowship will provide an
annual stipend of US$24,000.

“We are very pleased to welcome
Dr. Kadoya to North America as he
begins his fellowship,” said Vasken
Dilsizian, MD, SNMMI past president
and chair of the SNMMI Awards Com-
mittee. “As with all of the fellows, we
hope that the professional development
and research and clinical expertise he
gains as a result of this program will
equip him to make significant contribu-
tions to the field of nuclear medicine
and molecular imaging in Japan.”

The SNMMI Wagner–Torizuka
Fellowship program, sponsored by
Nihon Medi-Physics Co., Ltd. (Tokyo,
Japan), has successfully graduated 33
fellows since its inauguration in 2008.
Three fellows are currently studying at
host institutions across the United
States. Applications and additional
information about requirements for the
2022–2024 fellowship are available at
www.snmmi.org/grants. Applications
are due by January 30, 2022.

SNMMI

NIH Awards Grants to Address
Disparities and Equity

The National Institutes of Health
(NIH) announced on October 13 the
award of 11 grants intended to fund
“bold, new research ideas that focus on
interventions to address health disparities
and advance health equity.” As part of
the NIH Common Fund’s Transforma-
tive Research to Address Health Dispar-
ities and Advance Health Equity
initiative, the awards will provide more
than $58million over 5 years. Innovation
in these applicationswas evaluated based
on their focus on the significance of the
research problem, the novelty of the idea
or approach, and/or the magnitude of the
potential impact, rather than on prelimi-
nary data or experimental details.

“It is unacceptable for persistent and
pervasive health inequities to continue
despite the scientific advancements and
knowledge base we have achieved,”
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said NIH Director Francis S. Collins,
MD, PhD. “This research effort will cat-
alyze novel interventions and hasten the
opportunity to put evidence into action
for populations affected by health
disparities.” Each of the awards in-
cludes an innovative intervention com-
ponent and focuses on 1 or more
NIH-designated populations that experi-
ence health disparities in the United
States. Example projects include:
community-based research collabora-
tions to test financial interventions that
address structural racism and health/
well-being in minority neighborhoods;
community-based telehealth-driven or
technology-assisted interventions for
physical and mental health; technology-
enhanced approaches to advance cancer
health equity among diverse deaf, deaf-
blind, and hard-of-hearing populations;
and new models of school-based, tele-
health-driven preventive care for chil-
dren in underserved rural and/or
socioeconomically disadvantaged areas.

In addition, the initiative is targeting
expansion of health disparities research
at minority serving institutions (MSIs).
The NIH Common Fund plans to reis-
sue a dedicated funding opportunity
specifically designed for MSIs in fiscal
year 2022 to support additional projects.

National Institutes of Health

U.S. Patient Cancer Costs
Topped $21 Billion in 2019

The second part of the latest
Annual Report to the Nation on the

Status of Cancer found that patients in
the United States carry a large burden
in cancer care costs. The report,
appearing on October 26 in JNCI: The
Journal of the National Cancer Insti-
tute, is the most comprehensive exami-
nation of patient economic burden for
cancer care to date and includes infor-
mation on patient out-of-pocket spend-
ing by cancer site, stage of disease at
diagnosis, and phase of care. In 2019,
the national patient economic burden
associated with cancer care was $21.09
billion, made up of patient out-of-
pocket costs of $16.22 billion and
patient time costs of $4.87 billion.
Patient time costs reflect the value of
time spent traveling to and from health
care and waiting for and receiving that
care. The analysis focused only on
costs directly incurred by patients; total
overall costs of cancer care and lost
productivity are much larger.

Among adults aged 65 years and
older with Medicare coverage, average
annualized net out-of-pocket costs for
medical services and prescription drugs
were $2,200 and $243, respectively, in
the initial phase of care (first 12 mo
after diagnosis) and $3,823 and $448,
respectively, in the end-of-life phase
(12 mo before death among those who
died). Average costs were lowest in the
intervening months. Across all cancer
sites, average annualized net patient
out-of-pocket costs for medical serv-
ices in the initial and end-of-life
phases of care were lowest for patients
who were originally diagnosed with

localized disease compared with more
advanced-stage diagnoses.

Analyses of differences in patient
economic burden by cancer type found
substantial variation in patient out-of-
pocket costs, reflecting differences in
treatment intensity and duration as well
as survival. In 2019, total national out-
of-pocket costs were highest for breast
($3.14 billion), prostate ($2.26 billion),
colorectal ($1.46 billion), and lung
($1.35 billion) cancers. “As the costs of
cancer treatment continue to rise,
greater attention to addressing patient
medical financial hardship, including
difficulty payingmedical bills, high lev-
els of financial distress, and delaying
care or forgoing care altogether because
of cost, is warranted,” said Karen E.
Knudsen, MBA, PhD, chief executive
officer of the American Cancer Society
(ACS). “These findings can help inform
efforts to minimize the patient eco-
nomic burden of cancer, and specific
estimates may be useful in studies of
the cost-effectiveness of interventions
related to cancer prevention, diagnosis,
treatment, and survivorship care.”

The annual report is a collaborative
effort among the ACS, the Centers for
Disease Control and Prevention, the
National Cancer Institute, and the
North American Association of Central
Cancer Registries. Part 1 of this report,
released in July, focused on national
cancer statistics. For more information
about the report, see https://seer.cancer.
gov/report_to_nation.

National Cancer Institute
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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

Molecular Imaging Leadership in Academia and Industry
A Conversation with Mark Mintun

Mark Mintun1 and David Mankoff 2

1Avid Radiopharmaceuticals and Eli Lilly and Co., Philadelphia, Pennsylvania; and 2Department of Radiology, University of
Pennsylvania, Philadelphia, Pennsylvania

David Mankoff, MD, PhD, associate editor for The Journal of
Nuclear Medicine, talked with Mark Mintun, MD, about Mintun’s
career as a leader in molecular imaging in academia and the phar-
maceutical industry, including his current roles as senior vice pres-
ident, neuroscience R&D, at Eli Lilly and Company and president
of its wholly owned subsidiary, Avid Radiopharmaceuticals.
Dr. Mintun has directed research and early-phase development

programs for Alzheimer disease (AD), Parkinson disease, and
migraine and chronic pain conditions. He joined Avid in 2010 and
became its president in 2014, leading development programs for
both amyloid and tau imaging in patients with neurodegenerative
diseases. Dr. Mintun previously served as professor and vice chair
of radiology at the prestigious Mallinckrodt Institute of Radiology
at the Washington University School of Medicine in St. Louis. His
research portfolio includes publishing the first report showing PET
imaging of brain receptors, development of methods for imaging
oxygen metabolism, and pioneering techniques for mapping
human brain function. His recent work has focused on the use of
amyloid PET imaging to identify the earliest pathologic changes
in AD. Dr. Mintun holds an undergraduate degree from the Massa-
chusetts Institute of Technology and a medical degree from Wash-
ington University School of Medicine. He completed a research
fellowship in neurology and residency training in nuclear medicine
and has coauthored more than 200 research publications.
Dr. Mankoff: Mark, thanks very much for meeting with me. It

has been a great pleasure to talk with you many times in the past
in a number of contexts. Today I’d like to talk to you primarily
about your current role as a leader in the radiopharmaceutical
and pharmaceutical industry, especially as someone who also has
considerable experience as a leader in academic molecular imag-
ing. To start, what do you think are the top industry opportunities
for radiopharmaceuticals?
Dr. Mintun: The interaction of radiopharmaceutical imaging

with therapy, including both standard therapeutic drugs and radio-
pharmaceuticals targeted for radiotherapy, will drive the field,
opening up new ways of treating patients. This whole idea of
being able to take a known pathological target for pathology (such
as amyloid plaques) and develop imaging molecules to detect that
target, as well as new advances we have made by combining
imaging tracers for cancer with therapeutic isotopes, will combine
to yield many new opportunities. But this focus on therapy will
require a more complicated proof of efficacy—with the need to
show how using imaging guides treatment to achieve better

outcomes—so that means that it will be
even more important for nuclear medi-
cine physicians to be comfortable going
back and forth between diagnosis, treat-
ment evaluations, and treatment itself.
I think we, as nuclear medicine practi-
tioners, will need to be more intimately
involved in treatment decisions; we
need to be more comfortable being a
key part of the treatment team. This is
tied to the idea of nuclear medicine not just being a diagnostic spe-
cialty but part of a team tailoring therapy both for nonradioactive
drugs and therapeutic radiopharmaceuticals.
Dr. Mankoff: To follow up on that answer from a scientific

standpoint, we talk about paired diagnostic therapy agents for
theranostics. Should this be the same molecule, pairs of molecules,
or either?
Dr. Mintun: It absolutely could be either. The importance here

with either approach is to conduct the studies and collect the data
carefully, with the right measurements, rather than simply making
assumptions about what will work best, as we often do. Clearly
when you use the same molecule for imaging and therapy, it feels
very tempting to assume you have the ideal combination—but
there are still pitfalls. As you probably are aware, factors that may
change for imaging versus therapy, such as the total mass adminis-
tered, can make a difference, particularly for large molecules. My
sense is that no matter how you approach theranostics—as a single
molecule for diagnosis and therapy versus diagnostic/therapeutic
pairs—you’re going to have to figure out the details. This includes
the subtle differences in pharmacokinetics and biodistribution
between tracer and pharmacologic doses and between a therapeu-
tic molecule and a diagnostic or treatment-monitoring molecule.
Going for the best molecule for each job will, I think, almost
always be the best answer.
Dr. Mankoff: What do think are the top industry threats for

radiopharmaceuticals?
Dr. Mintun: We have to pay attention to the value of what

we’re doing. We are constantly perceived as being expensive
and, almost by definition, therefore not providing enough value.
We need to protect ourselves against that perception. Otherwise,
we will be constantly under attack. We know that nuclear medi-
cine has a complicated supply chain from the manufacturing to the
patient. It also involves highly technical imaging acquisition and a
nuanced image interpretation. We do more than just look at a few
pictures, often needing to compare across other modalities or
incorporate quantification. The complexity of these factors (supply
chain, technology, and image/data interpretation) means that there

COPYRIGHT� 2021 by the Society of Nuclear Medicine andMolecular Imaging.
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are a lot of things that can get in the way and impact the timeliness
and quality of the result if not carefully addressed. From the very
beginning, we have to establish how our approach will make
patients’ lives better, especially how we are altering and improv-
ing management. It’s been a threat that we have faced for a long
time, and it will very likely get bigger as our field expands. I think
we can counter this threat by better aligning ourselves with thera-
peutic options and better targeting therapeutic dilemmas.
For example, the whole issue of guiding immune drug targeting

and understanding and advancing immunotherapy into new areas
is where nuclear medicine and targeted radiopharmaceuticals can
have an impact. Understanding regression of cancer after immuno-
therapy is a recent example of a problem in need of more tools. In
general, we need to think about where imaging can help patients
and the physicians managing their care. We need to link those
things not only to pretty pictures and cool numbers but to patient
outcomes. That’s admittedly so hard to do, but it must be the stan-
dard. I think we’re up for the challenge.
Dr. Mankoff: What is the future of amyloid and tau PET imag-

ing? What clinical questions will drive their use: diagnosis, ther-
apy guidance?
Dr. Mintun: The landscape for diagnosing and treating AD and

related diseases is rapidly evolving. There are several companies
with drugs in Phase 3 trials for AD, and one company with a drug
that recently received FDA approval. At the moment, most of
these are amyloid-targeted drugs, but there are also antitau drugs
in clinical testing for efficacy. So being able to identify the amount
of amyloid and/or tau someone has in his or her brain—and where
it sits—may be increasingly important for guiding and assessing

treatment for AD and related diseases, in addition to diagnosis.
I see increased amyloid and tau imaging as an absolutely essential
tool to meet this need, and I’m confident that is where the field
will be. Of course, being able to show all of the value of using
amyloid and tau PET to guide precision medicine by assessing
drug targets for AD patients may need more data, but I think
we’re going to be there eventually. Monitoring drug activity is a
logical extension of target assessment and may well be an impor-
tant component of our future, as well. Nuclear medicine should be
involved in all 3 of those levels of managing AD: diagnosis,
advice on therapy options, and then treatment monitoring. To do
that for both amyloid and tau imaging—well, there’s a lot more
data needed and a lot more regulatory interactions with the compa-
nies involved. But I think it is very logically where the field is
going. I am confident that’s going to happen and bring nuclear
medicine into an essential role in managing AD and related
diseases.
Dr. Mankoff: A related question: As a cancer-focused investi-

gator, I think of PET’s roles in broad terms of diagnosis, staging,
and guiding therapy. There may be different radiotracers for each
task. As we get drugs that are effective in AD and related neurode-
generative diseases, will these concepts also apply?
Dr. Mintun: That’s a very interesting question. Let’s take that

analogy a little further. In the very beginning (and I was around in
those early days) diagnosis was the main topic for PET cancer
research; for example, looking at solitary nodules in the lung and
trying to decide whether they were cancer. We found, however,

many cases where we could see unexpected hot spots in other
sites, such as the mediastinum. We quickly realized that staging
was equally if not more important. Almost a decade later, people
started asking about therapy monitoring, and research began in
diseases such as lymphoma to test whether 18F-FDG PET can help
to determine whether responses are adequate, whether or not to
continue treating, and when to switch treatments. So staging and
therapeutic monitoring have grown to be even more important
than diagnosis in PET cancer imaging clinical practice. As cancer
treatment evolves toward precision medicine, there is a need for
PET to grow with it. Oncologic PET imaging until recently has
been entirely FDG based. As the range of treatments and targets
expanded, that drove the oncologic field to develop more targeted
cancer imaging agents beyond FDG, including several recent FDA
approvals.
I think the roadmap for AD-related diseases looks similar, not

simply because I think there are similarities between FDG and
amyloid/tau imaging but because of the way medicine works. The
simplest questions are the easiest to answer but not always the
most valuable. Diagnosis is an important start, but an estimation
of disease severity (analogous to staging in cancer) is quite impor-
tant, as is the question of therapeutic response. This last question
can be the hardest and requires collaborative work between imag-
ing and therapy. I think back on how hard it was to get to the
point where PET became a routine part of lymphoma care—all the
various specific work that had to be done to even demonstrate
lymphoma response, to define at what point PET imaging should
be performed, and determine how long to wait after the last ther-
apy to image. All that had to be worked out, and we will be doing

the same thing for AD-related diseases. For example, when
monitoring with tau imaging after antitau therapy, when should
we look? Is it 6 months, a year, 2 years? We don’t know yet. We
will have to find out, and it will take a lot more data and a lot
more time. But I do believe people in nuclear medicine will be
thinking about the research that is necessary to make PET provide
the same value for AD that it does for cancer.
Your question is really important from one other aspect, which

is a simple diagnosis that might also be thought of as the probabil-
ity of having an AD-related disease. The diagnosis may one day
start with a blood test and not just imaging. This is why no one
should be assuming that diagnosis will rest on any single
approach. (I guess no one should be doing that in medicine in any
field, anyway.) Even in diagnosis, we need to be better connected
with therapy, because if we are going to continue to thrive as a
field we are going to quickly realize that diagnosis needs to evolve
into “staging” and into therapy monitoring. I suspect there are
blood tests that will be useful in guiding people on their risk of
AD, and these may work together with amyloid and tau imaging
for both diagnosis and therapeutic guidance, analogous to evolving
approaches in cancer.
Dr. Mankoff: You have worked as a leader in molecular imag-

ing in both academics and industry? How would you compare and
contrast the 2?
Dr. Mintun: From a personal standpoint, it was incredibly

rewarding to be in both places. I spent a lot of time and energy in
academia at Washington University and other universities and

`̀ From the very beginning, we have to establish how our approach will make patients’ lives better, especially how we
are altering and improving management.˝
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absolutely enjoyed it. I also have been incredibly lucky in indus-
try. I was at a few different academic places and found all of them
different, equally challenging, and incredibly rewarding. For my
roles in industry, I would say that Lilly is truly a unique pharma-
ceutical company that I believe has a true love of finding what’s
best for patients and then doing it. I couldn’t be more pleased at
working at a place that has such high ethics and compassion for
patients and with colleagues who are working so hard. I can point
to one of the more obvious examples: an incredible commitment
to AD. We’ve had multiple setbacks in AD as a field and multiple
setbacks at Lilly. The people at Lilly have never had a point where
we wanted to throw in the towel, never wanted to just walk away.
An interesting aspect of the difference between industry and

academics is that in academics you have this the ability to follow
your nose to interesting sets of data in unique patients. You greatly
appreciate the freedom to explore new areas when you are leading
teams of researchers and scientists. Sometimes people can’t articu-
late exactly what the research will yield, but they know it’s going
to be interesting. It’s important in academics to give scientists the
room, resources, space, and encouragement to pursue their ideas.
That is the intangible benefit of academics: to be able to use the
sense of following your nose into brand new areas of science to
see where it goes. As a society, we have to encourage that, nurture
it, and give people space to do it. Clearly, we have to have results,
but we can have a longer timeline, and the path doesn’t have to be
straight… and it almost never is. Academia needs people who
don’t mind having setback after setback without losing their
vision. Being able to have a vision is so important in academia
and makes it fun to be a part of, because it’s invigorating and chal-
lenging to see the different ideas that people can come up with
when you give them that kind of room.
In industry, goals need to be a bit more weighted towards deliv-

ering results to patients, but academia and industry can set goals
together to make a more comprehensive environment for deliver-
ing those results. A fun aspect of being in industry is the ability to
marshal the resources to test a new approach and move quickly
toward finding out whether you are right or wrong. If you’re right,
that’s great. If it doesn’t work the way you thought it would, that
is also helpful for making decisions. That doesn’t mean it wasn’t a
really cool idea, but it does mean that you have to stop that work
and go on to the next really cool idea. This is an important compo-
nent of industry that does not necessarily apply to academics,
where there is knowledge to be gained in new methodology that
fails to meet expectations. But as long as you work in a place that
can make good decisions (and I think industry is getting even bet-
ter at this than it was before) you can make progress and have an
impact on health care and patients’ lives. This is the environment
that I enjoy at Lilly and at Avid. You can make decisions, get
them quickly funded, and move quickly to get to the answer. If it
is a positive answer, you celebrate and go to the next step. If not,
you move on.
In both academics and industry, it is important to remember that

you can’t bring a new drug to patients with a single experiment or
study. In industry, I’ve felt really invigorated by the support and
the speed of progress to bring new methods to patients. It’s much
like rowing together in the sport of crew. My son did rowing, and
I also took it up in St. Louis, where I was part of the St. Louis
Rowing Club. You can be guiding a boat of 8 novice rowers and

seeing them getting better and better over a season. Then, all of a
sudden, they are rowing in perfect coordination and the boat liter-
ally rises up out of the water. You realize that rowing is all about
teamwork, and feeling it in action is so cool! In industry, we can
take those cool ideas and create a team pulling together to quickly
test whether or not the cool idea will work for patients. Perhaps
I’m taking the crew analogy way too far.
Dr. Mankoff: Not at all! As another parent of a rower (I think

we saw each other at the 2010 national junior championships in
Cincinnati), I love that analogy! A related question: how can
nuclear medicine practitioners and researchers best row together
with industry to support and advance the specialty?
Dr. Mintun: I think that researchers in nuclear medicine com-

ing up with new inventions need to stay attentive to the issue of
intellectual property (IP). It is one of the horrible facts of life in
the industry that someone can have a perfectly good idea and
maybe even a perfectly good molecule, but if there’s no IP, it can
be difficult to commercialize. It’s not that the molecule doesn’t
work, but it’s incredibly hard to spend lots of money on a mole-
cule that has no protection. It remains so expensive to develop
drugs for therapy and for diagnosis; you have to be thinking about
financial implications very early on. Academics should learn to
have a good relationship with their IP lawyers at their institutions.
My advice if you’re in that situation: don’t do everything by email
and text message. When you’re talking about something as com-
plicated as IP, never forget the most important thing is to have an
actual conversation. Set up a Zoom call or an in-person meeting
and actually talk to the lawyer about what you’re worried about.
Listen to what they are worried about. Just have a conversation
and have a relationship. It’s really important.
Dr. Mankoff: What is the next game changer in nuclear medi-

cine/molecular imaging?
Dr. Mintun: I think there are a few items already out there that

might be staring us in the face that could be incredibly important.
One is fibroblast-activating protein, and I think we have to keep an
eye on this target. There is the rapidly evolving work using pretar-
geting techniques for imaging and even radiotherapy. We espe-
cially need more agents for imaging inflammation: specifically
high-dynamic-range inflammation-specific imaging drugs that can
monitor the full complexity of the immune system. I often remind
people that if you’re working in the immune system, you’re work-
ing in the system that is second in importance, and complexity
only to the brain. I am awed by how complex the immune system
is. It’s scattered in fascinating ways around the whole body, and
you can never keep track of it. At least the brain stays in one
place! The immune system is a mobile system that is just as com-
plicated as the brain, amazingly old in evolutionary terms, and
with an amazing array of parallel pathways. There are multiple
feedback mechanisms that are astonishingly complex. Harnessing
the immune system for therapeutic benefit has been truly difficult,
but science will continue to crack the code, and the field will
change. We can use these advances to also crack the code for
inflammation/immune imaging.
Dr. Mankoff: Mark, it is always a pleasure to talk to you. I’ve

admired your work ever since I started in nuclear medicine, and I
always learn from you. Thanks so much for doing this interview,
and let’s get together in person soon.
Dr. Mintun: You bet, and my pleasure.
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Radionuclide Therapy in Prostate Cancer: From Standalone
to Combination PSMA Theranostics

Shahneen Sandhu1,2, Christina Guo3,4, and Michael S. Hofman2,5
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Despite significant advances in therapeutic developments for prostate
cancer over the last 2 decades, metastatic prostate cancer remains a
lethal disease. Prostate-specific membrane antigen (PSMA), which is
markedly overexpressed in prostate cancer cells and metastatic sites
but has low normal-tissue expression, has emerged as an important
theranostic target for this disease. Both b-emitting and a-emitting
PSMA-targeted radionuclide therapy (RNT) are in clinical development.
Several of these agents have already shown promising activity; however,
a subset of patients have primary resistant disease, and secondary
resistance invariably occurs. Further, the effect of these therapies on
healthy organs limits their therapeutic window. Elucidating the biology of
PSMA and characterizing the pharmacokinetic and pharmacodynamic
properties of PSMA-targeted RNT and mechanisms of resistance will
facilitate therapeutic approaches aimed at improving efficacy and safety.
In this review, we provide an overview of existing PSMA-targeting RNT
and novel RNT combinatorial approaches, such as those with novel hor-
monal agents, poly-[adenosine diphosphate-ribose]-polymerase inhibi-
tors and immunotherapy, currently under investigation.

Key Words: PSMA; radionuclide therapy; theranostics; Lu-PSMA;
prostate cancer
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Prostate cancer is one of the most common causes of male can-
cer mortality globally (1). Although localized disease is curable
with surgery or radiotherapy, a third of patients presents with or
develops lethal metastatic disease, which is invariably fatal (2,3).
Prostate-specific membrane antigen (PSMA) has emerged as a
promising theranostic target for prostate cancer, and PSMA-
targeted therapies are rapidly changing the therapeutic landscape.
Clinical trials of PSMA-targeted therapies have demonstrated anti-
tumor activity in patients with advanced disease; clinical evalua-
tion in earlier stages of disease and larger randomized studies are
ongoing (4). To date, several clinical trials have shown that
PSMA-targeting radionuclide therapy (RNT) is tolerable and
effective; however, a subset of patients have primary resistant dis-
ease, and secondary resistance is inevitable. In this review, we

provide an overview of existing PSMA-targeting RNT and an
update on therapeutic strategies aimed at minimizing toxicity and
improving the efficacy of PSMA-targeting RNT both as monother-
apy and in combination with other agents.

BIOLOGY OF PSMA

PSMA, also known as hydrolase 1 (FOLH1), is a cell-surface,
transmembrane aminopeptidase. It consists of a large extracellular
domain, a small transmembrane domain, and a cytoplasmic tail (5).
PSMA is overexpressed on most prostate cancer cells, compared
with normal prostatic epithelium, and is further increased in meta-
static, castrate resistant and high-Gleason-score disease (6). How-
ever, PSMA expression is also observed on proximal renal tubules,
duodenum, salivary and lacrimal glands, and nonmyelinated gan-
glia (7). On-target, off-tumor effects at these sites account for
some of the treatment-related toxicities of PSMA-targeted RNT.
The function of PSMA on prostate cancer cells remains incom-

pletely understood. PSMA has multiple established physiologic
functions. In the duodenum, PSMA is involved in the processing
and uptake of dietary folates; it cleaves g-linked glutamates from
polyglutamated folates (known as folate hydrolase activity) (8).
Prostate cancer cells also demonstrate increased glutamine use
and, therefore, may in part depend on PSMA for nucleotide bio-
synthesis and metabolism, which in turn impacts cell proliferation
and invasiveness (9).

PSMA-TARGETING RADIONUCLIDE (RNT)

PSMA-targeting tracers can be labeled with different radionu-
clides for diagnostic or therapeutic purposes. These consist of a
PSMA-binding domain, a linker, and a chelator labeled with various
radionuclides. The PSMA-targeting small molecules are divided
into 3 types—urea-based, phosphorus-based, and thiol-based—with
the urea-based compounds preferentially used for their superior
PSMA binding affinity (10). Changing the linker or chelator struc-
ture can influence PSMA binding efficacy and pharmacokinetics. In
addition, adding an albumin-binding domain, which effectively
increases the agent’s size, has been explored to increase circulation
time within the tumor vasculature and reduce healthy-organ circula-
tion time, with the goal of mitigating on-target, off-tumor toxicities
(11). Different approaches to modifying components of PSMA
RNT have been extensively reviewed elsewhere (12).
On accumulation of the PSMA-targeting tracer at the tumor site,

radioactive decay of the a- or b-emitting radionuclides induces
DNA strand breaks and causes cell death. a-radiation reaches a
shorter range (40–100 mm) than b-particles (50–12,000 mm) but
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has a linear energy transfer significantly higher than that of
b-particles (5–9 vs. 0.1–2.2 MeV) (12). a-emitting radionuclides
therefore lead to several ionizing events, resulting in DNA double-
strand breaks (DSBs) in a short range (13). The result is a more
effective tumor kill that is largely independent of cell cycle or oxy-
genation and potentially has less off-target toxicity (14). However,
these properties also mean that a-emitting RNT are associated
with greater on-target damage to healthy tissue, including irrevers-
ible damage to lacrimal and salivary glands (15). The effectiveness
of a-particles was demonstrated by the bone-targeting a-emitter
223Ra chloride, which in a phase 3 randomized trial was shown to
improve overall survival (OS) and delay the time to the first symp-
tomatic skeletal event in patients with metastatic castration-resis-
tant prostate cancer (mCRPC) with bone metastases (16). Both
PSMA-targeted a-emitting RNT and PSMA-targeted b-emitting
RNT are now in clinical development (17–22).

CLINICAL DEVELOPMENT OF PSMA-TARGETED RNT

Clinical Development of b-Emitting PSMA-Targeting RNT
The 177Lu-conjugated small-molecule peptide 177Lu-PSMA-617

is the PSMA-targeted RNT currently furthest in clinical develop-
ment. 177Lu has favorable physical characteristics, with a short-
range medium-energy b-particle for crossfire to surrounding tumor
cells, a relatively long half-life of 6.7 days, and a low-energy g
emission that enables RNT administration in an ambulatory setting
as well as posttreatment dosimetry. Promising antitumor activity
and modest toxicity were first reported in retrospective case series
(18). A metaanalysis of 10 PSMA RNT trials in patients with
mCRPC treated with prior enzalutamide or abiraterone showed a
greater than 50% prostate-specific antigen (PSA) decline in 51%
(123/238) of patients (Table 1) (23).
A prospective phase 2 trial conducted in Australia evaluated up

to 4 cycles of 177Lu-PSMA-617 (mean radioactivity, 7.5 GBq per
cycle) delivered every 6 weeks to mCRPC patients who had pro-
gressed after most conventional therapies. Thirty-two (64%) of 50
patients achieved a PSA response defined as a decline in PSA of
greater or equal to 50%. Importantly, treatment with 177Lu-
PSMA-617 improved the quality of life (17,24). Fifteen patients
(30%) for whom there was an initial PSA response but subsequent
disease progression received further cycles of 177Lu-PSMA-617
therapy on confirmation of the presence of adequate PSMA-
expressing metastatic disease and adequate organ function prior to
retreatment. Eleven (73%) of these patients had PSA responses of
at least 50%, although the duration of response with retreatment
was shorter and disease progression eventually occurred in all
patients (24). Expectedly, a PSA decline of at least 50% predicted

NOTEWORTHY

� Numerous PSMA-targeting RNTs, which include a- and
b-emitters, are currently under clinical development.

� The 177Lu-conjugated small-molecule peptide 177Lu-PSMA-
617 is the most developed PSMA-targeted RNT, with phase
3 outcome data.

� Elucidating the biology of PSMA expression, regulation,
and function will facilitate the development of novel
sequential, combinatorial approaches aimed at improving
response and safety.

improved OS. Given that the OS on this study was 13.3 months,
data on longer-term effects of lutetium-PSMA on marrow and
renal function are required, especially if this treatment is to be
implemented in earlier stages of disease.
The randomized phase II TheraP trial compared 177Lu-PSMA-

617 (8.5 GBq decreasing by 0.5 GBq per cycle, for up to 6 cycles)
versus cabazitaxel (20 mg/m2 every 3 weeks) in 200 mCRPC
patients with PSMA-positive scans who had prior treatment with
docetaxel. Ninety-one percent also had prior treatment with an
androgen receptor (AR)–targeted inhibitor (25). Patients were
selected using PSMA and 18F-FDG PET/CT, requiring an SUVmax

of at least 20 at one site of disease, an SUVmax of at least 10 at
sites of measurable soft-tissue metastasis, and no site with 18F-
FDG–positive, PSMA-negative disease. Notably, 28% of patients
were ineligible on the basis of these stringent imaging criteria
(25,26). 177Lu-PSMA-617 led to a significant improvement in
PSA responses of at least 50%, compared with cabazitaxel (66%
vs. 37%). 177Lu-PSMA-617 had a higher rate of thrombocytopenia
(grade 1–2, 18% vs 5%; grade 3–4, 11% vs. 0%), xerostomia
(grade 1–2 only, 60% vs. 21%), and dry eyes (grade 1–2, 30% vs.
4%), although the rate of grade 3–4 toxicity was overall higher
with cabazitaxel (54% vs. 35%). 177Lu-PSMA-617 delayed radio-
graphic and PSA progression compared with cabazitaxel (hazard
ratio, 0.63). At 12 months, 19% had not progressed with 177Lu-
PSMA-617, compared with 3% with cabazitaxel, although the
median progression-free survival (PFS) was similar at 5.1 months,
with a greater benefit for 177Lu-PSMA-617 emerging after 6
months. The objective response rate defined by RECIST 1.1 was
higher with 177Lu-PSMA-617 (49% vs. 24%). Patient-reported
outcomes favored 177Lu-PSMA-617, with significantly less diar-
rhea, fatigue, hair loss, skin rash, sore hands or feet, dizziness,
insomnia, and urinary symptoms reported in the patients receiving
177Lu-PSMA-617 than in those receiving cabazitaxel (25,26).
The phase 3 VISION study (NCT03511664) randomized

patients who had progressed on at least 1 novel antiandrogen ther-
apy and 1 or 2 taxanes to receive 177Lu-PSMA-617 (7.4 GBq)
(every 6 weeks for up to 6 cycles) plus the standard of care or to
receive the standard of care alone (1:1 randomization). The study
reported an improvement in its 2 alternate primary endpoints, OS
(median, 11.3 to 15.3 months; hazard ratio, 0.62) and radiologic
PFS (median, 3.4 to 8.7 months; hazard ratio, 0.4), in the 177Lu-
PSMA-617 arm. Cabazitaxel and 223Ra were not permitted in the
standard-of-care arm, and the study initially reported the control
arm to have a high dropout rate that was subsequently improved
after site education. The side effect profile of 177Lu-PSMA-617
was as expected, with a common serious side effect being bone
marrow suppression (all grades, 47%; grades 3–5, 23%); common
low-grade toxicities being xerostomia (grade 1 or 2 only, 39%),
nausea, and vomiting (all grades, 39%; grades 3–5, 1.5%); and 5
deaths (1%) occurring during the study (27). The study will likely
see 177Lu-PSMA-617 become part of the mCRPC treatment para-
digm, initially to be sequenced following chemotherapy and novel
antiandrogen therapy.
Since a dose-escalation study was never performed for 177Lu-

PSMA-617, a 44-patient phase 1/2 study exploring the benefit of a
fractionated (2 doses 2 weeks apart) higher cumulative dose of
177Lu-PSMA-617 (3.75–11.1 GBq per fractionated dose) is ongo-
ing. Preliminary results show no dose-limiting toxicity, and 61%
had a PSA decline of 50% or more (28). A 177Lu-labeled
DOTAGA–based PSMA ligand, PSMA-I&T, has demonstrated a
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TABLE 1
Key Prospective Clinical Trials of PSMA-Targeting Radionuclides in Prostate Cancer

Parameter Trial Setting Treatment Phase
Primary
endpoint Outcome

Neoadjuvant NCT04430192
(Lutectomy) (66)

High-risk localized or
locoregional
advanced prostate
cancer with high
PSMA uptake

177Lu-PSMA-
617 (1–2
cycles)

Phase 1/2
single arm

Absorbed
radiation
dose in
prostate
and involved
lymph nodes

Recruiting

NCT04297410 Locally advanced
prostate cancer with
PSMA uptake

177Lu-PSMA-
I&T

Feasibility Surgical safety;
surgical
histology;
postoperative
PSA

Recruiting

Metastatic
hormone-
sensitive
prostate
cancer

NCT04443062
(Bullseye)

Oligometastatic
hormone-sensitive
prostate cancer with
high PSMA uptake

177Lu-PSMA-
I&T vs SOC

Phase 2
randomized

Disease
progression
at 6 months

Recruiting (SOC
5 deferred
androgen
deprivation
therapy)

NCT04343885
(UpFrontPSMA)
(67)

Newly diagnosed
high-volume
metastatic
hormone-naive
prostate cancer

177Lu-PSMA-
617 followed
by docetaxel
vs. docetaxel

Phase 2
randomized

Undetectable
PSA rate
at 12 months

Recruiting

NCT04720157
(PSMAddition)

Metastatic hormone-
sensitive prostate
cancer

177Lu-PSMA-
617 1 NAAT
vs. NAAT

Phase 3 rPFS Recruiting

mCRPC NCT03042468 (68) mCRPC (n 5 44);
prior taxane
chemotherapy and
at least 1 line of
prior NAAT

177Lu-PSMA-
617 2 weeks
apart

Phase 1/2
single arm

DLT, MTD,
R2PD

No DLT at any
preplanned
dose; RP2D:
22.2 GBq per
cycle

ANZCTR
12615000912583
(published)
(17,61)

mCRPC (n 5 50; 30 in
initial; 20 in
expansion); at least
1 line of prior taxane
chemotherapy

177Lu-PSMA-
617

Phase 2 single
arm

% patients with
$50% PSA
decline

$50% PSA
decline: 64%

NCT03392428
(TheraP)

mCRPC (n 5 200) for
which cabazitaxel
was considered
appropriate next line
of treatment;
previous treatment
with NAAT permitted

177Lu-PSMA-
617 vs.
cabazitaxel

Phase 2
randomized

% patients with
$50% PSA
decline

PSA decrease of
$50% from
baseline: 66%
vs. 37%,
favoring 177Lu-
PSMA-617,
P , 0.0001

NCT03511664
(VISION)

mCRPC (n 5 831);
prior taxane
chemotherapy
and NAAT

177Lu-PSMA-
617 1 SOC
vs. SOC (2:1)

Phase 3
randomized

OS, rPFS OS: 15.3 vs. 11.3
months
favoring 177Lu-
PSMA-617; HR:
0.62, P ,
0.001.

NCT04689828
(PSMAfore)

mCRP (n 5 495);
prior NAAT

177Lu-PSMA-
617 vs.
abiraterone
or
enzalutamide
(2:1)

Phase 3
randomized

rPFS Recruiting

NCT04647526
(SPLASH)

mCRPC with PSMA
PET–positive dis-
ease; no prior NAAT
or chemotherapy,
except in HSPC
setting

177Lu-PSMA-
I&T vs
abiraterone
or
enzalutamide
(2:1)

Phase 3
randomized

rPFS Recruiting

SOC 5 standard of care; rPFS 5 radiologic progression-free survival; NAAT 5 novel antiandrogen; DLT 5 dose-limiting toxicity; MTD
5 maximum tolerated dose; RP2D 5 recommended phase 2 dose; HR 5 hazard ratio; HSPC 5 hormone-sensitive prostate cancer; PET
= positron emission tomography.
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biodistribution similar to that of 177Lu-PSMA-617, with a compa-
rable response and safety profile in a retrospective case series of
100 patients who had received prior novel antiandrogen therapy
and taxane chemotherapy and had PSMA-avid disease. A PSA
decline of at least 50% was achieved in 38 patients, and
the median OS was 12.9 months (29). Likewise, a PSA response
of at least 50% was associated with improved OS (median,
16.7 vs. 7.4 months) (29). Prospective studies in earlier disease
settings, including as neoadjuvant treatment in high risk primaries
and as an earlier line of treatment for mCRPC and metastatic
hormone-sensitive prostate cancer, are ongoing (NCT04297410,
NCT04647526, NCT04689828, and NCT04720157).

PSMA-Targeting a-Emitting Radionuclides
The antitumor activity of a-emitting RNT was first demonstrated

by 223Ra-dichloride, an a-emitting RNT that binds areas of
increased bone turnover. 223Ra-dichloride showed an OS benefit
and a reduced time to the first symptomatic skeletal event in patients
with mCRPC involving bone (16). Several a-emitting PSMA-
targeted RNTs, including an antibody-based RNT, 225Ac-J591, and
the small molecules 225Ac-PSMA-617 and PSMA-targeted 227Th
conjugate (BAY2315497) are in clinical development. The high-
energy, short-range a-emissions enable pinpoint tumor targeting,
which has advantages in patients with marrow infiltration due to the
limited crossfire effect on surrounding bone marrow reserve but
also has limitations in the setting of heterogeneous cellular PSMA
expression within tumor deposits (30,31).
Antibody-based RNTs have pharmacokinetics different from

those of small molecules and have been shown to have less uptake
in glandular tissue and kidneys but may also have less tumor
uptake (32). In a phase 1 clinical trial, 22 men (55% had previ-
ously received 177Lu-PSMA) received a single dose of 225AC-
J591 across 7 dose levels (13.3–93.3 kBq/kg). One patient receiv-
ing 80 kBq/kg had dose-limiting toxicities, with grade 4 thrombo-
cytopenia and anemia in the context of prior treatment with 177Lu-
PSMA. Thirty-five percent of patients to date have had a PSA
decline of more than 50%, and although PSMA uptake was not a
selection criterion, most patients had PSMA uptake with an SUV-

max greater than that seen in the liver (33). This trial has recently
begun the phase 2a expansion.
Retrospective case series of patients treated with 225Ac-PSMA-

617 showed antitumor activity in 60%–70%, including in some
patients who had progressed on 177Lu-PSMA. Xerostomia and
weight loss were clinically significant (34). A recent study evaluat-
ing 225Ac-PSMA-617 in mCRPC patients who had progressed on
abiraterone or enzalutamide, taxane-based chemotherapy, and
177Lu-PSMA and demonstrated PSMA-ligand uptake on imaging
reported a PSA decline of at least 50% in 17 of 26 (65%) patients.
Median OS was 7.7 months. Grade 3 or 4 myelosuppression was
seen in 35% of patients, grade 1 or 2 renal impairment in 19%,
and grade 1 or 2 xerostomia in 100% (35). The clinical context in
which a-emitting RNT will be used is yet to be defined. Given the
differences in physical properties between a-particle and
b-particle emitters, these therapies may have specific indications
based on disease pattern and biology and should be compared pro-
spectively. Moreover, given their distinct properties and emerging
evidence of antitumor activity when a- and b-emitting PSMA-tar-
geted therapies are given sequentially, rational combination of
these radioisotopes may serve a complementary role when deliv-
ered concurrently or sequentially.

COMBINATION STRATEGIES WITH PSMA-TARGETING RNT

Despite antitumor activity being observed in patients treated
with PSMA-targeted RNT, all patients invariably develop recur-
rence (Fig. 1). In the phase II TheraP trial, in which patients were
selected on the basis of PSMA expression on PSMA PET and the
absence of discordant 18F-FDG PET–avid disease, 17 of 99 (17%)
patients had primary resistance with no decline in PSA (25). Pur-
ported acquired resistance mechanisms include heterogeneity or
loss of PSMA expression or a failure to deliver a sustained lethal
dose to the target. Potential strategies to improve PSMA-targeted
therapies include combining PSMA-targeted therapies with agents
that upregulate PSMA expression, increase tumor radiosensitivity,
target different PSMA-binding sites, or exhibit complementary
antitumor effects (36). To this end, several potential combinations
are being explored in ongoing clinical studies. These include the
combination of PSMA-targeting RNT with AR-targeted agents,
DNA repair inhibitors, immunotherapies, chemotherapy, or a com-
bination of different PSMA-targeting RNTs (Table 2).

Combining AR Blockade and RNT
There are several mechanisms through which AR blockade may

synergize with PSMA RNT. First, AR blockade has been reported
to sensitize to radiotherapy by delaying DNA repair through tem-
poral prolongation of repair factor complexes and halting the cell
cycle (37). Second, AR blockade has been shown to modulate the
expression of PSMA, although the exact effect of AR blockade on
PSMA expression likely hinges on the state of castration. In a
study of 20 paired prostate tumor samples collected before and
after castration, the expression of PSMA increased in 55% of post-
treatment primary tissues and 100% of posttreatment metastatic
specimens (38). A recent study indicated that AR blockade
appears to have dichotomous effects on PSMA expression in
patients at different disease states (39); in patients with hormone-
sensitive prostate cancer, a significant reduction in 68Ga-PSMA
intensity occurred in 86% of men as early as 9 days after starting
androgen blockade, whereas in patients with CRPC, AR blockade
caused an increase in PSMA expression (39). The duration of AR
blockade may also play a role in PSMA expression although this
has not been systematically studied. Third, treatment with enzalu-
tamide, dutasteride, and rapamycin has been shown to increase the
uptake and internalization of 177Lu-PSMA in prostate cancer cell
lines (40). These studies provide a rationale for combining PSMA-
targeted RNT and drugs that block AR signaling in the castration-
resistant setting. They also highlight the need to carefully consider
the differential impact of AR blockade on PSMA at different dis-
ease stages when designing combinatorial approaches.
Given that the existing reported trials of PSMA-targeting RNT

were conducted in the castration-resistant setting, the effect of
hormone sensitivity and androgen deprivation on the response
to PSMA-targeting therapy is unclear. Enza-P (NCT04419402)
is a phase II randomized control trial of the combination of
enzalutamide and 177Lu-PSMA versus enzalutamide alone in
patients with mCRPC who have previously progressed on
docetaxel in the setting of hormone-sensitive disease but are
naive to a novel antiandrogen inhibitor. This trial is recruiting
160 mCRPC patients with risk factors that predict for early
treatment failure with single-agent enzalutamide. Patients will
be randomized 1:1 to receive either concurrent enzalutamide
with up to 4 cycles of 177Lu-PSMA or enzalutamide alone.
This study embeds multiple-time-point PSMA PET/CT and
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translational biomarkers to investigate the longitudinal effects
of enzalutamide on PSMA receptor expression on PET scans
and circulating tumor cells.

PSMA RNT Plus Inhibitors of DNA Damage Repair and
Radioresistance Mechanisms
Since RNTs cause cell damage through DNA strand breaks,

combinations of PSMA-targeting RNT with inhibitors of DNA
repair or DNA-damaging agents are likely to be synergistic (41).
RNT induces both DNA single-strand breaks (SSBs) and DSBs.
Depending on the type of DNA damage incurred, different DNA
damage-sensing and repair mediators such as poly-[adenosine
diphosphate-ribose]-polymerase (PARP), ataxia telangiectasia
mutated (ATM), and ATM and RAD3-related (ATR) are trig-
gered. Specifically, PARP-1 and PARP-2 are involved in the
detection and repair of SSBs. DSBs are repaired either by homolo-
gous recombination (key mediators include BRCA1/2, PALB2,

ATM, ATR, RAD51, CHEK2, MRE11, and XRCC2/3) or by
error-prone nonhomologous end-joining. PARP-1 inhibitors, such
as olaparib, impair DNA SSB repair; this leads to replication fork
arrest and conversion to DSBs, which require homologous recom-
bination for repair and continued replication (42). Suboptimal
repair of DSBs in the setting of defective homologous recombina-
tion in mCRPC tumors with germline (�12%) or somatic DNA
repair gene defects (�20%–25%) leads to vulnerability to PARP
inhibition (43). Drugs targeting ATR have also shown activity in
tumors with ATM loss in preclinical models and are synergistic
with PARP inhibition in these models (44). Other likely targets
that could sensitize RNT include ATM and DNA-dependent pro-
tein kinase (DNA-PK) inhibitors (45). As such, targeting the vari-
ous mediators of these repair mechanisms in combination in
PSMA-targeting RNT can impair repair of DNA strand breaks and
mediate radiosensitization and improved cell death. Targeting
other mechanisms of radioresistance, such as AKT (protein

FIGURE 1. Examples of patterns of progression in men with mCRPC undergoing 177Lu-PSMA-617 therapy. Shown are PSA over time and posttherapy
quantitative SPECT/CT imaging after each cycle of treatment. (A) Patient with relatively small-volume disease with complete response. At time of pro-
gression, some disease has low PSMA expression in left pelvis (arrow), and response to further cycles is limited. (B) Patient with PSMA superscan and
exceptional response to treatment. Disease eventually recurred (not shown) with diffuse marrow involvement. (C) Rise in PSA after cycle 1 but subse-
quent response at cycles 2–4, with subsequent progressive PSMA-avid disease but limited response. (D) Primary progression. After cycle 3, patient was
switched to cabazitaxel with good response (not shown).
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kinase B) activation, should also be considered (46). Since a key
mechanism of radiotherapy-induced cell death is apoptosis, pro-
and antiapoptotic pathways may also be targeted to overcome
radioresistance. As such, potential synergy between PSMA-
targeting RNT and drugs targeting potential radioresistance mech-
anisms warrants further evaluation.
The first clinical evidence for combining agents that impair DNA

repair and RNT comes from studies of 223Ra-dichloride, an
a-emitter. A retrospective analysis showed that the presence of
defective DNR repair (somatic or germline) was associated with
improved OS and a prolonged reduction in alkaline phosphatase
(47). Synergy between an ATR inhibitor and 223Ra has also been
demonstrated (48). A phase 1 dose-escalation study is currently
evaluating the safety and antitumor activity of 177Lu-PSMA-617
plus olaparib in mCRPC patients who have previously progressed
on novel antiandrogen therapy and docetaxel (NCT03874884).
Other DNA repair inhibitors (e.g., targeting ATR kinase, DNA-PK,
or polymerase 1) may also enhance the antitumor activity of 177Lu-
PSMA-617. Strategies to overcome mechanisms of radioresistance
have also been explored. A nonrandomized phase II study combined
idronoxil (a synthetic flavonoid derivative with radiosensitizing
properties mediated through the inhibition of nicotinamide adenine
dinucleotide oxidase 2 to induce apoptosis and cell cycle arrest)
with 177Lu-PSMA-617 in mCRPC patients with PSMA-PET–avid
metastatic disease and no discordant 18F-FDG–avid disease. This
study showed that 63% of patients had a PSA response of more
than 50%. Twenty-eight percent of patients experienced anal
inflammation attributable to the mode of delivery of idronoxil, and
other side effects were as expected with 177Lu-PSMA-617 (49).
Although the aforementioned strategies appear overall tolerable
when combined with PSMA-targeting RNT, determining whether
they truly improve efficacy would require randomized clinical
evaluation.

Combining 177Lu-PSMA-617 with Immune
Checkpoint Inhibitors
Although prostate cancer outcomes have not been significantly

impacted by recent advances in cancer immunotherapy, there is
substantial preclinical and clinical evidence that radiotherapy is
immunostimulatory. The abscopal effect, in which nonirradiated
tumors have been observed to shrink in some patients after radia-
tion therapy targeted to other tumor sites, is hypothesized to be
mediated by the generation of systemic antitumor immune
responses after immune recognition at the irradiated site (50).
Mechanistically, genomic instability in the context of DNA dam-
age and suboptimal repair is associated with increased neoantigen
formation, antigen presentation, immune recognition, and immu-
nogenic cell death (51). DNA damage and the release of cytosolic
DNA also causes activation of cyclic GMP–AMP synthase
(cGAS) and signalling effector stimulator of interferon genes
(STING), an innate immune signaling pathway, thereby facilitat-
ing an adaptive immune response (52). Moreover, immunogenic
cell death accompanied by the release of danger-associated molec-
ular signals can induce further immune cell recruitment (53).
Finally, in a mouse model, programmed death ligand 1 in the
tumor microenvironment was upregulated after treatment with ion-
izing radiation (54). Specifically, a-emitters have been shown to
elicit an immunogenic response (55), although there is no pub-
lished study directly comparing the relative immunogenicity of
different RNTs in prostate cancer. Taken together, these findings
suggest that PSMA-targeted RNT may have the potential to syner-
gize with immune checkpoint inhibitors.
The phase Ib/II PRINCE trial (NCT03658447) is testing the

combination of pembrolizumab with 177Lu-PSMA-617 in mCRPC
patients who have progressed on a novel antiandrogen. Patients
will receive continuous dosing with pembrolizumab for up to 2
years (35 cycles given every 3 weeks) and up to 6 cycles of

TABLE 2
Key PSMA-Targeting RNT Combination Studies

Combination strategy Trial Setting Treatment Phase

RNT plus immune
checkpoint inhibitor

NCT03805594 mCRPC; PSMA PET–positive
at 3 or more metastatic
sites; prior treatment with
NAAT; no prior
chemotherapy, except in
HSPC setting

177Lu-PSMA-617 and
pembrolizumab

1

NCT03658447
(PRINCE)

mCRPC; prior treatment with
NAAT; prior docetaxel
permitted

177Lu-PSMA-617 and
pembrolizumab

1/2

RNT plus
radiosensitizer

NCT03511664 (LuPIN) mCRPC; prior treatment with
taxane and NAAT

177Lu-PSMA-617 and
idronoxil

1/2

RNT plus PARP
inhibitor

NCT03874884
(LuPARP)

mCRPC; prior treatment with
NAAT and taxane
chemotherapy

177Lu-PSMA-617 plus
olaparib

1

RNT plus novel
antiandrogen
therapy

NCT04419402 (ENZA-
p)

mCRPC with PSMA-positive
disease; no prior
chemotherapy, except in
HSPC setting

177Lu-PSMA-617 plus
enzalutamide vs.
enzalutamide

2

NAAT 5 novel antiandrogen; HSPC 5 hormone-sensitive prostate cancer.
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177Lu-PSMA-617 (6 weeks apart). The 2 primary objectives of
this study are to determine the PSA response rate and the safety
and tolerability of the treatment combination. The hypothesis that
pembrolizumab may enhance the systemic immune response to
177Lu-PSMA-617 is currently being evaluated in another phase 1
study in a similar patient population (NCT03805594). This trial
evaluates 3 different sequences, a single cycle of 177Lu-PSMA-
617 followed by pembrolizumab, both drugs given on the same
day, and pembrolizumab given 21 days before 177Lu-PSMA-617.
Early results showed a PSA decline of $50% in 28% and an
objective response rate of 44% (ASCO GU, 2021).

Combining RNT and Chemotherapy
Taxane chemotherapy can radiosensitize tumors to the effect of

radiation by impairing DNA damage repair, improving tumor
reoxygenation (which, in turn, sensitizes cells to the effects of
radiation), and preventing accelerated repopulation during radio-
therapy (56). Theoretically, chemotherapy can target areas of
non–PSMA-avid disease to prevent their outgrowth after selective
killing of PSMA-expressing tumors by PSMA-targeting RNT.
However, the antiproliferative effect of chemotherapy may also
reduce cellular sensitivity to radiation, although this is less likely
to be an issue with a-emitting RNT (34).
The UpFrontPSMA study (NCT04343885) is a phase II ran-

domized study comparing 2 sequential doses of 177Lu-PSMA-617
delivered 6 weeks apart followed by 6 cycles of docetaxel versus
docetaxel alone in patients with newly diagnosed high-volume
metastatic castration-sensitive prostate cancer (i.e., within 12
weeks of diagnosis and within 4 weeks of commencing ADT)
based on PSMA-PET scans. This study will shed light on the
impact of castration sensitivity and 177Lu-PSMA-617 in addition
to the docetaxel standard of care. In this study, PSMA PET/CT
will be performed at baseline, within 4 weeks of commencing
ADT, and 12 weeks after commencing treatment. The study will
enable evaluation of the effect of ADT on PSMA expression by
comparing the PSMA PET/CT performed before ADT commence-
ment and that performed at study entry. Separately, a phase 1 trial
is evaluating the combination of standard docetaxel (75 mg/m2

every 3 weeks) administered with 2 fractionated doses of 177Lu-
J591 (initial dose, 740 MBq [20 mCi]/m2 3 2 up to maximum of
1,480 MBq [40 mCi]/m2 3 2), with cycle 3 of docetaxel being
given to patients with mCRPC. Among the 15 patients enrolled,
11 (73.3%) patients had a PSA decline of more than 50% and no
dose-limiting toxicity was seen, although 3 (20%) patients experi-
enced grade 4 neutropenia and 2 patients experienced grade 4
thrombocytopenia (57).

Combining Different RNTs
Since different PSMA-targeting antibodies and small molecules

may have different extracellular PSMA binding sites, cotargeting
with multiple agents could result in additive benefit (58). Addi-
tionally, given that different PSMA RNTs have different biodistri-
butions and different toxicity profiles, a combination of different
agents at lower doses may improve their collective therapeutic
window.
In a retrospective analysis of tandem PSMA-targeting RNT

combining a single lower dose of 225Ac-PSMA-617 (median, 5.3
MBq) with 177Lu-PSMA-617 (median, 6.9 GBq) in 20 mCRPC
patients with inadequate responses to 177Lu-PSMA-617, 13 of 20
(65%) patients had a PSA decline of more than 50%. Xerostomia
was generally mild (grade 1–2), although formal studies

comparing this approach with RNT monotherapy are required
(59). In another retrospective case series, 15 patients with con-
firmed PSMA expression on PSMA PET received 225Ac-PSMA-
617 after disease progression on 177Lu-PSMA. Five had a PSA
decline of more than 50%. The treatment was poorly tolerated,
with 5 patients discontinuing treatment because of xerostomia, 2
patients developing grade 2 renal impairment, 4 patients develop-
ing grade 3–4 anemia, and 2 patients developing grade 3 thrombo-
cytopenia (60). Currently, there are no published results from
prospective studies of a combination of different PSMA-targeting
RNTs.

BIOMARKER SELECTION IN THE ERA OF
COMBINATORIAL THERAPIES

Evaluating the intensity of PSMA expression across metastatic
sites with PSMA PET offers the advantage of selecting patients
most likely to respond to PSMA-targeting RNT. Several studies
selected patients on the basis of PSMA expression on PSMA PET
and the absence of discordant 18F-FDG PET–avid disease (25,61).
The relationship between PSMA uptake on imaging and immuno-
histochemical analysis is also of interest since imaging does not
capture the heterogeneity of PSMA expression at a cellular level.
For example, a study showed that the lack of PSMA protein
expression on immunohistochemistry predicted a lack of avidity
on PSMA PET, although it is unclear whether a subset of patients
who have PSMA-PET–negative disease may have some level of
PSMA expression at a cellular level (62). At the same time, given
the heterogeneity of PSMA expression at different metastatic sites
and the discordance between primary and metastatic disease, it
would be difficult to predict response based on PSMA immunohis-
tochemistry using tissue from a single metastatic site (30,62).
Moreover, PSMA expression evolves with treatments, thereby lim-
iting the utility of archival, diagnostic tumor samples for assessing
PSMA expression. It is notable that approximately 20% of patients
who meet the stringent patient selection criteria based on PSMA
expression and absence of discordant FDG-PET avid disease do
not respond, highlighting the importance of other inherent tumor
biology factors that likely determine absorbed dose, genomic
DNA repair mechanism and radiosensitivity. Finally, the clinical
utility of patient selection based on PSMA expression in the set-
ting of combination therapies with other efficacious systemic ther-
apies is yet to be defined.
Low-energy g-irradiation from 177Lu allows for posttreatment

scintigraphic imaging that provides information such as whether
residual targetable disease is present, allowing response to be
monitored and dosimetry to be ascertained. Dosimetry analysis
from our phase II study established that a mean whole-body tumor
dose of 14.7 Gy was associated with a PSA response of at least
50% at 12 weeks, compared with doses of 10.4 Gy (P , 0.01), as
well as a strong correlation between the SUVmean of PSMA
expression and at least a 50% PSA reduction, although the SUV
threshold for optimal PSMA avidity remains to be defined (63).
As expected, a PSA response of at least 50% has been shown in

several studies to be associated with improved OS in a median
range of 16.7–18 months, compared with 7.4–8.7 months in
patients with PSA declines of less than 50% (29). Beyond PSA
response, 18F-FDG–positive molecular tumor volume and PSMA
intensity (SUVmean) in patients receiving 177Lu-PSMA-617 were
most prognostic of OS, followed by lactate dehydrogenase, alka-
line phosphatase, and the bone scan index (64). Patients who were
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18F-FDG–positive and PSMA-negative and were excluded from
the phase 2 trial of 177Lu-PSMA-617 had a poor prognosis, with a
median OS of 2.5 months (65).
Combinatorial therapies add further to the complexity. If treat-

ments such as AR blockade can induce PSMA expression,
then combinatorial studies may be effective in patients with
PSMA-negative disease, and on-treatment evaluation of PSMA
expression, such as after AR inhibition alone, may dictate the
sequential use of PSMA-targeted treatment. Additionally, it is
unclear whether treatments such as the combination of DNA dam-
age repair inhibitors and PSMA-targeting RNT are effective only
in tumors with defective DNA repair or are more broadly applica-
ble as a radiosensitization strategy. Finally, the patient’s disease
profile may also impact the modality chosen, with, for example, a
preference for treatments with less marrow toxicity in patients
who have a heavy burden of bone disease. In summary, clinical,
molecular, and imaging biomarkers should be incorporated into
future studies of PSMA RNT combinations.

CONCLUSION

The field of PSMA-targeting RNT has seen rapid progress, with
promising antitumor activity being observed across several agents.
However, developing strategies to achieve a more durable
response and a better understanding of optimal patient selection
and therapeutic resistance remains a key ongoing challenge.
Refinement of the PSMA RNT molecules to achieve even better
targeting is ongoing. Multiple biologically rational combinations,
including the combination of PSMA-targeting RNT with immuno-
therapy, DNA damaging agents, AR-targeted therapy, and radio-
sensitizers, are at various stages of clinical development and will
require careful consideration about patient selection and dose
schedules. The overall aim is to be able to use these combinations
in a biomarker-driven manner to overcome resistance and to
improve disease control, quality of life, and OS in patients with
lethal prostate cancers.
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Hepatic arterial embolization has been used for decades to
treat liver-dominant metastatic neuroendocrine tumors (NETs).
During the 1970s–1990s, transarterial bland hepatic arterial embo-
lization (TAE) and chemoembolization (TACE) techniques were
developed (1,2). Numerous studies have demonstrated high radio-
graphic and symptomatic response rates among patients with NET
liver metastases. More recently, transarterial radioembolization
(TARE) has been introduced, a technique that uses 90Y glass or
resin beads (3). As opposed to TAE and TACE, TARE does not
rely on vascular occlusion and is considered microembolic;
indeed, radiation-induced cytotoxicity requires adequate oxygena-
tion of the targeted tissue (4).
Data on embolization for NETs have been primarily retrospective.

A previous randomized study comparing TAE to TACE was aborted
because of poor accrual (5). Absence of prospective randomized data
has spawned multiple institutional retrospective series comparing
outcomes among patients treated with different embolization techni-
ques (6–8). However, selection biases limit the interpretability of
these data, and results have not consistently favored one technique.
Consequently, institutional preferences rather than evidence-based
data have generally guided the selection of embolization modality.
Although short-term toxicities associated with TARE are rela-

tively minor, long-term data indicate a heightened risk of chronic
radioembolization-induced liver disease, manifested by ascites, jaun-
dice, and a pseudocirrhotic appearance to the liver (9–12). These
side effects can develop 6 mo to years after TARE and occur pri-
marily in patients undergoing nonselective bilobar liver emboliza-
tions. Concerns about chronic liver toxicities have appeared in
recent NET guidelines, including those of the National Comprehen-
sive Cancer Network, which warn about the routine use of TARE
for patients with bilobar liver metastases (13). However, all

discussions of TARE risks and benefits compared with conventional
embolization are limited by the scarcity of high-level evidence.
Debates continue on the relative merits of TARE versus TAE/

TACE. However, given the exceptional diversity of NETs in terms
of tumor grade, primary site, vascularity, distribution within the
liver, life expectancy, and rate of progression, the controversy
over which technique is superior is likely misdirected. A more
clinically relevant question is under which particular circumstan-
ces should TARE be considered and, conversely, when should
TAE/TACE remain the standard approach?
Several parameters favoring TARE over conventional emboliza-

tion have already been described. One of these is a history of prior
biliary intervention such as Whipple surgery or biliary stenting, in
which the risk of a hepatic abscess (due to bacterial colonization
of the biliary system) is substantially higher with conventional
embolization than with TARE (14,15). Another factor is portal
vein thrombosis or stenosis, which is considered a relative contra-
indication to TAE/TACE but not to TARE (16).

Other potential factors, which have not been as well described,
can potentially influence treatment selection in favor of one type
of embolization modality. These include the extent of disease,
aggressiveness of tumor progression, prior and potential subse-
quent systemic treatments, and radiographic features of metasta-
ses, including vascularity and conspicuity.
Patients with scattered low-volume liver metastases (e.g.,

,10%–20% liver involvement) may be at excess risk of chronic
radioembolization-related liver disease after TARE since much of
the administered radiation may intersperse in the normal liver
parenchyma (Fig. 1). Likewise, very high liver tumor volumes
(e.g., .50%) may also predispose patients to chronic radiation
hepatitis, given the wide dispersal of radiation throughout the
liver. These problems may be exacerbated in patients with a long
life expectancy, who can potentially experience the chronic effects
of hepatic radiation injury years after embolization. Although con-
siderations of hepatic tumor volume also apply to conventional
embolization, the toxicities tend to be acute rather than chronic.
Risks of TAE/TACE in high-tumor-burden patients can be
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reduced by treating relatively small liver segments over multiple
sessions.
Tumor vascularity and conspicuity are radiographic features to con-

sider in the selection of therapy. For practical purposes, tumor avidity
on arterial phase imaging of a CT or MRI scan can serve as a rough
estimate of vascularity. Highly vascular tumors may absorb radioac-
tive beads at a higher proportion than surrounding liver parenchyma.
Indeed, one study of TARE in colorectal cancer determined that the
degree of arterial tumor enhancement, measured as the arterial
enhancement fraction, predicted response to radioembolization (17).
A small study of TARE in 17 patients with metastatic NETs reported
a correlation between hypervascularity and at least 10% tumor shrink-
age, a threshold used in the Choi criteria (18). Not all studies have
confirmed that tumor vascularity using conventional imaging techni-
ques is associated with embolization outcomes (19). However, well-
demarcated, noninfiltrative hypervascular tumors are likely associated
with enhanced absorption of beads compared with surrounding liver
parenchyma, thus reducing damage to normal liver.
Patients with relatively localized tumors may benefit more from

selective radiation delivery through TARE in the form of radiation
segmentectomy or lobectomy. In unilobar radioembolization, the
risks of clinically significant radioembolization-induced liver dis-
ease are low, and data suggest long-term disease control with little
short or long-term toxicity (20). Tumoral aggressiveness can also
influence the choice of therapy. Radiation is cell-cycle dependent
(least active in the G0 and early G1 phases and most active during
the G2 and mitotic phases) and requires at least some degree of
cellular proliferation for response (21–23). A single-center retro-
spective study suggested a selective benefit associated with TARE
compared with bland embolization in intermediate-grade versus
low-grade NETs (24). Although not all studies confirm this associ-
ation (25), TARE may be particularly beneficial when high doses
of radioactivity can be selectively administered to rapidly progres-
sive, localized tumors.
In summary, TARE may have advantages over TAE/TACE in

certain circumstances, such as relatively localized, vascular tumors
associated with a high degree of radioactive bead uptake compared
with normal liver. Long-term TARE risks appear to be particularly
concerning among patients with bilobar metastases, long life expec-
tancy, and tumoral features associated with relatively low absorption
of beads. Ultimately, more data are required to validate treatment
selection parameters. However, to move beyond the question of
which modality is “better,” we need to refine our questions and
investigate what factors favor which type of embolization modality.
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Precision medicine, in which the molecular underpinnings of the dis-
ease are assessed for tailored therapies, has greatly impacted cancer
care. In parallel, a new pillar of therapeutics has emerged with pro-
found success, including immunotherapies such as checkpoint inhibi-
tors and cell-based therapies. Nonetheless, it remains essential to
develop paradigms to predict and monitor for therapeutic response.
Molecular imaging has the potential to add substantially to all phases
of cancer patient care: predictive, companion diagnostics can illumi-
nate therapeutic target density within a tumor, and pharmacodynamic
imaging biomarkers can complement traditional modalities to judge a
favorable treatment response. This “Focus onMolecular Imaging” arti-
cle discusses the current role of molecular imaging in oncology and
highlights an additional step in the clinical paradigm termed a thera-
peutic biomarker, which serves to assess whether next-generation
drugs reach their target to elicit a favorable clinical response.
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alizedmedicine; targeted cancer therapy; cancer biomarkers
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There has been rapid progress in the development of targeted
cancer therapies over the past 20 years. Cytotoxic chemotherapeu-
tic regimens are still effective and often used but lack specificity
and frequently result in significant side effects. One of the goals of
the precision medicine era is to better tailor treatments to the indi-
vidual’s particular cancer. This tailoring has evolved to include tar-
geted treatments that are based on biomarkers present in the tumor
(1). The therapeutic strategies have diversified in the postgenomic
era, taking advantage of biologic agents, recombinant proteins, chi-
meric approaches, radiotherapies, and even so-called “living drugs”
based on engineered cells or viruses that can sense and respond to
a particular pathology. As the diversity of approaches has
advanced, molecular imaging is uniquely positioned to broaden its
critical role in modern therapy development, therapeutic monitor-
ing, and response assessment (2,3).
Molecular diagnostics such as tissue or blood-based biomarkers

continue to play an important role and are often a gold standard in

terms of being both predictive and prognostic biomarkers. To ensure
that the therapeutic potential of targeted drugs is realized, there has
been a push for a drug–diagnostic codevelopment model in which
diagnostic tests and drugs are developed in parallel (4). For exam-
ple, immunohistochemistry for estrogen receptor (ER) expression
plays an important role as a biomarker forecasting tumor aggressiv-
ity and response to estrogen pathway therapies in breast cancer (5),
and molecular characterization of hematologic malignancies such as
diffuse large B-cell lymphoma guides the use of modern therapies
such as chimeric antigen receptor (CAR) T cells and bispecific anti-
bodies targeting cell surface markers, such as CD19 and CD20 (6).
Other recent examples include peripheral blood sampling for cyto-
kines associated with T-cell activation (e.g., IL-12) and circulating
tumor DNA (7,8). These examples highlight how tissue-sampling
approaches can complement circulating biomarkers that capture the
state of the pathology or therapy in action. However, despite their
benefits, all these biomarkers are currently being assessed using
in vitro assays with biopsied tissues and blood samples. Direct-
sampling approaches are limited by their invasive nature, which
makes repeated sampling impractical. Furthermore, direct sampling
comes with the potential trade-off of failing to capture tumor hetero-
geneity, or assess multifocal disease, and can be prone to sampling
errors and artifacts (9). Indeed, even robust gold standard techniques
with biologically relevant results can be misleading as to whether a
therapy may be successful. For example, programmed-death ligand
1 (PD-L1) expression was not predictive of overall response to
immune checkpoint therapy with nivolumab in patients with recur-
rent metastatic urothelial carcinoma (10). This result highlights that
current methods of assessing biomarkers not only are invasive and
impractical but also might not yet be powerful enough to accurately
predict whether the patient will respond to certain treatments. Thus,
key developments in molecular imaging are needed to address the
current limitations and to provide clinicians with the information to
best tailor cancer therapies.
Here we briefly review the molecular imaging paradigm that has

evolved in recent years and consider new ways of applying molecu-
lar imaging to predict and assess response to 21st century cancer
therapeutics, including the unique ability of molecular imaging to
capture targeted therapy delivery to tumor sites. Concepts such as
integrated and integral biomarkers and the evolving use of bio-
markers in oncology clinical trials—early response indicators and
surrogate endpoints—were discussed in more depth previously (3).

INTRODUCTION ON TYPES OF BIOMARKERS

We consider a clinical imaging paradigm of informed decision
making using several branch points that include predictive
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markers, therapeutic markers, and pharmacodynamic markers (2),
guided by definitions used in oncology (11). Predictive markers
measure the therapeutic target and ideally give quantitative meas-
ures of target expression at the disease site. We define the term
therapeutic biomarker as a marker that can measure target engage-
ment or occupancy to guide drug dosing, for example. Pharmaco-
dynamic biomarkers measure biochemical processes or phenotypic
outcomes that are downstream from the target to assess whether
the drug has had its intended action after treatment. This approach,
illustrated in Figure 1, highlights serial branch points in treatment
decision making and adds the important strength of molecular
imaging markers to assess therapeutic target engagement.
Before discussing each type of biomarker in more depth and

with relevant examples, we should note that there are numerous
pathologic biomarkers and their partner radiotracers that can be
used in different capacities at multiple points in the paradigm. For
example, the ER PET imaging described below can be used as
both a predictive and a therapeutic biomarker. A key concept in
our framework (Fig. 1) is that the timing of imaging dictates the
primary capacity in which the biomarker is functioning and pro-
viding useful information. In general, a predictive biomarker
describes an assessment before treatment. Therapeutic and phar-
macodynamic biomarkers are assessed during treatment, typically
early after treatment has been applied. Although all markers are in
some sense predictive of later response, a distinction is made
between markers that predict response in advance of treatment
(predictive) and those that require a short exposure to treatment
(therapeutic, pharmacodynamic).

PREDICTIVE MARKERS

A well-known example of a predictive biomarker is PET imag-
ing of ER expression using 18F-fluoroestradiol. 18F-fluoroestradiol
uptake has been shown to strongly correlate with ER expression
measured by conventional tissue-based assays (12). Clinical
studies have demonstrated a robust correlation between baseline
18F-fluoroestradiol uptake levels and therapeutic response, with
18F-fluoroestradiol uptake being highly predictive of breast cancer
responsiveness to ER-targeted endocrine therapies and aromatase
inhibitors. More importantly, 18F-fluoroestradiol PET has a high
negative predictive value, with the lack of uptake strongly suggest-
ing a lack of response, demonstrating how the assessment of ER
status with 18F-fluoroestradiol can thus be used to select patients
whose tumor expresses the therapeutic target and to guide therapy.
Predictive marker imaging can also be used to guide radionu-

clide therapy. An example includes the theranostic pairing of 68Ga-
DOTATATE (Netspot; Advanced Accelerator Applications) with

177Lu-DOTATATE (Lutathera; Advanced Accelerator Applica-
tions), a somatostatin-targeted peptide receptor radionuclide therapy
for the treatment of neuroendocrine tumors (13). For radionuclide
therapy, one can also consider radiopharmaceutical dosimetry, spe-
cifically the estimation of radiation dose to normal organs from the
radiopharmaceutical, as an important predictive marker for guiding
therapy (14). An important area of ongoing dosimetry research is
the ability of imaging to assess tumor dose in addition to normal-
organ exposure, as a key predictive measure of tumor response. For
this task, closely paired diagnostic agents and quantitative tomo-
graphic imaging can provide a good estimate of disease targeting to
optimize treatment choices and radiopharmaceutical dose selection
(14,15), in an elegant use of paired diagnostic–therapeutic radio-
pharmaceuticals—that is, a theranostic approach.
Although the above examples have been in development for

over a decade, many promising predictive markers are in the pre-
clinical stage for emerging therapies. Poly[adenosine diphosphate
ribose] polymerase (PARP) 1 has emerged as an attractive antican-
cer target given its role in DNA damage repair, and the develop-
ment of PARP inhibitors is on the rise for the treatment of various
types of cancers (16). A radiotracer based on the PARP inhibitor
AG14699, 18F-fluorthanatrace, is currently at the stage of valida-
tion against tissue-based studies for breast and ovarian cancer to
assess its predictive value and has the potential to be a clinical pre-
dictor of response to PARP inhibitor therapies (17–19).
The use of predictive markers has extended into new classes of

therapies to support patient selection and response prediction. The
emergence of immunotherapies has motivated the development of
antibody-based, immuno-PET probes for imaging therapeutic tar-
gets. For example, 89Zr-atezolizumab, an anti-PD-L1 antibody, has
been developed to assess PD-L1 expression on cancer cells to pre-
dict benefit from PD-1/PD-L1 checkpoint blockade therapy (Fig.
2A) (20). Initial results from clinical studies have demonstrated
that 89Zr-atezolizumab tumor uptake positively correlates to the
responsiveness of tumor to PD-L1 blockade therapy with atezolizu-
mab and to both progression-free survival and overall survival. Fur-
thermore, PD-L1 status evaluated by PET imaging has been shown
to better predict clinical response than can immunohistochemistry
or RNA-sequencing–based biomarkers (20). Imaging of checkpoint
protein receptor cytotoxic T-lymphocyte–associated antigen 4
(CTLA4) with 89Zr-ipilimumab is currently being studied in a clin-
ical trial setting (NCT03313323) to determine the correlation
between tumor uptake of radiolabeled ipilimumab and response to
ipilimumab therapy.
To date, tumor-specific and therapy-specific markers have been

the dominant classes of predictive PET imaging biomarkers. A
deviation in this trend is noted with the emergence of PET tracers
developed to image pan-tumor markers, such as fibroblast activa-
tion protein (FAP), in the tumor microenvironment (21). FAP-
specific enzyme inhibitor has been radiolabeled with 68Ga to
image FAP-positive reactive stromal content in various solid
tumors with high contrast (68Ga-FAP inhibitor) (22). The DOTA-
coupled, chelated nature of the radiotracer highlights that the
radioisotope can easily be switched with a therapeutic isotope
such as 177Lu, enabling potential theranostic pairing of 68Ga-FAP
inhibitor imaging with 177Lu-FAP inhibitor therapy. Given its
selective expression in tumor stromal cells, FAP has also emerged
as a promising stromal cell target for solid tumor immunotherapy,
including CAR T-cell therapy, portending the use of FAP PET
imaging as a companion diagnostic for FAP CAR T-cell therapy
to assess the biodistribution of the target (23).

Predictive biomarker Therapeutic biomarker Pharmacodynamic (PD) biomarker
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FIGURE 1. Clinical decision pathway incorporating imaging biomarkers.
This path highlights 3 different potential roles of molecular imaging as pre-
dictive, therapeutic, and pharmacodynamic biomarker. (Adapted from (2).)
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THERAPEUTIC BIOMARKERS

Therapeutic biomarkers, which are focused on assessing
whether the therapy has reached the target, are a rapidly evolving
area in molecular imaging. Traditional examples include diagnos-
tic and therapeutic radiopharmaceuticals (e.g., neuroendocrine
tumor agents), including therapeutic agents that intrinsically emit a
measurable signal, such as 131I therapy (24). Dosimetry with 131I
allows optimal dosing in refractory thyroid cancers, yielding meas-
urements that optimize the radiotherapy dose to the target without
surpassing toxicity limits to key organs such as the lungs and the
bone marrow. With the advent of quantitative molecular imaging
biomarkers, imaging can also assess drug dosing for standard ther-
apeutics. An initial study performed to measure ER availability
with 18F-fluoroestradiol before and during fulvestrant therapy
demonstrated that residual 18F-fluoroestradiol uptake after treat-
ment is associated with early clinical disease progression (12).
This observation motivated the use of 18F-fluoroestradiol to mea-
sure target engagement of selective ER degrader drugs for deter-
mining the optimal dose to achieve clinically significant ER
inhibition (Fig. 2B) and is now increasingly applied in the devel-
opment of new selective ER degrader agents (25).
The expansion and translation of imaging-based therapeutic

monitoring may be even more critical for 21st century therapies,
including immunotherapies and so-called living drugs that entail
gene and cell therapies. Living drugs are uniquely challenging to
monitor because of their dynamic behavior in vivo. For example, a
cell therapy may undergo autonomous regulation, with dynamic
expansion on target recognition, which includes orders-of-magni-
tude increases in the number of therapeutic cells and related con-
traction in cell number after target clearance. This type of therapy
does not follow the traditional pharmacokinetics principles devel-
oped around conventional chemotherapeutic and biologic drugs

(26). Furthermore, the dynamic and self-regulating underpinnings
of a living-drug approach magnify the concern about on-target,
off-tumor toxicities, such as a case of pulmonary toxicity and sub-
sequent death in a CAR T-cell–treated patient, thought to be
related to the native expression of ERBB2 on normal lung tissue
(27). Therefore, developing therapeutic biomarkers for cell-based
therapies to better understand the dose and dynamic behaviors of
the living drugs is a key milestone.
There are 2 main strategies for tracking living drugs over time:

direct and indirect labeling (28). For direct labeling methods, cells
are labeled with imaging agents such as 89Zr-oxine and monitored
over a time course of hours to days. Weist et al. recently demon-
strated 89Zr-oxine labeling of interleukin 13 receptor a2–targeted
and prostate stem cell antigen–targeted CAR T cells to monitor
in vivo trafficking to glioblastoma tumors and subcutaneous pros-
tate tumors, respectively (29). The oxine-labeled CAR T cells were
detectable for at least 6 d after labeling, and the labeling did not
result in a significant reduction in functionality of the CAR T cells.
Although relatively straightforward and inexpensive, direct label-

ing strategies are hampered by dilution of signal on cell division
and death and is therefore not amenable to medium- or long-term
monitoring of therapy (28). Two alternative approaches include
using cell surface labels (e.g., inducible T-cell costimulator [ICOS]
or CD8) coupled with immuno-PET radioprobes or reporter gene
imaging platforms. In the latter, living drugs such as CAR T cells
are transduced with a reporter gene of interest that can be specifi-
cally targeted via a complementary radioprobe, allowing for imag-
ing over the entire lifetime of the cell, with faithful signal
amplification with each cell division (28). One of the most exten-
sively studied PET reporter genes is HSV1-tk. HSV1-tk–engineered
cytotoxic T lymphocytes expressing interleukin-13 CAR to target
human gliomas after surgical resection were monitored using a
radiolabeled analog of the anti-herpes drug penciclovir, 18F-FHBG

FIGURE 2. Examples of predictive (A), therapeutic (B), and pharmacodynamic (C) markers for 21st century therapies. (A) 89Zr-atezolizumab tumor
uptake (arrows) predicts clinical response to PD-L1 blockade therapy and overall progression-free survival. (Adapted with permission of (20).) (B) 18F-flu-
oroestradiol PET/CT images demonstrate complete suppression of O-(2-18F-fluoroethyl)-L-tyrosine–avid lesions with ER-targeting therapeutic
GDC-0810, highlighting potential role of 18F-fluoroestradiol PET/CT as biomarker of ER occupancy or downregulation for determining dosages of various
ER-targeted therapeutics. (Adapted with permission of (25).) (C) Immuno-PET imaging of 89Zr-desferrioxamine-ICOS on day 2 after tracer administration
shows increased uptake of tracer by ICOS-positive activated T cells in tumor, tumor-draining lymph nodes, and spleen of mouse treated with stimulator-
of-interferon-genes protein (STING) i.t. compared with phosphate-buffered saline (PBS) i.t. (Reprinted with permission of (43).) HR 5 hazard ratio; i.t. =
intratumoral.
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(9-(4-18F-fluoro-3-[hydroxymethyl]butyl)guanine). PET imaging of
18F-FHBG demonstrated cytotoxic T-lymphocyte accumulation in
the areas of the tumor, noting that 18F-FHBG does not naturally
cross the intact blood–brain barrier (30).
FOLH1 encodes for prostate-specific membrane antigen and is

an example of a PET reporter gene that has gained a lot of atten-
tion, given its human origin. It has been engineered into CD19
CAR T cells to assess its trafficking to CD19-expressing tumor
cells in mice, with high sensitivity (31). An elegant finding from
this work was the demonstration that the number of intratumoral
CAR T cells derived from the PET images did not correlate with
the T-cell counts in the blood, suggesting that the peripheral blood
may not reflect the degree to which tumors are infiltrated with
CAR T cells, which is therapeutically relevant information.
We recently described E. coli dihydrofolate reductase and radio-

tracer derivatives of its highly specific small-molecule inhibitor tri-
methoprim as a promising reporter gene–probe pair for monitoring
CAR T cells. 18F-trimethoprim imaging showed early residence
of E. coli dihydrofolate reductase–expressing disialoganglioside
2–targeted CAR T cells in the spleen by day 7, followed by on-target
accumulation in disialoganglioside 2–positive tumor by day 13 (32).
Ex vivo anti-human CD8 immunohistochemistry showed that as few
as 11,000 CD8 E. coli dihydrofolate reductase-expressing CAR T
cells per cubic millimeter of tumor tissue could be detected in the
PET images.
Beyond CAR T cells, approaches using reporter gene imaging

have been established as a common platform to monitor other 21st
century therapies. Notably, gene therapy/gene replacement with
adeno-associated virus, and cancer therapies using oncolytic
viruses, are important fields in which the penetrance and durability
of the viral vector often have an impact on the therapeutic out-
come (33,34).

PHARMACODYNAMIC BIOMARKERS

As the above paradigms are geared for making proper clinical
management choices from the beginning of a therapeutic interven-
tion (predictive) and measuring whether the drug reaches its target
(therapeutic), crucial downstream measures of efficacy can be
assessed with pharmacodynamic biomarkers. These markers are
well known to the nuclear medicine community and have been
studied for decades. Two key classes of pharmacodynamic
markers are metabolic and proliferative measures. The most
widely adopted metabolic radiotracer is 18F-FDG, which functions
as a measure of glycolysis (35). Many clinical patient streams rely
on PET/CT imaging with 18F-FDG for diagnosis, including lym-
phoma, head and neck tumors, high-risk skin cancer (e.g., mela-
noma), and breast cancer (36). These patients are treated with
diverse chemotherapeutic, biologic, immunotherapeutic, and now
cell therapy approaches, and 18F-FDG remains a crucial tool to
understand the glycolytic response. Not only have National Com-
prehensive Cancer Network guidelines been developed to include
PET/CT with input from referring clinicians, but also routine
response criteria such as PERCIST have been developed to stan-
dardize results communication (37). On the horizon, metabolic
biomarkers such as amino acid derivatives related to acetate and
glutamine are in development. These may be applied in certain
clinical situations as surrogates for understanding specific intracel-
lular processes such as fatty acid synthesis or transport of amino
acids, particularly for tumors that are not 18F-FDG–avid and for
metabolically targeted therapies (38,39).

Alternatively, a therapy may impact the phenotype of the dis-
ease process, a feature for which quantitative molecular imaging is
ideally suited. An exciting recent example of imaging a pharmaco-
dynamic response to an estrogen challenge was illustrated by Deh-
dashti et al. (40). This approach leverages the observation that
stimulation of pathways downstream from the ER in breast cancer
leads to increased expression of the closely related progesterone
receptor. The investigators showed that an increase in uptake of
the progesterone receptor radiotracer 18F-fluorofuranylnorproges-
terone in response to an estradiol challenge is a potent way to
assess for ER receptor function and can predict breast cancer
response to endocrine therapy. Pharmacodynamic biomarkers for
biologics and living drugs also have great potential, especially
with respect to immunooncology.
The focus of imaging pharmacodynamic markers is no longer

solely on the tumor itself but rather on the immune system. For
example, CD8 minibodies image immune cells in inflammatory
conditions and cancer and can be used in conjunction with a base-
line image to understand how the immune system responds to
immunotherapy such as a checkpoint inhibitor (anti-CTLA4 or anti-
PD1) (41). Another notable example that is nearing clinical transla-
tion is the use of ICOS to monitor “stimulator-of-interferon-genes”
protein agonist immune activation or CAR T-cell trafficking
(42,43). Xiao et al. (43) showed that immuno-PET imaging of
ICOS with 89Zr-desferrioxamine-ICOS enabled specific detection of
activated T cells and their coordinated immune response to stimula-
tor-of-interferon-genes protein and programmed cell death protein
1 checkpoint blockade in the setting of Lewis lung cancer models,
highlighting the promising potential of ICOS imaging as a way to
monitor T-cell–mediated immune response to various immunothera-
pies (Fig. 2C). Xiao et al. (43) also demonstrated that the ICOS sig-
nal is detectable before changes in tumor volume, suggesting that
ICOS imaging will allow for highly sensitive, early detection of
response, compared with traditional anatomic imaging approaches.
Despite the success of biologic therapies and antibodies (including

bispecifics), integration of similar such protein-based imaging tools
into the clinical paradigm has been challenging, in part because of
the long circulation time of many of these therapies themselves and
the practical challenges of imaging full-length antibodies, for exam-
ple. For 21st century therapy imaging, small molecules or immune
molecules engineered specifically for imaging will continue to play a
large role, and efforts to make smaller biologic probes using radioi-
sotopes with shorter half-lives have shown promise (41).

CONCLUSION

The use of imaging biomarkers, in their diverse capacities, can
impact and improve on a one-size-fits-all approach to medical diag-
nosis and treatment. Precision medicine promises that with a deep
understanding of the molecular mechanisms and pathology heteroge-
neity, tailored therapies can be prescribed for the improved treatment
and health of patients. This molecular imaging biomarker paradigm
for both cancer clinical trials and future clinical applications serves
as a reference for basic scientific developments in the field of cancer
molecular imaging and a formulaic approach to guide clinical trials.
Imaging serves to complement diagnostics based on in vitro assays
and tissue sampling, especially in terms of predictive biomarkers.
Optimizing the dose regimen and understanding whether the drug
reaches the pathology is a key component of therapeutic biomarkers,
and finally, pharmacodynamic biomarkers are used to assess the
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downstream processes that are affected by the drug and ultimately
entail the tumor response to therapy.
The future outlook for imaging biomarkers continues to be

bright. As there has been an acceleration in the development of
living drugs and new 21st century therapeutics, the field of molec-
ular imaging should be positioned to meet the needs of pharma-
ceutical development efforts in terms of companion diagnostics
and therapeutic biomarker drug assessment, with an eye toward
clinical applications and integration.
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The purpose of this study was to compare breast MRI, thoracic MRI,
thoracic 18F-FDG PET/MRI, and axillary sonography for the detection
of axillary lymph node metastases in women with newly diagnosed
breast cancer. Methods: This prospective double-center study
included patients with newly diagnosed breast cancer betweenMarch
2018 and December 2019. Patients underwent thoracic (18F-FDG
PET/)MRI, axillary sonography, and dedicated prone breastMRI. Data-
sets were evaluated separately regarding nodal status (nodal-positive
vs. nodal-negative). Histopathology served as the reference standard
in all patients. The diagnostic performance of breast MRI, thoracic
MRI, thoracic PET/MRI, and axillary sonography in detecting nodal-
positivepatientswastestedbycreatingreceiver-operating-characteris-
tic curves (ROC)with a calculated area under the curve (AUC). Sensitiv-
ity, specificity, positive predictive value, negative predictive value, and
accuracy were calculated for all 4 modalities. A McNemar test was
used to assess differences. Results: In total, 112 female patients
(mean age, 53.046 12.6 y) were evaluated. Thoracic PET/MRI showed
the highest AUC, with a value of 0.892. The AUCs for breast MRI, tho-
racicMRI, and sonographywere 0.782, 0.814, and 0.834, respectively.
Differences between thoracic PET/MRI and axillary sonography, tho-
racicMRI,andbreastMRIwerestatisticallysignificant (PET/MRIvs.axil-
lary sonography, P5 0.01; PET/MRI vs. thoracic MRI, P5 0.02; PET/
MRI vs. breast MRI, P5 0.03). PET/MRI showed the highest sensitivity
(81.8% [36/44]; 95% CI, 67.29%–91.81%), whereas axillary sonogra-
phy had the highest specificity (98.5% [65/66]; 95% CI,
91.84%–99.96%).Conclusion: 18F-FDGPET/MRIoutperformsaxillary
sonography, breast MRI, and thoracic MRI in determining the axillary
lymph node status. In a clinical setting, the combination of 18F-FDG
PET/MRI and axillary sonography might be considered to provide
even greater accuracy in diagnosis.

Key Words: breast cancer; axillary lymph node metastasis; PET/MRI;
oncologic imaging
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Breast cancer is the most common cancer in women worldwide,
representing about 25% of all cancers in women (1). Initial treatment
strategies and patients’ prognosis are fundamentally based on tumor
biology and tumor stage. Typically, the axillary lymph nodes are the
first site of nodalmetastatic disease in invasive breast cancer (2). The
ability to distinguish between nodal-positive and nodal-negative sta-
tus in both pre- and posttherapeutic situations is crucial to provide an
appropriate and individualized therapeutic concept for the axilla and
to determine prognosis (3). So far, sentinel lymph node biopsy or
sentinel lymph node excision has been regarded as the gold standard
for axillary staging in early breast cancer (4), but different surgical
axillary procedures such as targeted lymph node excision or targeted
axillary dissection have been proposed as favorable alternatives to
deescalate invasive procedures such as axillary dissection (5). How-
ever, these invasive procedures can cause morbidity such as infec-
tion or hematoma, as well as causing patient discomfort. At the
time of initial diagnosis, about 25%–40% of early breast cancer
stages show axillary nodal metastatic disease (6,7), which means
that for about 60%–75% of the patients with early-stage breast can-
cer any kind of axillary intervention represents overtreatment.
Therefore, a noninvasive imaging method for discriminating
between nodal-positive and nodal-negative axillary status is desir-
able to avoid unnecessary biopsies before therapy and to facilitate
therapy planning.
Different imagingmodalities are available for the initial staging of

breast cancer patients. Over the last few years, breast MRI, axillary
sonography, and CT have become well established in this regard
(8,9). However, no imaging modality has yet proven accurate
enough to replace invasive procedures for determining the correct
nodal status (10,11). While 18F-FDG PET imaging can reliably dis-
play increased glycolytic activity in metastatic tissue, MRI offers
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images with high anatomic resolution and high soft-tissue contrast.
Hence, hybrid 18F-FDG PET/MRI might serve as an excellent com-
bined imaging modality for locoregional staging compared with
conventional imaging such as ultrasound, breast MRI, or CT (12).
The aim of our study was to compare thoracic 18F-FDG PET/MRI,

breastMRI, thoracicMRI, and axillary sonographywith regard to their
ability to determine the correct axillary nodal status in patientswith pri-
mary breast cancer, using histopathology as the reference standard.

MATERIALS AND METHODS

Patients
The local ethics committees approved this prospective, double-center

study (studies 17-7396-BO and 6040R). All patients gave written
informed consent before enrolment. Patients who had newly diagnosed,
therapy-naive breast cancer with an elevated risk for distant metastases
between March 2018 and December 2019 were included in this study if
they fulfilled the following criteria: a newly diagnosed, treatment-naïve
T2 or higher tumor; a newly diagnosed, treatment-naïve triple-negative
tumor of any size; or a newly diagnosed, treatment-naïve tumor with
molecular high risk (Ki-67. 14% or G3 or her2 overexpression). Breast
feeding, pregnancy, malignancies in the last 5 y, or contraindications to
MRI orMRI contrast agents were exclusion criteria. Of the 112 patients,
45 had been reported previously (13). In contrast to the prior publication,
we investigated further imaging modalities such as breast MRI and
sonography for axillary nodal staging instead of the comparison of
MRI, PET/MRI, and bone scintigraphy for N and M staging.

PET/MRI and Breast MRI
All 18F-FDG PET/MRI examinations were performed from head to

mid thigh on an integrated 3.0-T PET/MRI scanner (Biograph mMR;
Siemens Healthcare GmbH) with the patient supine, about 60 min after
intravenous injection of a body weight–adapted dose of 18F-FDG (4
MBq/kg of body weight). Patients fasted for 6 h before the examination,
and blood glucose levels were ensured to be below 150 mg/dL before
18F-FDG was injected.

Just before the whole-body imaging was performed, each patient
underwent dedicated breast MRI in the head-first prone position on
the same integrated 3.0-T PET/MRI scanner. The imaging protocol
has been detailed by Kirchner et al. (14). Thoracic whole-body PET/
MRI and MRI sections were evaluated for axillary nodal status and
are referred to here as 18F-FDG thoracic PET/MRI and thoracic MRI.

PET/MR and MR Image Analysis
Images were analyzed independently and in

random order by 2 experienced radiologists
with extensive experience in hybrid imaging,
as well as by a nuclear medicine specialist,
using an OsiriX Workstation (Pixmeo SARL)
with a reading intermission of 4 wk to avoid
recognition bias. Discordant readings were
resolved in a collective consensus reading.
For every patient and modality, the axillary
lymph node status was rated as either nodal-
positive or nodal-negative. Morphologic fea-
tures for the diagnosis of lymph node metasta-
ses on MRI were short-axis diameter greater
than 10 mm, irregular margin, inhomogeneous
cortex, perifocal edema, absence of fatty hilum,
asymmetry in comparison to the contralateral
site, contrast medium enhancement, and
blurred nodal border (15). In PET/MRI, tracer
uptake above the level of the direct background
and the surrounding lymph nodes was

considered a sign of malignancy. To measure SUVmax and SUVmean, a
manually drawn region of interest was placed around the respective
lymph node. Readers were masked to patient identity, history, and the
results of local and distant metastasis but aware of the diagnosis of breast
cancer.

Axillary Sonography
Axillary sonography was performed at each center by a gynecologist

with multiple years of experience in breast and axillary ultrasound. No
regular second assessment was done by a second reader. An Acuson
S2000 system (Siemens Healthcare GmbH), a SuperSonic Imagine
Aixplorer (Toshiba Medical Systems GmbH), and an Aplio MX SSA-
780A system (Toshiba Medical Systems GmbH), each with a linear
array transducer of 5–12 MHz, were used. Lymph nodes were regarded
as suggestive, mostly with an indication for biopsy, when the cortical
thickness was greater than 3 mm, the cortex was lobulated, or the hilum
was decreased or absent (16,17).

Reference Standard
Histopathology served as the reference standard in every patient and

was used to evaluate the nodal status (nodal-positive vs. nodal-negative).
If available, tissue samples from axillary dissection or sentinel lymph
node biopsy before systemic therapy were used as the reference standard.
If no sufficient pretherapeutic sampling was available, sentinel lymph
node excision or axillary dissection after neoadjuvant systemic therapy
was used as a surrogate reference standard. In the case of insufficient pre-
therapeutic sampling, additional histologic preparations were evaluated,
using focal fibrosis or focal necrosis as an indirect indication for previ-
ously vital lymph node metastases (18,19).

Statistics
Statistical analysis was performed using SPSS Statistics, version 26

(IBMCorp.). A P value of less than 0.05 was considered statistically sig-
nificant. Data are presented as mean 6 SD. The diagnostic performance
of breastMRI, thoracicMRI, thoracic PET/MRI, and axillary sonography
in detecting nodal-positive patients was tested by creating receiver oper-
ating-characteristic (ROC) curves with a calculated area under the curve
(AUC). A McNemar test was used to assess AUC differences between
thoracic PET/MRI and axillary sonography, thoracic MRI, and breast
MRI and between axillary sonography and thoracic MRI, respectively.
In addition, sensitivity, specificity, positive predictive value, negative pre-
dictive value, and accuracywere calculated for breastMRI, thoracicMRI,

FIGURE 1. STARD diagram showing initial number of patients and reasons for exclusion.
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thoracic PET/MRI, and axillary sonography. Sensitivity was defined as
true-positive/(true-positive 1 false-negative). Specificity was defined as
true-negative/(true-negative 1 false-positive). Positive predictive value
was defined as true-positive/(true-positive 1 false-positive). Negative

predictive value was defined as true-negative/(true-negative1 false-neg-
ative).Accuracywas defined as (true-negative1 true-positive)/(true-neg-
ative1 true-positive1 false-negative1 false-positive) (20). To compare
SUVmax between false-positive and correctly positive lymph nodes on
thoracic PET/MRI, a Student t test was used.

RESULTS

Patient Population and Reference Standard
In total, 112 women (mean age, 53.04 6 12.6 y) were prospec-

tively included in this study (Fig. 1). Patient demographics and pri-
mary tumor characteristics are presented in Table 1. In every patient,
breast MRI, thoracic MRI, and PET/MRI were available. Axillary
sonography was available in 108 patients. In all patients, 18F-FDG
was used as the tracer (mean activity, 247.7 6 53.52 MBq).
On the basis of the reference standard, 44 patients (39%) were

nodal-positive, whereas 68 (61%) patients were nodal-negative. In
57 of 112 patients, histologic samples were taken before systemic
therapy (31 axillary core-needle biopsies, 20 sentinel lymph node
excisions, and 6 axillary dissections), whereas 55 samples were
taken right after neoadjuvant systemic therapy (50 sentinel lymph
node excisions and 5 axillary dissections).

Diagnostic Performance
Of the imaging modalities tested, thoracic PET/MRI showed the

highest AUC, with a value of 0.892 (95% CI, 0.801–0.953) (Fig.
2; Table 2). The AUCs for breast MRI, thoracic MRI, and axillary
sonography were 0.782 (95% CI, 0.674–0.871), 0.814 (95% CI,
0.718–0.904), and 0.834 (95% CI, 0.740–0.920), respectively.
We found that PET/MRI had the highest sensitivity of the 4 imag-

ing modalities (81.8% [36/44]; 95% CI, 67.29%–91.81%), whereas
breast MRI had the lowest sensitivity (61.4% [27/44]; 95% CI,
45.50%–75.64%). On the other hand, axillary sonography had the
highest specificity (98.5% [65/66]; 95% CI, 91.84%–99.96%),
whereas breastMRI and thoracic PET/MRI had the lowest specificity
(each 95.6% [65/68]; 95% CI, 87.64%–99.08%). At 96.7% (29/30;
95% CI, 80.39%–99.51%), axillary sonography had the best positive
predictive value, whereas breast MRI showed the weakest positive
predictive value (90.0% [27/30]; 95% CI, 74.37%–96.54%). Tho-
racic PET/MRI offered the best negative predictive value, at 89.0%
(65/73; 95% CI, 81.25%– 93.84%). In contrast, breast MRI offered
the weakest negative predictive value (79.3% [65/82]; 95% CI,
72.42%– 84.77%). Overall, thoracic PET/MRI showed the best diag-
nostic accuracy (90.18% [101/112]; 95% CI, 83.11%– 94.99%)
(Tables 3 and 4; Figs. 3 and 4). Differences between PET/MRI and
axillary sonography (P5 0.01), thoracic MRI (P5 0.02), and breast
MRI (P5 0.03) were statistically significant, whereas differences
between axillary sonography and thoracic MRI were not (P5 0.68).
According to the reference standard, 8 of 44 nodal-positive

patients (18.2%) were missed on thoracic PET/MRI; these
patients were rated false-negative by the other 3 imaging
modalities as well. Four of these patients received primarily opera-
tive therapy. The latency time between imaging and histopathologic
sampling was 39.25 6 4.38 d in these 4 patients. The remaining 4
patients received neoadjuvant chemotherapy, and the latency time
between imaging and the start of chemotherapy was 18.256 5.54 d.
Axillary sonography showed only one false-positive rating and

the highest specificity. This patient was rated false-positive as well
in breast MRI, thoracic MRI, and thoracic PET/MRI (Fig. 5). Tho-
racic PET/MRI showed 3 false-positive ratings, in 2 of which the
primary tumor had previously been marked by a clip. These
false-positive lymph nodes showed an SUVmax significantly lower

TABLE 1
Patient Demographics and Primary Tumor Characteristics

Characteristic Data

Total patients 112

Sex 112 female

Mean age 6 SD (y) 53.04 6 12.6

Menopause status

Pre 49

Peri 5

Post 58

Ki-67

Positive . 14% 98

Negative , 14% 14

Progesterone status

Positive 87

Negative 25

Estrogen status

Positive 89

Negative 23

HER2neu expression

Positive 31

Negative 81

Tumor grade

G1 6

G2 58

G3 48

Histology

NST 95

Lobular invasive 10

Other 7

T stage

T1 39

T2 64

T3 6

T4 3

N stage

N0 74

N1 25

N2 5

N3 8

M stage

M0 108

M1 4

NST 5 invasive carcinoma of no special type.
Data are n, except for age.
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than that of the correctly positive lymph nodes (3.73 6 0.75 with a
range of 3.0–4.5, vs. 6.31 6 3.96 with a range of 2.6–17.7;
P5 0.002).

DISCUSSION

In this study, we compared the diagnostic performance of 4 state-
of-the-art imaging modalities regarding their ability to determine the
axillary nodal status of 112 patients with newly diagnosed breast can-
cer. The results indicate that thoracic 18F-FDG PET/MRI is superior
to thoracic MRI, prone breast MRI, and axillary sonography. While
18F-FDGPET/MRI offers the highest sensitivity, accuracy, andAUC

for detecting locoregional lymph node
metastases, axillary sonography is the imag-
ing modality with the highest specificity.
Correctly identifying nodal status is cru-

cial in patients with newly diagnosed breast
cancer, because it is a major factor in choos-
ing the optimal treatment strategy (21–24).
Until some years ago, complete axillary dis-
section was the standard for axillary staging
and at the same time was a procedure to
achieve regional control (25). Because vari-
ous studies have shown sentinel lymph node
biopsy to be equal to axillary dissection for
staging purposes, sentinel lymph node
biopsy or equivalent procedures have
evolved as the standard for patients with a
clinically low risk of axillary nodal metasta-
ses (26–28).
Our results are in line with other studies,

as they underscore that breast MRI has a
minor role in evaluating the axillary nodal
status of breast cancer. This limited role is
due mostly to the limited field of view of
breast MRI using dedicated breast coils
that do not allow a complete assessment of

the axillary region. Despite the introduction of more advanced
MRI protocols or lymph node–specific contrast agents, the data
have remained insufficient from an oncologic perspective (29).
Sonography comes with the advantage of low cost and wide acces-

sibility, but the quality of the examination depends on the skill and
experience of the examiner. Our data show axillary ultrasound to
have a high specificity (98.5%) but a limited negative predictive value
(83.8%). This drawback of axillary ultrasound has also been described
by Farrell et al., who reported a high specificity of 100% but a risk of
underestimating the number of affected lymph nodes (30).
In our study, 18F-FDGPET/MRI demonstrated the best diagnostic

performance in detecting nodal-positive patients, compared with the
other modalities (AUC of 0.892). Previous PET/MRI studies in pri-
mary breast cancer showed conflicting results regarding nodal stag-
ing: whereas Botsikas et al. and Grueneisen et al. found an equal or
superior diagnostic performance forMRI alone compared with PET/
MRI (31,32), van Nijnatten et al. showed an added value of dedi-
cated axillary PET/MRI compared with MRI alone (33). Further
studies even indicated that PET/MRI could lead to treatment
changes or could replace invasive sampling, compared with conven-
tional staging withMRI, ultrasound, or full-field digital mammogra-
phy (12). In our study, 18F-FDG PET/MRI still missed about 18% of
the nodal-positive patients while having the best negative predictive

FIGURE 2. Receiver-operating-characteristic curves for diagnostic performance, comparing axillary
lymph node positivity among thoracic PET/MRI, axillary sonography, thoracic MRI, and breast MRI.

TABLE 2
AUC for the 4 Modalities

Modality AUC 95% CI

Thoracic PET/MRI 0.892 0.801–0.953

Axillary sonography 0.834 0.740–0.920

Thoracic MRI 0.814 0.718–0.904

Breast MRI 0.782 0.674–0.871

TABLE 3
Correct and False-Positive, as Well as Correct and False-Negative, Findings for the 4 Modalities

Positive Negative

Modality n Correct False n Correct False

Thoracic PET/MRI 39 36 3 73 65 8

Sonography 30 29 1 78 65 13

Thoracic MRI 30 28 2 82 66 16

Breast MRI 30 27 3 82 65 17
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value of all imaging modalities (89%), emphasizing its high reliabil-
ity in excluding malignancy in locoregional lymph nodes.
The highest specificity, on the other hand, was achieved by axillary

sonography, which depicted only 1 false-positive finding, whereas
PET/MRI lead to 3 false-positive ratings. Two of these 3 false-
positive patients had previouslyundergone clipmarking of the primary
tumor, pointing to a reactive 18F-FDG uptake in these lymph nodes.
False-positive lymph nodes showed a significantly lower SUVmax

than correctly positive lymph nodes. However, because the ranges in
SUVmax in the 2 groups overlapped and the number of false-positive
lymph nodes was very low, there is no reliable SUVmax cutoff.
There were limitations to this study.Most importantly, some sam-

ples were taken after neoadjuvant systemic therapy and therefore
had to be evaluated retrospectively, taking into account indirect his-
topathologic indicators for metastasis such as focal posttherapeutic
fibrosis or necrosis (18,19). Furthermore, several samples were
taken as a percutaneous biopsy, representing only a part of a lymph
node. In contrast to lymph node excision, this sampling method also
bears a small residual risk of missing tumor cells. Furthermore, the
prospective study design intended axillary sonography to be the first

examination, as it was conducted in the same session as breast
sonography and histopathologic sampling of the primary tumor to
ensure accordance with the patient inclusion criteria. Therefore
PET/MRI and MRI examinations were often performed after clip
marking of the breast, which may have caused reactive axillary
lymphadenopathy. Therefore, the number of false-positive findings
in PET/MRI and MRI might be artificially increased.
Our data suggest that 18F-FDG PET/MRI provides the highest

overall diagnostic performance, that 18F-FDG PET/MRI should be
used to exclude metastatic spread to axillary lymph nodes, and that
axillary sonography should be used to confirm the diagnosis of sus-
pected nodal positivity. Consequently, future workflows should con-
sider performing 18F-FDG PET/MRI as a searching tool before clip
marking of the primary tumor, if applicable in clinical workflow,
and to add axillary sonography afterward to specify findings. If
both imaging modalities show a positive nodal status, one might
even consider dispensing with axillary histopathologic sampling.
Although tissue pathology will be the final determiner of the N stage,

TABLE 4
Sensitivity, Specificity, Positive Predictive Value, Negative Predictive Value, and Accuracy for the 4 Modalities

Modality Sensitivity Specificity Positive predictive value Negative predictive value Accuracy

Thoracic PET/MRI

% 81.8 95.6 92.3 89.0 90.18

95% CI 67.29–91.81 87.64–99.08 79.72–97.34 81.25–93.84 83.11–94.99

Sonography

% 69.1 98.5 96.7 83.3 87.04

95% CI 52.91–82.38 91.84–99.96 80.39–99.51 76.07–88.72 79.21–92.73

Thoracic MRI

% 63.6 97.1 93.3 80.5 83.93

95% CI 47.77–77.59 89.78–99.64 77.83–98.24 73.58–85.94 75.79–90.19

Breast MRI

% 61.4 95.6 90.0 79.3 82.14

95% CI 45.50–75.64 87.64–99.08 74.37–96.54 72.42–84.77 73.78–88.74

FIGURE 3. Pathologically confirmed axillary lymph node metastasis
(arrows) that was correctly identified on 18F-FDG PET/MRI (A) because its
tracer uptake was above background level (SUVmax, 4.7). This lymph node
was rated false-negative on axillary sonography (B), thoracic MRI (C), and
breast MRI (D).

FIGURE 4. Pathologically confirmed axillary lymph node metastasis
(arrows) that was correctly identified on 18F-FDG PET/MRI (A) because its
tracer uptake was above background level (SUVmax, 4.3). It was also identi-
fiedonaxillary sonography (B) becauseof its cortical enlargement to3.8mm
(short-axis diameter, 8 mm). This lymph node was rated nonsuggestive on
thoracic MRI (C) and breast MRI (C). Large primary is seen in right breast.
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knowledge that PET/MRI is more sensitive than the other modalities
will help in the growing field of targeted biopsy in the future. How-
ever, further prospective studies would be needed to investigate the
potential replaceability of sampling by this approach.

CONCLUSION

18F-FDG PET/MRI outperforms axillary sonography, breast
MRI, and thoracic MRI in determining the axillary lymph node sta-
tus. In a clinical setting, the combination of 18F-FDG PET/MRI and
axillary sonography might be considered to provide even greater
accuracy in diagnosis.
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KEY POINTS

QUESTION: Is the diagnostic performance of thoracic 18F-FDG
PET/MRI better than that of thoracic MRI, breast MRI, and axillary
sonography?

PERTINENT FINDINGS: Thoracic 18F-FDG PET/MRI showed the
highest sensitivity (81.8%) and highest AUC (0.892) in assessing
axillary nodal status, whereas axillary sonography was the most
specific imaging modality (98.5%).

IMPLICATIONS FOR PATIENT CARE: PET/MRI might be used to
exclude axillary metastatic disease, and axillary sonography might
be added afterward to specify findings if PET/MRI shows nodal
involvement.
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Prognostic Value of Postinduction Chemotherapy Volumetric
PET/CT Parameters for Stage IIIA or IIIB Non–Small Cell
Lung Cancer Patients Receiving Definitive Chemoradiotherapy
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The aim of this follow-up analysis of the ESPATUE phase 3 trial was to
explore the prognostic value of postinduction chemotherapy PETmet-
rics in patients with stage III non–small cell lung cancer who were
assigned to receivedefinitive chemoradiotherapy.Methods:All eligible
stage IIIA (cN2) and stage IIIB patients in the trial received an induction
doublet chemotherapy consisting of 3 cycles with cisplatin and pacli-
taxel, and subsequent combinedchemoradiotherapywith a cumulative
doseofup to45Gy (1.5Gyper fraction twiceaday), followedbya radia-
tion boost (2 Gy once per day) with concurrent continuation of doublet
chemotherapy with cisplatin and vinorelbine. The protocol definition
prescribed a total dose of 65–71 Gy. 18F-FDG PET/CT was performed
at study entry and before concurrent chemoradiotherapy. Interim
PET metrics and known prognostic clinical parameters were corre-
lated in uni- and multivariable survival analyses. Leave-one-out
cross-validation was used to show internal validity. Results: Ninety-
two patients who underwent 18F-FDG PET/CT after induction che-
motherapy were enrolled. Median posttreatment MTV was 5.9 cm3.
Altogether, 85 patients completed the whole chemoradiation with
the planned total dose of 60–71 Gy. In univariable proportional-
hazards analysis, each of 3 parameters—posttreatment MTV,
posttreatment SUVmax, and posttreatment maximum total lesion gly-
colysis (TLGmax(post))—was associated with overall survival (P ,

0.05). Multivariable survival analysis, including clinical and postinduc-
tion PET parameters, found TLGmax(post) (hazard ratio, 1.032 [95% CI,
1.013–1.052] per 100 cm3 increase) and total radiation dose (hazard
ratio, 0.930 [95% CI, 0.902–0.959] per 1 Gy increase) was significantly
related to overall survival in the whole group of patients and in patients
receiving a total dose of at least 60 Gy. The best leave-one-out cross-

validated 2-parameter classifier was TLGmax(post) and total radiation
dose. TLGmax(post) was associated with time to distant metastases
(P 5 0.0018), and posttreatment SUVmax was associated with time
to locoregional relapse (P 5 0.039), in multivariable analysis of patients
receiving a total dose of at least 60 Gy. Conclusion: Postinduction
chemotherapy PET parameters demonstrated prognostic significance.
Therefore, interim 18F-FDG PET/CT is a promising diagnostic modality
for guiding individualized treatment intensification.

KeyWords: interim PET/CT; definitive radiotherapy; induction chemo-
therapy; stage III NSCLC; prognostic value

J Nucl Med 2021; 62:1684–1691
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Induction chemotherapy followed by concurrent chemoradiother-
apy is an important commonly applied variant of current regimes of
definitive chemoradiotherapy for stage III non–small cell lung can-
cer (NSCLC). In the recent PACIFIC trial, about one fourth of the
included patients with locally advanced stage III NSCLC received
induction chemotherapy followed by concurrent chemoradiation
and consolidation with durvalumab (1).
In addition, a significant survival benefit was found in metaanal-

yses on trials comparing surgery with induction chemotherapy and
surgery for patients with operable stage III NSCLC (2,3). Prognostic
factors to guide treatment intensification are needed, as progression-
free survival at 18mo of stage III NSCLC is less than 50% after con-
current chemoradiotherapy, even after durvalumab consolidation
(1). Randomized and early phase II trials on radiation dose escalation
were conducted for residual metabolic target volumes based onmid-
radiation 18F-FDG PET/CT. Up to now, the first results have shown
the feasibility of that approach and promising local tumor control
(4,5). Such treatment pathways require that the metabolic tumor vol-
ume (MTV) on midtreatment PET/CT be a prognostic factor. Lim-
ited evidence is available that MTV or parameters based on MTV,
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such as total lesion glycolysis (TLG), are prognostic for stage III
NSCLC patients treated with definitive chemoradiotherapy after
induction chemotherapy. Ganem et al. assessed the influence of post-
induction chemotherapy TLG on progression-free survival in 50
stage II or III NSCLC patients and concluded that postinduction
18F-FDG PETmetrics might add value to estimate patients’ progno-
sis (6). Soussan et al. also found TLG to have prognostic value in 33
stage III NSCLCpatients receiving induction chemotherapy and sur-
gery or definitive radio- or chemoradiotherapy (7).
Prognostic value for pretreatment MTV (MTVpre) was not sup-

ported by our previous study on patients treated with induction che-
motherapy followed by definitive chemoradiotherapy (8). This
therapeutic regimen was particularly effective in patients with a
high tumor burden and extensive initial MTVpre disease (8).
However, the volume-based PET parameters posttreatment MTV

(MTVpost) and posttreatment TLG after induction chemotherapy
might unmask tumor resistance and might have prognostic value.
Hence, the aim of this resulting analysis of the ESPATUE pro-

spective phase 3 trial (9) was to explore the prognostic value of
MTVpost followed by definitive chemoradiotherapy in patients
with stage IIIA or IIIB NSCLC.

MATERIALS AND METHODS

This analysis was based on the large, randomized phase 3 trial ESPA-
TUE (9). All patients who had pathologically proven stage IIIA or IIIB
NSCLC (Union for International Cancer Control TNM classification,
6th edition) and hadbeen enrolled in thatmulticenter trialwere evaluated.
The ethics committee of the medical faculty of the University
Duisburg–Essenapprovedthissucceedinganalysis.Theincludedpatients
were treated from2004 to 2012 at theUniversityHospital Essen.This site
recruited60%of all patients of the phase 3 trial. PET/CT scans fromother
institutionswerenotconsideredbecause those institutionseither recruited
fewer than4patients in total or thepatients’PET/CTscanswereno longer
available for quantitative analysis. The treatment protocol comprised
induction doublet chemotherapy consisting of 3 cycles of cisplatin, 50
mg/m2, on days 1 and 8; paclitaxel, 175mg/m2, on day 1 every 21 d; fol-
lowed by combined chemoradiotherapy of up to 45 Gy given as 1.5 Gy
twice a day, and a subsequent radiation boost of 2 Gy once per day up
to 65–71 Gy with concurrent cisplatin, 50 mg/m2, and vinorelbine,
20 mg/m2, on days 2 and 9.

All included patients underwent PET/CT for initial staging before or
no longer than 9 d after enrollment and 3 wk after induction chemother-
apy before the start of radiotherapy. Those patients who underwent a
repeated 18F-FDG PET/CT examination after induction chemotherapy,
and for whom definitive chemoradiotherapy was intended and began,
were eligible for this study.

Imaging
All patients underwent 18F-FDGPET/CT at two time points, t1 and t2.

Thefirst onewasperformed at initial diagnosis, and the secondoneafter 3
cyclesof inductionchemotherapy (follow-upbeforeconcurrentchemora-
diotherapy). The baseline and follow-up 18F-FDG PET/CT scans were
both obtained at the same center. PET/CT was performed on a Biograph
mCTorBiographDuodevice(Siemens).Detailsabout thePET/CTacqui-
sition and 18F-FDG administration have been reported previously (10).

Tomeasure theMTV, this study used a combination of a hybrid-based
approach, visual interpretation and delineation, and an automatic seg-
mentation procedure analogous to the method used in the Radiation
TherapyOncologyGroup/American College of Radiology ImagingNet-
work RTOG 1106/ACRIN6697 trial (11). The RTOG 1106 method uses
a fixed source-to-background ratio in combination with CT anatomy-
based manual editing to exclude mediastinal normal tissues. The initial

and current CT morphology is mandatory information. For shrinking
tumors, we limited the MTVpost to the initial MTVpre. Normal tissues
such as large vessels, as well as tumor extent, were manually defined
in a detailed examination done by two expert radiation–oncologists in
consensus. The activity within the postinductionMTVpost was evaluated
against the background of normal tissue. For the background definition,
the mean activity in 1 mL of blood pool within the aortic arch was deter-
mined. MTVpost had to be above 1.5 times the background activity and
was limited by the tumor borders on CT (12). For automatic contouring,
the Eclipse treatment planning system, version 15.5, was used (Varian
Medical Systems) (13–15). The MTVpost and maximal tracer activity
value within the tumor volume (Bq/cm3; posttreatment SUVmax [SUV-

max(post)]) were measured. Posttreatment maximum total lesion glycoly-
sis (TLGmax(post)) was calculated as the product of MTVpost and
SUVmax(post). Because the SUVmax and SUVmean of the lesion strongly
correlate with each other, with correlation coefficients above 0.93 in
many studies, we did not determine SUVmean (16–18).

Statistics
The primary endpoints were overall survival, time to progression, and

time to locoregional progression as a component of the first recurrence or
distant progression alone.

Event timeswere defined as the interval between the patient’s entering
the study and the time of the event. PET metrics combined with other
known prognostic factors were analyzed for prediction of treatment
outcome.

A prognostic n-parameter classifier (n 5 1–4) was built from the
parameters of the postinduction chemotherapy PET/CT. A score-
selection method for proportional-hazards regression with leave-one-
out cross-validation was applied (13,19). The leave-one-out
cross-validation approach was performed using the SAS macro
described by Rushing et al. (20). The variables for the best n-parameter
model were selected on the basis of the highest x2 score for the
proportional-hazards model in comparison to all other n-parameter mod-
els. Classifiers were calibrated on a training dataset, leaving out the ith
patient. The endpoint was overall survival. The ith patient was then clas-
sified as high-risk or low-risk depending on its predictive risk score
according to the classifier from the training dataset. This procedure
was repeated for each patient. Patients with a cross-validated predictive
index greater than themedian in the respective training dataset were clas-
sified as high-risk, and the other patients were classified as low-risk.

Kaplan–Meier survival curves for the high-risk and low-risk groups
were compared using the nonparametric log-rank test. In addition, over-
all survival in the high-risk and low-risk groups was compared using the
Cox proportional-hazards model, and the corresponding hazard ratios
and their 95% CIs were reported.

As measures of relative interpatient heterogeneity, the classic coeffi-
cient of variation and the quartile coefficient of dispersion were used, the
latter being calculated according to Q32Q1

Q1þQ3
, whereQ1 andQ3 represent the

first and third quartiles of the distribution, respectively (21).
The proportional-hazards analysis and receiver-operating-character-

istic analysis were performed using the PHREG procedure in SAS/
STAT statistical software, version 14.3 (13). The validity of the
proportional-hazards assumption was assessed by a Kolmogorov-type
supremum test (PHREG procedure; SAS).

RESULTS

Altogether, 92 patients from the ESPATUE trial fulfilled the
inclusion criteria of this study. All patients were enrolled at the Uni-
versity Hospital Essen from 2004 to 2012 (9,10). The median
follow-up for the patients who were alive at the time of the study
was 94.8 mo (range, 67.1–159.9 mo). Patient and tumor characteris-
tics are shown in Table 1. The interim PET/CT at t2 was performed
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within a median of 8 d (10th–90th percentiles, 5–15 d) before the
start of radiotherapy. In total, 62 patients relapsed. Among them,
32 had a locoregional relapse as a component of the first recurrence

and 30 relapsed at distant sites alone. There was a significantly pos-
itive Spearman correlation coefficient between MTVpost and SUV-

max(post) (0.74; P , 0.0001), between MTVpost and TLGmax(post)

(0.98; P , 0.0001), and between SUVmax(post) and TLGmax(post)

(0.83; P , 0.0001). TLGmax(post) revealed the greatest intertumor
heterogeneity of the parameters, characterized by a coefficient of
variation of 370.5% and a quartile coefficient of dispersion
of 94.7%, followed by MTVpost, with a coefficient of variation of
245.5% and a quartile coefficient of dispersion of 87.4% (Table
1). For comparison, the intertumor heterogeneity of TLGmax(pre)

and MTVpre was smaller in pretreatment PET/CT, with a coefficient
of variation of 164.2% and 109.8%, respectively, and a quartile coef-
ficient of dispersion of 63.0% and 57.2%, respectively. In an analysis
of the ratios between TLGmax(post) and MTVpost and their respective
initial values on the first PET/CT exam, the variations were also
smaller according to their coefficients of variation, 185.2% and
117.1%, respectively, than those of the respective parameters from
the interim PET/CT.
Univariable analysis of the postinduction chemotherapy PET/CT

parameters using proportional-hazards analysis revealed that for all
3 parameters, MTVpost, SUVmax(post), and TLGmax(post), the hazards
ratios for an increase of 1 unit in the variables were greater than 1.
The unit was 10 cm3 for MTVpost, 100 cm3 for TLGmax(post), and
10 for SUVmax(post). The P values for the association with survival
became smaller with increasing coefficients of variation of the
parameters. No deviations from the proportional hazards or the func-
tional form of the covariate were observed for any of these parame-
ters (P . 0.05, Kolmogorov supremum test).
Multivariable proportional-hazards analysis of all covariates

shown in Table 1 revealed that total radiation dose related posi-
tively and TLGmax(post) negatively to longer survival, using forward
selection at an a value of 0.05. All patients were intended to receive
a total dose of 65–71 Gy as per the protocol. Our per-protocol def-
inition prescribes a total dose of at least 60 Gy. Seven patients
received a total dose of less than 60 Gy. Two of these 7 died during
radiotherapy. Because reasons for stopping the radiotherapy early
were, or might be, directly related to survival, we also performed
a second analysis to look for the effect of total dose on survival
in the per-protocol group of 85 patients. Again, total radiation
dose and TLGmax(post) remained significant prognostic factors for
survival (Table 2). The internal validity of the prognostic value
of the parameters from the postinduction chemotherapy PET/CT
was assessed using leave-one-out cross-validation. The best 2- to
4-parameter signatures were consistently included and revealed
that TLGmax(post) was best in 99% or more of the leave-one-out
training dataset and is therefore the most important parameter
from postinduction chemotherapy PET/CT to predict survival, pro-
vided the prescribed radiation dose is applied. The generalizability
of the 2-parameter signature to the held-out training dataset was
better than that of the 3- or 4-parameter signature as indicated by
the lowest P value for the differences between cross-validated sur-
vival curves for the high- and low-risk groups at an a value of 0.05
(Table 3).
Figure 1A shows the split of the cross-validated survival curves

in the high- and low-risk group of all included patients (n 5 92),
according to the observation that the TLGmax(post) of the respec-
tive leave-one-out observation was greater than the median of
group 2 or less than or equal to the median of the training dataset
(group 1).
Figure 1B shows the split of the survival curves for the 85 patients

treated as per the protocol with a total radiation dose of at least

TABLE 1
Patient and Tumor Characteristics for All Patients Who
Started with Definitive Chemoradiotherapy (n 5 92)

Characteristic Data

Sex (n)

Female 22

Male 70

ECOG performance status (n)

0 57

1 34

2 1

Age (y)

Median 58.5

Range 41.0–74.0

Tumor category

cT1–2 28

cT3 7

cT4 57

Nodal category

cN0–N1 32

cN2–N3 60

Histology

Squamous cell carcinoma 39

Adenocarcinoma 36

Other 17

MTVpost (cm
3)

Median 5.9

Range 0.0–540.8

Interquartile range (Q1–Q3) 1.6–23.8

Coefficient of variation (%) 245.5

SUVmax(post)

Median 3.6

Range ,1.0–38.4

Interquartile range (Q1–Q3) 2.6–6.6

Coefficient of variation 99.9%

TLGmax(post)

Median 20.8

Range 0.0–10,058

Interquartile range (Q1–Q3) 3.5–128.9

Coefficient of variation (%) 370.5

Total radiation dose

Median 71.0

Range 3.0–72

Interquartile range (Q1–Q3) 66.0–71.0

ECOG5EasternCooperativeOncologyGroup; Q1 andQ35 first
and third quartiles of distribution, respectively.
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60 Gy, in accordance with the best 2-parameter classifier analysis
consisting of total dose and TLGmax(post) in 99% and total dose
and SUVmax(post) in 1% of the cross-validation loops (Table 3;
Fig. 1B).
In an exploratory manner, we determined the optimal cut point for

MTVpost and TLGmax(post) to divide patients into high-risk and low-
risk groups by a time-dependent receiver-operating-characteristic
analysis according to the criterion of maximum sum of sensitivity
and specificity (Youden J statistic). For survival at 60 mo, the areas
under the receiver-operating-characteristic curve for MTVpost and
TLGmax(post) were 0.634 (95% CI, 0.528–0.7445) and 0.643 (95%
CI, 0.532–0.755), respectively. The corresponding cut points for
MTVpost and TLGmax(post) were 2.9 cm3 and 11.3, respectively.
This is close to the cut point of maximum separation of the
high-risk and low-risk groups according to the log-rank test (Sup-
plemental Fig. 1; supplemental materials are available at http://
jnm.snmjournals.org), which is at 2.3 cm3 for MTVpost and 9
for TLGmax(post). There is a second cut point for MTVpost and
TLGmax(post) at higher values, 20 cm3 and 75, resulting in a sec-
ond local maximum separation of the high-risk and low-risk
groups at reversed group sizes. This emphasizes that MTVpost

and TLGmax(post) are continuous risk parameters with a constant
hazard ratio per unit increase. The respective survival curves, sep-
arated according to TLGmax(post) cut points of 11.3 and 75, are
shown in Supplemental Fig. 1.

Figure 2 shows a patient with complete remission of the central
lung cancer on PET imaging and with a curative outcome after
induction chemotherapy and definitive chemoradiation.
Because parameters related to MTV from postinduction PET/CT

were significantly related to overall survival, we also analyzed the
relation of the endpoint to the pattern of relapse, that is, time to
progression, time to locoregional progression as a component of
the first relapse analysis, and time to distant progression alone.
TLGmax(post) was a significant prognostic factor for the time-to-
progression and time–to–distant-metastasis endpoints using multi-
variable proportional-hazards analysis combined with forward
selection (Table 2). For the time to locoregional progression as a
component of the first relapse endpoint, SUVmax(post) was the single
important factor from PET/CT.

DISCUSSION

There is a current need to find a valid diagnostic procedure to pre-
dict therapy response in lung cancer. For systemic therapies such as
chemotherapy or immune checkpoint blockade in lung cancer, PER-
CIST, version 1.0, proved to be a valuable tool to calculate treatment
outcome (22,23).
In this ensuing analysis of a large, randomized phase 3 trial, we

aimed to evaluate known prognostic clinical parameters combined
with volumetric PET/CT metrics after induction chemotherapy.

TABLE 2
Univariable and Multivariable Proportional-Hazards Analysis of Parameters from Postinduction Chemotherapy PET/CT Using

Forward Parameter Selection at a Value of 0.05

Prognostic variable Hazard ratio 95% CI P (x2 test)

Univariable survival analysis (all eligible patients who started with definitive chemoradiotherapy [n 5 92])

MTVpost 1.042 1.007–1.079 0.017

SUVmax(post) 1.486 1.062–2.080 0.043

TLGmax(post) 1.028 1.009–1.048 0.0044

Multivariable survival analysis (all eligible patients [n 5 92])

Total radiation dose 0.930 0.902–0.959 ,0.0001

TLGmax(post) 1.032 1.013–1.052 0.0002

Multivariable survival analysis (all patients who received at least 60-Gy total dose [n 5 85])

Total radiation dose 0.891 0.813–0.977 0.0142

TLGmax(post) 1.034 1.014–1.054 0.0008

Multivariable time to progression analysis (all patients who received at least 60-Gy total dose [n 5 85])

TLGmax(post) 1.038 1.018–1.058 0.0001

Total radiation dose 0.848 0.770–0.934 0.0008

Multivariable time to distant progression alone analysis (all patients who received at least 60 Gy total dose [n 5 85])

TLGmax(post) 1.037 1.014–1.061 0.0018

Multivariable time to locoregional progression as component of first relapse analysis (all patients who received at least 60-Gy
total dose [n 5 85])

Total radiation dose 0.807 0.705–0.924 0.0019

cT3 tumor category 3.605 1.326–9.800 0.012

SUVmax(post) 1.070 1.003–1.141 0.039

All clinical and PET parameters listed in Table 1 were included in analysis. Hazard ratios are given per 10 cm3 increase in MTV, or per
SUVmax increase of 10, or per TLG increase of 100 cm3.
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Complete data to long-term follow-up and sites of relapses are avail-
able in this study.
MTVpost, SUVmax(post), and TLGmax(post) are associatedwith prog-

nosis in univariable analysis for all stage III NSCLC patients of this
trial who started with definitive chemoradiotherapy after induction
chemotherapy and did not undergo surgery. TLGmax(post) was the
most prognostic factor agglomerating the prognostic information
of both MTVpost and SUVmax(post). We have previously shown that
the percentage decrease in SUVmax obtained from the pre- and post-
induction chemotherapy PET/CT has prognostic relevance in the
entire group of randomized patients treated with definitive chemora-
diotherapy or a trimodality therapy after induction chemotherapy
(10), and we have demonstrated in this study that the postinduction
chemotherapy PET/CT provides important prognostic information.
However, the MTVpre obtained from the pretherapeutic PET/CT

did not show prognostic value for patients intended for definitive
chemoradiotherapy in this trial (8). Extending the analysis by
MTV-based factors from the postinduction chemotherapy PET/CT

on this cohort of patients who were not treated with surgery, the
present results reinforce the prognostic value of the postinduction
chemotherapy PET/CT (Figs. 1–3). From all patient-derived and
PET-derived factors, TLGmax(post) demonstrated the greatest associ-
ation with overall survival. This finding showed internal validity
since TLGmax(post) was consistently selected as the best 2- or
4-parameter classifier in 99% of leave-one-out validation loops for
the total radiation dose given.
In addition, we performed a subgroup analysis excluding patients

who received a total radiation dose of less than 60 Gy, and again, the
same parameters remained significant. Prospective trials did not find
any important influence of total radiation dose on survival (24). In
this trial, the radiation dose was escalated with dose volume limits
for the entire lung, so that mean lung dose could not exceed 19
Gy. Because total dose was not randomized, there might be some
hidden factors acting on both selection of the total radiation dose
and prognosis. However, the analysis in this trial showed that the
total dose remains an important factor, either in the per-protocol

TABLE 3
Leave-One-Out Cross-Validated 1- to 4-Parameter Classifiers for Separating High-Risk from Low-Risk Groups by Median

Predictive Index According to Parameters Shown in Table 1

High-risk vs. low-risk groups

Parameter Percentages of LOO-CV loops P (log-rank test) Hazard ratio 95% CI

1-parameter best classifier (all 92 eligible patients
who started with definitive chemoradiotherapy)

Total dose 99 0.036 1.62 1.03–2.55

TLGmax(post) 1

1-parameter TLGmax(post) classifier (all 92 eligible
patients who started with definitive
chemoradiotherapy)

100 0.036 1.60 1.03–2.51

2-parameter best classifier (all 92 eligible patients)

Total dose 100 0.0006 2.17 1.38–3.42

TLGmax(post) 99

3-parameter best classifier (all 92 eligible patients)

Total dose 100 0.0069 1.84 1.17–2.89

TLGmax(post) 99

cT4 88

4-parameter best classifier (all 92 eligible patients)

Total dose 100 0.017 1.73 1.10–2.71

TLGmax(post) 99

cT4 95

cN2/N3 93

2-parameter best classifier (all 85 patients who
received at least 60-Gy total dose)

Total dose 100 0.0026 2.05 1.27–3.30

TLGmax(post) 99

Percentages of LOO-CV (leave-one-out cross-validation) loops indicate consistency with which parameter is selected into best n
parameter model across all LOO iteration loops.

Endpoint is overall survival
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group of patients receiving a total dose of at least 60 Gy or together
with the most significant tumor dependent factor, that is,
TLGmax(post).
Studies revealing that MTVpost or TLGmax(post) can have a high

prognostic value after induction chemotherapy originated from
esophageal cancer (25,26) and squamous cell carcinomas of the
head and neck region (27,28), but data from NSCLC are scant

(6,7). This analysis considerably adds to
evidence of the prognostic relevance of
TLGmax(post) after induction chemotherapy
for patients who were consecutively
treated with definitive chemoradiotherapy.
With respect to the potential implications

of therapy intensification based on PET
prognostic parameters, the site of treatment
failure is important. In the analysis of the
additional endpoints “distant progression
alone” and “locoregional progression” as
a component of the first relapse, TLGmax(-

post) was more strongly related to distant
progression whereas SUVmax(post) was
more strongly related to locoregional pro-
gression, potentially indicating that tumor
heterogeneity and the most resistant subvo-
lumes are important in local control after
definitive chemoradiotherapy (29). Whe-
ther a larger set of PET/CT-based radio-
mics features along with a deep-learning
approach will result in better prognostica-
tion from postinduction chemotherapy
PET/CT remains an open question for fur-
ther studies (30).
Therearesomelimitations in the interpre-

tation of these results. This was not a confir-
matory but an initial exploratory study.
Interim PET/CT is not yet a standard diag-
nostic procedure. Potential ways to adapt
treatment to a poor PET response in the
future include delivering a dose-escalated
boost to a residual MTV; intensifying con-
current chemoradiotherapy with, for ex-
ample, simultaneous immune checkpoint
inhibitors; or enhancing consolidation th-
erapies. A further potential limitation of the
applicabilityoftheseresults is that the induc-
tion chemotherapy was performed before
definitive chemoradiotherapy in only a
minority of centers. Thus, 26.8%of patients
in thePACIFIC trial received inductionche-
motherapy (1). However, there is currently
great interest in combining induction
chemotherapy followed by definitive che-
moradiotherapy with immunotherapy and
consolidation therapy with a checkpoint
inhibitor (PACIFIC BRAZIL trial Clinical-
Trials.gov identifierNCT04230408;ESPA-
DURVA trial ClinicalTrials.gov identifier
NCT04202809). The ESPADURVA trial
compares induction chemotherapy and che-

moradiotherapy followedby surgeryor a radiotherapyboostwith and
without immunotherapy. The ADMIRAL trial (NCT04372927)
avoids mediastinal irradiation in patients with a complete response
after 3–4cyclesof chemoimmunotherapyand radiotherapyof thepri-
mary tumor. Validated response-dependent prognostic parameters
duringtreatmentareofhighimportanceforsuchschedulesofadaptive
treatment intensification.

A

B

FIGURE 1. (A) Cross-validated Kaplan–Meier survival curves for high- and low-risk groups of all eli-
gible patients according tomedianTLGmax(post) in training dataset (P5 0.036, log-rank test (n5 92), for
differences between survival curves). Group 1, low-risk group, has TLGmax(post) below or at median of
TLGmax(post) in respective leave-one-out training dataset. Group 2, high-risk group, has TLGmax(post)

abovemedian in respective leave-one-out training dataset. (B) Cross-validated Kaplan–Meier survival
curves for patients who received chemoradiotherapy up to total dose of at least 60 Gy as per protocol
according to best 2-parameter classifier. Best leave-one-out cross-validated 2-parameter classifier is
best classifier contained in 99% of leave-one-out loop parameters total dose and TLGmax(post) and in
1% of leave-one-out loop parameters total dose and SUVmax(post) (P 5 0.0026, log-rank test (n 5

85), for differences between survival curves). Group 1, low-risk group, has linear predictor built from
complementary leave-one-out training dataset belowor atmedian of values in training dataset. Group
2, high-risk group, has linear predictor above median.
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CONCLUSION

Interim PET/CT after induction chemotherapy confers important
prognostic information before definitive chemoradiotherapy in
patients with locally advanced NSCLC and should be considered
as standard for radiotherapy planning after induction chemotherapy.
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KEY POINTS

QUESTION: Can postinduction PET metrics direct chemoradiation
in locally advanced NSCLC?

PERTINENT FINDINGS: The results are based on the ESPATUE
phase 3 trial. MTVpost, SUVmax(post), and TLGmax(post), together with
total radiation dose, have the power to predict local and systemic
control, as well as overall survival.

IMPLICATIONS FOR PATIENT CARE: Interim PET/CT after
induction chemotherapy confers important prognostic information
before definitive chemoradiotherapy and is a promising diagnostic
modality for guiding individualized treatment intensification for
NSCLC patients being treated with curative intent.

FIGURE 2. Initial (A), interim (B), and follow-up (C) 18F-FDG PET/CT in
patient who had poorly differentiated NSCLC and complete remission after
induction doublet chemotherapy with cisplatin and paclitaxel followed
by definitive chemoradiation with cisplatin and vinorelbine and total
dose of 71 Gy, with overall survival. 60 mo. Initial images (2A) show vivid
18F-FDG uptake before start of treatment (MTVpre, 480.1 cm3). Interim
images (2B) show response after 3 cycles of chemotherapy (7 d before start
of chemoradiation). There is complete PET response, with SUVmax(post)

below1.5 times background activity (central 1 cm3 of bloodpool within aor-
tic arch) in low-riskgroup thathadMTVpost belowdefinedcutpoint (MTVpost,
#2.9cm3). Follow-up images (2C) showcomplete fadingofmetabolic activ-
ityafter inductionchemotherapyandcompletionofconcurrent chemoradia-
tion during follow-up (10.9 mo after start of radiotherapy).

FIGURE 3. Initial (A), interim (B), and follow-up (C) 18F-FDG PET/CT in
patient who had poorly differentiated NSCLC and partial remission after
induction doublet chemotherapy with cisplatin and paclitaxel before defini-
tive chemoradiationwith cisplatin and vinorelbine and a total dose of 71Gy,
with overall survival of 21mo. Initial images (3A) show vivid 18F-FDG uptake
before start of treatment (MTVpre, 72.8cm

3). Interim images (3B) show resid-
ual 18F-FDGuptakeafter3 cyclesof chemotherapybeforedefinitivechemo-
radiation in high-risk group that had MTVpost above defined cut point
(MTVpost, .2.9 cm3). The follow-up images (3C) at 10.5 mo after start of
radiotherapy initially also show a very good tumor response, but unfortu-
nately not persistent in the further course of the disease history. Progression
in field started 12 mo after primary treatment. The latter may indicate that
tumor heterogeneity and the most resistant subvolumes are of importance
for local control after definitive chemoradiotherapy.

1690 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 12 � December 2021



REFERENCES

1. Antonia SJ, Villegas A, Daniel D, et al. Durvalumab after chemoradiotherapy in
stage III non–small-cell lung cancer. N Engl J Med. 2017;377:1919–1929.

2. SongWA,ZhouNK,WangW,et al.Survival benefit of neoadjuvant chemotherapy in
non-small cell lung cancer: an updatedmeta-analysis of 13 randomized control trials.
J Thorac Oncol. 2010;5:510–516.

3. Horita N, Miyazawa N, Morita S, et al. Preoperative chemotherapy is effective for
stage III resectable non–small-cell lung cancer: metaanalysis of 16 trials. Clin Lung
Cancer. 2013;14:488–494.

4. Kong FM, Ten Haken RK, Schipper M, et al. Effect of midtreatment PET/CT-
adapted radiation therapy with concurrent chemotherapy in patients with locally
advanced non-small-cell lung cancer: a phase 2 clinical trial. JAMA Oncol.
2017;3:1358–1365.

5. RamanS,Bissonnette JP,WarnerA, et al. Rationale and protocol for aCanadianmul-
ticenter phase II randomized trial assessing selectivemetabolically adaptive radiation
dose escalation in locally advanced non-small-cell lung cancer (NCT02788461).Clin
Lung Cancer. 2018;19:e699–e703.

6. Ganem J, Thureau S,Gouel P, et al. Prognostic value of post-induction chemotherapy
18F-FDGPET-CT in stage II/III non-small cell lung cancer before (chemo-) radiation.
PLoS One. 2019;14:e0222885.

7. Soussan M, Chouahnia K, Maisonobe JA, et al. Prognostic implications of
volume-based measurements on FDG PET/CT in stage III non-small-cell lung
cancer after induction chemotherapy. Eur J Nucl Med Mol Imaging. 2013;40:668–
676.

8. GuberinaM, EberhardtW, StuschkeM, et al. Pretreatment metabolic tumour volume
in stage IIIA/B non-small-cell lung cancer uncovers differences in effectiveness of
definitive radiochemotherapy schedules: analysis of the ESPATUE randomized
phase 3 trial. Eur J Nucl Med Mol Imaging. 2019;46:1439–1447.

9. EberhardtWE,PottgenC,GaulerTC, et al.Phase III studyof surgeryversusdefinitive
concurrent chemoradiotherapy boost in patients with resectable stage IIIA(N2) and
selected IIIBnon-small-cell lung cancer after inductionchemotherapy and concurrent
chemoradiotherapy (ESPATUE). J Clin Oncol. 2015;33:4194–4201.

10. P€ottgen C, Gauler T, Bellendorf A, et al. Standardized uptake decrease on [18F]-fluo-
rodeoxyglucose positron emission tomography after neoadjuvant chemotherapy is a
prognostic classifier for long-term outcome after multimodality treatment: secondary
analysis of a randomized trial for resectable stage IIIA/Bnon-small-cell lung cancer. J
Clin Oncol. 2016;34:2526–2533.

11. Mahasittiwat P, Yuan S, Xie C, et al. Metabolic tumor volume on PET
reduced more than gross tumor volume on CT during radiotherapy in patients with
non-small cell lung cancer treated with 3DCRT or SBRT. J Radiat Oncol. 2013;2:
191–202.

12. RTOG 1106/ACRIN 6697: randomized phase II trial of individualized adaptive
radiotherapy usingduring-treatment FDG-PET/CTandmodern technology in locally
advancednon-small cell lung cancer (NSCLC).AmericanCollegeofRadiologyweb-
site. https://www.acr.org/-/media/ACR/NOINDEX/Research/ACRIN/Legacy-
Trials/ACRIN-6697_RTOG1106.pdf. Published February 25, 2014. Accessed
August 31, 2021.

13. SAS Institute Inc. Chapter 87: The PHREG procedure. In: SAS/STATV
R

14.3 User’s
Guide. SAS Institute Inc.; 2017:1–277.

14. Cheebsumon P, Boellaard R, de Ruysscher D, et al. Assessment of tumour size in
PET/CT lung cancer studies: PET- and CT-based methods compared to pathology.
EJNMMI Res. 2012;2:56.

15. ErdiYEMO,Larson SM, ImbriacoM,YeungH, FinnR,HummJL. Segmentation of
lung lesion volume by adaptive positron emission tomography image thresholding.
Cancer 1997;80(suppl):2505–2509.

16. Zhang J,ChenL,ChenY, et al. Tumor vascularity and glucosemetabolism correlated
in adenocarcinoma, but not in squamous cell carcinoma of the lung.PLoSOne. 2014;
9:e91649.

17. HuangYE,ChenCF,HuangYJ,KondaSD,AppelbaumDE,PuY. Interobserver var-
iability among measurements of the maximum and mean standardized uptake values
on 18F-FDG PET/CT and measurements of tumor size on diagnostic CT in patients
with pulmonary tumors. Acta Radiol. 2010;51:782–788.

18. van G�omez L�opez O, Garc�ıa Vicente AM, Honguero Mart�ınez AF, et al. Heteroge-
neity in [18F]fluorodeoxyglucose positron emission tomography/computed tomogra-
phy of non-small cell lung carcinoma and its relationship tometabolic parameters and
pathologic staging.Mol Imaging. 2014;13:1–12.

19. Simon RM, Subramanian J, Li MC, Menezes S. Using cross-validation to evaluate
predictive accuracy of survival risk classifiers based on high-dimensional data. Brief
Bioinform. 2011;12:203–214.

20. Rushing C, Bulusu A, Hurwitz HI, Nixon AB, Pang H. A leave-one-out cross-
validationSASmacro for the identificationofmarkers associatedwith survival.Com-
put Biol Med. 2015;57:123–129.

21. Ospina R,Marmolejo-Ramos F. Performance of some estimators of relative variabil-
ity. Front Appl Math Stat. 2019;5:43.

22. Beer L, Hochmair M, Haug AR, et al. Comparison of RECIST, iRECIST, and PER-
CIST for the evaluation of response to PD-1/PD-L1 blockade therapy in patientswith
non-small cell lung cancer. Clin Nucl Med. 2019;44:535–543.

23. Minamimoto R, TakedaY, HottaM, et al. 18F-FDG and 11C-4DSTPET/CT for eval-
uating response to platinum-based doublet chemotherapy in advanced non-small cell
lung cancer: a prospective study. EJNMMI Res. 2019;9:4.

24. Bradley JD, Paulus R, Komaki R, et al. Standard-dose versus high-dose conformal
radiotherapy with concurrent and consolidation carboplatin plus paclitaxel with or
without cetuximab for patients with stage IIIA or IIIB non-small-cell lung cancer
(RTOG 0617): a randomised, two-by-two factorial phase 3 study. Lancet Oncol.
2015;16:187–199.

25. Chhabra A,Ong LT, KukD, et al. Prognostic significance of PET assessment ofmet-
abolic response to therapy in oesophageal squamous cell carcinoma. Br J Cancer.
2015;113:1658–1665.

26. van Rossum PSN, Fried DV, Zhang L, et al. The value of 18F-FDG PET before and
after induction chemotherapy for the early prediction of a poor pathologic response to
subsequent preoperative chemoradiotherapy in oesophageal adenocarcinoma. Eur J
Nucl Med Mol Imaging. 2017;44:71–80.

27. Kim KR, Shim HJ, Hwang JE, et al. The role of interim FDG PET-CT after
induction chemotherapy as a predictor of concurrent chemoradiotherapy efficacy
and prognosis for head and neck cancer. Eur J Nucl Med Mol Imaging. 2018;45:
170–178.

28. Rud�zianskas V, Korobeinikova E, Rud�zianskien_e M, et al. Use of 18F-FDG PET/CT
imaging for radiotherapy target volumedelineation after induction chemotherapy and
for prognosis of locally advanced squamous cell carcinoma of the head and neck.
Medicina (Kaunas). 2018;54:107.

29. Aerts HJ, van Baardwijk AA, Petit SF, et al. Identification of residual metabolic-
active areas within individual NSCLC tumours using a pre-radiotherapy 18

fluoro-
deoxyglucose-PET-CT scan. Radiother Oncol. 2009;91:386–392.

30. Lou B, Doken S, Zhuang T, et al. An image-based deep learning framework for indi-
vidualizing radiotherapy dose. Lancet Digit Health. 2019;1:e136–e147.

INTERIM PET FOR CHEMORADIATION OF NSCLC � Guberina et al. 1691

https://www.acr.org/-/media/ACR/NOINDEX/Research/ACRIN/Legacy-Trials/ACRIN-6697_RTOG1106.pdf
https://www.acr.org/-/media/ACR/NOINDEX/Research/ACRIN/Legacy-Trials/ACRIN-6697_RTOG1106.pdf
http://2008


Transarterial Radioembolization Versus Systemic Treatment
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Systemic therapy remains the recommended first-line treatment for
hepatocellular carcinoma (HCC) with macrovascular invasion (MVI).
Transarterial radioembolization (TARE) is a promising alternative treat-
ment, given its potential to impart a superior quality of life. The aims of
this study were, first, to characterize trends and correlates for TARE
as a first-line treatment for HCC patients with MVI in the United States
and, second, to compare survival after TARE versus systemic therapy.
Methods: We used the U.S. National Cancer Database to identify
patients with T3BN0M0 HCC during 2010–2017. We performed multi-
variable logistic regression to identify factors associated with use of
TARE versus systemic therapy and Cox proportional-hazards regres-
sion to identify factors associated with overall survival. Results: Of
11,259 patients with T3BN0M0 HCC, 1,454 (12.9%) and 3,915
(34.7%) were treated with TARE and systemic therapy, respectively.
The proportion of patients who received TARE increased from 13.0%
in 2010 to 37.0% in 2017. Older age, white race, and receiving care at
an academic cancer program were associated with receipt of TARE,
whereas lack of insurance, higher model-for-end-stage-liver-disease
score, Charlson comorbidity index of at least 3, and Northeast region
wereassociatedwith receiptof systemic therapy.TAREwasassociated
with reducedmortality comparedwith systemic therapy (adjusted haz-
ard ratio, 0.74; 95% CI, 0.68–0.80), with consistent results observed in
propensity-weighted analysis and across all examined subgroups.
Conclusion: Use of TARE as first-line therapy for HCC with MVI has
increased in theUnitedStates.Patientcharacteristics, region,andmed-
ical center type affected the use of TARE. TARE was associated with
reduced mortality compared with systemic therapy for HCC patients
with MVI.

KeyWords: hepatocellular carcinoma; macrovascular invasion; trans-
arterial radioembolization; systemic treatment

J Nucl Med 2021; 62:1692–1701
DOI: 10.2967/jnumed.121.261954

Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer and typically occurs in the setting of chronic
liver disease. It is among the leading causes of cancer incidence
and mortality globally (1). Macrovascular invasion (MVI) of the
portal vein or hepatic vein is one of the defining features of
advanced-stage HCC (2). Traditionally, systemic therapy using the
molecular targeted agent sorafenib has been the only treatment
that increased median survival and time to progression in these
patients (3,4). Recent advances in systemic therapy include the
approval of lenvatinib and, more recently, the combination of atezo-
lizumab and bevacizumab (5,6).
Transarterial radioembolization (TARE)with 90Ymicrospheres is

a form of locoregional therapy in HCC patients that can be provided
safely to patients with portal vein invasion and has been shown to
achieve a better time to progression than conventional transarterial
chemoembolization (7). TARE has been proposed as an alternative
therapy for HCC patients withMVI, given the potential for response
and downstaging (8). Several retrospective studies (9–11) and ran-
domized controlled trials (12,13) in HCC patients withMVI demon-
strated that TARE was associated with overall survival (OS)
comparable to, and treatment-related adverse events lower than,
those with systemic therapy. Although professional society guide-
lines continue to endorse systemic treatment as the first-line therapy
for HCC with MVI (14,15), TARE has been widely adopted in clin-
ical practice (16).
Trends in the use of TARE and comparisons of its effectiveness

with that of systemic therapy in real-world clinical practice have
not been well characterized. Therefore, the aim of this study was
to characterize—for HCCwith MVI in the United States—temporal
trends in the use of TARE, factors associated with the use of TARE,
and OS after TARE as a first-line treatment compared with systemic
treatment.

MATERIALS AND METHODS

Database
The National Cancer Database (NCDB) is a large, nationwide clinical

oncology database jointly sponsored by the American College of Sur-
geons and the American Cancer Society. The NCDB contains hospital
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registry data from more than 1,500 Commission on Cancer–accredited
facilities in the United States, representing more than 70% of newly
diagnosed cancer cases and 34 million historical records.

Patients and Variables
All patients who were diagnosed with tumor stage T3BN0M0 HCC

between January 2010 and December 2017 were identified from the
NCDB. The diagnosis of HCC was based on oncology code C22.0 of
the International Classification of Diseases, third revision, and histology
codes 8170–8175. T3BN0M0 HCC was defined as tumor involving a
major branch of a large vein of the liver without lymph node involve-
ment or extrahepatic metastasis. Patients for whom treatment informa-
tion was missing or who did not receive TARE or systemic treatment
were excluded.

TARE was defined using the variable “phase I radiation treatment
modality,” which records the radiation modality administered during
the first phase of radiation treatment delivered during the first course
of cancer treatment. Patients with any of the following codes were con-
sidered to have received TARE: brachytherapy not otherwise specified;
brachytherapy, intracavitary, low dose rate; brachytherapy, intracavitary,
high dose rate; brachytherapy, interstitial, low dose rate; brachytherapy,
interstitial, high dose rate; or radioisotopes not otherwise specified.
Systemic therapy was defined using the variable “chemotherapy” or
“immunotherapy,” which record the type of chemotherapy or immuno-
therapy administered as the first-course treatment at any facility.

Patient demographics, socioeconomic status, medical comorbidities,
treatment facility, and treatment region were extracted from the
NCDB. Demographic information included patient�s age, sex, and race/
ethnicity. Socioeconomic status was characterized using insurance cov-
erage, median income, educational attainment, and living environment.
Patient medical comorbidities were described in terms of the Charlson/
Deyo comorbidity index (0, 1, 2, $3). Liver and HCC-specific clinical
data, including model-for-end-stage-liver-disease (MELD) score,
method of diagnosis, tumor burden, and a-fetoprotein (AFP) level,
were captured for all patients. Treating facilities were classified into 4
categories: academic (.500 new cancer diagnoses annually and at least

4 postgraduate training programs), comprehensive community (.500
new cancer diagnoses annually), integrated network (no minimum case-
load, joint venture with multiple facilities, at least one of which is a hos-
pital and participates in the Commission on Cancer–accredited cancer
program), and community (100–500 new cancer diagnoses annually).
The facilities were also categorized according to their geographic region
within the United States (Northeast, Midwest, South, West).

Statistical Analysis
Bivariate comparison of TARE versus systemic treatment for contin-

uous and categoric variables was performed using the Welch t test,
Wilcoxon–Mann–Whitney test, or Pearson v2 test when appropriate.
Univariate andmultivariable logistic regressionwas used to identify fac-
tors associated with use of TARE versus systemic therapy.
Kaplan–Meier analysis was used to estimate survival probabilities,
and the log-rank test was used to compare Kaplan–Meier curves. Time
to event was defined as the time from HCC diagnosis to last follow-up
or death. Furthermore, univariate and multivariable Cox proportional-
hazards regression was used to identify factors associated with OS. To
adjust for potential confounders, propensity score matching and
inverse-probability-of-treatment–weighted analyses were performed
(17). Propensity score–matched cohorts were constructed by performing
a 1:1match using a caliper of 0.20 and the nearest-neighbormethod (18).
A multivariable logistic regression model was used to construct the pro-
pensity scores, including age, sex, race, ethnicity, insurance, comorbid-
ity, AFP level, MELD score, facility type, and geographic region.
Inverse-probability-of-treatment–weighted analysis was based on the
propensity scores and included in the Cox proportional-hazards regres-
sion model as case weights. The proportional-hazards assumption
among all survival models was assessed by the scaled Schoenfeld
residuals and by the goodness-of-fit test as proposed by Grambsch
and Therneau (19). To account for missing data in the NCDB, the
chained-equation approach for multiple imputations was used before
performing regression analyses (20). All statistical analyses were per-
formed using R statistical software (version 4.0.3; R Foundation) with
2-sided tests and a significance level of 0.05.

FIGURE 1. Proportion of patients who received TARE vs. systemic treatment for HCC with MVI between 2010 and 2017.
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RESULTS

Patient Characteristics
Of 11,259 patients diagnosed with T3BN0M0 HCC during

2010–2017, 1,454 (12.9%) and 3,915 (34.8%) were treated with
TARE and systemic therapy, respectively, and included in the study
(Supplemental Fig. 1; supplemental materials are available at http://

jnm.snmjournals.org). The proportion of patients receiving TARE
increased from 13.0% in 2010 to 37.0% in 2017 (Fig. 1). Themedian
age of patients was 63.0 y, with 80.7% being male (Table 1).
The cohort was 64% non-Hispanic white, 16.3% black, and 10.2%
Hispanic. Over half the patients had government (Medicare or
Medicaid) insurance coverage, although 34.5% had private

TABLE 2
Factors Predicting TARE Treatment Among Patients with T3BN0M0 HCC

Characteristic

Univariate Multivariate

HR P HR P

Age (10-y change) 1.194 (1.122–1.272) ,0.001 1.174 (1.091–1.267) ,0.001

Sex, male (reference) (reference) (reference)

Sex, female 0.969 (0.831–1.129) 0.691 0.957 (0.802–1.122) 0.607

Race, white (reference) (reference) (reference)

Race, Hispanic 0.615 (0.496–0.768) ,0.001 0.685 (0.536–0.883) 0.003

Black 0.688 (0.576–0.817) ,0.001 0.829 (0.675–1.013) 0.070

Race, Asian 1 others 0.796 (0.664–1.013) 0.034 0.735 (0.604–0.973) 0.012

Uninsured (reference) (reference) (reference)

Private insurance 2.362 (1.648–3.318) ,0.001 2.038 (1.376–2.950) ,0.001

Medicaid/Medicare insurance 2.470 (1.736–3.452) ,0.001 1.889 (1.276–2.716) ,0.001

Other insurance 5.004 (2.913–8.547) ,0.001 3.225 (1.730–5.869) ,0.001

Median income, ,$40,227 (reference) (reference) (reference)

Median income, $40,227–$50,353 1.039 (0.850–1.221) 0.680 0.943 (0.742–1.144) 0.599

Median income, $50,354–$63,332 1.252 (1.061–1.511) 0.013 1.095 (0.889–1.394) 0.430

Median income, $63,3331 1.202 (1.025–1.429) 0.030 0.980 (0.761–1.258) 0.872

Without high school diploma, $17.6% (reference) (reference) (reference)

Without high school diploma, 10.9%–17.5% 1.100 (0.949–1.323) 0.262 0.976 (0.808–1.203) 0.811

Without high school diploma, 6.3%–10.8% 1.246 (1.057–1.471) 0.009 1.024 (0.815–1.264) 0.829

Without high school diploma, ,6.3% 1.377 (1.151–1.652) ,0.001 1.181 (0.896–1.511) 0.212

Metro (reference) (reference) (reference)

Urban 1.125 (0.941–1.363) 0.212 1.161 (0.939–1.444) 0.174

Rural 1.085 (0.626–1.740) 0.753 1.134 (0.608–1.901) 0.663

Facility, academic (reference) (reference) (reference)

Facility, community cancer program 0.346 (0.231–0.534) ,0.001 0.424 (0.274–0.676) ,0.001

Facility, comprehensive community cancer program 0.762 (0.656–0.892) ,0.001 0.729 (0.612–0.864) ,0.001

Facility, integrated network 1.003 (0.826–1.196) 0.973 1.034 (0.845–1.274) 0.747

Region, Northeast (reference) (reference) (reference)

Region, Midwest 1.651 (1.390–2.017) ,0.001 1.640 (1.364–2.076) ,0.001

Region, South 1.110 (0.951–1.333) 0.225 1.268 (1.068–1.562) 0.014

Region, West 1.556 (1.287–1.906) ,0.001 1.740 (1.418–2.198) ,0.001

Charlson index, 0 or 1 (reference) (reference) (reference)

Charlson index, 2 1.087 (0.870–1.352) 0.457 1.117 (0.873–1.416) 0.371

Charlson index, 3 0.787 (0.662–0.934) 0.006 0.821 (0.676–0.984) 0.039

AFP, normal (reference) (reference) (reference)

AFP, elevated 0.992 (0.841–1.182) 0.928 1.123 (0.947–1.373) 0.223

MELD (10-unit change) 0.736 (0.660–0.785) ,0.001 0.756 (0.663–0.801) ,0.001

Tumor size 0.993 (0.983–1.002) 0.136 0.992 (0.982–1.001) 0.101

Data in parentheses are 95% CIs.
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insurance and 5.4% of patients were uninsured. Over three fourths
(76.0%) had a comorbidity score of 0–1, and the median MELD
score was 11. The median tumor diameter was 7.1 cm, and 85%
had an elevated AFP level at diagnosis. Nearly two thirds (61.7%)
of patients were treated at an academic center, 22.2% at a com-
prehensive community cancer center, and 12.2% at an integrated
network.

Factors Associated with Receipt of TARE
In multivariable logistic regression analysis (Table 2), indepen-

dent predictors of receiving TARE included older age (odds ratio
[OR], 1.17; 95% CI, 1.09–1.27), having private insurance (OR,
2.04; 95% CI, 1.38–2.95) or Medicaid/Medicare (OR, 1.89; 95%
CI, 1.28–2.72) versus being uninsured, and treatment in the
Midwest (OR, 1.64; 95% CI, 1.36–2.08), South (OR, 1.27; 95%
CI, 1.07–1.56), and West (OR, 1.74; 95% CI, 1.42–2.20) regions
versus Northeast region. Factors associated with decreased odds
of TARE included Hispanic ethnicity (OR, 0.69; 95% CI,
0.54–0.88) or Asian/other (OR, 0.74; 95% CI, 0.60–0.97) versus
white race/ethnicity, receiving treatment in a community cancer
program (OR, 0.42; 95%CI, 0.27–0.68) or comprehensive commu-
nity cancer program (OR, 0.73; 95% CI, 0.61–0.86) versus an

academic program, Charlson index of at
least 3 versus 0 or 1 (OR, 0.82; 95% CI,
0.68–0.98), and higher MELD score (OR,
0.76;95% CI, 0.66–0.80).

Factors Associated with OS
Over a median follow-up of 8.18 mo, the

median OS for the entire cohort was 8.64
mo. One- and 3-y survival estimates were
37.3% and 9.6%, respectively. Patients
who received TARE had a higher OS than
patients who received systemic treatment
at 1 y (46.5% vs. 34.2%), 2 y (21.8% vs.
16.4%), and 3 y (10.4% vs. 9.3%) (Fig. 2).
After propensity score matching, patients
who received TARE continued to demon-
strate a higher OS than those who received
systemic treatment at 1 y (45.6% vs.
34.2%), 2 y (20.8% vs. 16.7%), and 3 y
(12.3% vs. 8.6%) (Fig. 2B).
In multivariable Cox regression analysis,

receipt of TARE was independently associ-
ated with reduced mortality (hazard ratio
[HR], 0.74; 95% CI, 0.68–0.80). Results
were consistent in propensity score match-
ing (HR, 0.72; 95% CI, 0.63–0.82) and
inverse-probability-of-treatment–weighted
(HR, 0.74; 95% CI, 0.66–0.83) analyses.
Similarly, results were consistent across
examined subgroup analyses (Fig. 3). Other
factors associated with reduced mortality
included female sex (HR, 0.91; 95% CI,
0.84–0.99) and Hispanic ethnicity (HR,
0.85; 95% CI, 0.75–0.96) (Table 3). Treat-
ment at a community cancer program
(HR, 1.38; 95% CI, 1.16–1.63), compre-
hensive community cancer program (HR,
1.23; 95% CI, 1.14–1.34) or integrated net-
work (HR, 1.15; 95% CI, 1.04–1.28);

receiving care in the Midwest versus Northeast regions (HR, 1.17;
95% CI, 1.06–1.29); elevated AFP level (HR, 1.36; 95% CI,
1.22–1.51); and higher MELD (HR, 1.11; 95% CI, 1.06–1.17)
were independently associated with shorter OS.

DISCUSSION

Our study highlighted several important findings regarding
patients with T3BN0M0 HCC treated with TARE or systemic ther-
apy in the United States. Although systemic therapy continues to be
the most common first-line treatment for patients diagnosed with
T3BN0M0 HCC, the proportion of patients receiving TARE nearly
tripled from 13.0% to 37.0% between 2010 and 2017. Second, we
found significant variation in the receipt of TARE versus systemic
therapy according to race/ethnicity, socioeconomic status, treating
facility type, and geographic region. Lastly, treatment with TARE
was associated with significantly improved survival compared
with systemic treatment.
TARE’s role in the treatment of HCC has evolved over several

decades. After establishment of TARE’s efficacy and safety profiles,
its long-term treatment outcomes were examined across HCC tumor
stages (21–23). Recent clinical trials have evaluated TARE’s rela-
tive efficacy and tolerability compared with sorafenib in patients

FIGURE 2. OS estimates of patients treated with TARE vs. systemic treatment before propensity
score matching and after propensity score matching (B).
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with advanced HCC. The SARAH trial found no significant differ-
ence in median OS between patients who received TARE and
patients who received sorafenib; however, tolerability and quality
of life were significantly better in the TARE group (12). Similarly,
the SIRveNIB trial also reported no significant difference in median
OS but fewer patients in the TARE group experiencing adverse
effects of a grade of at least 3 (13). A recent metaanalysis of these
2 comparative trials (SARAH and SIRveNIB) plus the SORAMIC
study, in which TARE was followed by sorafenib, showed that
median OS with TARE was noninferior to that with sorafenib
(HR, 0.91; 95% CI, 0.78–1.05), with significantly lower rates of
severe adverse effects (28.9% vs. 43.3%, P , 0.01) (24).
Although the phase 3 trials did not reach their primary endpoints

of difference in OS, it should be noted that both trials reported the
dose of injected radiation but did not measure the actual radiation
dose delivered to the tumor, as the latter has been shown to predict
treatment response (25). The recently published phase 2
DOSISPHERE-01 trial attempted to address this issue by comparing
the efficacy of a personalized versus standard dosimetry approach in
60 patients with locally advanced HCC (26). The authors found a
significant difference between the 2 groups, with 71% of patients
in the personalized dosimetry group compared with 36% of
patients in the standard dosimetry group having objective responses

(P5 0.0074) (26). Therefore, additional trials incorporating person-
alized dosimetry may help better elucidate outcomes of patients
treated with TARE (27).
The findings of our study have important implications in the con-

text of the above studies evaluating TARE’s role in patients with
advanced HCC. Decades of research have shown that TARE is a
safe and effective form of treatment for patients with advanced
HCC with or without MVI. Moreover, multiple studies have consis-
tently shown that TARE is better tolerated, with fewer serious
adverse effects and higher quality of life, than sorafenib. Given
such advantages, it is not surprising that the overall proportion of
patients with advanced HCC receiving TARE over systemic treat-
ment has significantly increased between 2010 and 2017 despite
the society guidelines not yet formally endorsing TARE as first-
line therapy. We have found significant variation in the likelihood
of receiving TARE over systemic treatment according to race/eth-
nicity, socioeconomic status, treatment region, and treating facility
type. The historically underserved nonwhite racial/ethnic groups
and those of lower socioeconomic status had a lower likelihood of
receiving TARE. Patients treated in community cancer centers
also had a lower likelihood of receiving TARE than did patients
treated in academic institutions, reflecting the relative lack of
access to advanced interventional procedures in the community.

FIGURE 3. Comparison of survival in various subgroup of patients treated with TARE vs. systemic treatment. HSD5 high school degree.
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The recently published inaugural AACR cancer disparities progress
report highlights adverse differences in numerous measures of can-
cer burden, access to care, and outcomes among various population
groups in theUnited States and emphasizes the need formore collab-
oration between the various stakeholders andmore cancer health dis-
parity research (28).

Our results must be interpreted in light of the recent advances in
immunotherapy for treatment of HCC. The IMbrave150 study, a
global, multicenter, open-label, phase 3 randomized trial, reported
significantly improvedOS in patients with unresectable HCC receiv-
ing atezolizumab plus bevacizumab than in patients receiving sora-
fenib (9). As our study period was from 2010 to 2017, patients

TABLE 3
Factors Associated with OS Among Patients with T3BN0M0 HCC

Characteristic

Univariate Multivariate

HR P HR P

Age (10-y change) 1.022 (0.990–1.056) 0.184 1.035 (0.998–1.072) 0.063

Sex, male (reference) (reference) (reference)

Sex, female 0.925 (0.852–1.003) 0.060 0.912 (0.840–0.990) 0.029

Race, white (reference) (reference) (reference)

Race, Hispanic 0.830 (0.741–0.930) 0.001 0.850 (0.754–0.959) 0.008

Race, black 0.947 (0.865–1.036) 0.232 0.933 (0.846–1.029) 0.164

Race, Asian 1 others 0.887 (0.791–0.994) 0.040 0.894 (0.793–1.008) 0.066

Uninsured (reference) (reference) (reference)

Private insurance 0.909 (0.787–1.051) 0.198 0.920 (0.793–1.067) 0.269

Medicaid/Medicare insurance 0.970 (0.843–1.116) 0.672 0.956 (0.827–1.106) 0.547

Other insurance 0.877 (0.659–1.167) 0.368 0.912 (0.685–1.215) 0.530

Median income, ,$40,227 (reference) (reference) (reference)

Median income, $40,227–$50,353 1.024 (0.927–1.131) 0.638 0.978 (0.878–1.089) 0.682

Median income, $50,354–$63,332 0.923 (0.836–1.018) 0.107 0.884 (0.790–0.989) 0.032

Median income, $63,3331 0.991 (0.907–1.083) 0.841 0.949 (0.839–1.073) 0.404

Without high school degree, $17.6% (reference) (reference) (reference)

Without high school degree, 10.9%–17.5% 1.086 (0.993–1.189) 0.072 1.082 (0.981–1.193) 0.114

Without high school degree, 6.3%–10.8% 1.098 (1.005–1.199) 0.038 1.117 (1.003–1.244) 0.044

Without high school degree, ,6.3% 1.088 (0.985–1.202) 0.097 1.131 (0.988–1.294) 0.073

Metro (reference) (reference) (reference)

Urban 1.134 (1.025–1.255) 0.014 1.106 (0.992–1.233) 0.070

Rural 1.276 (0.982–1.657) 0.068 1.171 (0.892–1.537) 0.255

Facility, academic (reference) (reference) (reference)

Facility, community cancer program 1.552 (1.311–1.838) ,0.001 1.376 (1.159–1.634) ,0.001

Facility, comprehensive community cancer program 1.247 (1.149–1.352) ,0.001 1.234 (1.135–1.342) ,0.001

Facility, integrated network 1.164 (1.055–1.285) 0.003 1.153 (1.043–1.275) 0.005

Region, Northeast (reference) (reference) (reference)

Region, Midwest 1.179 (1.069–1.301) ,0.001 1.167 (1.055–1.292) 0.003

Region, South 1.013 (0.929–1.105) 0.763 0.963 (0.879–1.054) 0.414

Region, West 1.000 (0.900–1.111) 0.996 0.987 (0.883–1.102) 0.813

Charlson index 0 or 1 (reference) (reference) (reference)

Charlson index 2 0.994 (0.878–1.126) 0.928 0.979 (0.863–1.109) 0.735

Charlson index 3 1.082 (0.989–1.184) 0.087 1.073 (0.979–1.177) 0.131

AFP, normal (reference) (reference) (reference)

AFP, elevated 1.330 (1.202–1.473) ,0.001 1.356 (1.220–1.506) ,0.001

MELD score (10-unit change) 1.134 (1.084–1.186) ,0.001 1.113 (1.061–1.167) ,0.001

Treatment, systemic (reference) (reference) (reference)

Treatment, TARE 0.745 (0.691–0.803) ,0.001 0.739 (0.684–0.798) ,0.001

Data in parentheses are 95% CIs.
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received systemic treatment when sorafenib was the first-line treat-
ment. Therefore, it would be misleading to conclude from our study
that TARE is superior to all forms of systemic treatment. Instead, the
results of our study and recent developments in immunotherapy for
HCC highlight the exciting new possibility of combining TARE and
immunotherapy for patients withHCC. Besides its locoregional anti-
tumor efficacy, ionizing radiation from TAREmay induce immune-
mediated antitumor responses distant from the targeted area (29).
There is a growing body of evidence supporting the ability of ioniz-
ing radiation to activate an immune response via releasing a flood of
tumor-associated antigens into the circulation (30), facilitating
tumor antigen manifestation to T cells (31), and modulating
the tumor microenvironment for improved recognition and killing
by CD8-positive T cells (32). Such findings suggest that immune
checkpoint blockade may further enhance the immune responses
caused by TARE and synergistically achieve improved antitumor
effects, and there are several ongoing clinical trials to address this
question (33).
Our study also has several limitations related to its design. First,

this was a retrospective study of a large cancer-focused database
and some pertinent data such as the exact type of systemic treatment
and what patients received as second-line therapy. Second, we did
not have data on the degree of portal vein invasion, which has
been shown to correlate with OS.

CONCLUSION

TARE is associated with improved OS compared with systemic
therapy in HCC patients with MVI. Although we noted increasing
use for HCC patients with MVI, there continues to be notable vari-
ation in its use across the United States. In light of improved sys-
temic therapy options for advanced HCC, continued studies are
needed to evaluate the role of TARE, including in combination
with immunooncology agents.
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KEY POINTS

QUESTION: What are the use trend and outcome of TARE in
comparison to systemic treatment for HCC patients with MVI?

PERTINENT FINDINGS: In a retrospective cohort study of 5,369
HCC patients with MVI from the U.S. NCDB between 2010 and
2017, use of TARE increased rapidly and was independently asso-
ciated with improved survival compared with systemic treatment.

IMPLICATIONS FOR PATIENT CARE: TARE might be an effective
treatment for HCC patients with MVI, and additional studies evalu-
ating TARE’s role in combination with the newer immunooncology
agents are needed.
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Minimal extrathyroidal extension (mETE) of papillary thyroidmicrocarci-
noma (PTMC) is no longer considered in the new eighth edition of the
staging manual of the American Joint Committee on Cancer and the
InternationalUnion Against Cancer. Therefore, PTMCwithmETEprevi-
ously staged as pT3 will now be staged as pT1a and most likely not
receive adjuvant radioiodine therapy. However, it remains unclear
whether mETE is associated with higher aggressiveness in PTMC.
Therefore, the aim of this study was to investigate whether mETE is
associated with a higher risk of lymph node metastases (LNMs) or dis-
tantmetastases.Methods: In total, 721 patientswith PTMCpresenting
at our department for postoperative counseling from May 1983 to
August 2012 were included in this retrospective analysis (median
follow-up time, 9.30 y). The impact of mETE on the presence of LNMs
at thyroidectomy and relapse through LNMs and distant metastases
was assessed by logistic regression and Fine–Gray model analyses.
Results: mETE was present in 10.7% (n577) of patients and was an
independent risk factor for LNMs at thyroidectomy, with an adjusted
odds ratio of 4.33 (95% CI, 2.02–9.60; P, 0.001) in multivariable anal-
ysis. PatientswithmETEhad significantlymore relapses through LNMs
(over5y: 13.1%vs. 1.25%;P,0.001) anddistantmetastases (over5y:
7.8% vs. 1.1%; P, 0.001) than did patients without mETE. mETEwas
an independent risk factor for relapse throughLNMsanddistantmetas-
tases in multivariable analysis (hazard ratio of 7.78 and 95% CI of
2.87–21.16 for LNMs [P , 0.001]; hazard ratio of 4.09 and 95% CI of
1.25–13.36 for distant metastases [P5 0.020]). Conclusion: mETE is
a statistically significant and independent risk factor for relapse through
LNMsanddistantmetastases inPTMC.Therefore, futurestudiesshould
evaluate whether patients with mETE and PTMC might benefit from
intensified surveillance and therapy.

KeyWords: thyroid;microcarcinoma;minimal extrathyroidal extension
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Differentiated thyroid cancer is classified according to the TNM
staging system of the American Joint Committee on Cancer and the
International UnionAgainst Cancer and has an increasing incidence,
especially of papillary tumors that are 10 mm or smaller (1). Up to
the seventh edition of the TNM manual, minimal extrathyroidal
extension (mETE) was considered in determining the T stage. How-
ever, mETE was found to have no impact on disease-related mortal-
ity in several studies, such as a study byHay et al. with 3,524 patients
and a metaanalysis by Diker-Cohen with 23,816 patients (2–6).
Also, there are studies demonstrating no impact of mETE on
recurrence-free survival in differentiated thyroid cancer (7–9).
Because the TNM system strives for optimal prediction of cancer-

related overall survival, the new eighth edition of the cancer staging
manual of the American Joint Committee on Cancer and the Interna-
tionalUnionAgainst Cancer no longer considersmETE (10). In con-
sequence, tumors smaller than 4 cm with mETE, which would have
been classified as T3 according to the seventh edition, are now clas-
sified as T1 when no larger than 2 cm or as T2 when larger than 2 cm
but no larger than 4 cm (11–13).
However, patients with mETE in these studies had radioiodine

therapy (RAI) significantly more often than did patients without
mETE. This fact is not surprising since, according to the seventh edi-
tion of the TNM manual, tumors with mETE were classified as at
least T3, a stage for which RAI should be considered, according to
the American Thyroid Association and the European Society for
Medical Oncology (14,15). Hence, tumors with mETE could repre-
sent a more aggressive subset, with the patients showing survival
rates comparable to those of patients with completely intrathyroidal
tumors only because of higher rates of initial RAI according to the
higher T stages.
Moreover, in these studies, the impact ofmETEwas studied not in

a groupwith only papillary thyroidmicrocarcinoma (PTMC) but in a
group with tumors of various sizes. In the case of a large, 4-cm,
tumor, it seems plausible thatmETEmight not additionally influence
survival. Yet, in small tumors, with a diameter of nomore than 1 cm,
mETE might still be clinically relevant. The impact of removing
mETE from T staging in the eighth edition of the TNM manual is
especially pronounced for papillary carcinoma no larger than 10
mm with mETE, which will now be assigned the lowest possible
T-stage, pT1a, instead of T3.
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Therefore, the aim of the present study was to investigate whether
mETE is an independent risk factor for tumor relapse in a large
cohort of patients with PTMC and should be accounted for.

MATERIALS AND METHODS

Patients, Postoperative Management, and Follow-up
For this retrospective analysis, 721 consecutive patients with PTMC

initially presenting in our department for postoperative counseling
from May 1983 to August 2012 were enrolled. The median follow-up
timewas 9.30 y,with the last follow-up data recorded inDecember 2020.

The extent of thyroidectomy and lymph node resection is detailed in
Table 1.Histologic and TNMclassificationswere present for all patients.
To ensure consistent TNM classification, all patients were classified or
reclassified according to the sixth edition of the staging manual of the
American Joint Committee on Cancer and the International Union
Against Cancer (1997). Patients were divided into 2 groups (patients
with tumors confined to the thyroid and patients with mETE), as previ-
ously published (16,17). Tumors were designated as mETE when the
pathology report of the thyroidectomy sample stated mETE (12,18).
After initial presentation, 74.9% of patients received adjuvant RAI
with consecutive 131I-whole-body scintigraphy. Between surgery and

131I treatment, L-thyroxine treatment was withheld or stopped for 4–6
wk (19). Those patients who received RAI underwent stimulated thyro-
globulin measurement, cervical ultrasound, and diagnostic whole-body
scintigraphy with 131I at 3–6 mo and 1 y after initial adjuvant RAI in
accordance with national and international standards prevailing at the
time (20,21). If one or more of these diagnostic tests were positive, fur-
ther courses of 131I were given as needed (19). Long-term follow-up con-
sisted of thyroglobulin measurement on levothyroxine therapy, serum
thyrotropin measurement, and neck ultrasound yearly.

Table 1 describes the patients’ characteristics in detail. The study pro-
tocol was approved by the local ethics committee (2019-459-f-S) and
was performed in accordance with the 1964 Declaration of Helsinki
and its later amendments.

Endpoints
The primary endpoints were the cumulative incidences of lymph node

metastasis (LNM) relapse (1) and of distant metastasis relapse (2). The
secondary endpoint was the presence of LNMs in the thyroidectomy
sample. Analyses were adjusted for extent of thyroidectomy and lymph
node dissection if numerically feasible.

Diagnosis of distant metastases was based on surgery with histologic
workup or on a composite score requiring positive RAI imaging findings

TABLE 1
Characteristics of Included Cohort

Characteristic Total cohort Confined mETE P* (univariate analysis)

Patients 721 644 (89.3) 77 (10.7)

Sex (male) 154 (21.4) 145 (22.5) 9 (11.7) 0.041

Age (y) 47.95 6 12.83 48.02 6 12.77 47.38 6 13.42 0.678

Median follow-up (y)† 9.30 (95% CI,
8.89–9.94)

8.94 (95% CI,
8.40–9.43)

12.85 (95% CI,
10.76–14.38)

0.002

Extent of thyroidectomy ,0.001

Hemithyroidectomy 18 (2.5) 18 (2.8) 0 (0.0)

Subtotal
thyroidectomy

126 (17.5) 125 (19.4) 1 (1.3)

Total thyroidectomy 577 (80.0) 501 (77.8) 76 (98.7)

Lymph node dissection ,0.001

No lymph nodes
resected

505 (70.0) 472 (73.3) 33 (42.9)

Node picking 51 (7.1) 46 (7.1) 5 (6.5)

Central compartment
node dissection

120 (16.6) 93 (14.4) 27 (35.1)

Central and lateral
neck node dissection

45 (6.2) 33 (5.1) 12 (15.6)

Number of removed
lymph nodes

0 (IQR, 0–1) 0 (IQR, 0–0] 2 (IQR, 0–10) ,0.001

Adjuvant RAI 540 (74.9) 463 (71.9) 77 (100.0) ,0.001

Cumulative RAI activity
(GBq)

3.00 (IQR, 0.00–6.00) 3.00 (IQR, 0.00–4.00) 6.00 (IQR, 3.00–10.00) ,0.001

Number of RAIs 1.00 (IQR, 0.00–2.00) 1.00 (IQR, 0.00–1.00) 1.00 (IQR, 1.00–2.00) ,0.001

Pre-RAI TSH (mU/mL) 43.06 (IQR, 15.62–77.26) 39.17 (IQR, 13.24–76.89) 59.36 (IQR, 42.20–77.72) 0.001

Pre-RAI thyroglobulin
(ng/mL)

2.30 (IQR, 0.62–8.45) 2.50 (IQR, 0.60–8.67) 2.20 (IQR, 0.80–7.00) 0.935

*Determined with Fisher exact test for categoric variables and Wilcoxon test for continuous variables.
†Calculated by reverse Kaplan–Meier test.
IQR 5 interquartile range.
Qualitative data are number followed by percentage; continuous data are mean 6 SD, or median followed by 95% CI or IQR.
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and elevated thyroglobulin levels. Relapse through distant metastases
was considered present when distant metastases were diagnosed after
thyroidectomy, including recurrence in nonregional lymph nodes or vis-
ceral sites. Table 2 provides details on the detection of distant metasta-
ses. LNM relapse was considered in 2 cases. The first was when LNMs
were diagnosed in patients without LNMs in the thyroidectomy sample
after thyroidectomy. The second was when LNMs became apparent in
patients who had LNMs in the thyroidectomy sample in the course of
follow-up after initial adjuvant RAI. In both cases, diagnoses were based
on a composite score consisting of RAI imaging and elevated thyroglob-
ulin levels or surgery with histologic work-up. The presence of LNMs in
the thyroidectomy sample was histologically ascertained in all patients
who underwent lymph node resection.

Statistical Analysis
Normally distributed data are described using mean and SD, and non-

normally distributed data are described using median and interquartile
range. Normality was assessed by histograms and skewness statistics.
Univariable and multivariable logistic regression analyses were per-
formed to evaluate the effect of age, sex, tumor size, multifocality, extent
of lymph node resection, andmETEon the presence of LNMs at thyroid-
ectomy, in the subgroup of patients who had lymph node resection (i.e.,
known nodal status at thyroidectomy). Results are reported as odds
ratios, corresponding 95% CIs, and the P values of the Wald test.

Time-to-event data were analyzed within a competing-risk frame-
work accounting for the competing risk of death. Because distant metas-
tases at thyroidectomy were considered a terminal event, the
corresponding endpoint was analyzed in the subgroup of patients with-
out distant metastases at thyroidectomy. Cumulative incidences of
distant metastases and LNM relapse after thyroidectomy were estimated

on the basis of the Fine–Gray model and compared between
mETE-positive and -negative patients using the Gray test (22,23). To
adjust for further factors, a multivariable Fine–Gray subdistribution haz-
ard regression was conducted. Results are presented as subdistribution
hazard ratios (HRs), corresponding 95% CIs, and P values. Follow-up
times were calculated by reverse Kaplan–Meier testing. All inferential
statistics were intended to be exploratory and were interpreted accord-
ingly. The reported 2-sided P values were used only to generate new
hypotheses. P values of 0.05 or less were considered statistically signif-
icant. Analyses were performed using R statistical software, version
3.6.1 (The R Foundation, https://www.r-project.org/). The graphical
abstract was created with BioRender.com.

RESULTS

Patient Characteristics
Between May 1983 and August 2012, 721 patients with PTMC

presented for postoperative counseling in our department. The
patients were followed up annually (median follow-up time,
9.30 y). No patient died of thyroid cancer. mETE was present in
77 (10.7%) of the patients. The patient characteristics are summa-
rized in Table 1. Comparative characteristics between patients
with confined tumors and patients with mETE are presented in Table
3.

Differences Between Patients With and Without mETE
The proportion of patientswith LNM in the thyroidectomy sample

(subcohort of patients with lymph nodes resected at the thyroidec-
tomy, n5 216) was higher in patients with mETE (27/44, 61.4%)
than in those without mETE (49/172, 28.5%, P , 0.001). LNM

TABLE 2
Detailed Report on Patients with Distant Metastases

mETE
Age at initial
presentation

Type of distant
metastasis Initial LNM

Tumor
diameter (mm)

Days between postoperative
counseling and confirmation

of metastasis

No 65 Mediastinal LNM No 4 119

Yes 68 Bone No 5 4,213

No 69 Bone No 1 225*

No 30 Pulmonary No 7 454

No 26 Pulmonary No 10 830

No 48 Bone No 4 7

No 25 Bone No 9 0

No 44 Pulmonary No 7 40

Yes 54 Bone and
pulmonary

Yes 9 50

Yes 58 Pulmonary No 9 121

Yes 55 Pulmonary Yes 5 61

No 48 Pulmonary Yes 4 4,309

No 15 Pulmonary Yes 10 14

Yes 15 Pulmonary Yes 8 28

Yes 37 Pulmonary Yes 3 256

Yes 23 Pulmonary Yes 5 442

No 6 Pulmonary Yes 10 22

*Initial diagnosis of thyroid cancer was made after bone metastasis confirmation.
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relapse occurred in 11 of 77 patients (14.3%) with mETE in the
course of follow-up and in 10 of 644 patients without mETE
(1.6%). Relapse through distant metastases (subcohort of patients
without known distant metastases at thyroidectomy, n5 719)

occurred in 7 of 77 patients in the subgroup with mETE (9.1%)
and in 8 of 642 patients with confined tumors (1.2%). Table 3 shows
additional differences between patients with mETE and patients
with confined tumors. To adjust for interfering effects and loss to

TABLE 3
Characteristics of Patients With and Without mETE

Characteristic Total cohort Confined mETE

P*
(univariable
analysis)

Number of patients 721 644 (89.3) 77 (10.7)

Number of metastasized
lymph nodes

0 (IQR–0,0) 0 (IQR–0,0) 0 (IQR–0,1) ,0.001

Nodal stage given by
histopathologic examination
of surgical specimen

,0.001

pN0 137 (19.0) 120 (18.6) 17 (22.1)

pN1a 57 (7.9) 39 (6.1) 18 (23.4)

pN1b 22 (3.1) 13 (2.0) 9 (11.7)

pNx 505 (70.0) 472 (73.3) 33 (42.9)

Five-year cumulative incidence
of LNM relapse (%)

2.54 (95% CI, 1.57–3.91) 1.25 (95% CI, 0.59–2.37) 13.12 (95% CI, 6.69–21.77) ,0.001

Five-year cumulative incidence
distant metastasis relapse‡

(%)

1.83 (95% CI, 1.03–3.03) 1.11 (95% CI, 0.50–2.19) 7.79 (95% CI, 3.16–15.19) ,0.001

Tumor size (mm) 5.00 (IQR, 3.00–8.00) 5.00 (IQR, 3.00–8.00) 8.00 (IQR, 6.00–10.00) ,0.001

Multifocal disease 135 (18.7) 118 (18.3) 17 (22.1) 0.520

*Determined with Fisher exact test for categoric variables and Wilcoxon test for continuous variables.
†Assessed in subset of patients without distant metastases at thyroidectomy (n 5 719).
IQR 5 interquartile range.
Qualitative data are number followed by percentage, except for 5-y cumulative incidence of LNM relapse; continuous data aremean6SD,

or median followed by 95% CI or IQR.

TABLE 4
Univariable and Multivariable Logistic Regression Analysis of Risk Factors for LNM Diagnosed in Histologic Workup of

Thyroidectomy Sample Adjusted for Lymph Node and Thyroidectomy Extent

Risk factor
LNM-

negative
LNM-
positive

Univariable analysis Multivariable analysis

Odds ratio 95% CI P Odds ratio 95% CI P

n 140 76

Sex (male) 24 (17.1) 25 (32.9) 2.37 1.24–4.56 0.009 2.83 1.36–5.98 0.006

Age 44.79 6
12.50

41.54 6
13.92

0.98 0.96–1.00 0.082 0.98 0.96–1.01 0.183

Tumor size in mm 7.00 (IQR,
4.00–9.00)

7.00 (IQR,
5.00–9.00)

1.05 0.94–1.18 0.378 1.04 0.91–1.18 0.579

Multifocality 27 (19.3) 16 (21.1) 1.12 0.55–2.21 0.756 1.09 0.49–2.39 0.834

Neck dissection vs. node picking 93 (66.4) 72 (94.7) 9.10 3.50–31.17 ,0.001 6.55 2.41–23.05 ,0.001

Total thyroidectomy vs. subtotal or
hemithyroidectomy

131 (93.6) 74 (97.4) 2.54 0.63–16.96 0.241 1.28 0.25–9.94 0.782

mETE 17 (12.1) 27 (35.5) 3.99 2.02–8.09 ,0.001 4.33 2.02–9.60 ,0.001

IQR 5 interquartile range.
Only patients who had lymph nodes resected are included (n5 216). Qualitative data are number followed by percentage; continuous data

are mean 6 SD, or median followed by IQR.
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follow-up, multivariate regressions and sur-
vival analysis were performed in the next
section.

Risk Factors Associated with LNMs
Detected at Thyroidectomy
Risk factors associated with LNMs

detected at thyroidectomy were analyzed in
the subset of patients who had lymph nodes
removed at thyroidectomy (n5 216). In 140
of those 216 patients (64.8%), no LNMs
were found; 55 (25.5%) had central LNMs,
and 21 (9.7%) had LNMs in the lateral
compartment.
The proportion of patients with LNMs

was higher in patients with mETE (27/44,
61.4%) than in those without mETE (49/
172, 30.2%, P , 0.001).
The results of the multivariable analysis

using logistic regression are summarized in
Table 4 and visualized in Figure 1. Sex,
extent of lymph node resection (neck dissec-
tion vs. node picking), and mETE were significant risk factors for
LNM, whereas tumor size was not. The adjusted odds ratio
for LNMs in regard to mETE was 4.33 (95% CI, 2.02–9.60; P ,
0.001).

Risk Factors Associated with LNM Relapse
LNM relapse occurred in 21 of 721 patients during the course of

follow-up (11/77 patients with mETE, 10/644 patients without
mETE). The 5-y cumulative incidences were 13.12% (95% CI,
6.69–21.77) and 1.25% (95%CI, 0.59–2.37, P, 0.001) for patients
with mETE and with confined tumors, respectively (Fig. 2).
In the multivariable competing-risk regression (Table 5), mETE

(HR, 7.80; 95% CI, 2.87–21.16; P ,
0.001), male sex (HR, 4.17; 95% CI, 1.63–
10.67; P5 0.003), and tumor size (HR,
1.15; 95% CI, 1.02–1.30; P5 0.022) were
found to be independent risk factors for
LNM relapse, whereas age andmultifocality
were not.

Risk Factors Associated with Distant
Metastasis Relapse
Distant metastases occurred in 15 of 719

patients without distant metastases at thy-
roidectomy during the course of follow-up
(mETE, 7/77; confined, 8/642). The 5-y
cumulative incidences were 7.79% (95%
CI, 3.16–15.19) and 1.11% (95% CI,
0.50–2.19; P , 0.001) for patients with
mETE and those with confined tumors,
respectively (Fig. 3).
In multivariable competing-risk regres-

sion (Table 6), both mETE and the presence
of LNMs at thyroidectomy (N1 vs. N0) were
found to be independent risk factors for dis-
tant metastasis occurrence after thyroidec-
tomy (HR of 4.09 and 95% CI of
1.25–13.36 for mETE [P5 0.020] and HR
of 8.76 and 95% CI of 1.16–66.17 for
LNM [P5 0.035]).

DISCUSSION

The risk of LNMs at thyroidectomy and relapse through

LNMs and distant metastases in patients with PTMC was analyzed

with regard to mETE. mETE was found to be an independent

risk factor for the presence of LNMs at thyroidectomy and an inde-

pendent risk factor for relapse through both distant metastases

and LNMs.
The implications of mETE in papillary thyroid cancer are highly

controversial. Multiple studies have reported that mETE is not asso-
ciated with higher rates of LNMs, distant metastases, or mortality in
differentiated thyroid cancer (3,4,24). Therefore, mETE was

FIGURE 1. Adjusted odds ratios for LNMs at thyroidectomy (evaluated in patients who had lymph
nodes resected at thyroidectomy, n5 216). Odds ratios are tabulated in Table 4.
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FIGURE 2. Cumulative incidence function of LNM relapse after thyroidectomy stratified by mETE.
Curves were compared using Gray test (n5 721).
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removed from the new eighth edition of the TNM staging manual.
However, it seems unjustified to compare the outcome of patients
with mETE with the outcome of those without, as the two groups
have been treated with different intensities: patients with mETE sig-
nificantly more often received RAI than did patients without mETE
(2). Therefore, the lack of difference in outcome between the groups
might have been caused by confounding factors.
The impact of removing mETE from T staging is especially pro-

nounced for papillary carcinoma no larger than 10 mm with mETE,
which would previously have been staged as T3. In the new eighth
edition of the TNM manual, these tumors are now attributed to the
lowest possible stage, pT1a. Very recent studies including differen-
tiated thyroid cancer of all sizes indicate that not only gross extra-
thyroidal extension but also mETE is associated with increased
mortality and recurrence (25,26). To further corroborate these find-
ings, the present study assessed the implications of mETE in a large,
homogeneous group of patients with PTMC.
The study found an increased odds that LNMswould be present at

surgery in patients with mETE. This observation indicates that
mETE tumors show a more aggressive phe-
notype, as is well in line with the results of
Zhi et al. and others, who found mETE to
be a risk factor for LNMs in patients with
PTMC (25–31).
Castagna et al. reported that mETE is a

risk factor for LNM only in patients with a
tumor size greater than 1.5 cm (32). That
report is in contrast to our findings that
mETE-positive patients are more frequently
affected by LNM at thyroidectomy than are
mETE-negative patients, irrespective of
tumor size (Fig. 1).
The role of mETE in relapse through

distant metastasis in PTMC is likewise
controversial. Six previous studies with
PTMC-only cohorts could not find an impact
of mETE on any cancer recurrence (5,26,
29,31,33,34). However, the cohorts in those
studies were rather small, ranging from 144
to 288 patients. Three studies with larger
PTMC-only cohorts, ranging from 287 to
531 patients, were able to demonstrated an
impact of mETE on relapse in univariable
analysis (17,27,35). However, these studies
investigated not distant metastasis relapse
but any cancer recurrence. To date, there

has been no evidence for a higher rate of relapse for distantmetastases
associated with mETE. In contrast, our study, using a cohort of 721
patients, could show for the first time (to our knowledge) that mETE
is a statistically significant independent risk factor both for LNMsand
for distant metastasis relapse. As distant metastases are associated
with a significantly worsened prognosis, this finding is of great clin-
ical relevance (15).
The presence of LNMs at thyroidectomy was identified as a fur-

ther independent risk factor for relapse through distant metastases.
Therefore, patients with LNMs and mETE seem to have a particu-
larly high risk of distant metastases after thyroidectomy, compared
with patients without both characteristics. Because of the delayed
effects associated with mETE (i.e., relapse through distant metasta-
ses), it seems advisable to still integrate mETE in the T stage as pro-
posed by Schmid et al. (12).
Given the higher cumulative incidence of LNM and distant metas-

tasis relapse in patients with PTMC and mETE than in patients with-
out, adjuvant RAI might be advisable. A study by Rosario et al.
investigated disease recurrence rates in patients with mETE who did

TABLE 5
Multivariable Competing-Risk Regression Analysis for LNM Relapse After Thyroidectomy Based on Fine–Gray Proportional

Subdistribution Hazards Model

Variable HR 95% CI P

Sex (male–female) 4.17 1.63–10.67 0.003

Age 1.00 0.98–1.03 0.690

Tumor size 1.15 1.02–1.30 0.022

Multifocality (yes–no) 2.44 0.97–6.17 0.060

Lymph nodes resected at thyroidectomy (yes–no) 3.23 1.33–7.86 0.010

mETE (yes–no) 7.80 2.87–21.16 ,0.001

P value < 0.001

0.00

0.25

0.50

0.75

1.00

0 2 4 6 8 10 12

Time since thyroidectomy (y)

C
um

ul
at

iv
e 

in
ci

de
nc

e 
of

 d
is

ta
nt

 m
et

as
ta

se
s

af
te

r 
th

yr
oi

de
ct

om
y

Group

mETE

No mETE

FIGURE3. Cumulative incidence function of distantmetastasis relapse after thyroidectomy in group
of patients without distant metastases at thyroidectomy (n 5 719), stratified by mETE. Curves were
compared using Gray test.
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not receive adjuvant RAI (36). Only 2% of their patients had recurrent
disease, leading the investigators to conclude that RAI can be omitted
in patients with mETE. However, the fact that only patients without
LNMs at diagnosis and only 20 patients with PTMC were enrolled
hampers the transferability of the results. Because mETE is a risk fac-
tor for LNMs and especially distant metastases, mETE-positive
tumors might be biologically more aggressive and could deserve an
intensified treatment. In particular, patientswith bothLNMs in the thy-
roidectomy sample andmETEmight benefit from an initial RAI. Until
further studies explicitly investigate the benefit of RAI in patientswith
PTMC andmETE, the clinician has to carefully review the pathologic
report after thyroidectomy and discuss the option of adjuvant RAI
when mETE is present.
The present study faced some limitations. It was conducted retro-

spectively and might therefore have been influenced by selection
biases. To counteract this effect, all patients from an interval larger
than 30 y were included. However, the accuracy of diagnostic proce-
dures has increased and could therefore influence the detection of
metastases. Despite the long recruitment period, the number of
included patients was relatively small. The presence of LNMs at thy-
roidectomy could be evaluated only in patients who underwent
lymph node resection. Because these patients might not represent
a random subset of PTMC patients, our findings regarding this end-
point could be limited. The extent of thyroidectomy could not be
included in the competing-risk models of LNM and distant metasta-
sis recurrence for numeric reasons (nearly all patients had total thy-
roidectomy). Given the low incidence of mETE, multicentric
analyses have to be performed to corroborate the present initial find-
ings. Another limitation arose from the controversy among patholo-
gists about what constitutes mETE, with there being no standardized
histopathologic criteria currently (18,37). The pathology reports
from which the presence of mETE was derived for this study were
issued by numerous pathologists from different institutions, possibly
applying varying criteria for the diagnosis of mETE.

CONCLUSION

mETE is an independent risk factor for cancer relapse through
LNMs and distant metastases in PTMC. Therefore, future studies
should evaluate whether patients with mETE and PTMCmight ben-
efit from intensified surveillance or therapy.
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KEY POINTS

QUESTION: Is mETE an independent risk factor for cancer relapse
in PTMC?

PERTINENT FINDINGS: mETE was found to be a statistically sig-
nificant and independent risk factor of cancer relapse through both
LNMs and distant metastases.

IMPLICATIONS FOR PATIENT CARE: PTMC patients with mETE
might benefit from intensified surveillance or therapy.
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E D I T O R I A L

Bringing VISION to Nuclear Medicine: Accelerating Evidence
and Changing Paradigms with Theranostics

Michael S. Hofman

Molecular Imaging and Therapeutic Nuclear Medicine, Peter MacCallum Cancer Centre, and Sir Peter MacCallum Department of
Oncology, University of Melbourne, Melbourne, Australia

I first became excited about prostate-specific membrane antigen
(PSMA) as a game-changing target for nuclear medicine at the 2011
European Association of Nuclear Medicine meeting in Birmingham.
The target had been identified 2 decades beforehand (1,2). A new
approach using radiolabeled small-molecule ligands that target the
extracellular domain of the PSMA receptor, however, showed strik-
ing tumor-to-background contrast in both preclinical models with
99mTc or 124I/131I and in a 68Ga first-in-humans image of a patient
with prostate cancer. I recorded PSMA as my “Image of the Confer-
ence.” The images provided the clarity needed in order to be rapidly
adopted by groups into clinical practice and trials in both imaging
and therapy. A decade has passed, and we now have 2 Food and
Drug Administration–approved PSMA ligands, 68Ga-PSMA-11 and
18F-DCFPyL. And we also have VISION, a phase 3 trial of radioli-
gand therapy, that has led to Food and Drug Administration break-
through approval of 177Lu-PSMA-617.
The VISION trial, presented at the American Society of

Clinical Oncology 2021 meeting and recently published in The New
England Journal of Medicine (3), included men with metastatic
castration-resistant prostate cancer who had previous treatment with
at least 1 taxane chemotherapy and 1 androgen receptor
pathway inhibitor. Thirteen percent were excluded after 68Ga-P-
SMA-11 PET/CT selection; 551 men were randomized to 177Lu-
PSMA-617 and 280 to the standard of care. Although the standard
of care can be criticized for being protocol-defined and potentially
limiting optimal clinical care options, the trial was designed with a
goal of Food and Drug Administration approval and the results will
enable widespread, global availability for men with prostate cancer.
This availability is expected to follow, given the improvement in
overall survival of 15.3 mo with 177Lu-PSMA-617, compared with
11.3 mo with the standard of care. This improvement was consistent
across prespecified stratification factors, including lactate dehydro-
genase, liver metastases, and androgen-receptor pathway inhibitors
planned as part of the standard of care. Other endpoints, such as
response on CT (RECIST response, 42% vs. 3%) and a prostate-
specific antigen decline of over 50% (46% vs. 7%), also impres-
sively favor 177Lu-PSMA-617.
Like many other types of radionuclide therapy that are now

widely available, 177Lu-PSMA-617 has followed a development

pathway that is unusual compared with conventional pharmaceuti-
cals. The very first treatments were compassionate-access treatments
at Bad Berka (4) and the University of Heidelberg (5) in Germany
in men who had progressed after standard therapies. The unique
ability to see what you treat with theranostics enabled the confi-
dence to administer a treatment never tested before in a human.
Years of experience with 68Ga/177Lu-DOTATATE in neuroendo-
crine tumors enabled estimation of an appropriate administered
radioactivity. Posttreatment dosimetry instantly validated high tumor
targeting with low normal-organ uptake (6). Such a direct mechanis-
tic treatment paradigm has features more analogous to external-
beam radiotherapy, enabling rapid translation to the clinic.
At the Peter MacCallum Cancer Centre, we designed a prospec-

tive phase II study in 2014. Our vision was that a small prospec-
tive trial would provide the type of evidence required to evaluate
activity and safety and to move this treatment into the mainstream.
The results of this 30-patient trial were published in Lancet Oncol-
ogy (7,8) and are currently the topic of the top 10 most highly
cited articles in the journal since 2008. Without a commercial
sponsor but with support from the ANZUP Clinical Trials Group
and grant funding, these results led directly to the first randomized
controlled trial of 177Lu-PSMA-617, the TheraP trial. ABX, manu-
facturer and owner of the PSMA-617 intellectual property at the
time, and ANSTO, which manufactures 177Lu in Australia, kindly
agreed to the support trial. Our expanded 50-patient cohort (7) pro-
vided Endocyte with compelling phase 2 evidence contributing to
its purchase of PSMA-617 and design of the phase 3 VISION trial
(9). Around a year later, Novartis purchased Endocyte and spear-
headed global commercialization.
We now have 2 randomized trials of 177Lu-PSMA-617 providing

complementary evidence. VISION provides definitive survival data
on men who have exhausted current therapeutic options. The TheraP
trial places PSMA theranostics 1 step earlier by comparing with cab-
azitaxel (10), showing greater efficacy, lower toxicity, and better
patient-reported outcomes. VISION demonstrates efficacy in a
broader population, whereas TheraP used quantitative PET and also
18F-FDG PET/CT for patient selection. It remains an open question
whether men with relatively low-intensity PSMA uptake or 18F-
FDG–positive PSMA-negative disease benefit from this treatment.
We recently celebrated the anniversary of the first administra-

tion of radioiodine by Saul Hertz on March 31, 1941. Eighty years
later, the nuclear medicine community continues to innovate with
truly personalized medicine. As a last line of treatment, outcomes
with 177Lu-PSMA remain modest for many men, although some
experience truly exceptional and durable responses. I am hopeful
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that multiple efforts are also under way to evaluate novel combina-
tions and that use of 177Lu-PSMA earlier, even as a first line of
treatment (11,12), will further improve outcomes for men with
prostate cancer.
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Symptom Diaries of Patients with Midgut Neuroendocrine
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Wereport the impactof 177Lu-DOTATATEtreatmentonabdominalpain,
diarrhea, and flushing, symptoms that patients with advanced midgut
neuroendocrine tumors often find burdensome.Methods: All patients
enrolled in the international randomized phase 3 Neuroendocrine
Tumors Therapy (NETTER-1) trial (177Lu-DOTATATE plus standard-
dose octreotide long-acting repeatable [LAR], n 5 117; high-dose
octreotideLAR,n5114)wereasked to record theoccurrenceofprede-
fined symptoms in a daily diary. Change from baseline in symptom
scores (mean number of days with a symptom) was analyzed using a
mixedmodel for repeatedmeasures.Results:Patients (intent-to-treat)
who received 177Lu-DOTATATE experienced a significantly greater
decline from baseline in symptom scores than patients who received
high-dose octreotide LAR. For 177Lu-DOTATATE, the mean decline in
days with abdominal pain, diarrhea, and flushing was 4.10, 4.55, and
4.52 d per 4 wk, respectively, compared with 0.99, 1.44, and 2.54 d
for high-dose octreotide LAR. The mean differences were 3.11 d (95%
CI, 1.35–4.88; P5 0.0007) for abdominal pain, 3.11 d (1.18–5.04; P5

0.0017) for diarrhea, and 1.98 d (0.08–3.88; P 5 0.0413) for flushing,
favoring 177Lu-DOTATATE. A positive repeated-measures correl-
ation was found between diary-recorded symptom scores and
questionnaire-recorded pain, diarrhea, and flushing. Conclusion: In
addition to efficacy and quality-of-life benefits, symptom diaries from
NETTER-1 demonstrated that treatment with 177Lu-DOTATATE was
associated with statistically significant reductions in abdominal pain,
diarrhea, and flushing, constituting the core symptoms of patients
with progressive midgut neuroendocrine tumors, compared with high-
doseoctreotideLAR,supportingabeneficialeffectof 177Lu-DOTATATE
on health-related quality of life.

KeyWords: 177Lu; neuroendocrine; symptom diary; NETTER-1
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Neuroendocrine tumors (NETs) of the midgut are the most
common type of gastrointestinal NET, affecting approximately
0.63–1.65 patients per 100,000 standard population per year, and
are associated with 5-y survival rates of less than 50% in patients
with metastatic disease (1–3). Patients with advanced midgut
NETs frequently develop symptoms due to tumor growth or hor-
mone secretion (4). Carcinoid syndrome, the hormonal disorder
most closely associated with midgut NETs, consists primarily of
diarrhea and flushing (5). Carcinoid syndrome has been found to
be present in 32%–72% of patients with midgut NETs (6,7).
Carcinoid syndrome is caused by the secretion of serotonin and

other vasoactive substances (5,8). Patients with chronic elevations
of blood serotonin may also develop carcinoid heart disease, which
ultimately leads to right ventricular dysfunction and to substantial
morbidity andmortality (9–11). Abdominal pain is another symptom
frequently associated with midgut NETs and is most commonly
related to tumor volume and tumor-associated desmoplasia but can
also develop as a result of hormone secretion (12,13).
Patient-reported outcomes (PROs) such as experience of symp-

toms, self-assessments of health or treatment, or formal health-
related quality-of-life (HRQoL) questionnaires are important instru-
ments to inform clinicians about the effects of treatment on the
patient’s health status as a composite of beneficial treatment effect
and side effects (13). PROs in a randomized controlled trial setting
are particularly useful to evaluate the impact of a study drug on
the patient’s health status and are becoming more important from
a regulatory point of view as they capture the patient perspective
regarding the disease, burden of the disease, and impact of treat-
ments. To date, few clinical studies in NETs have reported a HRQoL
benefit (14–16), highlighting the general difficulty in demonstrating
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a positive PROmeasures outcome in cancer trials (17). Disease pro-
gression in patients with NETs is associated with a deterioration in
HRQoL, due both to tumor growth and to progressive carcinoid syn-
drome (18).
Somatostatin analogs are typically used as first-line systemic ther-

apy forNETs, and the clinical benefit of symptomatic relief they pro-
vide has also been supported by improved HRQoL (19). Telotristat
ethyl has been shown to improve symptoms of diarrhea associated
with carcinoid syndrome, although the effects on tumor growth
are unknown (20). In the RADIANT 4 study, treatment with evero-
limus prolonged progression-free survival (PFS) versus placebo
(both with supportive care) in patients with advanced nonfunctional
gastrointestinal and lung NETs (3).
The Neuroendocrine Tumors Therapy (NETTER-1) trial was an

international phase 3 study that randomized patients with progres-
sive midgut NETs to receive either high-dose (60 mg) octreotide
long-acting repeatable (LAR) alone (control arm) or peptide receptor
radionuclide therapy (PRRT) with the radiolabeled somatostatin
analog 177Lu-DOTATATE plus best supportive care with
standard-dose (30 mg) octreotide LAR (investigational arm) (21).
The trial met its primary endpoint of an improvement in PFS com-
pared with high-dose octreotide LAR. The study included 2 separate
PRO assessments: HRQoL questionnaires and patient symptom dia-
ries. HRQoL was assessed using the European Organisation for
Research and Treatment of Cancer (EORTC) Core Quality-of-Life
Questionnaire (QLQ-C30) as well as the EORTC Gastrointestinal
NETQuality-of-Life Questionnaire (QLQ-GI.NET-21), specifically
developed for patients with gastrointestinal NETs. Patients in the
177Lu-DOTATATE treatment group experienced a statistically sig-
nificant delay in time to deterioration in several HRQoL domains:
global health status (hazard ratio [HR], 0.406; P, 0.001), physical
functioning (HR, 0.518; P5 0.015), role functioning (HR, 0.580; P
5 0.030), diarrhea (HR, 0.473; P5 0.011), fatigue (HR, 0.621; P5
0.030), and pain (HR, 0.566; P5 0.025) compared with patients in
the high-dose octreotide LAR group (15).
Patients taking part in the NETTER-1 trial also completed daily

symptom dairies. Symptom diaries are an important and distinct
method for assessing the impact of treatment on symptomatology
and patient outcomes. By reporting the presence or absence of a

symptom from a given list of 18 symptoms,
the patient diary used in the NETTER-1
study provides ameans to capture symptoms
on a daily basis, helping to map symptom-
atology experienced by the patient to
HRQoL recorded on a less frequent basis.
The results of these diaries are reported
here, focusing on the impact of 177Lu-
DOTATATE on diary-based assessments
of abdominal pain, flushing, and diarrhea,
which are the 3 symptoms regarded as
most clinically relevant for patients with
midgut NETs.

MATERIALS AND METHODS

NETTER-1 Trial Design and Patients
The design of the NETTER-1 trial is

summarized in Figure 1. The internationalmul-
ticenter phase 3 NETTER-1 trial (Clinical-
Trials.gov identifier NCT01578239) was a
prospective randomized, controlled trial to
evaluate the efficacy and safety of 177Lu-

DOTATATE in patients with locally advanced or metastatic somato-
statin receptor-positive midgut NETs with disease progression during
treatment with octreotide LAR. In total, 231 adult ($18 y old) patients
were randomly assigned in a 1:1 ratio to receive either 177Lu-DOTA-
TATE (consisting of 4 intravenous infusions at a dose of 7.4 GBq
[200 mCi] every 8 wk plus best supportive care, consisting of intramus-
cular octreotide LAR 30 mg every 4 wk for symptom control; 117
patients) or high-dose intramuscular octreotide LAR (60 mg every 4
wk) alone (114 patients) (21).

The trial was performed in accordance with the principles of the Dec-
laration of Helsinki, the International Conference on Harmonisation of
Good-Clinical-Practice Guidelines, and all applicable regulatory
requirements. The trial protocol was reviewed and approved by a review
board or ethics committee at each participating center, and all partici-
pants were required to give their written informed consent before study
enrollment (21).

Treatment continued until central confirmation of disease progres-
sion, intolerable adverse events, or withdrawal of consent. The primary
endpoint was PFS, defined as the time from randomization to docu-
mented disease progression (based on independent radiologists’ review)
or death from any cause. The patient-reported impact of treatment on
HRQoL was a key secondary study endpoint and was assessed using
EORTC QLQ-C30 and EORTC QLQ-GI.NET-21 every 12 6 1 wk.
The disease-specific QLQ-GI.NET-21was devised and validated to sup-
plement the generic QLQ-C30 and to include HRQoL issues tailored
specifically to patients with gastrointestinal NETs (14). Per protocol,
patients were required to complete the questionnaires until progression
or until a maximum of 72 wk from random assignment had elapsed (21).

Symptom Diary Assessment
Per protocol, all patients enrolled in theNETTER-1 trial were asked to

record the presence or absence (in the preceding 24 h) of 18 predefined
symptoms by ticking boxes in a paper-based daily diary (Fig. 2). The pre-
defined symptoms in the patient diary were subdivided into 3 categories:
general symptoms (anxiety, sleeping disorders, palpitations, fatigue,
headache, anorexia, impaired sense of taste and smell, swelling, and
flushing), respiratory symptoms (breathlessness, wheezing, and chest
pain), and gastrointestinal symptoms (nausea, vomiting, gastritis, diar-
rhea, bloating, and abdominal pain). Patients also had the option to
include other symptoms. The current analysis focuses on the 3 symptoms

Evaluate the efficacy and safety of 177Lu-DOTATATE and best supportive
care (octreotide LAR 30 mg every 4 weeks) compared with octreotide
LAR 60 mg in patients with inoperable, somatostatin receptor-positive,

midgut NETs, progressive under octreotide LAR 30 mg (label use)

International, multicenter, randomized, comparator-controlled,
parallel group

Treatment and assessments of PFS (RECIST criteria) every 12 weeks

Dose 1 Dose 2 Dose 3 Dose 4

Aim

Four administrations of 7.4 GBq of 177Lu-DOTATATE
every 8 weeks and best supportive care
(octreotide LAR 30 mg every 4 weeks) 

High-dose octreotide LAR
60 mg every 4 weeks

Baseline and
randomization

5 year
follow-up

n =
117

n =
114

Design

FIGURE 1. NETTER-1 trial design.
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most clinically relevant to patients with midgut NETs, namely abdomi-
nal pain, diarrhea, and flushing (12,13,18).

At each clinic visit, patients returned their diaries corresponding to the
period since their previous visit. Per protocol, patients had to complete
the diary up toweek 72. For each symptom, the number of days onwhich
patients reported the symptom as being present was determined as fol-
lows: at baseline, the number of days with symptoms was determined
using diary data from the screening period in the 6 wk before randomi-
zation; during the randomized treatment phase (and for up to 48 wk), the
number of days with symptoms was determined using diary data from
each of the intervals between consecutive clinic visits.

Statistics
A symptom score was defined as the number of days with each symp-

tom within the 4-wk periods between clinic visits during treatment. To
make the patients comparable, data from visits that were delayed by
more than 1 wk were excluded and considered missing (i.e., a filter
was applied that omitted observations if the time since last visit [or con-
sent] wasmore than 1 wk longer than planned). Analysis was done using
a mixed-model-for-repeated-measures approach, which implicitly
imputes missing data under a missing-at-random assumption.

The change from baseline in the mean number of dayswith symptoms
was assessed using a mixed model for repeated measures, adjusting for
baseline symptom status, time from randomization, treatment, and inter-
action between time from randomization and treatment. From themodel,
least-squares means with 95% CIs, change from baseline, and

corresponding P values were calculated. Analysis was performed for
patients both with and without imputations.

Pearson and repeated-measures correlation analyses were performed
to assess the association between the time courses of symptom scores
(number of days with symptoms) and the corresponding domains in
the EORTC QLQ-C30 or QLQ-GI.NET-21 (measured on a scale of
0–100 points). A positive score (.0 to 1) indicated a positive Pearson
correlation, and a negative score (21 to ,0) indicated a negative Pear-
son correlation.

RESULTS

Study Population
The analysis cutoff date was June 30, 2016. In total, 231 patients

were randomly assigned to treatment in the study, of whom 117were
in the 177Lu-DOTATATE arm and 114 in the high-dose octreotide
LAR arm. The analysis was performed on all randomly assigned
patients according to intent-to-treat principles.

Symptom Diary Results
The change from baseline in the mean number of days with symp-

toms for both treatment groups during each 4-wk period of the 48wk
after randomized treatment is illustrated in Figure 3.
Patients in the 177Lu-DOTATATE study arm experienced a sig-

nificantly greater reduction from baseline in the mean number of
days with symptoms (symptom score) than patients in the high-
dose octreotide LAR arm, after adjustment for baseline status in
the performed mixed-model-for-repeated-measures analysis.
The estimated mean reduction from baseline in the number of

days with symptoms at each time point during the randomized treat-
ment phase is depicted in Figure 4.
For the 177Lu-DOTATATE group, the mean decline in number of

days with abdominal pain (over a 48-wk treatment period) was 4.10
d per 4 wk, whereas in the high-dose octreotide LAR group, the
mean decline was 0.99 d. The difference between the group means
was 3.11 d per 4 wk (95% CI, 1.34–4.88) favoring 177Lu-DOTA-
TATE. This difference was statistically significant (P 5 0.0007).
The mean decline in number of days with diarrhea in patients

receiving 177Lu-DOTATATE and high-dose octreotide LAR was
4.55 and 1.44 d, respectively. The difference between the group

To be completed by site personnel

CANCER-RELATED SYMPTOMS Mon

Please tick the corresponding checkbox

Tick the checkbox in this row
in case of no symptoms

General symptoms

Anxiety

Sleeping disorders

Palpitations

Fatigue

Headache

Anorexia

Impaired sense of taste and smell

Swelling

Flushing

Respiratory symptoms
Breathlessness

Wheezing

Chest pain

Gastrointestinal symptoms
Nausea

Vomiting

Gastritis

Diarrhea

Bloating

Abdominal pain

Other symptoms, please specify:
1. ______________________________

2. ______________________________

3. ______________________________

4. ______________________________

5. ______________________________

USE OF short-acting octreotide
Please record total dose taken in the day

Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun

Center No. : Patient No. : Start day:

Patient’s diary – Screening period up to week 0, page 1

Other medication taken
Please record total dose taken in the day

1. ______________________________

2. ______________________________

3. ______________________________

4. ______________________________

5. ______________________________

FIGURE 2. Patient diary for cancer-related symptoms. Diary contains 2
pages for each period of 4 wk, except 3 pages for screening period of up
to 6 wk. At each study day, patient was asked to mark tick boxes corre-
sponding to symptoms presented during that day and return diary at next
study visit.
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means was 3.11 d per 4 wk (95% CI, 1.18–5.04; P5 0.0017) favor-
ing 177Lu-DOTATATE.
The mean decline in number of days with flushing in patients

receiving 177Lu-DOTATATE and high-dose octreotide LAR was
4.52 and 2.54 d, respectively. The difference between the group
means was 1.98 d per 4 wk (95%CI, 0.08–3.88;P5 0.041) favoring
177Lu-DOTATATE.
The treatment arms were well balanced at baseline in terms of

symptom-days categories (i.e., symptoms present for ,4 d, 4–10
d, or.10 d) (Table 1).Although variable, the greatest improvements
in symptoms over 48 wk were generally seen in patients whose
symptoms were present for more than 10 d at baseline. This was

particularly the case for patients in the 177Lu-DOTATATE arm,
with improvements compared with patients in the high-dose octreo-
tide LAR arm observed for abdominal pain (214.2 vs. 24.0) and
diarrhea (212.5 vs. 24.6), with flushing similar between arms
(216.4 vs. 218.0) (Fig. 5).

Correlation Analysis
To validate the symptom score further, a Pearson correlation anal-

ysis between diary symptom scores and HRQoL questionnaire
scores was performed for the corresponding symptoms measured
by the EORTC QLQ-C30 or the QLQ-GI.NET-21.
As illustrated in Figure 6, the number of patients with a positive

correlation (.0 to 1) far exceeded the number of patients with a neg-
ative correlation (21 to,0), demonstrating a strong degree of cor-
relation between diary-recorded symptom scores (abdominal pain,
diarrhea, and flushing) and questionnaire-recorded pain and diarrhea
(from the EORTC QLQ-C30) and hot flushes (from the EORTC
QLQ-GI.NET-21). This finding therefore suggests face validity of
the patient diary concept.
The repeated-measures correlation results were 0.39, 0.21, and

0.43 for diarrhea, pain, and flushing, respectively. All P values
were below 0.001, signifying statistical significance and a positive
Pearson correlation (with no imputations).

DISCUSSION

Daily diaries from the phase 3 NETTER-1 trial provided informa-
tion on the presence or absence of individual symptoms such as
abdominal pain, diarrhea, and flushing, the 3 symptoms most com-
monly associated with and relevant to patients with midgut NETs.
Analysis of these patient-reported daily symptom diaries from

NETTER-1 demonstrated that treatment with 177Lu-DOTATATE
was associated with statistically significant reductions from baseline
in themean number of dayswith all 3 symptoms (abdominal pain, diar-
rhea, flushing) compared with high-dose octreotide LAR treatment.
These findings add important newHRQoL results, namely signif-

icant improvements in symptoms, to the previously reported results
from NETTER-1 of a statistically significant delay in the decline of
HRQoL (including global health status, physical functioning, role
functioning, diarrhea, fatigue, and pain domains) for patients in
the 177Lu-DOTATATE treatment arm compared with those in the
high-dose octreotide LAR arm. It is noteworthy that there was a sta-
tistically significantly longer time to deterioration from baseline in
HRQoL in the 177Lu-DOTATATE arm than in the control arm for
the domains of diarrhea (HR, 0.47; P 5 0.011) and abdominal
pain (HR, 0.57; P 5 0.025) (15).
One difference between this study and the previously reported

HRQoL analysis is that,whereas the symptom diary analysis demon-
strated a statistically significant symptom improvement in flushing
with 177Lu-DOTATATE compared with high-dose octreotide
LAR, no difference in symptom improvement rates occurred
between treatment arms in the HRQoL analysis (15). However,
HRQoL instruments involve a recall period during which patients
average their experience in terms of health status. The diary captures
symptomatology on a daily basis, which ultimately reflects into the
patient’s HRQoL. It is useful to note that the endocrine scale mixes
different aspects (i.e., flushing and sweats), whereas the diary symp-
tom score addresses only flushing.
Overall, in the present study, diary-recorded symptoms and

HRQoL questionnaire symptom scores demonstrated a high degree
of correlation at the individual-patient level. The analysis of symp-
tom diaries from the NETTER-1 trial therefore provides
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FIGURE 4. Change in mean number of days with symptoms during first
48 wk of randomized treatment phase. Negative score signifies improve-
ment. Shown are estimated mean decline from baseline in number of
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means from mixed model for repeated measures. Error bars show 95%
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study.
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corroboration that treatment with 177Lu-DOTATATE among
patients with progressive midgut NETs not only is efficacious
(improving PFS and overall response rate) but also can palliate clin-
ically relevant symptoms compared with high-dose octreotide LAR.
This information is particularly relevant when considering alterna-
tive systemic treatments in midgut NET patients, such as everoli-
mus, which may exacerbate symptoms such as diarrhea.
PROs such as those recorded in the daily diaries used inNETTER-

1 provide important information on the potential impact of a treat-
ment on a patient’s self-assessed experience of symptoms, symptom
burden, or quality-of-life measures and therefore represent a key
patient-centered clinical trial endpoint. Although patient diaries
have been used occasionally in other therapeutic areas, few studies
have used them to report outcome data for patients with NETs
(22,23). The present study is one of the first to have shown positive
outcomes of treatment on key symptoms in patients with NETs. The
improvement and maintenance of an acceptable level of symptoms
are important for patients with advanced NET, who typically have
long treatment durations and whose disease may have had an indo-
lent course.

A limitation of analysis of data from the NETTER-1 trial, and par-
ticularly of the PROs, is that patients (and study staff) were unable to
be masked to treatment because of the differences in treatment loca-
tion and administration methods between 177Lu-DOTATATE,
which is given intravenously, and octreotide LAR, which is given
intramuscularly. It is unclear whether assignment to the investiga-
tional 177Lu-DOTATATE arm resulted in a biased response that
could have affected patient symptom perception, along with other
potential perceptions of worsening of the disease and fear of radio-
therapy, among others. Another limitation concerns variations in the
intervals between clinic visit cycles, which may affect the method of
symptom analysis. The impact of these variations wasminimized by
excluding visits that were delayed by more than 1 wk and using a
mixed-model-for-repeated-measures analysis, which imputes miss-
ing data under a missing-at-random approach.

CONCLUSION

This analysis of patient symptom diaries from the phase 3
NETTER-1 trial demonstrates that, in addition to improving PFS

TABLE 1
Baseline Symptom Score (Safety Analysis Set)

Baseline number of days with symptoms

177Lu-DOTATATE (n 5 112) High-dose octreotide LAR (n 5 111)

Symptom ,4 d 4–10 d .10 d ,4 d 4–10 d .10 d

Abdominal pain 50 (44.6) 12 (10.7) 25 (22.3) 45 (40.5) 13 (11.7) 26 (23.4)

Diarrhea 31 (27.7) 14 (12.5) 42 (37.5) 35 (31.5) 21 (18.9) 28 (25.2)

Flushing 43 (38.4) 17 (15.2) 27 (24.1) 45 (40.5) 13 (11.7) 26 (23.4)

Data are number followed by percentage in parentheses.

Abdominal pain
Diarrhea
Flushing

Symptom present 
< 4 days

Symptom present 
4–10 days

Symptom present 
> 10 days

Symptom present 
< 4 days

Symptom present 
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and prolonging time to deterioration in terms of HRQoL, 177Lu-
DOTATATE treatment is also associated with statistically signifi-
cant symptom relief that, compared with high-dose octreotide
LAR, may benefit the patient. A significant decline was seen in
the number of days that patients experienced abdominal pain, diar-
rhea, and flushing. Alleviation of these typical symptoms is particu-
larly relevant to patients with progressive midgut NETs and reflects
the overall benefit conferred by 177Lu-DOTATATE to this patient
population.
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KEY POINTS

QUESTION: What is the impact of 177Lu-DOTATATE treatment on
the burdensome symptoms of abdominal pain, diarrhea, and
flushing for patients with advanced midgut NETs?

PERTINENT FINDINGS: Patients enrolled in the international
randomized phase 3 NETTER-1 trial recorded the occurrence
of predefined symptoms in a daily diary. Patients treated with
177Lu-DOTATATE plus standard-dose octreotide LAR experienced
a significantly greater decline from baseline in symptom scores
than patients who received high-dose octreotide LAR.

IMPLICATIONS FOR PATIENT CARE: Compared with high-dose
octreotide LAR, treatment with 177Lu-DOTATATE can provide
clinically and statistically significant reductions in abdominal pain,
diarrhea, and flushing, which are the core symptoms of patients with
progressive midgut NETs.
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Radiohybrid prostate-specificmembrane antigen (rhPSMA) ligands are
anewclassof 18F-labeledPSMA-targetingagents. 18F-rhPSMA-7.3 is a
lead compound that is currently under investigation in 2 multicenter
phase III trials for PET imaging. Here, we report the first retrospective
data on its detection efficacy and potential impact on clinical manage-
ment in a homogeneous cohort of patients with biochemical recurrence
after radicalprostatectomyandbeforeanysalvagetherapy.Methods: In
total, 242 patients (median prostate-specific antigen [PSA], 0.60 ng/mL;
range, 0.2–60.8 ng/mL) who underwent 18F-rhPSMA-7.3 PET/CT were
retrospectively selected from the institution’s database. Images were
reread by an experienced nuclearmedicine physician. Lesion detection
rateswere stratified by PSA. Further, potential management before and
after PET was assessed by an interdisciplinary simulated tumor board
and categorized (major vs. minor vs. no therapeutic change). The distri-
bution of management change identified in each PSA subgroup was
determined. Results: In total, 176 of 242 (72.7%) patients showed
PSMA-ligand–positive findings. 18F-rhPSMA-7.3 detection rates were
61.8% (63/102), 67.9% (38/56), 81.1% (30/37), and 95.7% (45/47) for
PSA levels of 0.2 to less than 0.5 ng/mL, 0.5 to less than 1 ng/mL, 1 to
less than 2 ng/mL, and at least 2 ng/mL, respectively. 18F-rhPSMA-7.3
PET/CT revealed local recurrence,pelvic lymphnodemetastases, retro-
peritoneal lymph nodesmetastases, supradiaphragmatic lymphnodes,
bone metastases, and visceral metastases in 48.8% (n5 118), 28.9%
(n5 70), 6.6% (n5 16), 1.2% (n5 3), 13.2% (n5 32), and 1.2% (n5 3)
of patients, respectively. Notably, bone lesions were identified in 8.8%
of patients (9/102) with a PSA of less than 0.5 ng/mL. Results from the
tumor board indicated a change in therapeutic management in 153 of
242 patients (63.2%), with 54 (22.3%) considered major and 99 (40.9%)
minor. 18F-rhPSMA-7.3 PET/CT did not prompt any therapeutic changes
in 64 patients (26.4%). Conclusion: 18F-rhPSMA-7.3 PET offered high
detection efficacy in patients with biochemical recurrence after radical
prostatectomy and before potential salvage therapy and resulted in a
potential change in treatment plan in nearly two thirds of patients.

Key Words: biochemical recurrence; hybrid imaging; PET; prostate
cancer; prostate-specificmembrane antigen
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Prostate cancer relapse after curative-intent primary therapy
remains a considerable clinical challenge, with up to one third of
patients experiencing biochemically recurrent disease (1,2). The
utility of conventional imaging—as well as PET imaging using,
for example, 11C-choline or 18F-FDG for the localization of recur-
rence—is limited, especially in patients with low prostate-specific
antigen (PSA) levels (3). Several studies have already proven the
high impact of prostate-specific membrane antigen (PSMA)–tar-
geted radiopharmaceuticals on the clinical management of prostate
cancer patients (4–6). 68Ga-PSMA-11 PET has been extensively
assessed in multiple retrospective and prospective studies and is
already recommended in various guidelines as the preferred imaging
tool to localize recurrent disease (7–11). Alongwith improved detec-
tion efficacy in comparison to conventional imaging and PET
using, for example, 11C-choline, the impact of 68Ga-PSMA-11
PETon themanagement of prostate cancerpatients hasbeen assessed
in several studies (12–15). A recent metaanalysis investigating the
impact ofPSMA-ligandPETon themanagement of primaryor recur-
rent disease reported management changes in approximately half of
patients but found considerable heterogeneity among trials, depend-
ing on PSA level, PET positivity, and type of change definition (16).
Further, a recent prospective trial in recurrent prostate cancer pat-
ients reportedmanagement changes inmore thanhalf ofpatients (17).
Recently, promising 18F-labeled PSMA ligands (e.g., 18F-DCFPyL,

18F-PSMA-1007, and 18F-rhPSMA-7) have been developed using the
superior nuclear properties of 18F, resulting in potential logistic and
economic advantages (18–20). Radiohybrid PSMA (rhPSMA) ligands
form a novel class of radiopharmaceuticals that can be labeled either
with 18F or with radiometals (e.g., 68Ga, 177Lu, or 225Ac), offering
unique options for both imaging and theranostic applications (21).
18F-rhPSMA-7 has already been assessed in staging and restaging
of prostate cancer patients and has demonstrated high detection
rates (22,23). 18F-rhPSMA-7 consists of 4 stereoisomers (18F-
rhPSMA-7.1 to -7.4), and preclinical data comparing all 4 isomers
in tumor-bearing mice identified rhPSMA-7.3 as the preferred iso-
mer given its pharmacokinetics, high tumor accumulation, and low
uptake in kidneys (24). Thus, single-isomer rhPSMA-7.3 has been
evaluated in a phase I study (NCT03995888) of biodistribution and
internal dosimetry in both healthy individuals and patients with
prostate cancer. Further, its diagnostic performance in newly diag-
nosed intermediate- to high-risk prostate cancer and suspected
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disease recurrence is being investigated in 2 currently enrolling
multicenter phase III studies (NCT04186819 and NCT04186845).
Therefore, the aim of this retrospective analysis was to assess the

detection efficacy of 18F-rhPSMA-7.3 PET/CT and its impact on
patient management in a highly selected homogeneous series of
patients with biochemical recurrence after radical prostatectomy
but before potential salvage treatment.

MATERIALS AND METHODS

Patients
In total, 242 patients with biochemical recurrence of prostate cancer

who underwent clinically indicated 18F-rhPSMA-7.3 PET/CT between
September 2018 and October 2019 at our institution were reviewed ret-
rospectively. Only patients who had undergone primary radical prosta-
tectomy with curative intent were included. Patients with any
documented salvage therapy (e.g., radiation therapy or salvage surgery)
or the use of androgen deprivation therapy (ADT) after radical prostatec-
tomywere excluded from the analysis. Patients had a median age of 72 y
and a median prescan PSA level of 0.6 ng/mL (Table 1).

All patients gave written informed consent to undergo the procedure.
All reported investigations were conducted in accordance with the Hel-
sinki Declaration and with national regulations. The retrospective anal-
ysis was approved by the local Ethics Committee (permit 99/19). The
administration of 18F-rhPSMA-7.3 complied with the German Medici-
nal Products Act, AMG §13 2b, and the responsible regulatory body
(Government of Oberbayern).

Synthesis of 18F-rhPSMA-7.3 and Imaging Protocol
18F-rhPSMA-7.3 was synthesized as described previously (24). A

median activity of 332MBq of 18F-rhPSMA-7.3 (mean, 3366 43MBq;
range, 206–454MBq)was administered by intravenous bolus at amedian
of 73min (mean, 756 11min; range, 58–117min) before scanning.

All patients underwent 18F-rhPSMA-7.3 PET/CT on a BiographmCT
flow scanner (Siemens Medical Solutions). A diagnostic CT scan was
performed in the portal venous phase 80 s after intravenous injection
of contrast agent (iomeprol [Imeron 300; Bracco]) followed by the
PET scan. All patients received diluted oral contrast medium (300 mg
of ioxitalamic acid [Telebrix; Guerbet]) and 40 mg of furosemide. All
PET scans were acquired in 3-dimensional mode with an acquisition
time of 1.1 mm/s. Emission data were corrected for randoms, dead
time, scatter, and attenuation and were reconstructed iteratively by an
ordered-subsets expectation maximization algorithm (4 iterations and
8 subsets) followed by a postreconstruction smoothing gaussian filter
(5 mm in full width at half maximum).

Image Analysis
PET images were reviewed by a board-certified nuclear medicine

physicianwith 8 y of experience in reading oncologic images. All lesions
suggestive of recurrent prostate cancer were noted. Any focal tracer
uptake higher than blood-pool activity and not associated with physio-
logic uptake was considered suggestive of malignancy. Typical pitfalls
in PSMA-ligand PET imaging such as low-to-moderate PSMA expres-
sion associated with osteoblastic changes or in ganglia were considered
(25). For lesion assessment, the Prostate Cancer Molecular Imaging
Standardized Evaluation (PROMISE) criteriawere used (26). All lesions
suggestive of recurrent prostate cancer were noted and categorized as
prostate bed, pelvic nodes, extrapelvic nodes, bone metastases, or vis-
ceral metastases using the miTNM framework.

Assessment of Potential Impact of 18F-rhPSMA-7.3 PET/CT on
Patient Management

A simulated interdisciplinary tumor board was formed to assess
potential management before and after 18F-rhPSMA-7.3 PET/CT.

Therapeutic decisions by the tumor board were basedmainly on national
and international guidelines (e.g., German S3 Guideline on Prostate
Cancer and the Guideline on Prostate Cancer of the European Associa-
tion of Urology) (27,28). Since the category of oligometastatic prostate
cancer is still insufficiently represented in the guidelines, some therapeu-
tic decisions were also individual decisions considering, for example,
recently published results on salvage lymph node dissection or PSMA
radioguided surgery (29–33). The tumor board consisted of a urooncol-
ogist, a radiation oncologist, and a nuclear medicine physician experi-
enced in oncologic imaging. First, all available clinical information
(T- and N-stage, initial PSA at time of diagnosis, PSA nadir, time
from radical prostatectomy to biochemical recurrence, and PSA level),
but not results from 18F-rhPSMA-7.3 PET/CT, were presented. On
this basis, tumor boardmembers were asked for a consensus on their cur-
rently intended potential management. There was also the possibility
that no potential baseline management plan could be defined by tumor
board members on the basis of the clinical information.

TABLE 1
Patient Characteristics (n 5 242)

Characteristic Data

Age at PET (y) 72 (44–86)

ISUP grade group

I 14 (5.7%)

II 69 (28.5%)

III 52 (21.5%)

IV 27 (11.2%)

V 38 (15.7%)

Unknown 42 (17.4%)

Pathologic primary tumor staging (pT)

pT2 95 (39.3%)

pT3 111 (45.9%)

pT4 3 (1.2%)

Unknown 33 (13.6%)

Pathologic regional lymph node staging (pN)

pN0 151 (62.4%)

pN1 36 (14.9%)

pNx 55 (22.7%)

Positive margin

R0 136 (56.2%)

R1 44 (18.2%)

Unknown 62 (25.6%)

Initial PSA value (ng/mL) 10.5 (3–177)

Time between surgery and PET (mo) 50 (3–1437)

Last PSA value before PET (ng/mL) 0.60 (0.2–60.8)

Injected activity (MBq) 332 (206–454)

Uptake time (min) 73 (58–117)

*PSA value obtained within 4 wk preceding 18F-rhPSMA-7 PET
examination.

ISUP 5 International Society of Urologic Pathologists.
Qualitative data are number and percentage; continuous data are

median and range.
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In the second step, the presence and localization of recurrent disease
on 18F-rhPSMA-7.3 PET/CT images was demonstrated by a nuclear
medicine physician. Then, the tumor board members were asked to indi-
cate post-PET management. Therapeutic management was grouped into
5majormodality groups: radiation therapy (local radiation therapy of the
prostatic bed, radiation therapy to pelvic lymphatic drainage, stereotactic
body radiotherapy), surgery (salvage lymphadenectomy, systemic ther-
apy [e.g., ADT], hormone chemotherapy), multimodal therapy (a com-
bination of radiation therapy/surgery and systemic treatment), and no
therapy (e.g., active surveillance and follow-up). Finally, therapeutic
change was categorized as major change, minor change, or no change.
An intramodality change was considered a minor change, whereas inter-
modality changes were considered major changes, with the exception of
ADT added to or removed from local therapy, which was considered a
minor change. Furthermore, the presence of at least 2 minor changes
was considered amajor change, as well as a switch of systemic treatment
(i.e., modality abiraterone/enzalutamide to chemotherapy), the addition
of radiation to M1 lesions, and the addition of second-generation andro-
gen receptor inhibitors, such as apalutamide, to systemic treatment. A
detailed description of category changes can be found in Table 2.

Statistical Analysis
The detection rate of presumed recurrence sites was plotted against

the baseline PSA value for both patient-level recurrence (number of

patients with at least 1 positive finding) and regional levels according
to the miTNM classification. The Mann–Whitney U test was used to
evaluate differences in PSA values between groups with and without
pathologic uptake. Proportions of management change (major vs. minor
change, no change) were determined. Further, the potential change in
management is illustrated using a Sankey diagram that shows the
selected therapies in relation to previous treatments with and without
PET information. All tests were 2-sided and used a significance level
of a 5 5%. Statistical analyses were conducted with MedCalc software
(version 13.2.0, 2014).

RESULTS

18F-rhPSMA-7.3 Detection Efficacy
Detection Rate. Of the 242 patients, 176 (72.7%) showed one or

more localized areas suggestive of recurrent prostate cancer on 18F-
rhPSMA-7.3 PET. The detection efficacy of 18F-rhPSMA-7.3 PET/
CT positively correlated with PSA levels. It was 61.8% (63/102;
95% CI, 0.52–0.71), 67.9% (38/56; 95% CI, 0.55– 0.79), 81.1%
(30/37; 95% CI, 0.66–0.91), and 95.7% (45/47; 95% CI,
0.86–0.99) for PSA levels of 0.2 to less than 0.5 ng/mL, 0.5 to
less than 1 ng/mL, 1 to less than 2 ng/mL, and at least 2 ng/mL,
respectively (Fig. 1A). The mean PSA level was significantly
(P , 0.0001) lower among patients with negative findings on

TABLE 2
Post-PET Management Pathway Category Details (n 5 242)

Potential management before PSMA PET Potential management after PSMA PET Change category n

Active surveillance Active surveillance No change 2 (1%)

Local RT (prostatic bed) Local RT No change 46 (19%)

1SIB Minor 39 (16%)

1SIB, 1ADT Major 9 (5%)

1ADT Minor 2 (1%)

Surgery Major 5 (2%)

SBRT 6 SIB Major 7 (3%)

HCTx Major 1 (0%)

Active surveillance Major 3 (1%)

Local RT 1 ADT Local RT 1 ADT No change 16 (7%)

1SIB Minor 59 (24%)

Only local RT Minor 1 (0%)

Only ADT Major 1 (0%)

1SIB, 1RTx field enlargement Major 1 (0%)

SBRT Major 3 (1%)

1SIB, 1SBRT Major 3 (1%)

Surgery Major 10 (4%)

ADT 1 SGARI Major 7 (3%)

HCTx Major 2 (1%)

No therapy without prior imaging possible HCTx NA 7 (3%)

ADT 1 SGARI NA 3 (1%)

SBRT NA 1 (0%)

Local RT 6 ADT 6 SIB 6 SBRT NA 12 (5%)

Surgery NA 2 (1%)

RT5 radiation therapy; SIB5 simultaneous integrated boost; SBRT5 stereotactic body radiotherapy; HCTx5 hormone chemotherapy;
NA 5 not applicable; SGARI 5 second-generation androgen receptor inhibitor.

MANAGEMENT CHANGE AFTER
18F-RHPSMA-7.3 � Rauscher et al. 1721



18F-rhPSMA-7.3 PET/CT (0.61 6 0.68 ng/mL) than among 18F-
rhPSMA-7.3–positive patients (2.77 6 6.88 ng/mL).
Lesion Location. Lesion localization on 18F-rhPSMA-7.3 PET/CT

based on the miTNM classification system is shown in Figure 1B.
Local recurrence in the prostate bed was 39.2% at a PSA of 0.2 to
less than 0.5 ng/mL and 61.7% at a PSA of at least 2 ng/mL, whereas
pelvic lymph node metastases were present in 20.6% at a PSA of 0.2
to less than 0.5 ng/mL and increased to 53.2% at a PSAof at least 2 ng/
mL.Although extrapelvic lymph nodemetastases were rare (,5%) at
a PSA of 0.2 to less than 0.5 ng/mL, 17% of patients with a PSA of at
least 2 ng/mL presented with positive retroperitoneal or supradiaph-
ragmatic lymph nodes. 18F-rhPSMA-7.3–avid bone metastases were
even present in 8.8% of patients who had early biochemically recur-
rent disease with a PSA of 0.2 to less than 0.5 ng/mL, increasing to
29.8% in patients with a PSA of at least 2 ng/mL. Visceral metastases
were absent or low at all PSA levels, as only 4.3% of patients with a
PSAof at least 2 ng/mL showed visceralmetastases. Further, the num-
ber of regions involved broadly increased with increasing PSA level,
with more than 1 region being involved in nearly half of the patients
(44.4%) with a PSA of at least 2 ng/mL, compared with only 16% of
patients with a PSA of 0.2 to less than 0.5 ng/mL.

Impact on Patient Management
Compared with the initial plan, therapeutic management was

changed by the tumor board for 153 of 242 patients (63.2%) after
results from 18F-rhPSMA-7.3 PET/CT were presented. In detail,

the potential management change was considered major in 22.3%
(n 5 54) and minor in 40.9% (n 5 99). No change in therapeutic
management was stated in 26.4% (n 5 64) after 18F-rhPSMA-7.3
PET/CT. In 10.3% (n 5 25) of patients, no baseline management
plan could be assessed. All 25 of these patients presented with a
PSA of at least 3 ng/mL at the time of 18F-rhPSMA-7.3 PET/CT,
and tumor board members decided that no potential management
could be defined because additional imaging is recommended before
treatment planning. Figure 2 visualizes the potential management
before and after 18F-rhPSMA-7.3 PET/CT. Potential management
changes after 18F-rhPSMA-7.3 PET/CT stratified by PSA value
can be seen in Figure 3. Here, the number of patients with a potential
management change after 18F-rhPSMA-7.3 PET/CT was already
high (60.7%) in the patient subgroup with a PSA of 0.2 to less
than 0.5 ng/mL and consistently increased to 67.9% and 86.5% in
patients with a PSA of 0.5 to less than 1 ng/mL and a PSA of at least
2 ng/mL, respectively.
Management changes according to lesion localization are pre-

sented in Table 3. The presence of a local recurrence resulted in
only a minor change in management in a majority of patients
(67.8%; 80/118), whereas the presence of pelvic lymph node metas-
tases and either extrapelvic lymph node, bone, or visceral metastases
induced a major change in treatment in 67.1% (47/70) and 66.7%
(36/54) of patients, respectively. Figure 4 presents patient examples
with minor and major therapeutic changes in management.

DISCUSSION

In this retrospective analysis investigating a large cohort of
patients with biochemical recurrence of prostate cancer after prosta-
tectomy and before potential salvage therapy, 18F-rhPSMA-7.3
PET/CT detected and localized prostate cancer highly effectively
in 72.3%of patients. Consistent with other PET tracers, the detection
rate of 18F-rhPSMA-7.3 increased with PSA level (61.8% in patients
with a PSA of 0.2 to less than 0.5 ng/mL, rising to 95.7% in patients
with a PSA of at least 2 ng/mL) (22,23,25). Of note, the detection
rate in this study was lower than in our previously published data
on the diastereomeric mixture of 18F-rhPSMA-7 in biochemically
recurrent prostate cancer after radical prostatectomy (62%, 68%,
81%, and 96% for 18F-rhPSMA-7.3 vs. 71%, 86%, 86%, and 95%
for 18F-rhPSMA-7 at PSA levels of 0.2–,0.5 ng/mL, 0.5–,1 ng/
mL, 1–,2 ng/mL, and $2 ng/mL, respectively) (22). This differ-
ence is most likely explained by inclusion, in this study, of only
patients without prior salvage therapy or ADT, compared with—in
the previous study using 18F-rhPSMA-7—26% and 40% of patients,
respectively, who have been on ADT in the 6 mo preceding the PET
or had external radiation after radical prostatectomy. The latter
cohort can be regarded as slightly more advanced in the course of
biochemical recurrence, potentially leading to higher detection rates.
Therefore, direct comparison between these datasets is not feasible.
Nevertheless, on the basis of data from both retrospective analyses,
the high detection rates of 18F-rhPSMA-7 and -7.3 are very likely
similar.
Recent data suggest that 18F-labeled PSMA ligands with low uri-

nary excretion (e.g., 18F-PSMA-1007 and 18F-rhPSMA-7.3) can
achieve higher detection rates than reported for 68Ga-labeled
PSMA ligands. Our data provide further evidence for this hypothe-
sis, in particular given the results for patients with PSA levels of less
than 0.5 ng/mL. In our study, the detection rate for local recurrence
was 39% for 18F-rhPSMA-7.3, in comparison to only 20% reported

FIGURE1. Overall detection rateof 18F-rhPSMA-7.3PETstratifiedbyPSA
value (A) and lesion localization usingmiTNMclassification stratifiedbyPSA
value (B). miTr 5 presence of local recurrence after radical prostatectomy;
miN1a/b 5 single or multiple positive regional lymph nodes; miM1a 5

extrapelvic lymph nodes; miM1b 5 bone metastases; miM1c 5 other dis-
tant metastases. *Multiple metastatic regions within 1 patient possible.
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in a recently published study of 272 patients undergoing 68Ga-
PSMA-11 imaging (34).
Accurate localization of disease is crucial in the management of

patients with biochemical recurrence of prostate cancer, as focal sal-
vage therapies need accurate target delineation. On the other hand,
the presence of distant metastasesmay trigger additional or alternative
systemic therapy (10). Therefore, the updated European Association
of Urology guidelines recommend PSMA PET, if available, in
patients experiencing biochemical recurrence after radical prostatec-
tomywhen the results might influence subsequent treatment decisions
(10). The results of our study demonstrate that after 18F-rhPSMA-7.3
PET/CT, potential therapeutic management was changed in 153 of
242 patients (63.2%) compared with an initial treatment strategy
based on clinical characteristics. This result is in line with a recently
published prospective study by Fendler et al., with a change in
intended management in more than two thirds of patients undergoing
68Ga-PSMA-11 PET for localization of biochemically recurrent pros-
tate cancer (17). Several other studies have demonstrated the potential
of 68Ga-PSMA-11 to influence the future management of these
patients, with the detection of lymph nodes and distant metastases
having the highest impact on patient management (16,35,36). Simi-
larly, in our study, the presence of either pelvic or extrapelvic lymph
node metastases, bone metastases, or visceral metastases on 18F-
rhPSMA-7.3 PET resulted in a major treatment change in about two
thirds of the patients. In contrast, minor management changes were
observed predominantly in patients with local recurrence and in a
few patients with pelvic lymph node metastases. The high number
of potential management changes derived from our tumor board

provides further data—in this case, based on the application of 18F-
rhPSMA-7.3 PET/CT—outlining the high value of PSMA-ligand
PET imaging in early biochemical recurrence of prostate cancer.
After evaluation of tumor extent and localization with 18F-

rhPSMA-7.3 PET/CT, modern local therapies with either local sal-
vage surgery or local stereotactic body radiotherapy according to
our tumor boardwas possible in 17 (7%) and 15 (6%) patients, respec-
tively, whereas in 3 patients active surveillance was possible instead
of local radiation therapy. This result is in line with a metaanalysis
of Han et al. including 15 studies with 1,163 patients showing that
imagingwithPSMA-ligand PEThas shifted the percentage of patients
receiving systemic treatment in favor of local treatment (16).
There are several limitations to our study. First, intendedmanage-

ment before and after 18F-rhPSMA-7.3 PET/CT was assessed hypo-
thetically, as part of a tumor board, and no information on actual
implemented management changes was available because of the ret-
rospective character of this analysis, which included patients from
different external and internal referrers for whom treatment
approachesmight differ. Thus, more prospective evaluations are still
needed to prove the overall benefit of these management changes in
patients.
Second, a rigorous validation of PSMA-ligand–positive lesions

by histopathology or immunohistopathology was not performed,
although the very high positive predictive value for PSMA-ligand
PET, considering known limitations or pitfalls, has been shown in
several studies (37–39). Only a subset of 17 patients underwent sal-
vage PSMA-radioguided surgery, and in the region of all 18F-
rhPSMA-7.3 PET–positive lesions, lymph node metastases or local

FIGURE 2. Sankey diagram for pre- to post-PET change in potential management (n5 242). HCTx5 hormone chemotherapy; RT5 radiation therapy;
SBRT5 stereotactic body radiotherapy; SGARI5 second-generation androgen receptor inhibitor; SIB5 simultaneous integrated boost.
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recurrences were confirmed histopathologically. Further, concise
follow-up imaging was not available for lesion validation in most
patients. However, in the case of PSMA-ligand uptake in the bone
with no clear correlate on either CT or, more importantly, MRI, it
has to be assumed that the uptake is not related to prostate cancer,
becauseMRI is currently regarded as the gold standard for the detec-
tion of bone metastases. However, lesion characterization also
depends on the number of lesions and the clinical context, as a single
PSMA-ligand–positive bone lesion (especially in the ribs) without
any morphologic correlate in a patient presenting with a very early
biochemical recurrence would most likely be considered unspecific
benign PSMA-ligand uptake, whereas the presence of multiple
PSMA-ligand–positive bone lesions in the context of a clearly

increased PSA level would rather be interpreted asmalignant, result-
ing in a potential major change in management.
Third, the results of conventional imaging modalities (e.g., CT or

bone scanning) were not incorporated into the intendedmanagement
before 18F-rhPSMA-7.3 PET because availability was limited and
inhomogeneous. Nevertheless, it is appropriate to perform a tumor
board review acknowledging the clinical characteristics of the
patient because conventional (non–PSMA PET) imaging lacks the
potential to effectively detect early biochemical recurrence (3).
Further, clinical information on PSAnadir and number of resected

lymph nodes at primary lymphadenectomy was available for only a
minority of patients. Thus, it remains unknown whether all patients
achieved an undetectable PSA nadir after radical prostatectomy,

FIGURE 3. Potential management change after PSMA PET stratified by PSA value. In patients with no assessment feasible, tumor board members sug-
gested additional imaging before management decision.

TABLE 3
Potential Management Change According to Lesion Localization

No. and location of suggestive lesions Restaging
necessary* Major change Minor change No change

Local recurrence (n 5 118) 15 22 80 1

Pelvic LNM (n 5 70) 12 47 10 1

Retroperitoneal LNM (n 5 16) 5 11 — —

Supradiaphragmatic LNM (n 5 3) 1 1 — 1

Bone metastases (n 5 32) 8 23 — 1

Visceral metastases (n 5 3) 2 1 — —

*No therapy decision could be defined by tumor board members without additional imaging.
LNM 5 lymph node metastases.

1724 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 12 � December 2021



potentially influencing intended management before 18F-rhPSMA-
7.3 PET. Further, an extended pelvic lymph node dissection during
primary surgery was not performed on all patients, potentially
influencing intended management before 18F-rhPSMA-7.3 PET
(e.g., toward a more extended radiation therapy of the lymphatic
drainage).

CONCLUSION

In this large population of patients with recurrent prostate cancer
after radical prostatectomy and before any potential salvage therapy,
18F-rhPSMA-7.3 PET/CT offered high detection rates at least equal
to those reported for 68Ga-PSMA-11. Incorporation of the 18F-
rhPSMA-7.3 PET/CT results into simulated clinical decision mak-
ing led to a change in management in nearly two thirds of the
patients, potentially paving the way to personalized medicine.
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KEY POINTS

QUESTION:What is the detection efficacy and the potential impact
on therapeutic management of novel 18F-rhPSMA-7.3 isomer PET in
patients with biochemically recurrent prostate cancer after radical
prostatectomy prior salvage therapy?

PERTINENT FINDINGS: 18F-rhPSMA-7.3 PET/CT offers high
detection efficacy in biochemically recurrent prostate cancer, at
least equal to data published for 68Ga-PSMA11, and resulted in
potential therapeutic management change in a substantial number
of patients.

IMPLICATIONS FOR PATIENT CARE: 18F-rhPSMA-7.3 is a novel
and effective PET agent for imaging of recurrent prostate cancer,
resulting in a potential management change in approximately two
thirds of the patients.
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Our objectives were to assess the safety and clinical impact of a
novel, kit-based formulation of 68Ga-tris(hydroxypyridinone)
(68Ga-THP) prostate-specific membrane antigen (PSMA) for PET/
CT in guiding the management of patients with prostate cancer.
Methods: Patients were prospectively recruited to group A (high-
risk untreated prostate cancer; Gleason score $ 4 1 3, or
prostate-specific antigen (PSA) level . 20 ng/mL or clinical stage
. T2c), group B (biochemical recurrence and eligible for salvage
treatment after radical prostatectomy with 2 consecutive rises in
PSA with a 3-mo interval between reads and a final PSA level .
0.1 ng/mL or a PSA level $ 0.5 ng/mL), or group C (biochemical
recurrence with radical curative radiotherapy or brachytherapy at
least 3 mo before enrollment, and an increase in PSA level . 2.0
ng/mL above the nadir level after radiotherapy or brachytherapy).
Patients underwent evaluation with PET/CT 60 min after intrave-
nous administration of 160 6 30 MBq of 68Ga-THP PSMA. Safety
was assessed through vital signs, cardiovascular profile, serum
hematology, biochemistry, urinalysis, PSA, and adverse events
(AEs). A change in management was reported when the predefined
clinical management of the patient was altered as a result of the
68Ga-THP PSMA PET/CT findings. Results: Forty-nine patients
were evaluated with PET/CT: 20 in group A, 21 in group B, and
8 in group C. No patients experienced serious AEs, discontinued
the study because of AEs, or died during the study. Two patients
had treatment-emergent AEs attributed to 68Ga-THP PSMA (pruri-
tus in one patient and a rash at the intravenous catheter site in
another). Amanagement change secondary to the PET/CT findings
occurred in 42.9%of all patients: 30%ingroupA, 42.9%ingroupB,
and75%ingroupC.Conclusion: 68Ga-THPPSMAwassafe touse,
with no serious AEs and no AEs resulting in withdrawal from the
study. 68Ga-THP PSMA PET/CT changed the management of
42.9% of the study population, comparable to studies using other
PSMA tracers. These data form the basis of a planned phase III
study of 68Ga-THP PSMA in patients with prostate cancer.

KeyWords: prostate cancer;PSMA; PET/CT; 68Ga-THPPSMA; phase
II clinical trial
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Prostate-specific membrane antigen (PSMA) imaging with PET/
CT has undergone rapid clinical acceptance across a variety of cen-
ters throughout the world within several years of first-in-humans
studies (1). There is growing evidence of superiority over typical
standard-of-care imaging such as CT and bone scanning, as well
as over other PET tracers such as choline, but market authorization
for use is still lacking (2–4).
Despite the growing number of articles published, relatively few

studies have been performed in a clinical trial format. There is
also limited systematically collected data on the safety of PSMA
PET/CT (5).
There are several types of 68Ga-PSMA PET tracer being used

worldwide (6). The greatest use has been with 68Ga-HBED
PSMA, but other types include PSMA I&T and PSMA 617. The
most common method of producing 68Ga PSMA tracers for clinical
use includes a manual/semiautomated multistep process requiring
heating and strict pH conditions to facilitate a multistep process
that can take approximately 25 min to produce a dose (7). Cold-kit
formulations such as 68Ga-tris(hydroxypyridinone) (68Ga-THP)
PSMA involve a single-step manufacturing process without
the need for heating, requiring approximately 5 min to produce a
dose (8).

68Ga-THP PSMAhas been investigated in a phase I trial that eval-
uated 14 patients (9). Of these, 8 patients went on to have prostatec-
tomy, and the tracer was able to identify tumor that was positive for
PSMA expression on histopathology. In addition, in 6 patients who
had a positive 68Ga-HBEDPSMAPET/CT result, 68Ga-THPPSMA
was able to demonstrate concordance in number ofmetastases. Some
initial safety data were collected, with no adverse events (AEs)
reported. Despite lower absolute uptake, the tumor-to-liver uptake
ratio was similar to that of 68Ga-HBED PSMA (9).
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The aims of this study were to evaluate PSMA PET/CT in 3 clin-
ical settings using a cold-kit formulation: 68Ga-THPPSMA. The pri-
mary objective was to assess the safety of 68Ga-THP PSMA in
prostate cancer, and the secondary objective was to evaluate clinical
impact by assessing whether the 68Ga-THP PSMA PET/CT findings
brought about a change in the management of patients with prostate
cancer.

MATERIALS AND METHODS

This study was a prospective open-label phase II clinical trial in
patients with newly diagnosed and recurrent prostate cancer (Clinical-
Trials.gov identifier NCT03617588). The Institutional Review Board
(Research and Ethics Committee) approved this study (reference 18/
LO/0370), and all subjects gave written informed consent. The primary
endpoint was evaluation of the safety of PSMA PET/CT (specifically
AEs related to 68Ga-THP PSMA use), and the secondary endpoint was
evaluation of a change in management plan after PET/CT.

Patients were identified from clinic and tumor board meetings from
the primary site and from 3 other hospitals in London.

Patients
InclusionCriteria. The study group consisted ofmen older than 18 y

old who were diagnosed with prostate cancer, had an Eastern Oncology
Group performance status of 0–2 (10), and had not received hormone
therapy related to prostate cancer within the previous 3 mo. The follow-
ing criteria divided the study cohort into 3 distinct groups based on clin-
ical setting.

Group A (new diagnosis, high risk) included men with newly diag-
nosed (histopathologically proven) prostate cancer of Gleason grade
4 1 3 or above, a prostate-specific antigen (PSA) level of more than
20 ng/mL, or a clinical stage greater than T2c and potentially operable
disease.

Regarding group B (biochemical recurrence [BCR] after radical pros-
tatectomy), the initial criterion for inclusion in the study was any patient
with 3 rises in PSA after radical prostatectomy. This was amended to
include a first diagnosis of BCR with 2 consecutive rises in PSA with
a 3-mo interval between reads and a final PSA level of more than 0.1
ng/mL or a PSA level of more than 0.5 ng/mL at the time of recruitment.

Group C (BCR after radiotherapy) included men who had a first diag-
nosis of BCRwith previous radical curative therapy with radiotherapy or
brachytherapy at least 3 mo before enrollment, and with BCR based on
an increase in PSA level to more than 2.0 ng/mL above the nadir level
after radiotherapy or brachytherapy.

Exclusion Criteria. The exclusion criteria were receiving another
investigational medical product from 1 mo before to 1 mo after admin-
istration of 68Ga-THP PSMA, known hypersensitivity to 68Ga-THP
PSMA or any of its constituents, or an estimated glomerular filtration
rate of less than 20 mL/min/1.73 m2.

Protocol
Patients were recruited from June 2018 to July 2019 and underwent 4

visits as outlined in Table 1.

Safety
AEs, regardless of suspected relationship to study treatment, were

recorded throughout the study, from the 68Ga-THP PSMA administra-
tion until 30 d after the administration of 68Ga-THP PSMA. All AEs
were followed up until resolution or until visit 4. Common terminology
criteria grading was used for AEs (11).

Any related serious AEs that occurred at any time after 30 d after the
administration of 68Ga-THP PSMA were reported.

Safety was assessed by means of physical examination, vital
signs, cardiovascular profile (including 12-lead electrocardiography),

performance status, and laboratory evaluations (hematology, biochemis-
try, and urinalysis).

68Ga-THP PSMA PET/CT
Radiopharmaceutical production of the 68Ga-THP PSMA was in

accordance with good manufacturing practices and used a kit-based for-
mulation, by a method previously described (8).

No patient preparation was required before the scan. The target
administered activity of 68Ga-THP PSMA was 250 MBq6 20% intra-
venously via a vein in the right upper limb.

PET/CT was performed on a GE Healthcare Discovery 710 time-of-
flight scanner with Q.Clear reconstruction algorithm.

Imaging Evaluation
All images were reviewed on GEHealthcare Advantage workstations

by 2 nuclear medicine radiologists/physicians in consensus, both of
whom had over 3 y of experience in reporting PSMA PET/CT findings
and had undergone training that included a review of 50 68Ga-THP
PSMA PET/CT studies performed at another site.
Criteria for a Positive Scan. Focal areas of tracer uptake that were

greater than background activity and could not be explained by physio-
logic activity were attributed to prostate cancer or prostate can-
cer metastases.
Criteria for a Negative Scan. A negative scan was defined as one

lacking any uptake that was higher than background activity and attrib-
utable to prostate cancer or prostate cancer metastases.

Disease distribution was classified as being in the prostate (or prostate
bed), pelvic lymph nodes, extrapelvic lymph nodes, bones, or other sites,
such as the liver parenchyma. The reviewing nuclear medicine radiolo-
gist was permitted to request additional imaging to clarify equivocal
areas or potential synchronous diseases. Image reviewers were not
masked to any existing standard-of-care imaging that had occurred
(e.g., bone scanning, CT, or MRI) and were aware of all clinical details,
including PSA value.
Criteria for a Management Plan. Management plans were created

by the primary clinician who was evaluating the patient (urologist or
oncologist). The initialmanagement plan relied on standard-of-care clin-
ical and imaging details as per local, national, and international guide-
lines. The revised management plan took all of the above factors into
account, along with the additional information from the 68Ga-THP
PSMAPET/CT study.A change inmanagement was defined as a change
that was influenced by, or altered directly in response to, the findings of
the 68Ga-THP PSMA PET/CT study. A change that was primarily the
result of non-PET factors, such as comorbidities, was not counted as a
change in management.

Statistics
The sample size was based on the degree of uncertainty in estimating

the percentage of patients with a change in management, as measured by
the CI. Because of the phase of the study, relatively wide CIs were
allowed.

For group A, previous literature suggested that approximately 25% of
patients would have a change in management (12). Assuming a 95%
confidence level, 20 patients would be sufficient to estimate the second-
ary outcome that was within 620% of the population value.

For groups B and C, previous literature suggested that approximately
45% would have a change in management (13). With a 95% confidence
level, 40 patients in the 2 groups combined would be sufficient to esti-
mate the outcome that was within 615% of the population value.
Two-sided 95% and 80% Clopper–Pearson exact CIs were calculated.

Validation
Validation included a combination of histology correlation (22

patients) and, when available, follow-up of PSA levels beyond trial par-
ticipation (31 patients).
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RESULTS

Patients
Forty-nine patients underwent evaluation with 68Ga-THP PSMA

PET/CT, and 48 patients completed all visits, including the final
safety visit. The median age of recruited patients was 67 y (range,
43–80 y).
Figure 1outlines the number of patients at each stage of the trial,

and Table 2 shows patient demographics and clinical characteristics.

Safety
No serious AEs were reported, no patients were withdrawn from

the trial because of AEs, and no deaths were reported.68Ga-THP
PSMA was well tolerated.
Two patients (4.1%) had treatment-emergent AEs that were con-

sidered related to 68Ga-THP PSMA PET/CT. These were grade 1
pruritus (duration, 22 d; 1 patient in group A) and a grade 1 catheter
site rash (duration, 4 d; 1 patient in group B), according to the
common terminology criteria for AEs. An additional 9 treatment-
emergent AEs were reported, not related to 68Ga-THP
administration.

No clinically significant variations in serum hematology, clinical
chemistry, or urinalysis parameters were detected, and no AEs were
identified from these parameters.
There were no clinically significant changes in vital signs for any

patients during the study. No AEs were recorded from electrocardi-
ography findings.

Imaging Findings
All imaging was of diagnostic quality. In 2 patients, image inter-

pretation was more challenging because of a high body mass index,
because the injected activity was at the lower end of the acceptable
range, and because of the arms-down position in a patient who could
not elevate the arms above the head.
A minor halo artifact was frequently encountered, but the images

could be reviewed without scatter correction to reduce the effect of
this artifact.

68Ga-THP PSMA PET/CT was positive in 27 patients (55.1%).
Most patients in group A had focal uptake in the prostate gland. In
2 of these patients, focal increased uptake in the prostate was difficult
to localize on PET/CT, leading to a positivity rate of 90% in this

TABLE 1
Study Protocol Demonstrating Data Collected at Each of 4 Patient Visits

Event Visit 1 prescan data (#4
wk before scan) Visit 2 (day of scan) Visit 3, by telephone (next

working day)
Visit 4, outpatient (�2 wk

after scan)*

Eligibility confirmation X

Informed consent X

Demographics X

Medical history, including
prostate cancer
treatment history and
imaging history

X X

Physical examination† X X X

ECOG performance
status

X X

Concomitant
medications

X X X X

Management plan‡ X X

Study registration X

Serum full blood count,
urea, electrolytes, liver
function tests, PSA

X X

Urinalysis X X

Cardiovascular profile
(electrocardiography)

X X§ X

Vital signs X Xk X
68Ga-THP PSMA PET/CT

administration and
imaging

X

AEs X X X

*Window of 0–6 wk was permitted, depending on local clinical practice.
†Comprised height (visit 1 only), weight, body surface area, and description of external signs of cancer.
‡It was recognized that revised management plan might be decided on before outpatient appointment, and this was permitted. Deciding

management plan outside of visit did not constitute protocol deviation.
§Electrocardiography: visit 2, approximately 1 h before scan.
kVital signs: visit 2, before scan, during injection, after scan (for 2 h after injection), and before discharge.
ECOG 5 Eastern Cooperative Oncology Group.
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group. Fifteen patients had prostate disease only, 1 had prostate–
plus–seminal vesicle involvement, 1 had prostate–plus–pelvic lymph
node involvement, and 1 had prostate involvement plus involvement
of the lymph nodes below and above the diaphragm (Fig. 2).
Only 3 of 21 patients in groupBwere positive for disease (14.3%).

One had uptake in the prostatectomy bed, 1 had prostate disease and
pelvic lymph node involvement (PSA, 1.77 ng/mL), 1 had pelvic
lymph node and bone metastases (PSA, 0.6 ng/mL), and 1 had
bone metastases only (PSA, 2.54 ng/mL).
Positive scans in this group were demonstrated only when PSA at

the time of the scan was more than 0.5 ng/mL (Figs. 2 and 3).
Patients in group C tended to have a higher proportion of positive

scans than did patients in group B (6/8, 75%). Disease was identified
in the treated prostate in 50% of the patients in this group, and dis-
ease was identified in a relatively greater proportion of lymph nodes
(pelvic and extrapelvic) and bones in this group than in groupsA and
B. 68Ga-THP was positive in the prostate alone in 3 patients; in the
prostate and lymph nodes above and below the diaphragm in 1
patient; in the pelvic and retroperitoneal lymph nodes in 1 patient;
and in the pelvic, extrapelvic, and bone in 1 patient (Fig. 2).
In 3 patients, additional imaging was requested. The first request

was for a 68Ga-HBED PSMA study for short-interval follow-up of a
small-volume mildly avid pelvic node; this node was negative on
68Ga-HBED PSMA. The second request was for MRI of the liver
to evaluate solitary focal uptake in the liver; this study revealed
imaging features typical of a hemangioma. The third request was
for MRI of the spine to evaluate focal uptake in the L5 vertebral
body; this study showed no metastases, and the uptake at L5 was
deemed to be secondary to degenerative change.
Patients demonstrated the typical physiologic distribution of this

tracer, which has been described previously (9).

In some patients, areas of uptake were relatively mild in the
prostate, and manipulation of the window setting was required
to evaluate further. Requirement of manipulation due to mild
uptake was also noted during training with 68Ga-THP PSMA cases
before the trial, suggesting that both background and tumor activ-
ity may be less than in patients being evaluated with 68Ga-HBED
PSMA.

Change in Management
There were 21 changes from the original management plan

in total across all 3 groups. Of these, 6 occurred in group A
(30%), 8 in group B (42.9%), and 6 in group C (75%), giving
a 51.7% change in management in groups B and C combined
(Table 3).
Most of the changes throughout the 3 groups were intermodality

(16/21)—for example, from prostatectomy to radiotherapy, or from
radical or salvage local treatment to systemic treatment. A change
from salvage treatment of the prostate bed to surveillance was also
considered an intermodality change.
Aminority of changes were intramodality—that is, a change from

prostatectomywith lymph node dissection to prostatectomy alone or
an adjustment of the radiotherapy fields to include lymph nodes.
Management changes occurred at all PSA levels (Fig. 4).
An example of a positive 68Ga-THP PSMA PET/CT finding with

a resulting change in management is shown in Figure 5.

Validation
In all 22 patientswith a histopathologic reference standard (6 from

prostatectomy and 16 from biopsy) within 3 mo of the date of the
68Ga-THP PSMA PET/CT study, disease within the prostate identi-
fied on 68Ga-THP PSMA PET/CT could be correlated with a site of
disease on histology. In all patients for whom follow-up PSA meas-
urements were available after trial participation (14 with a manage-
ment change and 17 without), PSA was reduced.
In the 2 group A patients for whom disease was difficult to iden-

tify, prostatectomywas performed on one and revealed pT2Gleason
41 3 acinar adenocarcinoma with a tumor volume of 0.2 cm2, and a
pretrial biopsy in the other demonstrated a Gleason 41 5 tumorwith
a maximum length of 7 mm (involving 40% of the core), which was
ultimately treated with radiotherapy.

DISCUSSION

This was the first phase II clinical trial using 68Ga-THP PSMA (a
kit-based formulation) and showed a lack of serious AEs and a lack
of patients discontinuing the study due to AEs. The confirmed safety
profile when reviewing serum hematology, chemistry, urinalysis,
vital signs, and electrocardiography further fortified the safety pro-
file of this tracer. These were all important findings when consider-
ing a phase III study with this tracer.
The lack of serious AEs is concordant with published data on

safety using other PSMA agents (68Ga-PSMA-11, 18F-PSMA-11,
and 18F DCFPyL) (5,14,15). The 68Ga PSMA-11 data showed no
clinically reported AEs. With 18F-PSMA-11, no clinically relevant
changes in vital parameters were observed and no patients reported
any side effects. The DCFPyL study showed no serious AEs, and no
AEs related to heart rate or blood pressure were seen. One patient
reported 2 AEs that were classified as unlikely to be attributable to
the radiotracer, and another patient had a fall in platelet count attrib-
uted to treatment for prostate cancer.
This study demonstrated that clinically significant levels of

management change occurred after 68Ga-THP PSMA PET/CT

Potentially eligible patients

(n = 183)

Not recruited (ineligible)

(n = 132)

Failed screening

(n = 1)

Patients recruited

(n = 51)

Withdrew from study prior to 
PET/CT

(n = 1)

Patients underwent 68Ga-THP
PSMA PET/CT

(n = 49)

Withdrew from study prior to 
PET/CT

(n = 1)

Patients completing entire 
study (including visit 4)

(n = 48)

Follow up PSA available post 
completion of trial

(n = 31)

Histology correlation available

(n = 22)

From biopsy

(n = 16)

From prostatectomy

(n = 6)

FIGURE 1. Number of patients in each stage of trial.
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in high-risk patients and in those with BCR (42.9% change in
management across all groups).
In the primary high-risk group, a change in management occurred

in 30% of patients. This finding is comparable to the findings from a
recent study performed with the same tracer; that study showed that
management changed in 24% of high-risk patients (12). The

management change rate in high-risk patients in a randomized mul-
ticenter study using 68Ga-HBED PSMA was 28% (4,12).
In the BCR groups combined, a management change occurred in

51.7% of patients. This was comparable to the findings of the metaa-
nalysis of studies performed with PSMA in the recurrence setting by
Han et al. and slightly higher than the proportion of management
change we described previously using 68Ga-HBED PSMA (13).
There were fewer changes in the postprostatectomy group

(42.9%) than in the postradiotherapy group (75%). This may in
part have been due to the large proportion of patients scanned at
very low PSA levels in group B; 23.8% of patients in this group
had a PSA of 0.1–0.2 ng/mL and 52.4% had a PSA of 0.2–0.5
ng/mL and an associated low number of positive scans. The low
PSA levels at the time of scanning in the postprostatectomy group
was driven by the definition of BCR in this group, reflecting clini-
cians’ threshold to consider offering early salvage radiotherapy. In
the BCR group evaluated by Kulkarni et al., there were no positive
scans in the population with a PSA of less than 0.5 ng/mL, and that
study reported higher rates of management change at higher PSA
levels (12). Derlin et al. did demonstrate positive findings at very
low PSA levels: 20.0% for a PSA value of more than 0.2 to less
than 0.5 ng/mL, and 22.2% for a PSA value of 0.01–0.2 ng/mL
(16). This finding is in contrast to the findings from other published
data using 68Ga-HBED PSMA, which showed 38% of scans to be
positive when PSA was less than 0.5 ng/mL in BCR (17). Others
have also demonstrated higher positive rates at very lowPSA levels,
and this is one of the key strengths of PSMA over other PET
tracer such as 18F/11C-choline. However, our previous study using

TABLE 2
Demographic and Baseline Characteristics in Group A (New Diagnosis, High-Risk) and in Groups B and C (Combined

Recurrence After Radical Prostatectomy and After Radiotherapy)

Characteristic Newly diagnosed (group A) BCR (groups B and C) Total

Patients (n) 20 29 49

Age

Median 68.5 66.0 67.0

Minimum 49 43 43

Maximum 76 80 80

Race (n)*

White 13 (65.0%) 21 (72.4%) 34 (69.4%)

Afro-Caribbean 7 (35.0%) 5 (17.2%) 12 (24.5%)

Asian 0 (0.0%) 3 (10.3%) 3 (6.1%)

ECOG performance status (n)

0 19 (95.0%) 29 (100.0%) 48 (98.0%)

1 1 (5.0%) 0 (0.0%) 1 (2.0%)

PSA before scan (mg/L) 20 29 49

Mean 25.2 1.6 11.2

SD 27.00 2.32 20.70

Median 13.8 0.4 4.2

Range 5–90 0–10 0–90

Initial Gleason score

#3 1 4 1 (5.0%) 15 (51.7%) 16 (32.7%)

$4 1 3 19 (95.0%) 14 (48.3%) 33 (67.3%)

*Prostate cancer aggressiveness can vary according to race.

FIGURE2. Locationsof68Ga-THPuptakepositive for tumor ingroupsA–C.
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68Ga-HBED PSMA demonstrated a positive rate of 15.8% in a PSA
range of 0.2–0.5 ng/mL (18). As a possible explanation, many stud-
ies have not excluded hormone use before the scan (which would
increase PSMA upregulation/scan positivity), and another important
consideration is that 68Ga-THP PSMA has faster renal clearance of
THP and potentially lower affinity than 68Ga-HBED PSMA (12).
Both PSMA tracers would need to be investigated in the same pop-
ulation with low PSA levels or at least in a matched-pair analysis to
evaluate further.
The higher rate of management change in the postradiotherapy

BCR group (group C) may have been in part due to the greater pro-
portion of positive PET/CT results in this group, as well as the
greater number of available options to treat these patients, including
salvage prostatectomy, salvage focal therapy, further salvage radio-
therapy/brachytherapy, systemic therapies, or watchful waiting.

The cold-kit manufacturing method of this tracer has several
potential benefits if permitted to enter mainstream clinical use. A
short manufacturing time is helpful in the context of a short–half-
life radiotracer, and less complex radiopharmacy production may
allow more patients to be scanned with produced doses.
This study had some limitations. The endpoint chosen for this

trial—management change—has been used in multiple studies
evaluating PSMA PET/CT (19–21). In a well-designed clinical
trial, use of the same endpoint as in other studies allows for potential
progression of PSMA tracers toward regulatory approval; although
a survival or progression endpoint is more objective, it may take
years to be reached. There remains a lack of evidence that a man-
agement change improves survival or another surrogate endpoint.
However, the increased accuracy of disease detection implies
more personalized and appropriate management for the stage of dis-
ease and reduction of the risks and side effects of ineffective
treatments.
There is a lack of full validation within this and many studies

on PSMA PET/CT (19–21). Although histology was available
in some patients, mainly those with recent biopsy and those
who underwent prostatectomy soon after the PET/CT, histology
was not available in all patients and other sites of disease, such
as lymph nodes, were not sampled to provide systematic valida-
tion. Such sampling is often not feasible, particularly in the
BCR setting. Diagnostic accuracy assessment was not within the
scope of this phase II trial but is planned to be evaluated in a larger
phase III study.
The study design involved recording the intended management

plan after and on the basis of 68Ga-THP PSMA PET/CT, and factors
related to clinician–patient consultations may have led to an exe-
cuted management different from that recorded in the study.
In one patient for whom lymph node dissection was not per-

formed, the lack of uptake in nodes partly informed the decision
not to proceed with lymphadenectomy, even though the clinician
and patient were aware that a negative scan did not exclude disease

FIGURE 3. Proportion of patients in group B and proportion of positive
scans in this group, stratified according to serum PSA level.

TABLE 3
Scan Positivity and Management Change per Patient Group

Group Positive Intermodality change Intramodality
change

Other (imaging/
short-interval follow-

up)

Total management
change per group

A 18 (90%) 4 (RP to RT [1], RT to RP
[1], RT to RT with field
change [1], RP to
hormones [1])

1 (RP with lymph
node dissection
to RP alone)

1 (spine MRI) 30.0%

B 3 (14.3%) 6 (RT to surveillance [4], RT
to hormones [2])

1 (RT to RT with field
change)

2 (liver MRI [1], short-
interval repeat
PET/CT [1])

42.9%

C 6 (75%) 6 (salvage RP/focal therapy
of prostate to hormones/
chemotherapy [3],
hormones to template
biopsy for consideration
of salvage RP/focal
therapy [2], salvage RP/
focal therapy of prostate
to surveillance [1])

0 0 75.0%

Total 27 (55.1%) 16 2 3 42.9%

RP 5 radical prostatectomy; RT 5 radiotherapy.
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entirely. This example touches on the complex issue of PSMA-
guided targeted therapy and the need for robust histopathologic stud-
ies to confirm the limits of disease detection within nodes.

CONCLUSION

68Ga-THP PSMA (kit formulation) was well tolerated and safe to
use, with no serious AEs and no AEs resulting in withdrawal from
this phase II study. 68Ga-THP PSMA PET/CT changes the manage-
ment of prostate cancer patients in BCR (42.9%) and, to a lesser
degree, in primary high-risk disease. The levels ofmanagement change
described in this prospective trial are comparable to those found by
others who have evaluated PSMA in these prospective and retrospec-
tive clinical settings. These data form the basis of a planned phase III
study of 68Ga-THP PSMA in patients with prostate cancer.
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KEY POINTS

QUESTION: Is 68Ga-THP PSMA PET/CT safe to use, and does it
change the management of patients with prostate cancer?

PERTINENT FINDINGS: This phase II, open-label prospective
clinical trial showed 68Ga-THP PSMA PET/CT to be well tolerated
and safe to use. Management was changed in 30% of patients with
untreated high-risk disease and in 51.7% of patients with recurrent
disease.

IMPLICATIONS FOR PATIENT CARE: These data show the
potential utility of 68Ga-THP PSMA in untreated and recurrent
disease, and the safety data serve as the basis for a planned phase
III study.
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Prostate-specific membrane antigen (PSMA) radiopharmaceuticals
used with PET/CT are a promising tool for managing patients with
prostate cancer. This study aimed to determine the accuracy of 18F-
PSMA-1007 PET/CT for detecting tumors in the prostate gland using
radical prostatectomy specimens as a reference method and to deter-
mine whether a correlation exists between 18F-PSMA-1007 uptake
andthe InternationalSocietyofUrologicalPathologygradeandprostate
specific antigen (PSA) level at diagnosis.Methods: Thirty-nine patients
referred for 18F-PSMA-1007 PET/CT for initial staging and who under-
went radical prostatectomy within 4 mowere retrospectively included.
Uptake of 18F-PSMA-1007 indicative of cancer was assessed, and
SUVmax and total lesion uptake were calculated for the index tumor.
Histopathology was assessed from radical prostatectomy specimens.
True-positive, false-negative, and false-positive lesions were calcu-
lated.Results: In94.9%ofpatients, the index tumorwascorrectly iden-
tifiedwithPET.SUVmaxwas significantly higher in the tumors than in the
normal prostate tissue, but no significant differences were found
between different International Society of Urological Pathology grades
and SUVmax. There was a poor correlation between PSA at diagnosis
and SUVmax (r5 0.23) andmoderate agreement between PSA at diag-
nosis and total lesion uptake (r5 0.67). When all tumors (also nonindex
tumors) were considered, many small tumors (�1–2 mm) were not
detected with PET. Conclusion: 18F-PSMA-1007 PET/CT performs
well incorrectly identifying the index tumor inpatientswith intermediate-
to high-risk prostate cancer. Approximately 5% of the index tumors
were missed by PET, a finding that agrees with previous studies.

KeyWords: PET/CT; PSMA; prostate; histopathology; Gleason score
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Prostate cancer remains one of the most common malignancies
affecting men worldwide (1,2). The correct staging of this
disease is important for treatment planning and prognostication.
PET/CT is recommended for detecting sites of disease recurrence
in patients with prostate cancer; this recommendation has particu-
larly been the case since the introduction of prostate-specific mem-
brane antigen (PSMA) ligands (3). PET/CT using PSMA-targeting

radiopharmaceuticals could potentially be suitable for initial
staging because its sensitivity and specificity for detecting lymph
node metastases is higher than that of conventional imaging
modalities (4–6).
PSMA is a transmembrane protein often overexpressed in prostate

cancer cells (7). It is also expressed in some other malignancies and
benign tissues (8). Some studies indicate that PSMA expression is
increased in more aggressive tumors and in castration-resistant pros-
tate cancer (9–11). However, approximately 5%–10% of prostate
cancer cells do not overexpress PSMA (12). PSMA ligands have
been designed for radiolabeling with several radionuclides; 68Ga is
the most clinically common. 18F-labeled PSMA agents offer advan-
tages over 68Ga-labeled ones with respect to image resolution and
production amount. One promising 18F-labeled PSMA radiotracer
is 18F-PSMA-1007 (13). Unlike 68Ga-labeled radiopharmaceuticals,
18F-PSMA-1007 is eliminated primarily via the hepatobiliary excre-
tion route; therefore, there is almost no bladder activity, providing
improved conditions for evaluation of the prostatic bed. Because
only a few studies have examined 18F-PSMA-1007 PET/CT as a pri-
mary T-staging modality (14,15), further studies are warranted.
Kuten et al. (15) recently showed in a small study of intermediate-
to high-risk prostate cancer patients that both 18F-PSMA-1007 and
68Ga-PSMA-11 could identify dominant prostatic malignancies. In
their study, 18F-PSMA-1007 also detected some additional low-
grade lesions.
This study tested the accuracy of 18F-PSMA-1007 PET/CT for

detecting cancer in the prostate gland using radical prostatectomy
specimens as the reference method. We then determined whether
there was a correlation between the uptake of 18F-PSMA-1007
and the International Society of Urological Pathology (ISUP) grade
and prostate-specific antigen (PSA) level at diagnosis.

MATERIALS AND METHODS

Patients
From September 2019 to July 2020, 700 patients with biochemical

recurrence after curative treatment or with newly diagnosed intermedi-
ate- or high-risk prostate cancer were examined by 18F-PSMA-1007
PET/CT at Skåne University Hospital in Malm€o or Lund and retrospec-
tively included. In this cohort, 42 patients underwent radical prostatec-
tomy for localized disease. One patient was excluded because of a
long period between the PET/CT and the surgery; 2 others were
excluded because of previous brachytherapy, leaving 39 patients—all
were admitted for initial staging and with a time from PET/CT to surgery
not exceeding 4 mo for the final analyses. This study was approved by
the Regional Ethical Review Board at Lund University (approvals
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2016/417 and 2018/753) andwas performed in accordancewith theDec-
laration of Helsinki. All patients gave written informed consent.

PET/CT
Four Discovery MI (GE Healthcare) PET/CT systems were used for

image acquisition. Imaging was performed 120 min after radiotracer
administration. The patients were scanned from the mid thigh to the
base of the skull. The mean (6SD) administered 18F-PSMA-1007 activ-
ity was 4.06 0.4MBq/kg (range, 3.7–6.7 MBq/kg), and the mean accu-
mulation time was 1206 6 min (range, 115–153 min). The PET images
were reconstructed using Q.Clear (GE Healthcare), including time-of-
flight and point spread function modeling, with a 2563 256 matrix
(pixel size, 2.73 2.7mm; slice thickness, 2.8mm). Images were
acquired for 2–4min/bed position (4min/bed positionwhen the protocol
was set up); this speed was later optimized to 2 min/bed position (15).
The regularization factor, b, in the Q.Clear reconstruction algorithm
was 500 when images were acquired at 4 min/bed position (2 patients),
600 when images were acquired at 3 min/bed position (12 patients), and
800 when images were acquired at 2 min/bed position (25 patients). The
b-values for the different acquisition times were chosen to obtain a sim-
ilar noise level in the images (16).

CT images were acquired for attenuation correction of the PET
images and anatomic correlation. Diagnostic CT with intravenous and
oral contrast material was performed. The tube current modulation
was applied by adjusting the tube current for each individual with a noise
index of 37.5 and a tube voltage of 100 kV. The slice thickness was
0.625mm. The CT scan used for attenuation correction was acquired
in the late venous phase. An adaptive statistical iterative reconstruction
technique was applied.

Image Analysis
All PET/CT images were subjected to image analysis with commer-

cially availableHermes software (HermesMedical Solutions) by 1 expe-
rienced nuclear medicine physician. Only the patient’s age and
indication for the examination were known to the physician when ana-
lyzing the images. Suspected tumors in the prostate gland were charac-
terized by SUVmax, tumor volume, and tumor lesion uptake (TLU)
calculated as SUVmean3 tumor volume. These metrics were calculated
by placing an automatically drawn volume of interest with a fixed thresh-
old of 41% of tumor SUVmax around the suspected tumor. For some
lesions with a relatively low SUV, the automatically drawn volume of
interest failed, and a manual volume of interest was then drawn instead.
The nuclear medicine physician marked the lesion regarded as the index
lesion.

Histopathology
A second evaluation was performed by one of the authors in addition

to the routine clinical evaluation of prostatectomy specimens. All slides
from the radical prostatectomy specimens were annotated and evaluated
using the digital pathology system Sectra Digital Pathology solution
(Sectra Medical). Every tumor focus was annotated with the Gleason
score, ISUP grade, and tumor localization. The index tumor was defined
as the area where the tumor showed its largest dimension (17). No major
differences between the initial reported diagnosis of Gleason score and
the review were found.

Statistical Analysis
Patient demographics were analyzed descriptively. For analysis of

tumor localization, each prostate was divided into 3 axial levels (base,
mid, and apex) and divided at each level into 8 segments (ventral, dorsal,
peripheral left and right, and central left and right) (18). For PET/CT and
histopathology, the data for each patient were reported on a printout of
the 24-segment scheme, with the tumors being marked by the nuclear
medicine physician and the pathologist in a masked fashion (not being
aware of the marking of the other modality). The PET/CT scan was

considered to agree with the histopathology findings if the same segment
wasmarked or if therewas a discrepancy by up to 1 segment in any direc-
tion. True-positive, false-positive, and false-negative lesionswere calcu-
lated. Since many of the patients had multifocal tumors, the analyses
were performed both for only the index tumor and for all tumors. Asso-
ciations between the ISUP grade and SUVmax of the index tumor were
evaluated using the Kruskal–Wallis test, with a Mann–Whitney U test
as the post hoc test. Bonferroni adjustment for multiple comparisons
was applied, and adjustedP values are shown here. Correlations between
PSA at diagnosis and SUVmax and TLU in the index tumor were ana-
lyzedwith Spearman correlation. A P value of less than 0.05was consid-
ered statistically significant. Statistical analyses were performed using
SPSS, version 25 (IBM Corp.).

RESULTS

Patients
All 39 patients underwent PET/CT for initial staging. The patient

characteristics are shown in Table 1. Four of the patients were on
medication related to benign prostate hyperplasia (1 on a
a-blocker and 3 on hormonal therapy), but no other prostate-
related medication was used.

Uptake of PET Tracer in Index Tumors
An index tumorwas identified in radical prostatectomy specimens

in all 41 patients. The ISUP grade varied between 2 and 5, with 5
being the most common (Table 1). In 37 of 39 patients (94.9%),
the same lesion was also found by PET. In all of these cases, the
nuclear medicine physician had marked the lesion as index lesion.
Only in 2 patients (5.4%) was the index tumor not detected by
PET (not marked as a suspected tumor by the nuclear medicine phy-
sician). The median SUVmax was 20.1 (range, 3.7–61.7) in the index
tumor and 3.7 (range, 2.4–12.4) in surrounding prostate tissue (with-
out a pathology-proven tumor). The SUVmax in the surrounding
prostate tissue in the 2 patients with index tumors not detected by
PET was 8.3 (second highest among all patients) and 3.9, respec-
tively. The median TLU in the index tumor was 13.6 (range,
1.5–191.8) (Table 2). The ISUP grade was 3 and 4 in the 2 patients
in whom PET did not detect the index tumor; the tumors measured
353 19mm and 73 9mm, respectively.
A comparison between different ISUP grades and SUVmax for

all index tumors and adjacent normal prostate tissue is shown in Fig-
ure 1. There was an overall statistically significant difference (P ,
0.0001, Kruskal–Wallis test). The post hoc analysis showed a signif-
icant difference between normal prostate tissue and ISUP grade 2
(P5 0.026), ISUP grade 3 (P5 0.001), ISUP grade 4 (P5 0.001),
and ISUP grade 5 (P , 0.001); no other comparisons were statisti-
cally significant. No statistically significant differences were found
when analyzing only the different ISUP grades regarding SUVmax

or TLU (P5 0.18 and P5 0.31, respectively; Kruskal–Wallis
test). The correlation between PSA at diagnosis and SUVmax in
the index tumor was poor (r5 0.23, P5 0.17), and that between
PSA at diagnosis and TLU in the index tumor was moderate
(r5 0.67, P , 0.0001) (Fig. 2)
Figure 3 shows 1 patient for whom the PET and histopathology

results agreed well regarding the index tumor. Figure 4 shows 1
patient for whom the tumor was detected at histopathology and
was not visualized on PET. Figure 5 shows 1 patient with false-
positive uptake on PET.

PET in All Lesions
In total, 118 tumors (in 39 patients) were detected by histopathol-

ogy, and 62 tumors (in 39 patients) were detected by PET. Here, 55
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of the 118 tumors (46.6%) were classified as true PET-positive
whereas the remaining 63 tumors were false-negative. Among the
63 falsely PET-negative lesions, 39 (61.9%) were very small
(�1–2mm), and 2 (3.2%) were large (73 9mm and 353 19mm;

the 2 index tumors described above). Seven of 118 lesions (5.9%)
detected by PET were false-positives based on a pathology review.
In these lesions, median SUVmax was 11.4 (range, 6.5–13.3) and
TLU was 4.9 (range, 4.2–9.5), thus being slightly lower than for
true-positive lesions. No aberrant findings on histopathology were
seen in areas with false-positive 18F-PSMA-1007 uptake.

DISCUSSION

In this study, we compared the uptake of 18F-PSMA-1007 with
the histopathologic findings for the radical prostatectomy specimen
in patients with intermediate- to high-risk prostate cancer. In most
patients, the index tumor was correctly identified with PET. SUVmax

was higher in the tumors than in normal prostate tissue, but no
correlations were found between ISUP grade and SUVmax or
between ISUPgrade andTLU. Therewas a poor correlation between
PSA at diagnosis and SUVmax and a moderate agreement
between PSA at diagnosis and the TLU of the index tumors.
When all tumors were considered, many small tumors (�1mm)
were not detected with PET. Although only 39 patients were

TABLE 1
Patient Characteristics

Parameter Data

Age 65 6 5.6 (53–76)

Body mass index 26.96 3.2
(19.3–34.4)

Days from PET to surgery 53 6 22 (11–105)

PSA at diagnosis (n)

,10 21

10–19.9 9

$20 9

ISUP grade

1

At diagnosis 1

In radical prostatectomy specimens 0

2

At diagnosis 4

In radical prostatectomy specimens 6

3

At diagnosis 13

In radical prostatectomy specimens 10

4

At diagnosis 11

In radical prostatectomy specimens 9

5

At diagnosis 11

In radical prostatectomy specimens 14

Missing

At diagnosis 1

In radical prostatectomy specimens 0

T stage

T1

Clinical 16

In radical prostatectomy specimens 0

T2

Clinical 20

In radical prostatectomy specimens 20

T3

Clinical 3

In radical prostatectomy specimens 19

Qualitative data are number; continuous data are mean6 SD and
range.

TABLE 2
SUVmax and TLU for Different ISUP Grades for 37 Index
Tumors also Identified by PET, and SUVmax for Normal

Prostate Tissue for All 39 Patients

SUVmax TLU

Grade n Median Range Median Range

Normal prostate 39 3.7 2.4–12.4 — —

ISUP 2 6 14.5 7.9–20.9 22.2 3.7–95.2

ISUP 3 9 25.2 3.7–39.7 5.6 1.5–101.9

ISUP 4 8 19.5 8.6–31.7 12.3 7.1–58.6

ISUP 5 14 33.0 7.6–61.7 38.8 2.4–191.8

FIGURE 1. Histograms for SUVmax of normal prostate tissue and ISUP
grades for index tumors.
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included, to our knowledge this was the largest study to date compar-
ing 18F-PSMA-1007 and prostatectomy specimens in patients with
intermediate- to high-risk prostate cancer. Being able to correctly
identify the index lesion could possibly be of interest to assist in tar-
geted biopsies or to enable focal dose escalation during primary
curative radiotherapy (19).
Prostate cancer cells typically show increased expression of

PSMA. Benign prostatic tissue also expresses PSMA but with

decreased intensity compared with prostate cancer cells. However,
PSMA is not as specific as the name implies. Many conditions other
than prostate cancer can overexpress PSMA (8). In our study, we
found a small number of cases of false-positive uptake of 18F-
PSMA-1007. Studies have also found that not all prostate cancer
cells overexpress PSMA.Maurer et al. (4) observed that 8% of index
tumors in 130 patients with intermediate- to high-risk prostate can-
cer showed no or only a slight increase in 68Ga-PSMA-11 uptake.

FIGURE 2. Correlation between PSA at diagnosis and SUVmax of index tumor (left) and between PSA at diagnosis and TLU of index tumor (right).

FIGURE 3. Example of 1 patient with true-positive tumor on PET. (A) PET/CT image of middle part of prostate. (B) Zoomed PET/CT image of prostate.
(C) Corresponding histopathology slice delineating tumor in left part of prostate with Gleason score 4 1 3. In C, very small tumor can be seen in dorsal
left part not visualized on PET. Tracer uptake in right prostate lobe is nonspecific.

FIGURE 4. Example of 1 patient with false-negative tumor on PET. (A) PET/CT image of apical part of prostate. (B) Zoomed PET/CT image of prostate.
(C) Corresponding histopathology slice delineating large tumor located mainly in dorsal right part in prostate with ISUP grade 3.
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This finding was confirmed by Bud€aus et al. (12). In our study, only
approximately 5% of the index tumors were not visualized by PET.
When regarding all tumors, a considerably higher proportion of
tumors was missed by PET, with most being very small tumors,
which can be expected to not show up on PET because of the limited
spatial resolution and partial-volume effect.
To the best of our knowledge, there was only 1 previous study

comparing 18F-PSMA-1007 uptake and prostatectomy specimens.
Kesch et al. (14) studied 10 patients with biopsy-confirmed high-
risk prostate patients. 18F-PSMA-1007 detected the index tumor cor-
rectly in all patients but missed 2 nonindex lesions. 18F-PSMA-1007
PET/CT showed 3 false-positive lesions. Similar results have been
shown for a small study population using 68Ga-PSMA-11 (20,21).
A previous study compared 68Ga-PSMA-11with transrectal ultra-

sound biopsies from 90 patients (9). Of these patients, 91.1% dem-
onstrated high uptake in the index tumor that exceeded the
physiologic tracer uptake in normal prostate tissue (median SUVmax,
12.5 vs. 3.9). In their analysis, there was a moderate correlation
between PSA and SUVmax (r5 0.51) and a significantly higher
SUVmax in tumors with a Gleason score of more than 7 than in those
with a score of 31 3, 31 4, or 41 3. It remains unknown whether
the differences from the study by Uprimny et al. regarding correla-
tion with SUVmax and PSA, as well as increasing SUVmax with
worse Gleason score or ISUP grade, can be attributed to different
radiopharmaceuticals used, differences in the study population, or
the lower number of patients included in our study. We found a
better correlation between PSA and TLU than between PSA and
SUVmax. TLU also considers the size of the tumor and is a better
measure of tumor burden than SUVmax.
Some studies exist comparing multiparametric MRI and PSMA

PET/CT (22–24). The combination has been shown to have higher
sensitivity and specificity than either MRI or 68Ga-PSMA-11 imag-
ing alone for detecting intraprostatic tumors. PSMA PET could
offer improved specificity whereas MRI offers improves tumor
localization.
One limitation of our study was the retrospective design and the

limited number of patients. Another limitation was the nature of
the study cohort, with the distribution of included patients being
skewed toward high risk because this is the main indication for per-
forming PET/CT in our county. No immunostaining of PSMA
expressionwas performed for the prostatectomy specimens.Another
limitation was the challenging task of comparing PET/CT and pros-
tatectomy specimens and difficulties in transferring both modalities
into the 24-segment prostate model. Therefore, no calculations of
sensitivity, specificity, and positive or negative predictive values

were performed because we believe the sources of error were large
andwould lead to unreliable values. Finally, only 1 nuclearmedicine
physician and 1 pathologist made the respective evaluations.

CONCLUSION

18F-PSMA-1007 PET/CT nicely identifies the index tumors in
patients with intermediate- to high-risk prostate cancer, using pros-
tatectomy specimens as the reference method. Approximately 5% of
the index tumors were missed by PET, as agrees with previous find-
ings. Small-sized nonindex tumors were often missed by PET.
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KEY POINTS

QUESTION: What is the accuracy of 18F-PSMA-1007 PET/CT for
detecting cancer in the prostate gland, using radical prostatectomy
specimens as the reference method?

PERTINENT FINDINGS: In this retrospective study, we found that
18F-PSMA-1007 PET/CT performs well at identifying the index
tumor in patients with intermediate- to high-risk prostate cancer
using prostatectomy specimens as the reference method. Small-
sized nonindex tumors were often missed by PET.

IMPLICATIONS FOR PATIENT CARE: The results indicate that
18F-PSMA-1007 PET/CT is a reliable method for detecting prostate
cancer.
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PET/CT targeting the prostate-specific membrane antigen (PSMA)
playsakeyrole instagingofpatientswithprostatecancer.Moreover, it is
used not only for the assessment of adequate PSMA expression of
prostate cancer cells before PSMA-targeting radioligand therapy (RLT)
but also for restaging during the course of therapy to evaluate response
to treatment. Whereas no established criteria exist for systematic
response evaluation so far, recently proposed PSMA PET Progression
(PPP) criteria might fill this gap. The aim of this study was to assess the
feasibility of PPP criteria in patients undergoing PSMA RLT and their
prognostic implications.Methods: In this retrospective analysis, PSMA
PET/CT scans of 46 patients before and after completion of PSMARLT
wereanalyzedseparatelyby2 readersusingmodifiedPPPcriteria.After
interobserver agreement assessment, consensus results (progressive
vs. nonprogressive disease) were compared in a multivariate Cox
regression model (endpoint, overall survival [OS]). Results: Interob-
server agreement using the modified PPP criteria was substantial
(Cohen k 5 0.73), with a concordance in 87% of patients. The median
OSofall patientsafterPSMARLT (n546)was9.0mo(95%CI,7.8–10.2
mo).Progressionaccording to themodifiedPPPcriteriawas found in32
patientsandwasasignificant (P#0.001)prognosticmarker forOS,with
a hazard ratio of 15.5 (95% CI, 3.4–70.2). Conclusion: Response
assessment in patients undergoing PSMA RLT using modified PPP
criteriaare reproducibleandhighlyprognostic forOS.ThemodifiedPPP
criteria should be validated in future prospective trials.

Key Words: PSMA PET/CT; radioligand therapy; PPP; response
assessment
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PET/CT targeting prostate-specific membrane antigen (PSMA)
has become a key role in staging of patients with prostate cancer. To
develop systematic and reproducible evaluation criteria, several
proposals for assessing PSMA PET/CT have been made (1–3).
However, no established criteria for therapy response assessment by
PSMA PET/CT exist so far, and response assessment in patients
with prostate cancer is still based on serum prostate-specific antigen
(PSA) level and on bone scintigraphy andCT scans as recommended
by, for example, the Prostate Cancer Working Group 3 (4).
Especially in the context of PSMA radioligand therapy (RLT),

PSMA PET/CT is frequently used to assess adequate PSMA

expression of prostate cancer cells not only before but also during the
course of therapy to evaluate response to treatment (5). Therefore, an
evaluation system that is easy to implement, simple to use, and
reproducible is desirable not only for clinical routine but also for
clinical trials. Although different approaches have already been
suggested for assessing response to treatment in metastatic prostate
cancer using RECIST 1.1 (6–8), adapted PERCIST (7–9), or the
quantification of whole-body tumor burden (10–15), they have not
yet been clinically implemented.
Obviously, there is a need for an easy, fast, and reproducible

validation system to assess response to PSMA RLT. Fanti et al.
recently published the PSMAPET Progression (PPP) criteria, which
include PSMA PET/CT, biochemical response, and clinical
parameters. They focused on disease progression as defined by 3
categories (16). Although promising, these response assessment
criteria have not yet been tested for feasibility in patients with
advanced prostate cancer receiving PSMA RLT.
The aim of this retrospective analysis was to evaluate the

feasibility of PPP criteria in patients undergoing PSMA RLT and to
assess the prognostic implications of these criteria. Therefore,
PSMA PET/CT scans before and after completion of RLT were
analyzed and the results were correlated to overall survival (OS).

MATERIALS AND METHODS

Patient Cohort
All patients treated on a compassionate-use basis with at least 1 cycle

of PSMARLT between February 2016 andApril 2020 at our department
were screened for eligibility. In suitable patients, both initial and follow-
up PET/CT had to be performedwith the samePSMAradioligand (68Ga-
PSMA-11 or 18F-PSMA-1007) but not necessarily on the same PET/CT
scanner. Other inclusion criteria were in-house assessment of imaging
and laboratory data and the availability of survival data. Patients without
a follow-up PET/CT scan (i.e., in cases of clinical progress) were
excluded from the study. The time points of the PET/CT scans were
before therapy and after the final cycle of PSMA RLT. The last follow-
up was in October 2020, and 33 patients had died by that time point. The
median time of follow-up in surviving patients was 14 mo (95% CI,
12.9–15.1mo). The review board of the University of Freiburg (protocol
562/15) approved this study, and all subjects gave written informed
consent.

Imaging and Treatment Protocol
At 1 h (68Ga-PSMA-11) or 2 h (18F-PSMA-1007) after injection of the

respective tracer, whole-body PSMA PET scans were acquired from
skull to mid thigh with a scan duration of 2 min per bed position. A
contrast-enhanced diagnostic CT scan (120 kVp, 100–400 mAs) with
dosemodulationwas performed for anatomic correlation and attenuation
correction. Scanningwas performed on aVereosDigital PET/CTdevice,
a Gemini TF 64 PET/CT device, or a Gemini TF 16 Big-Bore PET/CT
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device (all Philips Healthcare). All patients were asked to void before
undergoing PET. Images were reconstructed with a vendor-specific
reconstruction algorithm (blob ordered-subset time-of-flight) with 3
iterations and 9 subsets (relaxation parameter, 0.35) and a voxel size of
2 3 2 3 2 mm (Vereos Digital PET/CT) or with 3 iterations and 33
subsets (relaxation parameter, 0.35) and a voxel size of 2 3 2 3 2 mm
(Gemini TF 64 PET/CT and Gemini TF 16 Big-Bore PET/CT). The
spatial resolution of the reconstructed PET images is about 5 mm
(Vereos) to 7 mm (both Gemini TF) in full width at half maximum.

A standardized institutional protocol for RLT was applied according
to current guidelines (17). In-house labeling was performed for 177Lu-
PSMA 617. The standard PSMA RLT protocol consisted of infusion of
6.0 GBq of the radioligand every 6–8 wk with up to a maximum of 4
cycles depending on response to treatment, as assessed by PSMA PET/
CT and laboratory data 6–8 wk after every second cycle. In the case
of only 3 treatment cycles, an additional PET/CT scan was performed
6–8 wk after the third cycle.

Response Assessment Using Modified PPP Criteria
PET/CT images were retrospectively analyzed by 2 readers (with 1

and 4 y of PSMA PET/CT reading experience) using the local PACS
system IMPAX EE (Agfa HealthCare). For response assessment, 3
categories defining progression adapted from PPP criteria were used
(Table 1) (16). Exclusion of these 3 categories was defined as
nonprogressive. After the assessment of interobserver agreement, a
final consensus was reached and used for further comparisons.

The original category C had to be changed from “increase in size or
uptake of one or more lesions” to a “visually assessed distinct increase in
the PSMA-positive tumor volume,” as the original category was not
applicable in cases of diffuse bonemarrow involvement and no validated
quantification assessment of the whole-body tumor burden on 18F-
PSMA-1007 PET/CT exists so far. However, recent studies report
promising results for the manual and semiautomatic quantification of
whole-body tumor burden on 68Ga-PSMA-11 PET/CT using a 50%
threshold of local SUVmax (PSMATV50) (14,15). Hence, PSMATV50 was
assessed in all patients without new lesions on PSMA PET/CT (e.g.,
category C and all patients rated nonprogressive) by 1 reader in order to
test the suitability of category C. For this assessment, the Beth Israel
plug-in for Fiji (18) from the Beth Israel Deaconess Medical Center was
used.A relative threshold of 50%of SUVmaxwithin a segmented volume
was applied, and the volumes of the segmented lesions were summed to
PSMATV50.

Since the increase in laboratory data is not defined by PPP criteria, an
arbitrary cutoff of at least 25% (in analogy to the criteria of the Prostate
CancerClinical TrialsWorkingGroup 3 (4))was chosen for PSA, lactate
dehydrogenase, and alkaline phosphatase according to results of
Yordanova et al. (19). Changes in neuron-specific enolase were included
in order to detect possible neuroendocrine dedifferentiation.

Response of Serum PSA Level
Response of serum PSA level was assessed in all patients, comparing

PSA values from the time of first-cycle administration to the time of the

last PET/CT examination (i.e., end of therapy). In analogy to the criteria
of the Prostate Cancer Clinical Trials Working Group 3 (4), biochemical
progression was defined as a rise in serum PSA level of at least 25%, and
patients were dichotomously divided into progressive or nonprogressive
accordingly.

Finally, theOS of progressive and nonprogressive patients as assessed
with both categorization systems (PPP and PSA-level only) was
compared in uni- and multivariate analysis with the following possible
confounders: time since initial diagnosis, number of lines of therapy
before PSMA RLT, total injected activity for PSMA RLT, number of
therapy cycles, and serum PSA level before application of the first cycle.

Statistical Analysis
Statistical analyses were performed using SPSS software, version

27.0 (IBM). Descriptive data are presented as mean 6 SD and range.
Survival data are represented by Kaplan–Meier curves and analyzed via
log-rank comparisons for univariate analysis and via Cox regression
models for multivariate analysis. For comparison between 2 Cox
models, theG€onen andHeller concordance probability estimate (20) was
calculated using R software, version 4.0.3, with a probability of 0.5
indicating a random discrimination and 1 a perfect discrimination. A
landmark analysis for OS was performed, starting with the time point of
the final follow-up PSMA PET/CT study after RLT until death or last
follow-up. OS is presented as median and 95% CI. The Cohen k was
used to assess interrater reliability (on the basis of Landis and Koch
criteria (21)). For comparisons between subgroups in the volumetric
analysis, a paired or unpaired t test was performed when indicated. A P
value of less than 0.05 was considered statistically significant.

RESULTS

Patient Characteristics
Of 87 patients receiving PSMA RLT, 46 were included in this

analysis. Detailed characteristics are given in Table 2. In total, 129
cycles of RLT were administered, with a mean activity of 5.96 0.7
GBq (range, 3.0–7.5 GBq). Eighteen patients received all 4 cycles of
PSMA RLT. In 2 patients, PSMA RLT was limited to 3 cycles
because of therapy-associated side effects (progression of preexist-
ing renal insufficiency, xerostomia, and fatigue). In the remaining 26
patients, only 2 cycles of PSMA RLT were performed (Fig. 1),
because of either a very good response (n 5 5) or distinct
progression (n5 21) as assessed by PSMA PET/CT and laboratory
data (based on clinical decision). The intervals between initial
PSMA PET/CT and the first cycle of PSMA RLT, and between the
last cycle and restaging PSMA PET/CT, were 46 6 26 d (range,
5–126 d) and 53 6 12 d (range, 23–77 d), respectively. In 27
patients, RLTwasmonitored using 68Ga-PSMA-11 PET/CT, and 19
patients were examined with 18F-PSMA-1007 PET/CT.

Response Assessment
Response According to Modified PPP Criteria. According to the

modified PPP criteria, 32 of 46 patients were considered progressive

TABLE 1
Progression on PSMA PET/CT in Accordance with Modified PPP Criteria

Category A Category B Category C

$2 new metastases 1 new metastasis AND increase of $25% in
PSA or LDH or ALP or NSE

Distinct increase in tumor volume (visually
assessed) AND increase of$25% in PSA
or LDH or ALP or NSE

LDH 5 lactate dehydrogenase; ALP 5 alkaline phosphatase; NSE 5 neuron-specific enolase.
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(70%). Of these patients, 21 had undergone 2 cycles of PSMA RLT,
2 had been treatedwith 3 cycles, and 9 had received 4 cycles. Inmost
cases (27/32, 84%), progression was due to the appearance of 2 or
more new metastases on PSMA PET (category A). In 4 patients, a
distinct increase in tumor volume was seen in addition to a serum
PSA level rising by at least 25% (category C), and in 1 patient a
distinct increase in tumor volume was seen in addition to an alkaline
phosphatase level rising by at least 25% (category C). Category B (1
new metastasis and rising laboratory values) did not occur in any
patient. Interobserver agreement on categorization was substantial,
as indicated by a Cohen k of 0.73, with a concordance in 87% of
patients. Examples for categories A and C are shown in Figure 2.
The volumetric assessment of the patients who were rated with

category C (n 5 5) or as nonprogressive (n 5 14) showed a
significant difference in the percentage change in PSMATV50

between the 2 groups (C: DPSMATV50, 96% 6 73% [range,

31%–200%], vs. nonprogressive:DPSMATV50, 51%6 35% [range,
287%–16%]; P , 0.001). PSMATV50 decreased significantly in
patients rated as nonprogressive (from 135.66 172.1 mL to 81.26
171.3 mL; P 5 0.02), but no significant change in PSMATV50 was
found in the 5 patients rated with category C (from 198.6 6 271.5
mL to 325.3 6 390.4 mL; P 5 0.086).
The median OS of all patients (n 5 46) was 9.0 mo (95% CI,

7.8–10.2 mo). Patients with progression according to the modified
PPP criteria (n5 32) had a median OS of 7.0 mo (95% CI, 4.0–10.0
mo) only. Those patients who were not progressive had a
significantly longer median OS, at 29.0 mo (95% CI, 8.2–49.8
mo) (P # 0.001; Fig. 3).

Response of Serum PSA Level. Progression of the serum PSA
level at the time of the final PET/CT examination was found in 18 of
46 patients (39%). Of these patients, 14 had been treated with 2
cycles of PSMA RLT and 4 with 4 cycles. These patients (n 5 18)
had a median OS of 8.0 mo (95% CI, 6.9–9.1 mo), compared with
those patients (n5 28) with a nonprogressive serum PSA level, who
had amedianOS of 9.0mo (95%CI, 0–19.1mo) (P5 0.046; Fig. 3).

Comparison of Biochemical and Imaging Findings
Thirteen patients who were rated as category A did not show a

progression of serum PSA level. The mean relative change in serum
PSA in these patients was 233% 6 24% (269%–5%). These
patients had a significantly shorter median OS of 11.0 mo (95% CI,
8.2–13.8 mo) than did those with a nonprogressive serum PSA level
(n 5 15, median OS was not reached at the end of the follow-up
period; P # 0.001). Conversely, all patients with a progressive
serum PSA also showed a progression on PSMA PET/CT (category
A or C).
After PSMA RLT, 8 patients presented with new visceral sites of

disease. Of these, 2 patients presented with new liver metastases,
which were visible only on CT (apart from many progressive
PSMA-positive bone and lymph node metastases). The other new
visceral metastases were concordantly detectable on PET and CT (a
detailed comparison of biochemical and imaging findings can be
found in Supplemental Table 1; supplemental materials are available
at http://jnm.snmjournals.org).
In a multivariate analysis, progression according to the modified

PPP criteria remained a significant prognostic marker (P # 0.001),
with a hazard ratio of 15.5 (95% CI, 3.4–70.2), in contrast to the
response of serum PSA level, which was not significant after
stratification (P5 0.12). The modified PPP criteria showed a better
discriminatory power, with a concordance probability estimate of
0.76, compared with the response of PSA, with a concordance
probability estimate of 0.66.

DISCUSSION

In our patient cohort, the median OS of all patients (n5 46) was
9.0 mo, which at first appears to be shorter than the OS reported in
other published retrospective studies (11.0 mo) (22) and prospective
studies (13.3 mo) (23) of patients receiving PSMA RLT. However,
this discrepancy is not surprising, as we performed a landmark
analysis starting with the follow-up PSMA PET/CT and not with the
administration of the first cycle of therapy in order to assess the
association of posttherapy PPP criteria and further patient survival.
The binary categorization of patients into progressive and non-
progressive by modified PPP criteria was superior to the binary
categorization of serum PSA level as judged by G€onen and Heller’s
concordance probability estimate (20). This result was probably due

TABLE 2
Patient Characteristics (n 5 46)

Characteristic Data

Age (y) 80 6 8 (53–90)

Time since diagnosis of
prostate cancer (y)

8 6 6 (2–26)

PSA (ng/mL) 396 6 674 (0.06–3,129)

Gleason score at diagnosis*

,8 9/41 (22%)

$8 32/41 (78%)

Sites of metastatic disease

Bone 44/46 (96%)

Lymph node 33/46 (72%)

Visceral sites† 15/46 (15%)

Pattern of bone involvement‡

None 2/46 (4%)

Oligometastatic (#3) 4/46 (9%)

Disseminated (.3) 33/46 (72%)

Diffuse bone marrow
involvement

7/46 (15%)

Previous treatment

Prostatectomy 26/46 (57%)

Radiotherapy to
prostate/prostate bed

33/46 (72%)

ADT 46/46 (100%)

Abiraterone 29/46 (63%)

Enzalutamide 15/46 (33%)

Docetaxel 28/46 (61%)

Cabazitaxel 5/46 (11%)
223Ra-dichloride 7/46 (15%)

*Unknown in 5 cases.
†Lung (n 5 8); pleura (n 5 3); peritoneal carcinomatosis (n 5 2,

adrenal gland (n 5 1); liver (n 5 1).
‡According to PROMISE (1).
ADT 5 androgen deprivation therapy.
Qualitative data are frequency and percentage; continuous data

are mean 6 SD and range.
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to the 13 of 46 patients who had a nonprogressive serum PSA level
but showed 2 or more new lesions on PSMA PET/CT (i.e., category
A), which was associated with a significantly reduced median OS of
11.0 mo compared with patients with a corresponding biochemical
and imaging response. In this respect, discrepant developments in
PSA and PSMA PET have previously been observed after PSMA
RLT (24) and might indicate the loss of
adequate PSA expression and the transition
to a more aggressive stage of disease (25).
Moreover, none of the patients was in
category B (1 new metastasis and rising
laboratory values), probably because of the
advanced disease stage of the patients with
disseminated metastases or even diffuse
bone marrow involvement.
A possible pitfall of PPP criteria is their

assumption of a persistent PSMAexpression
throughout the course of disease. Neuroen-
docrine dedifferentiation and progression
with a loss of PSMA expression (26) (which
is more likely to occur in an advanced
disease stage) are not defined, and progres-
sion without a finding on PSMA PET or CT
is not included in the PPP criteria. In our
patient cohort, 2 patients presented with new

liver metastases after PSMA RLT, and these could be detected
solely on CT. Unfortunately, CT-based criteria in advanced prostate
cancer are known to be of limited value (7,8), especially since
diffuse sclerotic bone lesions are difficult to measure and to quantify
(27). In this sense, it is imaginable that the additional use of 18F-FDG
PET might help to detect more aggressive tumor manifestations
(28,29). Discordant 18F-FDG–positive but PSMA-negative lesions
are a known negative prognostic marker before initiation of PSMA
RLT (30). Neuroendocrine biomarkers have been shown not to
be prognostic for OS before PSMA RLT (31). However, a distinctly
elevated or rising neuron-specific enolase level during the
course of PSMA RLT is reported to be associated with discordant
18F-FDG–positive lesions (32). If this association can be con-
firmed and a prognostic relation can be found for both parameters,
neuron-specific enolase level might be implemented into PPP
criteria to be evaluated even in the case of a nonprogressive
PSMA PET/CT scan.
Because this analysis was retrospective, there were some

limitations, which resulted in modified PPP criteria without
confirmatory biopsy or correlative imaging within 3 mo. However,
this situation affected only 11% (5/46) of the included patients, who
were rated as category C, and is more likely in clinical routine.
Second, in contrast to published PPP criteria, our evaluation was
done primarily visually, as our analysis included PSMA PET scans
with 2 different tracers (68Ga-PSMA-11 and 18F-PSMA-1007), and
no validated quantification assessment of the whole-body tumor
burden on 18F-PSMA-1007 PET/CT exists so far. In particular, a
liver-based threshold as proposed for 68Ga-PSMA-11 PET (12)
cannot be directly adapted to 18F-PSMA-1007 PET because of the
hepatobiliary excretion of 18F-PSMA-1007 (33). However applying
the recently proposed quantification of whole-body tumor burden on
68Ga-PSMA-11 PET/CT using PSMATV50 (14), we found a
significant difference in the percentage change in PSMATV50

between patients rated as category C and those who did not show
progression on PSMA PET/CT. Further research evaluating
PSMATV50 in larger patient cohorts with 18F-PSMA-1007 PET
scansmight help to implement this approach into PPP criteria. Third,
although the patients included in this study were not treated with the
same number of therapy cycles, it must be emphasized that the aim
of this analysis was to evaluate not the effectiveness of PSMA RLT
but the assessment of progression using modified PPP criteria.
Therefore, the number of therapy cycles was part of the multivariate
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FIGURE 1. Flow diagram of patients included in this analysis undergoing
PSMA RLT.

FIGURE 2. Maximum-intensity projections of 18F-PSMA-1007 PET scans of 2 patients with
metastatic prostate cancer undergoing PSMA RLT. (A) A 75-y-old patient with disseminated bone
metastasesandmultiple lymphnodemetastasesbeforeandafter4cyclesofPSMARLT; restagingPET
shows multiple new bone metastases (category A). (B) A 65-y-old patient with diffuse bone marrow
involvement and multiple lymph node metastases before and after 2 cycles of PSMA RLT; restaging
PET shows distinct increase in tumor volume (PSMATV50 increased by 50% in humerus, pelvis, and
right femur), with corresponding 45% increase in serum alkaline phosphatase. In turn, serum PSA
decreased by 52% (category C).
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analysis, with modified PPP criteria also showing a significant
impact on OS after stratification, despite the admitted limitation of a
rather small patient population. Fourth, an important limitation of
modified PPP criteria is that they cannot be used in clinical trials for

assessing radiographic-progression–free
survival, as they also contain laboratory
data. Fifth, even though the authors of the
PPP criteria mentioned that a correlation
betweenPPP assessment andOSmight be of
limited value because of the bias of further
treatments (16), it has to be acknowledged
that PSMA RLT often represents the last
line of treatment, with restricted further
therapeutic options. Thus, in our opinion
there is no or only a little bias to our
observation that PPP assessment accurately
reflects response to PSMA RLT. Finally, a
prospective validation of the present mod-
ified PPP scheme is warranted.

CONCLUSION

Response assessment in patients undergo-
ing PSMA RLT using modified PPP criteria
is reproducible and highly prognostic for OS.
Modified PPP criteria should be validated in
future prospective trials.
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KEY POINTS

QUESTION: What is the feasibility of
using PPP criteria in patients undergoing
PSMA RLT, and what are the prognostic
implications of these criteria?

PERTINENT FINDINGS: In this retro-
spective analysis, PSMAPET/CT scans of
46 patients before and after completion of
PSMA RLT were analyzed separately by 2
readers using modified PPP criteria. Pro-
gression according to the modified PPP
criteria was found in 32 patients and was
a significant (P # 0.001) prognostic
marker for OS, with a hazard ratio of 15.5
(95% CI, 3.4–70.2).

IMPLICATIONS FOR PATIENT CARE:
Response assessment in patients under-
going PSMA RLT using modified PPP
criteria is reproducible and highly prog-
nostic for OS.
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PSMA PET for the Assessment of Metastatic Hormone-
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Conventional imaging of low-volume disease (LVD) versus high-
volume disease (HVD) is associated with survival in metastatic
hormone-sensitive prostate cancer (mHSPC) according to the
CHAARTED trial (Chemohormonal Therapy in Metastatic Hormone-
Sensitive Prostate Cancer) and the STAMPEDE trial (Systemic Ther-
apy for Advanced or Metastatic Prostate Cancer: Evaluation of Drug
Efficacy). We propose a compatible quantitative PSMA PET frame-
work for disease volume assessment in mHSPC. Methods: Three
PET centers screened their PSMA PET database for mHSPC patients.
CT versus PSMA PET stage, lesion number, and classification of LVD
versus HVD were determined by 1 masked reader; PSMA-positive
tumor volume was quantified semiautomatically. Results: In total, 85
CT-based CHAARTED LVD and 20 CT-based CHAARTED HVD
patients were included. A PSMA tumor volume of about 40 cm3 was
the optimal cutoff between CT-based CHAARTED LVD (nonunifocal)
and HVD (non-M1c) (area under the curve, 0.86). Stratification into
PET LVD (unifocal or oligometastatic/disseminated , �40 cm3) and
PET HVD (oligometastatic/disseminated$ �40 cm3 or M1c) had 13%
misalignment with the CHAARTED criteria. Conclusion: PSMA PET
criteria with volume quantification deliver comparable LVD/HVD dis-
crimination with additional subgroups for unifocal, oligometastatic,
and disseminated disease, critical for guidance of targeted or multi-
modal therapy.

Key Words: PSMA; prostate cancer; mHSPC; metastasis-directed
treatment; CHAARTED
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In the CHAARTED trial (Chemo Hormonal Therapy Versus
Androgen Ablation Randomized Trial for Extensive Disease in
Prostate Cancer), metastatic hormone-sensitive prostate cancer
(mHSPC) patients with high-volume disease (HVD) particularly
benefited from combined chemohormonal treatment (1). In addi-
tion, the STAMPEDE trial (Systemic Therapy for Advanced or
Metastatic Prostate Cancer: Evaluation of Drug Efficacy) has

shown improved failure-free survival in metastatic prostate cancer
patients with low-volume disease (LVD) undergoing radiotherapy
of the primary tumor (2). Beyond their primary goals,
CHAARTED and STAMPEDE underline the importance of tumor
burden assessment for the prediction of treatment response. In
both trials, tumor burden assessment was based on conventional
imaging, such as CT, MRI, and bone scans. However, novel
prostate-specific membrane antigen (PSMA) ligand PET demon-
strates superior accuracy for prostate cancer localization at initial
diagnosis and biochemical recurrence and for advanced disease
(3–5). PSMA PET further offers automatic disease volume quanti-
fication (6). Superior imaging properties, growing availability, and
novel applications such as guidance of targeted therapy necessitate
an updated framework for mHSPC tumor volume assessment.
PSMA PET accuracy improves selection of treatment pathways

and guidance of local and systemic therapy. The potential of
metastasis-directed treatment for disease control, which may delay
the need for systemic treatment, has recently been shown (7).
The aim of this retrospective study was to define novel PSMA

PET mHSPC disease volume criteria that are compatible with
CHAARTED/STAMPEDE and offer improved assessment such
as automatic or semiautomatic volume quantification and identifi-
cation of unifocal to oligometastatic disease subgroups.

MATERIALS AND METHODS

Patients
PSMA PET databases of 3 high-volume PET centers (University

Hospital Essen, Technical University of Munich, and University Hos-
pital M€unster) were screened for prostate cancer patients meeting the
following 2 inclusion criteria, which were adapted from the criteria in
the CHAARTED study: the first is metastases on CT, and the second
is hormone-sensitive prostate cancer, defined as either no history of
androgen deprivation therapy or concurrent androgen deprivation ther-
apy for no more than 120 d without progression or prior androgen dep-
rivation therapy (duration, #24 mo, no progression within 12 mo of
completion).

The retrospective analysis was approved by the local ethics commit-
tee (University Duisburg–Essen, faculty of medicine; protocol 18-
8094-BO), and the requirement for study-specific consent was waived.

Image Acquisition
All PET images were acquired on a Siemens Biograph mCT after

administration of a mean of 128 MBq (interquartile range [IQR],
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93.8–148.3 MBq) of 68Ga-PSMA11 (n5 79) or 333 MBq (IQR,
270.5–386.9 MBq) of 18F-rhPSMA (n5 17) or 328 MBq (IQR,
292.5–356.0 MBq) of 18F-PSMA1007 (n5 9) and an uptake interval
of 70 min (IQR, 59–80 min).

Image Analysis
PET/CT and the corresponding CT dataset were anonymized sepa-

rately and read by 1 masked central reader with at least 2 wk between
PET/CT and CT reading sessions using OsiriX MD (Pixmeo SARL).
Pathologic findings were assessed for 5 regions (prostate bed, pelvic
lymph nodes, extrapelvic lymph nodes, bones, and viscera), including
number of lesions and subregions involved in accordance with the
PROMISE molecular imaging TNM classification (8). In accordance
with CHAARTED, HVD was defined as the presence of visceral
metastases or at least 4 bone metastases ($1 beyond the vertebral bod-
ies or the pelvis) based on the CT dataset (1). PSMA-positive tumor
volume (PET volume) segmentation was performed semiautomatically
using qPSMA software (6). For this segmentation, tumor lesions were
localized on the CT scan and segmented on the PET scan with a free-
hand isocontour using an SUV higher than 3.0 (bone tissue) or higher
than the mean liver uptake (soft tissue) as thresholds, respectively.

Statistical Analysis
Descriptive statistics are provided. To assess the PET volume opti-

mal cutoff for CT-based CHAARTED HVD versus LVD, a receiver-
operating-characteristic (ROC) area under the curve with the Youden
J index was used after excluding patients with unifocal or M1c dis-
ease. The statistical analysis was performed using SPSS software, ver-
sion 26.0 (IBM Corp.). ROC curves were compared using the
methodology of Hanley and McNeil (9) on MedCalc Statistical Soft-
ware, version 19.7.1 (MedCalc Software).

RESULTS

Patients’ Characteristics
One hundred five patients were included; the median age was

68.2 y (IQR, 65–73 y), and median PSA was 2.6 ng/mL (IQR,
0.9–7.9 ng/mL). Gleason score was at least 8 in 56 of 105 patients
(53%). Primary treatment was radical prostatectomy in 78 of 105
patients (74%); 5 of 105 patients (5%) had undergone primary radio-
therapy, and 16 of 105 (15%) had either prior or concurrent treat-
ment with androgen deprivation therapy. A subgroup of 40 of 105
patients (38%) had 3 y of follow-up since PSMA PET. Of these, 5
patients (12.5%) died from prostate cancer (Fig. 1). Of these 5
patients, 4 had CT-based CHAARTED and PET HVD and 1 had
CT-based CHAARTED LVD and PET HVD. Sixty-five of 105
patients (62%) had less than 3 y of follow-up and were alive.
Supplemental Table 1 gives an overview of the patients’ charac-

teristics (supplemental materials are available at http://jnm.
snmjournals.org).

CT Disease Extent
Among the 105 patients, 1 (1%) had pelvic involvement only, 5

(5%) extrapelvic nodal involvement only (M1a), 8 (8%) any vis-
ceral involvement (M1c), and 91 (87%) any bone involvement.
Eighty-five patients had CHAARTED LVD and 20 HVD (8 with
visceral metastases and 12 with extensive bone involvement).

PSMA PET Disease Extent
Among the 105 patients, 1 (1%) had pelvic involvement only, 3

(3%) extrapelvic nodal involvement only (M1a), 10 (10%) any
visceral involvement (M1c), and 91 (87%) bone involvement
without visceral metastases. Table 1 summarizes changes for CT
versus PSMA PET tumor extent on a lesion basis. When compared

with CT findings, more lesions were found in 65 of 105 patients
(62%), resulting in upstaging in 42 of 105 (40%). Overall, 25 of
105 patients (24%) had unifocal disease on PSMA PET, 39 of 105
(37%) had oligometastatic disease, and 41 of 105 (39%) had mul-
tifocal disease. Supplemental Table 2 gives an overview of TNM
stage migration.
When formally applying the CHAARTED criteria to PET, we

found that PSMA PET led to hypothetical migration to
CHAARTED HVD in 16 of 85 (19%) patients due to the detection
of additional bone metastases (14/85, 16.5%) or visceral metasta-
ses (2/85, 2%). To optimize alignment of CT-based CHAARTED
versus PET-based volume-of-disease classification, PET volume
was assessed.

PET Volume and PET HVD Versus LVD Classification
Mean PET volume was significantly higher in CT-based

CHAARTED HVD than in LVD patients (320.9 cm3 vs. 21.2
cm3; P , 0.001). ROC analysis showed an area under the curve of
0.86 for the PET volume–based classification of disease volume
with 38.8 cm3 (termed �40 cm3 in the following) as the optimal
cutoff. An optimal cutoff was applied to define a PET volume-
of-disease classification with the lowest reasonably achievable
misalignment (13%) with CT-based CHAARTED criteria: PET
LVD (any unifocal; oligometastatic or disseminated , �40 cm3)
versus PET HVD (oligometastatic or disseminated $ �40 cm3;
any visceral) (Fig. 1). An additional ROC analysis of only those
patients who had undergone 68Ga-PSMA PET showed an area
under the curve of 0.84 and confirmed the optimal cutoff to be
38.8 cm3. Comparison of both ROC curves did not show statisti-
cally significant differences (P5 0.96).
PET versus CT-based volume-of-disease misalignment is

detailed in Supplemental Table 3.

DISCUSSION

In this study with similar inclusion criteria to CHAARTED,
PSMA PET when compared with CT detected additional lesions
in almost two thirds of mHSPC patients, leading to hypothetical
CHAARTED LVD-to-HVD migration in about one fifth of
patients. PSMA PET offers improvement by semiautomatic dis-
ease volume measurement. An approximately 40-cm3 PET volume
cutoff for patients with oligo- to disseminated metastatic disease
was implemented in newly proposed PET volume-of-disease crite-
ria with additional groups for unifocal and low-volume oligometa-
static disease. PET volume-of-disease criteria were aligned with
current CT-based CHAARTED disease volume groups (13%
difference).
This study demonstrated high agreement between PSMA PET

and CT for the involved TNM regions in mHSPC patients. How-
ever, PSMA PET detected significantly more lesions with a quan-
tifiable tumor volume (3–6). High accuracy enables visualization
of unifocal or oligometastatic disease extent. PSMA PET may aid
in target volume delineation for metastasis-directed treatment, thus
potentially delaying the need for systemic treatment, as previously
assessed in the ORIOLE, STOMP, and SABR/COMET studies
(7,10,11). On the other hand, PSMA PET detected disseminated
disease in 1 of 5 patients with uni- or oligometastatic disease on
conventional imaging. Upstaging aids in accurate identification of
candidates for systemic treatment and prevents standalone
metastasis-directed treatment when the clinical benefit is
questionable.
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In addition, semiautomatic assessment of tumor volume on
PSMA PET allows for reproducible classification of PET HVD
versus LVD. Using an optimized approximately 40-cm3 cutoff
PET volume-of-disease classification was largely compatible
with the CT-based CHAARTED criteria. The higher accuracy
and rapidly growing availability of PSMA PET necessitates
revised disease volume definitions. However, novel PET criteria
need to align with current evidence on prognostic groups within
the CHAARTED and STAMPEDE trials. Proposed PET criteria
may allow for more accurate patient stratification in future clini-
cal trials. PET subdivides LVD patients into those potentially
eligible for metastasis-directed treatment (unifocal or oligometa-
static disease) versus those with low-volume nontargetable dis-
seminated disease (Fig. 1).
Shortcomings of the study are the lack of correlational bone scans

and missing long-term survival follow-up due to the recent intro-
duction of PSMA PET. When compared with the CHAARTED
trial, our study included a larger proportion of patients with

recurrent prostate cancer after initial ther-
apy and lower PSA values. This difference
affects the comparability of results.
qPSMA tumor volume measurement

has been validated using 68Ga-PSMA data-
sets. Therefore, caution is warranted when
expanding this framework to patients
staged with 18F-labeled PSMA ligands;
however, inclusion of 18F-PSMA did not
significantly impact the optimal PET vol-
ume cutoff in our study.

CONCLUSION

Here, we propose novel PET volume-of-
disease criteria: PET LVD (any unifocal; oli-
gometastatic or disseminated , �40 cm3)
versus PET HVD (oligometastatic or dissem-
inated$ �40 cm3; any visceral). Novel PET
criteria demonstrate acceptable alignment
with the CHAARTED and STAMPEDE
groups but need to be validated in larger
patient cohorts with survival follow-up.
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FIGURE 1. mHSPC disease extent as stratified by CT using CHAARTED criteria and PET using
tumor volume and miTNM. Criteria for combined (miTNM and volume) PET volume-of-disease
assessment are shown. Dashed line indicates area under curve for approximate 40-cm3 cutoff
between PET LVD and PET HVD. Three-year overall survival is given for 40 patients (0 5 alive; † 5

died; all others alive and 3 y after PET not yet reached). diss 5 disseminated; oligo 5 oligometa-
static; uni5 unifocal.

TABLE 1
mHSPC Disease Extent by CT Versus PSMA PET

PSMA PET

CT Unifocal Oligometastatic Disseminated Any M1c

Unifocal 25 (24%) 19 (18%)* 7 (7%)* 2 (2%)*

Oligometastatic 0 16 (15%) 14 (13%)* 0

Disseminated 0 0 14 (13%) 0

Any M1c 0 0 0 8 (8%)

*PET upstaging in 42 of 105 (40%) patients.
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KEY POINTS

QUESTION: Does PSMA PET hold potential for improved tumor
volume assessment over CT in patients with mHSPC?

PERTINENT FINDINGS: PSMA PET detects additional lesions in
62% of patients with mHSPC. Classification by virtue of quantified
tumor volume and lesion number yields comparable results to
conventional LVD versus HVD frameworks while providing a more
accurate portrayal of true disease extent.

IMPLICATIONS FOR PATIENT CARE: The unparalleled accuracy
of PSMA PET allows for improved tumor volume assessment in
mHSPC and may facilitate the implementation of metastasis-
directed treatment.
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[223Ra]RaCl2 is the first approved a-particle–emitting therapy and is
indicated for treatment of bonemetastatic castration-resistant prostate
cancer. Approximately half the dose is absorbed into the gastrointes-
tinal tract within minutes of administration, limiting disease-site uptake
and contributing to toxicity. Here, we investigated the role of enteric ion
channels and their modulation for improved therapeutic efficacy and
reduced side effects. Methods: Using primary human duodenal
organoids (enteroids) as invitromodelsof the functionalgastrointestinal
epithelium, we found that amiloride (epithelial sodium ion channel
blocker) and NS-1619 (K1 channel activator) presented significant
effects in 223Ramembranal transport.Radioactivedrugdistributionwas
evaluated for lead combinations in vivo and in osteosarcoma and
prostate cancermodels.Results:Amiloride shifted 223Rauptake in vivo
from the gut and nearly doubled the uptakeat sites of bone remodeling.
Bone tumor growth inhibition with the combination as measured by
bioluminescent imaging and radiographywas significantly greater than
thatwith single agents alone, and the combination resulted in noweight
loss.Conclusion:This combinationof approved agentsmay readily be
implemented as a clinical approach to improve the outcomes of bone-
metastatic cancer patients with the benefit of ameliorated tolerability.

KeyWords: 223Ra; amiloride; ion channel; gastrointestinal; bone
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Prostate adenocarcinoma is the most common noncutaneous
cancer diagnosed in men. Early treatment with radiation or surgery
has a high rate of success; however, recurrent disease is incurable.

Prostate cancer frequently metastasizes to the bone, where physical
and microenvironmental factors make both focal and systemic
treatments less effective. Bone metastases cause debilitating pain
and fractures, displace the hematologic compartment, and ultimately
cause death (1,2).
In 2013, [223Ra]RaCl2 became the first approved therapy

specifically for improved survival in men with bone metastases
from castration-resistant prostate cancer. This first-in-class
a-particle–emitting therapy has a manageable hematologic profile,
significantly delays symptomatic skeletal events, and extends
overall survival in line with next-generation antiandrogens (3,4).
a-particles deposit megaelectron volts of energy to cells adjacent to
the site of decay. Localizing to sites of bone turnover apposite to
skeletal metastases, 223Ra has a relative biological effect several fold
more effective than that of conventional external-beam radiation,
and treatment is not limited by factors such as hypoxia (5).
Despite the ablative potential of a-therapy, survival improve-

ments are modest. This may be due in part to insufficient delivery of
radioisotope, as well as dose limitations for its safe application.
Radium is an alkaline earth metal that accumulates at sites of bone
turnover; however, nearly half the administered activity accumulates
within minutes in the gastrointestinal tract (6,7). This accumulation
reduces the activity reaching sites of disease and is associated with
radiotoxic sequelae in the gastrointestinal tract from 223Ra and
daughters’ decay (8). Although gastrointestinal disposal is known
(9,10), the biologic basis for transport of 223Ra from the blood to the
lumen has not been investigated, and the overwhelming majority of
metal-transport literature concerns apical-to-basolateral absorption.
Investigations of 223Ra clearance in small animals recapitulates

clearance found in humans, withmore than 50%of the initial activity
cleared by 24 h (11–13). In this work, we evaluated radium ion
transport to the gut after intravenous administration and the impact
of pharmacophores on modulation of this flux. Using in vitro enteric
systems and in vivo evaluation of organ distribution, we showed that
gastrointestinal uptake can be inhibited by amiloride, a clinically
approved epithelial sodium ion channel (ENac) blocker. When used
in combination, 223Ra is rerouted from radiosensitive organs to sites
of active bone turnover at metastases, providing therapeutic benefit
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in a prostate cancermodel of bonemetastasis and reduced treatment-
induced toxicity. These data motivate clinical evaluation of this
approach for improved a-therapy.

MATERIALS AND METHODS

Chemicals and Isotope Production
Chemicals were purchased from Sigma-Aldrich, unless otherwise

noted. [223Ra]RaCl2 was produced using a previously described method
(14) wherein pure 223Ra was generated from the parent isotope 227Th or
227Ac source provided by Oak Ridge National Laboratory, Department
of Energy. Briefly, 370–740 kBq (10–20mCi) of parent isotope were
adsorbed on an anionic polymeric resin (13 8, Dowex) and eluted under
mild acidic conditions (methanol:nitric acid [2N] 80:20) to isolate 223Ra-
nitrates. The final sample was suspended in sodium citrate (0.03 M) and
saline (150 mM) and assessed by a high-purity germanium detector,
showing undetectable isotopic parent breakthrough and a 223Ra
radiochemical purity of over 99%.

In Vitro Studies
Cultured human duodenal enteroids and Caco-2/BBe1 monolayers

were grown on Transwell (Corning) polymeric filters. This permitted
quantification of 223Ra transcellular transport, mimicking the physio-
logic excretion of 223Ra. Monolayer growth conditions, integrity tests,
and counting methodology are detailed in the supplemental materials
(available at http://jnm.snmjournals.org) (15–17).

In Vivo Studies
Animal experiments were conducted in accordance with Institutional

Animal Care and Use Committee–approved protocols of the Johns
Hopkins University School of Medicine and Washington University
School of Medicine (18).

Autoradiography
Agedmale C57BL/6mice (.35 wk) were retroorbitally administered

a 250 kBq/kg dose of [223Ra]RaCl2 and killed at 10 min or at 1, 4, 24, or
48 h. The whole gastrointestinal tract from stomach to rectum was
rapidly harvested and placed on cellophane (approximately 35-mm
thickness) over autoradiographic phosphor screens for 90 min of
exposure protected from light and read on a Cyclone Phosphor Imager
(Packard) at 300 DPI (19).

Immunohistologic Staining
Male C57BL/6mice (Charles River) aged 20–30wkwere treatedwith

GoLYTELY (24 g/350 mL; Braintree Laboratories) 2 h before intra-
venous administration of [223Ra]RaCl2 (250 kBq/kg). Portions (1 cm) of
duodenum, jejunum, ileum, and colon were harvested at 24 h, embedded
in optimal-cutting-temperature compound, and flash-frozen. Transversal
sections were cut using a Leica 1860 cryomicrotome at 10mm and then
fixed by immersion in 10% paraformaldehyde (15 min). Stained slides
(supplemental materials) were mounted using 4,6-diamidino-2-phenyl-
indole or tetramethylrhodamine-phalloidin medium and imaged (Zeiss
Axioplan M1mmanager 2.0) (20).

Radioactive Organ Distribution
Male C57BL/6 mice aged more than 12 wk (n 5 6) were dosed

intraperitoneally with amiloride (12.5 mg/kg—150mL of a 2% v/v
dimethyl sulfoxide solution) or NS-1619 (1 mg/kg—150mL of a 2% v/v
dimethyl sulfoxide solution) 1 h before retroorbital [223Ra]RaCl2
injection (3.7 kBq in 100mL of citrate saline buffer). Tissues were
harvested at 15 min and at 1, 4, 24, 48, and 240 h after administration of
radionuclide, weighed, and g-counted with an energy range of 150–350
keV, at 10 min per sample (Wizard2; Perkin Elmer). Standard samples
(10% of injected activity) were measured, and percentage injected
activity (%IA) normalized to tissue weight (%IA/g) was reported.

Dosimetry was computed from these data, as detailed in the supple-
mental materials (21–23).

Tumor Distribution, Response, and Toxicity Studies
Male Rag2-Il2rg double-knockout mice more than 12 wk old (R2G2;

Envigo) were implanted with 5E6 Saos-2 osteosarcoma cells in the flank
or with 2.5E5 luciferase-expressing C4-2B cells in the tibia (24).
Animals were monitored by planar radiography (MX20; Hologic) and
bioluminescence imaging (IVIS; Perkin Elmer) for xenograft progres-
sion and response. For uptake in the osteosarcoma model, mice were
divided into 2 cohorts for [223Ra]RaCl2 injection alone or with
amiloride. For C4-2B bone metastasis treatment, animals were random-
ized to receive amiloride or [223Ra]RaCl2 alone or together. For
toxicologic studies, male FVB/NCr mice aged 14 wk (n 5 5) were
randomized into 4 cohorts treated with [223Ra]RaCl2 alone (3.7 kBq/
100mL), with amiloride alone (12.5 mg/kg intraperitoneally), with the
combination of amiloride and [223Ra]RaCl2, or with saline (control).
Weight changes and blood chemistry were monitored for 20 d, and
histopathology was assessed by a certified veterinary pathologist.
Treatment, imaging, and procedural details are found in the supplemen-
tal materials.

Statistics
Significance was calculated with an unpaired 2-tailed t test with equal

SD, using Prism Software (version 6D) by GraphPad. Significant dif-
ferences were expressed at P values of less than 0.05.

RESULTS

Gastrointestinal Accumulation and Transit of 223Ra
It has been established that preclinical models accurately reflect

the clinical distribution and kinetics of 223RaCl2 after intravenous
administration (11–13,24,25). Most activity is transferred from
circulation into the small intestine within minutes. To study the
kinetics of elimination, we performed whole-organ autoradiogra-
phy of the murine gastrointestinal tract at various times (10 min
to 48 h) after administration of a 55 kBq/kg dose of [223Ra]RaCl2
(Fig. 1A).
Activity was detected at a high level as early as 10min in the distal

stomach and duodenum (Figs. 1A and 1B). Radium and daughters
were then passed, for nearly complete clearance by 24 h. Immuno-
fluorescence revealed radiobiologic damage generated by 223Ra
transit (Fig. 1C). Tissue morphology was displayed using 4,6-
diamidino-2-phenylindole and phalloidin, with DNA damage, cell
apoptosis, and proliferation assessed using markers for g-H2A
histone family member X, terminal deoxynucleotidyl transferase
29-deoxyuridine, 59-triphosphate nick end labeling, and Ki-67 at 4
and 24 h (Supplemental Fig. 1). Radiation-related damage was
identified in the duodenum and colon at 24 h, correlating with
clearance kinetics.

In Vitro Assessment of Active 223Ra Transport
Transport from the basolateral to apical (luminal) compartment

across human primary duodenal enteroid monolayers was used to
model the blood and intestinal compartments (Fig. 2A). We first
tested whether 223Ra transport was an active or passive process at
physiologic and reduced temperatures (Fig. 2B). As expected, flux
was suppressed at a lower temperature, in agreement with an active
mechanism.
The location and maturation stage of enterocytes present charac-

teristic ion channel profiles (16). Using undifferentiated (immature
cryptlike enterocytes) and differentiated (mature villilike brush
border enterocytes) enteroids grown from patient biopsy samples,
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we observed a significant preference for 223Ra transport across
differentiated monolayers (2.2% 6 0.3%) over undifferentiated
(1.6%6 0.2%) (P, 0.05; Fig. 2C). The active and cell-type specific
223Ra transport led us to evaluate modulators to influence this flux.
Caco-2 cells in a m-Transwell system were screened with 52 ion

channel modulators incubated with [223Ra]RaCl2. Monolayer
integrity was ensured by resistance and control-fluorescent

compound measures. Forty molecules increased flux as compared
with control, and 11 drugs inhibited transfer. The K1 channel
activator NS-1619was among the most effective in increasing 223Ra
transport up to 3.3 6 1.6-fold (26). In contrast, amiloride, an
approved diuretic Na1/H1 channel blocker, decreased 223Ra
transfer to 0.70 6 0.14-fold. Despite electrochemical similarities,
calcium channel blockers were ineffective 223Ra inhibitors.

FIGURE 1. Gastrointestinal transit of [223Ra]RaCl2 and radiobiologic effects. (A) [223Ra]RaCl2 autoradiography of mouse gastrointestinal tract. (B) Signal
intensity profiles from stomach to cecumdisplaying isotopemigration (approximately 200mm/animal) at indicated time points. Shown are upper (stomach)
and lower (cecum) compartments and complete organ signal quantification, over time. (C) Immunofluorescence of duodenum and colon sections after
treatment (left) and colonic section of saline control mouse (right). For eachmicrograph, stain and color are indicated: 4,6-diamidino-2-phenylindole (DAPI)
for nuclei, phalloidin for cytoskeleton, terminal deoxynucleotidyl transferase 29-deoxyuridine, 59-triphosphate nick end labeling (TUNEL) marker for
apoptosis, and g-H2A histone family member X (g-H2AX) for DNA damage. DLU5 dynamic light units; GI5 gastrointestinal.
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Modulation of 223Ra Distribution
The pharmacokinetic impact on 223Ra by lead compounds to

either promote (1 mg/kg dose of NS-1619) or inhibit (12.5 mg/kg
dose of amiloride) enteric transit was assessed by biodistribution.
Ion channel modulation is transient (27,28), and an initial dose and
schedule-finding study was performed (supplemental materials and
Supplemental Figs. 2 and 3). Organ activity levels from skeletally
mature animals are shown as %IA/g (Fig. 3A; Supplemental Table
1). Increasing amounts of activity in the bone after radiopharma-
ceutical administration were accompanied by kidney and upper
gastrointestinal uptake (stomach, duodenum, and jejunum), which
was passed (Fig. 1A).

Intestinal absorptionwas significantly greater at early time points:
stomach uptake at 15 min with NS-1619 (2.73 6 0.44 %IA/g) was
2-fold over that in control animals (1.39% 6 0.6%), with a
concomitant decrease in osseous uptake (P , 0.05; Figs. 3A and
3B). In contrast, the amiloride combination decreased gastrointes-
tinal and renal uptake of 223Ra and delayed kinetics of transport
through the gastrointestinal tract. Upper gastrointestinal uptake was
lower than that of the control and ion channel activator combination
at 15 min (%IA), with greater 223Ra in the tibia, reaching 22.62 6
3.62 over that of the control level of 13.966 4.32%IA/g (P, 0.05).
We evaluated changes beyond the acute setting out to the physical

half-life of the radionuclide (Figs. 3C and 3D; Supplemental Table

FIGURE 2. Active 223Ra transport through human gastrointestinal organoids. (A) Schematic representation of enteroid monolayers grown on permeable
Transwell. (B) 223Ra passage to apical compartment normalized to initial dose in basolateral media, revealing temperature-dependent mechanism, with
undifferentiated cryptlike enteroids. (C) Increased 223Ra transport measured using differentiated over undifferentiated enteroids as function of time (P ,

0.05). (D) 223Rafluxnormalized to untreatedwell asmeasured throughcaco-2monolayers coincubatedwith libraryof 52 ion-channel inhibitorsor activators.
Caco-2 monolayer integrity was confirmed by pre- and postradioactive incubation measuring transepithelial/transendothelial electrical resistance and
Lucifer yellow (Lucifer Yellow Permeability, 1.5%) readings. Average differential of radioactive counts (n5 3) has been normalized to 223Ra flux baseline
exempt from treatment (no. 12 control well). Amiloride (red) and NS-1619 (green) proceeded for in vivo validation.
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2). Bone uptake for the combination with amiloride, at 18.9 6 8.3
%IA/g, was nearly twice that of the control group, at 10.2 6 5.4
%IA/g at 48 h. Dynamic turnover reduced activity to a nearly equal
10 %IA/g at 10 d (Supplemental Fig. 4). Estimating absorbed doses
on the organ scale, we measured a significant increase in therapeutic
energy deposition at the intended osseous sites, 1.43 Gy, compared
with 1.03 Gy for [223Ra]RaCl2-only treatment (supplemental
materials).

Bone Tumor Targeting and Therapeutic Outcomes
Quantification of radionuclide localization in rodent models of

bone metastasis is complicated by continued normal bone turnover,
as the epiphyseal plates of mice do not fuse (13). To address this
issue, we tested heterotopic ossification using an osteosarcoma
model. Mineralized subcutaneous tumors were identified using
radiography and 18F-NaF PET (Fig. 4). Tissues of interest were

excised, counted, and weighed at 24 h after [223Ra]RaCl2 (55 kBq/
kg) with or without combination amiloride (12.5 mg/kg). At that
time point, no difference in kidney or gastrointestinal uptake was
noted; however, tibia (P , 0.005) and osteosarcoma (P , 0.01)
samples from the combination treatment had increased 223Ra
accumulation (Supplemental Fig. 5).
An intratibial inoculation of luciferase-expressing castration-

resistant C4-2B cells (29) was used to test impact in the therapeutic
setting by bioluminescence imaging and radiography (Supplemental
Fig. 6). Animals were randomized to receive [223Ra]RaCl2 alone,
[223Ra]RaCl2 in combination with amiloride, or amiloride alone. An
approximately 30-fold increase in radiance was observed for the
amiloride-only group at 33 d after treatment, indicating no antitumor
effect for the mixed osteolytic/blastic C4-2B lesions (Fig. 4;
Supplemental Fig. 6). Body mass was monitored and showed that
the combination resulted in less weight loss and a more rapid regain

FIGURE3. Evaluationof selected ion channelmodulatorswith [223Ra]RaCl2. (A) Radioactive organdistributionof healthymaleC57BL/6mice randomized
in 3 cohorts (n5 6) given amiloride before [223Ra]RaCl2, NS-1619 before [223Ra]RaCl2, and saline before [223Ra]RaCl2. Several organs displayed significant
differences in 223Ra uptake, including 1.5-fold higher bone localization with amiloride. Differences in scale can be seen for 15-min data (values reported in
supplemental materials). (B) 223Ra bone activity uptake (%IA/g) at 15 min for NS-1619 combination is half that of control and amiloride-treated groups. In
contrast, amiloride-treated group shows significantly higher bone uptake than does control group (*P , 0.05). Upper gastrointestinal radioactive uptake
reflects higher content for NS-1619–treated animals at 15min (*P, 0.05). Kidney uptake across cohorts at 15-min time point shows decrease for amiloride
group. (C andD)Whole-organdistribution (C) and bone focus over 10-d time course (D) comparing amiloride combination to [223Ra]RaCl2; activity uptakeat
24 h significantly differs between the 2 groups (P5 0.035).
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rate. These data show that both a disease burden reduction and
sparing of the gastrointestinal tract from the transient initial dose
enables faster recovery. At termination, radiographs displayed
reduced osteolysis due to combination treatment.

Toxicologic Evaluation of Combination
To investigate potential combination-induced sequelae, we

randomized mice into 4 cohorts to receive saline, amiloride,
[223Ra]RaCl2, or the combination. Clinical chemistry analysis was
conducted using amultiparameter bloodpanel over 19d.Postmortem
kidneytissueswerehistopathologicallyexaminedtoidentifypotential
treatment-related damage, and weight was monitored throughout
(Fig. 5). Most clinical chemistry values across all cohorts did not
deviate significantly from those of the vehicle cohort. Levels of
alkaline phosphatase (ALP) and creatinine were decreased in both
radium-treatment groups at day 7 (creatinine, 11–14mmol/L; ALP,
47–51u/L), as comparedwith thevehicle group (creatinine, 16mmol/
L; ALP, 66.7 u/L). Creatinine recovered to control levels after 7 d,

whereas ALP remained suppressed. This
finding may reflect clinical experience with
patients on [223Ra]RaCl2 (30,31).
The slight increase in renal excretion of

223Ra measured from the combination at 4
h after injection (Figs. 3A and 3B) led us to
investigate kidney status by standard histo-
pathologic examination. Morphologic anal-
ysis of tissue sections by hematoxylin and
eosin and periodic acid–Schiff staining, as
well as renal fibrosis by Masson trichrome
staining, indicated no aberrant pathology
across groups at 20 d. Additionally, all
animals continued increased weight for all
groups (Fig. 5C). Clinical chemistries and
tissue assessments confirm no evident tox-
icity incurred by the combination.

DISCUSSION

After decades of development in the field
of targeted nuclear therapy, [223Ra]RaCl2
became thefirsta-therapy tobeapprovedby
the European Medicines Agency and the
FoodandDrugAdministration, in2013(32).
This treatment improves survival, reduces
fracture incidence, and decreases bone pain
in men with prostate cancer metastatic to
bone. Although the treatment is well toler-
ated, responses are moderate and 223Ra and
its daughters’ sequestration in the gastroin-
testinal tract canresult in treatmentcessation
(8) and reduces the dose to disease sites.
Radium research has focused on bone

and metastases (11,24,33–35). As a star-
ting point to assess the distribution of
[223Ra]RaCl2, we validated preclinical mo-
dels to approximate human clearance (6).
Our work in skeletally mature mice recapit-
ulated223Radistribution inhumans(11–13),
and whole-tract imaging of excised gastro-
intestinal showed pharmacokinetics similar
to that of patients, with uptake in the

stomach and duodenum as early as 10 min after injection (Fig. 1).
Immunofluorescence revealed radiation damage at the cellular level
associated with apoptosis and DNA damage activity. Specifically,
the g-H2A histone family member X signal of the duodenum and
colon localized at the apical surface of the lumen, matching our
visualization of the clearance.
The kinetics of this phenomenon led us to hypothesize that active

cellular processes mediated by ion transport are involved and,
further, that pharmacologic modulation may decrease toxicity and
improve therapeutic outcomes. Radium is an alkaline earth metal,
yet its transport was not altered by Ca21 channel blockers.
Verapamil, a prototypical calcium channel inhibitor, had little effect
in vitro or in vivo (Supplemental Fig. 7). Instead, Na1/H1 channel
modulators such as amiloride and benzamil had potent inhibitory
effects and did not disturb enteroid integrity. Fipronil showed
even greater efficacy in 223Ra blockade; however, this insecticide
was excluded from further study. Diverse families of ion channels
are expressed throughout the gastrointestinal tract, regulating

FIGURE 4. Tumor growth inhibition and monitoring of C4-2B bone-inoculated animals treated with
amiloride, combination of amiloride plus [223Ra]RaCl2, and [223Ra]RaCl2 alone. Average biolumines-
cent radiance measured using luciferase-expressing C4-2B cells inoculated in tibia shaft shows
superior tumor growth inhibition for combination cohort. *P, 0.05 at days 19, 21, and 29 comparing
[223Ra]RaCl2with combination. Animals oncombination lost lessweight and regained thatmass faster
than with either agent alone (Supplemental Fig. 6). Representative radiograph of tibia 35 d after
injection demonstrating degradation for control amiloride as compared with radiotherapy and
combination cohorts.
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critical functions of nutrient and fluid secretion and absorption and
of motility. The modulators tested affect different families of ion
channels and do not confirm an exclusive 223Ra-dependent trans-
porter or class, and identification of specific 223Ra-transport chan-
nels requires further investigation.
In vivo data on lead compounds confirmed the cellular assay

results (Fig. 3). Study parameters were determined from a dose-and-
timing study demonstrating that intraperitoneal administration of
amiloride 1 h before [223Ra]RaCl2, at a dose of 12.5 mg/kg, robustly
inhibited intestinal transport and increased bone accumulation (Sup-
plemental Figs. 3 and 4). Further optimization for other combina-
tions may be required. Amiloride combined with [223Ra]RaCl2
transiently decreased gastrointestinal accumulation and drove a
substantial increase to bone (nearly 2-fold). In contrast, NS-1619
increased acute upper gastrointestinal sequestration. Increased
uptake in the skeleton with the radium and amiloride combination
results in a greater total energy deposited (Supplemental Table 3).
These results encouraged us to pursue study of amiloride with

[223Ra]RaCl2 in the disease setting after first confirming the osteoid

targeting properties of the combination in an osteosarcoma model
of pathologic bone. A significantly decreased bone tumor burden
in the 223Ra cohorts was observed, with a more rapid and deeper
response in the combination cohort. These outcomes, after a
single administration, were accompanied by faster renormaliza-
tion of weight, and we presume recovery is due to decreased
tumor burden and mitigated gastrointestinal damage. Clinical
chemistry and histopathologic analysis were also performed,
showing that creatinine values followed the trend of regained
weight. Amiloride side effects include dizziness, muscle spasms,
and nausea, and patients with impaired renal function will need to
be closely monitored.
These results are impactful for radium patients, as many men bear

substantial disease, have faced several prior lines of potentially toxic
cancer therapy, and have comorbidities engendering careful patient
management. We anticipate that the increased tolerability and dose
accumulation at sites of disease are likely to synergize over the
course of the 6 cycles to extend both treatment duration and
magnitude of response.

FIGURE 5. Toxicologic effects of single or combination treatment: blood chemistry markers for control saline, [223Ra]RaCl2 or amiloride alone, and
combination at 1, 7, and 19 d after administration. For [223Ra]RaCl2 and combined therapy, amiloride, ALP, and creatinine present significant drop at 7 d as
comparedwith control saline cohort,with noother noticeable differences found. Kidneypathologyby hematoxylin and eosin (H& E),Masson trichrome, and
periodic acid–Schiff (PAS) staining at 20 d after treatment indicates nomorphologic differences.Weightmonitoring demonstrated indistinguishable gain for
all groups.ALPunits areU/L. ALb5 albumin (g/L); ALT5 alanine amino transferase (U/L); AMY5 amylase (U/L); TBu5 total bilirubin (mmol/L);BUN5blood
urea nitrogen (mmol/L); Ca5 calcium (mmol/L); PHOS5 phosphate (mmol/L); CRT5 total protein (g/L); Glob5 globulin (g/L).
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CONCLUSION

Investigations using cellular systems and in vivo models demon-
strated that 223Ra uptake is an active cellular process. The novel
combination of amiloride with [223Ra]RaCl2 improved the efficacy
of a-therapy. The attendant reduction in absorbed dose to other sites
ameliorated tolerability issues and was found to minimally impact
at-risk organs and clinical chemistry profiles. This combination of 2
approved agents warrants further evaluation in the patient manage-
ment setting.
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KEY POINTS

QUESTION: Is it possible to inhibit the rapid uptake of 223Ra in the
gastrointestinal tract in order to drive a greater dose to bone
metastases?

PERTINENT FINDINGS: Amiloride combined with [223Ra]RaCl2
decreased gastrointestinal accumulation and resulted in a sub-
stantial increase (nearly 2-fold) in bone uptake. The combination
improved the efficacy of therapy to delay metastatic growth while
presenting no apparent toxicity.

IMPLICATION FOR PATIENT CARE: This novel strategy has
significant potential to improve the on-target 223Ra effect while
reducing treatment-induced toxicities and weight loss.
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A definitive dietary preparation recommendation is not possible based
on literature on the achievement ofmyocardial suppression for diagno-
sis of cardiac sarcoidosis (CS) with 18F-FDG PET/CT. Our goal is to
compare 3 different dietary preparations in achievement of the best
myocardial suppression and CS diagnosis. Methods: We retrospec-
tively reviewedandcompared3dietarypreparationsusedatour institu-
tion. Three different diets were applied from March 2014 to December
2019: a 24-h ketogenic diet with overnight fasting (n5 94); 18-h fasting
(n544); and72-hdaytimeketogenicdietwith3-dovernight fasting (n5
98). The interpretation of initial reports was recorded, and an indepen-
dent radiologist (observer) retrospectively reevaluated each case
regardingCSdiagnosis (negative, positive, indeterminant) andmyocar-
dial suppression (complete, failed, partial). Interobserver agreement
was analyzed. We measured SUVmax from blood pool, liver, and the
most suppressed normal myocardium.Results:We identified superior
myocardial suppression with the 72-h preparation, indicated by higher
blood pool-to-myocardium and liver-to-myocardium ratios (P ,

0.001). Myocardial suppression rates for the 72-h ketogenic diet, 24-h
ketogenic diet, and 18-h fasting preparations were as follows: com-
pletemyocardial suppression,96.9%,68.1%,and52.3%, respectively;
failed myocardial suppression, 0%, 23.4%, and 25%, respectively;
and partial myocardial suppression, 3.1%, 8.5%, and 22.7%, respec-
tively (P, 0.001). The 72-h preparation had significantly fewer indeter-
minant and positive examinations. CS diagnosis rates for 72-h
ketogenic diet, 24-h ketogenic diet, and 18-h fasting preparations
werenegative, 82.7%, 52.1%, and27.3%, respectively; indeterminant,
2.0%, 24.5%, and 40.9%, respectively; and positive, 15.3%, 23.4%,
and 31.8%, respectively (P , 0.001). A high agreement was present
with theobserverand the report (k50.88).Conclusion:A72-hdaytime
ketogenicdietwith3-dovernight fastingachievedsubstantiallysuperior
myocardial suppression versus a 24-h ketogenic diet with overnight
fasting and an 18 h-fasting using 18F-FDG PET/CT. This 72-h prepara-
tion results in significantly fewer indeterminant and potentially false-
positive CS results.

Key Words: cardiac sarcoidosis; PET/CT; myocardial suppression;
ketogenic diet; fasting
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The diagnosis of cardiac sarcoidosis (CS) is challenging. Clini-
cal presentation may vary from asymptomatic to ventricular
tachycardia, high-grade atrioventricular block, or heart failure
(1,2). The gold standard for diagnosis is endomyocardial biopsy.
However, it is invasive, is prone to false-negatives from sam-
pling errors, and has low sensitivity for CS when compared
with autopsy (3). Therefore, noninvasive imaging methods, car-
diac MRI and cardiac 18F-FDG PET/CT (cPET/CT), are fre-
quently used when screening or symptoms indicate cardiac
involvement. Although both modalities have limitations, they
ultimately proved complementary as they measure different path-
ologic processes (3–8).
The major limitation of cPET/CT relates to the physiologic myo-

cardial glucose metabolism. A normal healthy myocardium uses a
combination of free fatty acids and glucose for energy in normal con-
ditions. Thus, differentiation of myocardial inflammation from nor-
mal physiologic myocardial activity requires the suppression of
physiologic myocardial uptake. This is achieved by switching the
myocardial metabolism from glucose to free fatty acid consumption
(9). Several different dietary and pharmacologic modifications have
been proposed to achieve this goal. And yet, no standardizedmethod
exists, with variation in protocols among institutions (3,4,7,9–16).
Most recently, the Society of Nuclear Medicine and Molecular
Imaging (SNMMI) and American Society of Nuclear Cardiology
(ASNC) jointly reported a consensus guideline for appropriate die-
tary modification to assess CS, including the following 2 options
(3). First, the patient consumes at least 2 high-fat (.35 g), low-
carbohydrate (,3 g) meals the day before the study and fasts for
at least 4–12 h. Second, the patient fasts for more than 18 h before
the study. Despite these attempts, a recent large literature review
concluded that “a definitive dietary preparation recommendation is
not possible based on current evidence; however, scan readability
does seem to be improved when preparation includes a reduced car-
bohydrate intake” (10).
Since 2012, we used 3 different dietary modifications for

patients with suspected CS, to suppress background myocardial
18F-FDG metabolism. The first 2 methods were similar to the
above-mentioned consensus guideline. The third method, a new
dietary protocol, included a 72-h prolonged ketogenic diet with
3-d overnight fasting. Our purpose was to compare the effect
of 3 different dietary modifications on cPET/CT in patients
with suspicion of CS.
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MATERIALS AND METHODS

Patient Selection and Diets
This Health Insurance Portability and Accountability Act–compliant

retrospective study was approved by the institutional review board
(STUDY00005814), and the need for written informed consent was
waived. All dedicated cPET/CTs for CS from January 2012 toDecember
2019, obtained at theUniversity ofMinnesota, either for initial diagnosis
or follow-up for assessing treatment response were collected in a PACS
folder. Three different dietary preparations were used during this time.
Diet-A (24-h ketogenic diet) was applied from January 2012 to February
2018, Diet-B (18-h fasting) from March 2018 to September 2018, and
Diet-C (72-h ketogenic diet with 3-d overnight fasting) from September
2018 to December 2019 (Table 1).

Our goal was to compare an equal number of examinations for each
diet. However, Diet-B was applied for a limited time, therefore there
are fewer cPET/CTs in this group than in the Diet-A and Diet-C groups.
We identified 98 studies for Diet-C. Therefore, the latest 98 studies using
Diet-A going back from February 2018 were selected. However, 4 were
excluded later because of the lack of image processing using the PET/CT

viewer. In the end, a total of 236 cPET/CTs from 160 unique patients
were included for analysis (Diet-A: 94 studies in 70 patients; Diet-B:
44 studies in 39 patients; Diet-C: 98 studies in 86 patients). Of the 160
subjects, 128 (80%) had only 1 unique diet and 32 (20%) had more
than one type of diet.

PET/CT Acquisition
Apart from the dietarymodifications, smoking for 6 h and exercise for

24 h were restricted before cPET/CT. If patients had diabetes, blood glu-
cose level should be under 200 mg/dL and insulin was restricted for 6
h before the study. cPET/CT was rescheduled if the above-mentioned
criteria were not met.

All cPET/CTs were obtained with Biograph mCT 64 PET/CT scan-
ners (Siemens). All examinations included 13N-ammonia perfusion
and 18F-FDG metabolism studies, excluding follow-ups, as 13N-ammo-
nia study was not performed routinely for follow-ups. A 10-min 13N-
ammonia study was performed using 740 MBq of 13N-ammonia with
128 3 128 resolution. Then, patients were taken to a separate room
for 18F-FDG injection, and 18F-FDG studies were performed 60 min
after 555 MBq of 18F-FDG administration with 256 3 256 resolution.

TABLE 1
Simplified Copy of Dietary Instruction Given for Each Patient in a Specific Diet Group

Diet Description Allowed foods Forbidden foods

A High-fat, low-carbohydrate diet
beginning 24 h before the study.
Nothing by mouth, except water
and oral pills, 6 h before the

examination.

Beverages: club soda, black
coffee, tea (without sugar), or

water.
Seasonings: anything that does

not contain sugar.
Fats/oils: butter, margarine, or

vegetable oils.
Eggs.

Meat: chicken, turkey, fish,
beef, or pork (watch closely for
sugars in processed meats),
meat-only sausages, and
nonsweetened bacon.

Shellfish: any nonprocessed
shellfish.

Vegetables: alfalfa sprouts,
artichokes, asparagus, bean
sprouts, broccoli, Brussels
sprouts, cabbage, celery,

cucumber, eggplant, any lettuce

No carbohydrate or sugars.
Anything with glucose, fructose,

sucrose, or lactose.
No artificial sweeteners.
No fruit or fruit juices.

No diet or regular sodas or
sports drinks.
No alcohol.

No dairy products such as milk,
cheese, cream, or yogurt.

No pastas, breads, cereals, rice,
bagels, crackers, or muffins.
No breading on any food.

No candy, cookies, or cake.
No gum, mints, or cough drops.
No condiments such as ketchup
and mustard with sugar in it.
No starchy vegetables such as

corn, peas, carrots, most
legumes, grains, and potatoes.

B 18 h of fasting before the study.
Nothing by mouth, except water
and oral pills, for 18 h before the

study.

C High-fat, low-carbohydrate
ketogenic diet beginning 72

h before the study.
Nothing by mouth, except water
and oral pills, for 3 overnight
fasts before the exam. First 2
nights from 08:00 PM until at

least 08:00 AM the next morning.
The night before the test from
08:00 PM until the time of the

test.
For diabetics, consider avoiding
prolonged fasting, preferably

obtain the examination at noon
hours after ketogenic breakfast
1 morning insulin, followed by

6-h fasting.

Beverages: club soda, black
coffee, tea (without sugar), or

water,
Seasonings: anything that does

not contain sugar.
Fats/oils: butter, margarine, or

vegetable oils.
Eggs.

Meat: chicken, turkey, fish,
beef, or pork (watch closely for
sugars in processed meats),
meat-only sausages, and
nonsweetened bacon.

Shellfish: any nonprocessed
shellfish

No carbohydrate or sugars.
Anything with glucose, fructose,

sucrose, or lactose.
No artificial sweeteners.
No fruit or fruit juices.

No diet or regular sodas or
sports drinks.
No alcohol.

No dairy products such as milk,
cheese, cream, or yogurt.

No pastas, breads, cereals, rice,
bagels, crackers, or muffins.
No breading on any food.

No candy, cookies, or cake.
No gum, mints, or cough drops.
No condiments such as ketchup
and mustard with sugar in it.
Vegetables are not permitted.

No beans or nuts.
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Data Collection
A research fellow obtained the following information from the elec-

tronic medical records: examination date, patient age, sex, body mass
index, the dose of administered 13N-ammonia and 18F-FDG, fingertip
blood glucose level immediately before cPET/CT, diet type, dietary
compliance, and whether a repeated examination was performed due
to dietary noncompliance. All cPET/CTs were initially reported by 2
independent nuclear radiologists. The reports were retrospectively
reviewed by the research fellow and categorized into 3 categories regard-
ing the presence of CS—active inflammation from CS 5 positive, no
active inflammation from CS 5 negative, and indeterminant—and
regarding the myocardial suppression—complete suppression, partial
suppression, and failed suppression.

Image Analysis. All included cases were retrospectively evaluated
by a separate nuclear radiologist (the observer). Qualitative and quanti-
tative assessment was performed using SyngoVia MMoncology and
MIcardiology applications. Each examination was reformatted in the
oblique axial/coronal/sagittal planes according to the anatomic cardiac
orientation (Fig. 1) using the PET emission and CT images. Particularly,
in those cases in which the myocardium was heterogeneous or
completely suppressed, the anatomic orientation of the heart was
adjusted based on CT appearance. Quantitatively, bloodpool-maxSUV
(from the mediastinal descending thoracic aorta), liver-maxSUV (from
the right hepatic lobe), myocardium-maxSUV (from the most

suppressed portion of the left ventricle), and lesion-maxSUV (from
themost 18F-FDG–avid portion of the myocardium if active CSwas sus-
pected) were measured. Bloodpool-maxSUV/myocardium-maxSUV
and liver-maxSUV/myocardium-maxSUV ratios were calculated.

Qualitatively, the presence of myocardial suppression was visually
categorized in 3 groups: if no physiologic uptake was perceived, it
was categorized as complete suppression; if there was heterogeneous
uptakewithout typicalmismatch pattern and appearancewas not sugges-
tive of early active disease, it was categorized as partial suppression; and
if there was diffuse uptake, it was categorized as failed suppression. The
presence of CS was evaluated qualitatively according to 2 criteria based
on literature. The first analysis consisted of 6 categories, per the
SNMMI–ASNC guideline: 1, normal; 2, diffuse nonspecific; 3, focal
uptake without mismatch on 13N-ammonia representing early active dis-
ease; 4, focal uptake with mismatch pattern representing active disease;
5, focal uptake with mismatch pattern, mixed with non-18F-FDG–avid
perfusion defects, representing mixed scar and inflammation; 6,
non-18F-FDG–avid perfusion defect, representing scar (3). The second
analysis consisted of 4 categories according to Lu et al.: 1, normal; 2,
ringlike diffuse uptake at the base, considered negative for CS; 3. focal
uptake considered positive for CS; 4, diffuse myocardial uptake consid-
ered indeterminant (7). To compare the interobserver variability between
the radiology report and the observer, these analyses were recategorized,
accordingly, the SNMMI–ASNC classification—category 11 65 neg-
ative; category 2 5 indeterminant; category 3 1 41 55 positive; and
the Lu classification—1 1 2 5 negative; 3 5 positive; 4 5 indetermi-
nant. The observer also evaluated the presence of systemic active sar-
coidosis based on PET/CT, categorized in 2 groups, negative and
positive.

Statistical Evaluation
Descriptive statistics were used to compare the 3 diet groups on sev-

eral clinical and demographic measures. All variables were summarized
on a per-study, as opposed to a per-subject, basis. x2 tests were used to
statistically compare the 3 groups on categoricmeasures, whereas 1-way
ANOVA tests were used for the continuous measures. Weighted
Cohen’s k was used to evaluate the interrater reliability of myocardial
suppression and presence of active CS between the report and the
observer and recategorization of the SNMMI–ASNC and Lu classifica-
tions. Linear mixed-effect regression models were also used to compare
the myocardial glucose suppression between the diet groups while
accounting for the within-subject effects and repeated measurements.
The myocardial suppression response variable was treated as an ordinal
variable, where failed 5 0, partially suppressed 5 1, and completely
suppressed 5 2. P values of less than 0.05 were used to determine sta-
tistical significance. R software (version 3.6.0; R Foundation) was
used for analyses.

RESULTS

Patients demonstrated high compliance with the applied diets
without statistically significant difference (Diet-A: 89/94 [94.7%],
Diet-B: 41/44 [93.2%], Diet-C: 96/98 [99%], P5 0.292). Noncom-
pliance led to 2 of 5 repeated exams in the Diet-A group, 3 of 3 in the
Diet-B group, and 1 of 2 in theDiet-C group. Below-mentioned anal-
yses included the cases with dietary noncompliance. A repeated
analysis excluding those with dietary noncompliance (not provided)
did not show any meaningful difference.
Quantitative measurements are presented in Table 2. No differ-

ence was detected between the groups regarding sex, body mass
index, applied amount of 13N-ammonia and 18F-FDG . Regarding
age, there was statistically significant but clinically insignificant dif-
ference between the groups. No difference was found between the

FIGURE1. A62-y-oldwomanwith inferiorwallmotionabnormality, arryth-
mia, and an old outside PET/CT report raising suspicion of CS. Prior endo-
myocardial biopsy was negative; there was no pathologic or imaging proof
of sarcoidosiselsewhere in thebody.On thebasisof clinicalfindings,patient
was considered as presumably having CS and referred for PET/CT. First
PET/CT was obtained with Diet-B (top: 13N-ammonia; middle: 18F-FDG/
PET), which was reported as active CS with complete myocardial suppres-
sion.However, theobserverevaluatedas indeterminantsecondary topartial
suppression. Patient subsequently received steroids, and a follow-up study
was performed with Diet-C (bottom). This time, both report and observer
agreed that there was complete suppression with no active CS. While it is
possible that this presumable CS casemight have responded to treatment,
it is also possible that the initial interpretation was incorrect, and patient
might have received unnecessary treatment.
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groups regarding the liver uptake. Regarding the blood-pool uptake,
there was statistically significant difference between the groups,
although this difference was not clinically or radiologically signifi-
cant. Most importantly, there was significantly lower myocardial
uptake in the Diet-C group than in the other diet groups. Of equal
importance, the blood-pool/myocardium and liver/myocardium
maxSUV ratios were significantly higher in the Diet-C group, indi-
cating a better myocardial suppression relative to background refer-
ences. It is also noteworthy that lesion uptake was similar in all 3.

Mean fingertip glucose was also significantly lower in the Diet-C
group than in the other groups. Although there was no patient with
a fingertip glucose, 60mg/dL in the Diet-A andDiet-B groups, fin-
gertip glucose was, 60mg/dL in 6 patients using Diet-C at the time
of 18F-FDG injection, with the lowest being 43. None of these
patients demonstrated any clinical signs of hypoglycemia; thus, it
was decided to continue the PET/CT acquisition with attention to
hypoglycemia symptoms. These patients tolerated the entire PET/
CT well with no complication related to hypoglycemia.

TABLE 2
Quantitative Comparison of Diets

Variable Diet-A (n 5 94) Diet-B (n 5 44) Diet-C (n 5 98) Total (n 5 236) P

Age (y) 0.018

Mean (SD) 55.9 (11.4) 58.3 (10.2) 60.6 (11.6) 58.3 (11.4)

Range 26–83 26–73 24–81 24–83

Sex 0.570

Male 29 (30.9%) 14 (31.8%) 37 (37.8%) 80 (33.9%)

Female 65 (69.1%) 30 (68.2%) 61 (62.2%) 156 (66.1%)

Body mass index 0.380

Missing 3 2 6 11

Mean (SD) 31.5 (6.3) 30.1 (6.1) 31.6 (6.5) 31.3 (6.3)

Range 17.2–47.2 17.9–46.1 18.3–52 17.2–52
13N-ammonia (MBq) 0.620

Not present. 17 15 31 63

Mean (SD) 717.8 (140.6) 740 (103.6) 736.3 (103.6) 728.9 (122.1)

Range 266.4–899.1 373.7–891.7 92.5–854.7 92.5–899.1
18F-FDG (MBq) 0.355

Mean (SD) 555 (44.4) 558.7 (37) 566.1 (33.3) 562.4 (40.7)

Range 388.5–658.6 469.9–610.5 451.4–636.4 388.5–658.6

Blood glucose (mg/dL) 0.032

Mean (SD) 99.5 (21) 99.4 (17.6) 91.6 (25.7) 96.2 (22.8)

Range 60–196 77–150 43–202 43–202

Blood pool–SUVmax 0.005

Mean (SD) 2.6 (0.6) 2.6 (0.5) 2.9 (0.6) 2.7 (0.6)

Range 1.3–3.9 1.4–3.6 1.5–4 1.3–4

Liver–SUVmax 0.462

Mean (SD) 3.6 (0.9) 3.7 (0.8) 3.8 (0.8) 3.7 (0.8)

Range 1.3–6.7 2.1–5.8 1.9–6.5 1.3–6.7

Myocardium–SUVmax ,0.001

Mean (SD) 3.5 (3.5) 4.4 (3.7) 2.0 (0.8) 3 (2.9)

Range 1.2–22 0.9–16.2 0.8–7.4 0.8–22

Blood pool/myocardium ,0.001

Mean (SD) 1.1 (0.5) 0.9 (0.5) 1.6 (0.4) 1.3 (0.5)

Range 0.1–2.2 0.1–2 0.4–3.1 0.1–3.1

Liver/myocardium ,0.001

Mean (SD) 1.6 (0.8) 1.4 (0.8) 2.1 (0.6) 1.8 (0.8)

Range 0.2–3.9 0.2–3.9 0.5–4.1 0.2–4.1

Lesion–SUVmax 0.858

Mean (SD) 7.4 (4.1) 7 (3.1) 7.8 (3.5) 7.4 (3.6)

Range 3.2–19 4.2–15.3 4–15.1 3.2–19
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Table 3 shows qualitative comparison of the groups. Regarding
the myocardial suppression, the observer found statistically superior
myocardial suppression with Diet-C, with which the complete sup-
pression rate reached96.9%with 0% failed and 3.1%partial suppres-
sion. This included the cases with dietary noncompliance. These
rates were similar for Diet-C according to the radiology report; how-
ever, the radiology report indicated higher rates of completemyocar-
dial suppression and lower rates of partial and failed suppression in
Diet-A and Diet-B. There was borderline statistical insignificance
among the groups regarding myocardial suppression according to

the original report (P 5 0.052). A comparison of each individual
diet using the mixed-effects model per subject also showed signifi-
cant myocardial suppression with Diet-C compared with Diet-A
(effect: 0.51, CI: 0.32–0.69, P 5 0.000) and Diet-B (effect: 0.67,
CI: 0.44–0.90, P 5 0.000). This was not significant when Diet-A
was compared with Diet-B (effect: 0.16, CI: 20.07–0.40, P 5
0.169).
Regarding the assessment of myocardial suppression, there was

moderate agreement between the observer and the radiology report
(Table 4). This agreement was mostly valid in the cases of complete

TABLE 3
Qualitative Comparison of Diets Regarding Myocardial Suppression and Diagnosis According to Initial Radiology Report

and Observer

Qualitative variables
Diet-A
(n 5 94)

Diet-B
(n 5 44)

Diet-C
(n 5 98)

Total
(n 5 236) P

Myocardial suppression according to radiology report 0.052

Failed suppression 9 (9.6%) 7 (15.9%) 3 (3.1%) 19 (8.1%)

Partial suppression 2 (2.1%) 2 (4.5%) 1 (1%) 5 (2.1%)

Complete suppression 83 (88.3%) 35 (79.5%) 94 (95.9%) 212 (89.8%)

Myocardial suppression according to observer ,0.001

Failed suppression 22 (23.4%) 11 (25.0%) 0 (0%) 33 (14%)

Partial suppression 8 (8.5%) 10 (22.7%) 3 (3.1%) 21 (8.9%)

Complete suppression 64 (68.1%) 23 (52.3%) 95 (96.9%) 182 (77.1%)

Diagnosis per radiology report ,0.001

Negative 49 (52.1%) 15 (34.1%) 82 (83.7%) 146 (61.9%)

Indeterminant 4 (4.3%) 6 (13.6%) 1 (1%) 11 (4.7%)

Positive 41 (43.6%) 23 (52.3%) 15 (15.3%) 79 (33.5%)

Diagnosis per observer
(recategorized according to SNMMI–ASNC)

,0.001

Negative 49 (52.1%) 12 (27.3%) 81 (82.7%) 142 (60.2%)

Indeterminant 23 (24.5%) 18 (40.9%) 2 (2%) 43 (18.2%)

Positive 22 (23.4%) 14 (31.8%) 15 (15.3%) 51 (21.6%)

Diagnosis per observer
(recategorized according to Lu)

,0.001

Negative 53 (56.4%) 18 (40.9%) 81 (82.7%) 152 (64.4%)

Indeterminant 19 (20.2%) 12 (27.3%) 2 (2%) 33 (14%)

Positive 22 (23.4%) 14 (31.8%) 15 (15.3%) 51 (21.6%)

Diagnosis per observer (SNMMI–ASNC) ,0.001

Normal 40 (42.6%) 10 (22.7%) 62 (63.3%) 112 (47.5%)

Diffuse nonspecific 23 (24.5%) 18 (40.9%) 2 (2%) 43 (18.2%)

Early active disease 8 (8.5%) 2 (4.5%) 4 (4.1%) 14 (5.9%)

Active disease 6 (6.4%) 9 (20.5%) 5 (5.1%) 20 (8.5%)

Mixed scar/active disease 8 (8.5%) 3 (6.8%) 6 (6.1%) 17 (7.2%)

Scar 9 (9.6%) 2 (4.5%) 19 (19.4%) 30 (12.7%)

Diagnosis per observer (Lu) ,0.001

Normal 49 (52.1%) 12 (27.3%) 81 (82.7%) 142 (60.2%)

Negative 4 (4.3%) 6 (13.6%) 0 (0%) 10 (4.2%)

Positive 22 (23.4%) 14 (31.8%) 15 (15.3%) 51 (21.6%)

Indeterminant 19 (20.2%) 12 (27.3%) 2 (2%) 33 (14.0%)

Systemic sarcoidosis 0.414

Negative 55 (58.5%) 30 (68.2%) 65 (66.3%) 150 (63.6%)

Positive 39 (41.5%) 14 (31.8%) 33 (33.7%) 86 (36.4%)
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suppression; however, the number of failed and partial suppression
cases were fewer in the radiology reports than in the observer’s
evaluation.
There was no statistical difference among the groups regarding

the presence of systemic active sarcoidosis on whole-body PET/
CT. The observer found more “normal” and “scar” cases in the
Diet-C group, with markedly decreased amount of “diffuse non-
specific” cases, compared with the Diet-A and Diet-B groups using
the SNMMI–ASNC assessment (Table 3). According to the Lu
assessment, the groups were also statistically different: Diet-C had
more “normal” cases with decreased number of “positive“ and
“indeterminant” cases than did Diet-A and Diet-B. After recategori-
zation of these assessments into 3 categories as “positive,”
“negative,” and “indeterminant,” the Diet-C group had significantly
more negative, fewer positive, and less indeterminant active CS
diagnosis than did Diet-A and Diet-B (Table 3). Notably, this reca-
tegorization demonstrated near-complete agreement (Table 5). A
similar observationwas also found according to the radiology report,
showing a high degree of agreement with the observer (Table 6). The
numbers of the observer and the radiology report were remarkably
similar for all diets when the diagnosis was negative (Table 3).
The numbers of indeterminant and positive cases by the observer
and the radiology report were also similar when Diet-C was used
but remarkably different when Diet-A and Diet-B were used.
Some examples are shown in Figures 1–4.

DISCUSSION

Since 2012, we used diets (Diet-A and Diet-B) similar to those
recommended by the SNMMI–ASNC guidelines. However, during
multidiscipline conferences what we had determined as active
inflammation was not correlating with either clinical findings or

MRI in many cases. Therefore, we questioned our ability of myo-
cardial suppression and decided to change the diet protocol. A
new 72-h ketogenic diet during the day, with overnight fasting on
3 consecutive days (Diet-C), markedly improved myocardial
suppression rates, and this new protocol was quantitatively and
qualitatively superior to the other previously used dietary
modifications, including the 24-h ketogenic diet with 6-h fasting
(Diet-A) and 18-h fasting (Diet-B). The new regimen also resulted
in better interobserver agreement. When we examined the radiology
reports with the 2 older dietary regimens, there were higher rates of
positive diagnoses, but the observer was not in agreement, calling
most of these positive cases indeterminant, due to the possibility
of potential inadequate myocardial suppression and associated
false-positive results. It is possible that many of these cases with
Diet-A and Diet-B were overcalled as positive secondary to incom-
plete suppression, in particular, the previously described “focal on
diffuse” imaging patterns obtained with these diets were probably
the reason why the radiologists had reported these exams as
“positive,” which is a common problem in prior study design
(17,18). But that was not the case when Diet-C was used; excellent
myocardial suppression was achieved with increased certainty in
the diagnosis and increased agreement between the observer and
report.
Our findings are supported by findings in the preclinical setting.

Clement et al. demonstrated that marked myocardial background
suppression was achieved with better determination of the myocar-
ditis in 18F-FDGPET/CT inmicewith extension of ketogenic diet up
to 7 d as opposed to 18-h fasting. Each mouse was given a standard
diet with calculated calories and nutrients, and PET/CT findings
were correlated with pathologic confirmation. This animal study
proves that extension of ketogenic diet results in better myocardial
suppression (13). However, 7-d dietary restrictions could be difficult

TABLE 4
Correlation of Myocardial Suppression According to Initial Radiology Report and Observer

Observer
R
ad

io
lo
g
y

re
p
o
rt

Failed (n 5 33) Partial (n 5 21) Complete (n 5 182) Total (n 5 236)

Failed 12 (36.4%) 1 (4.8%) 6 (3.3%) 19 (8.1%)

Partial 2 (6.1%) 3 (14.3%) 0 (0%) 5 (2.1%)

Complete 19 (57.6%) 17 (81%) 176 (96.7%) 212 (89.8%)

k 5 0.41.

TABLE 5
Correlation of Observer’s Diagnosis According to Recategorized SNMMI–ASNC and Lu Classification

Recategorization according to SNMMI–ASNC

R
ec

at
eg

o
ri
za

ti
o
n

ac
co

rd
in
g
to

Lu

Negative (n 5 142) Indeterminant (n 5 43) Positive (n 5 51) Total (n 5 236)

Negative 142 (100%) 10 (23.3%) 0 (0%) 152 (64.4%)

Indeterminant 0 (0%) 33 (76.7%) 0 (0%) 33 (14.0%)

Positive 0 (0%) 0 (0%) 51 (100%) 51 (21.6%)

k 5 0.97.
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for certain patients in terms of dietary compliance and our 3-d die-
tary restriction seems more pragmatic in a clinical setting.
It is well-known that people often experience ketogenic flu in the

first few days of a ketogenic diet (19). The durations of these symp-
toms indicate that physiologic response to ketogenic diet takes sev-
eral days.On the basis of our data, the body needs greater than 24 h to
fully switch to ketogenic metabolism in the myocardium. When we
first started this new dietary regimen, we were not aware of the study
by Lu et al., which compared 2 groups (7). The first group contained
PET/CTs from 12 patients with preparation using a 24-h ketogenic
diet with a ketogenic breakfast 4 h before PET/CT; the second group
contained 193 PET/CTs from 185 patients with preparation using a
72-h ketogenic diet with a ketogenic breakfast 4 h before PET/CT.
According to the results of Lu et al. (7), 7 of 193 (3.6%) indetermi-
nant, 167 of 193 (86.6%) negative, and 19 of 193 (9.8%) positive CS
diagnoses were made with the 72-h ketogenic diet, whereas 5 of 12
(41.7%) indeterminant, 6 of 12 (50%) negative, and 1 of 12 (8.3%)
positive CS diagnoses were made with the 24-h ketogenic diet.
When we applied the same classification method, our diagnostic
rates with the 72-h ketogenic diet demonstrated similar rates
whereas the 24-h ketogenic diet group showed different results. Per-
haps, our results could be more robust for 24-h ketogenic diet, since
we used a larger sample size (94 vs. 12). However, there are differ-
ences in the 72-h ketogenic diet method. A ketogenic breakfast 4 h
before 18F-FDG injection was used in the
study by Lu et al. On the contrary, we addi-
tionally applied the principles of intermittent
fasting, including at least 12 h of overnight
fasting for 3 consecutive days and fasting
after 8 PM until the 18F-FDG injection for
the PET/CT examination (which is always
after 8 AM). Despite that difference, our find-
ings are in line with the results of Lu et al. It
should also be emphasized that our dietary
modification was very well tolerated by
our patients and the number of cases with
noncompliance were the lowest with this
diet, although not significantly different
than other regimens. With the Diet-C, we

observed low serum glucose levels , 60 mg/dL in 6 patients.
Despite that, none of these patients demonstrated any clinical signs
of hypoglycemia and tolerated the entire PET/CT examination with-
out any complication. However, cases of diabetes can be challeng-
ing, and prolonged fasting could be omitted for those with
diabetes to avoid potential hypoglycemia; examination can be per-
formed in the afternoon after a ketogenic breakfast along with morn-
ing insulin administration, followed by 6 h of fasting.
There is no consistency in the diagnosis of CS with PET/CT

based on prior literature. We think the most reliable current classi-
fication is the SNMMI–ASNC consensus guideline (3), which
allows a more standard and well-defined approach. That was the pri-
mary reason why we used this method for classification in our
study. However, the largest diet study in this topic was performed
by Lu et al., and they used a classification containing 4 groups based
on prior literature (7). According to their study, the group with
“ringlike diffuse uptake at the base” is not described in the
SNMMI–ASNC consensus guideline. We think the “ringlike dif-
fuse uptake at the base” pattern is more representative of partial
myocardial suppression, and in our entire cohort we had 10 obser-
vations of this type, without classical mismatch, which were more
compatible with “diffuse nonspecific” according to the
SNMMI–ASNC classification; that is the main reason for the dis-
crepancy shown in the Tables 3 and 5.

TABLE 6
Correlation of Initial Radiology Report with Observer According to Recategorized Diagnosis Based on SNMMI–ASNC and Lu

Classification

Radiology report

Negative (n 5 146) Indeterminant (n 5 11) Positive (n 5 79) Total (n 5 236)

O
b
se

rv
er

Recategorization according to SNMMI–ASNC*

Negative 141 (96.6%) 0 (0%) 1 (1.3%) 142 (60.2%)

Indeterminant 3 (2.1%) 11 (100%) 29 (36.7%) 43 (18.2%)

Positive 2 (1.4%) 0 (0%) 49 (62%) 51 (21.6%)

Recategorization according to Lu†

Negative 142 (97.3%) 2 (18.2) 8 (10.1%) 152 (64.4%)

Indeterminant 2 (1.4%) 9 (81.8%) 22 (27.8%) 33 (14%)

Positive 2 (1.4%) 0 (0%) 49 (62%) 51 (21.6%)

*k 5 0.88.
†k 5 0.82.

FIGURE 2. A 73-y-old man with chronic pericarditis and suspicion of CS. First examination was
obtained with Diet-B: 13N-ammonia (A) and 18F-FDG (B). Initially, this examination was interpreted as
incomplete myocardial suppression and indeterminant CS, in agreement with the observer. Repeated
18F-FDG study with Diet-C (C) showed complete myocardial suppression with negative CS (the
observer and the report were in agreement).
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Our study has several strengths. To our knowledge, this is the first
study that compares 3 different dietary modifications with a rela-
tively large and equal number of examinations in each group. Two
of these dietary modification strategies are mainly applied and rec-
ommended by current guidelines and the third one, which performs
better, has not been used in the clinical setting despite preclinical evi-
dence to support its use. The results of this new kind of diet are
reported for the first time in the literature, excluding the paper by
Lu et al., which used a similar but slightly different type of diet

(7). Even though the paper by Lu et al. has the largest study cohort
(7,17), the compared groups did not contain a comparably similar
number of patients as our study. Interobserver variability regarding
the myocardial suppression was determined and CS diagnosis was
made based on 2 different scoring systems, one proposed by Blank-
stein et al. and the SNMMI–ASNC guideline and the other one pro-
posed by Lu et al. (3,4,7). The agreement of these 2 scoring systems
is also studied for the first time.
We acknowledge several limitations of our study. This is a retro-

spective study. However, our findings are valuable because existing
strategies have limitations and our findings have the potential to
change clinical practice and may improve the understanding of CS
and cardiac metabolism. Second, we did not give a standard calcu-
lated diet to each patient, which is possible formice, as demonstrated
by Clement et al. (13), but impractical for clinical usage and real-life
scenarios in humans. Third, the diagnosis made in the current study
is not confirmed by a gold standard, as there is no existing practical
gold standard, or by clinical correlation, as clinical diagnosis was ret-
rospectively diverted by the initial PET/CT report. This could be
only performed in a longitudinal prospective study. However, at
our institution, all potential CS cases are reviewed in a monthly mul-
tidisciplinary meeting comprising physicians with expertise in
nuclear medicine, cardiology, cardiac electrophysiology, cardiac
MRI, pulmonology, and sarcoidosis.

CONCLUSION

It appears that the SNMMI–ASNC diet recommendations are
inadequate to suppress the background myocardial glucose uptake,
leading to many indeterminant and potentially false-positive results.
A 72-h ketogenic diet with overnight fasting before cPET/CTs is
well tolerated and superior to other dietary preparations, providing
excellent physiologic myocardial glucose metabolism suppression
and markedly decreasing the number of indeterminant results and
potentially false-positive results for active CS diagnosis.
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FIGURE 3. A 35-y-old man with systemic sarcoidosis. The first examina-
tion was obtainedwith Diet-A. Because of incompletemyocardial suppres-
sion, examinationwas repeated 2 d later with Diet-B. Results of this second
examinationshowedpartialmyocardial suppression in lateralwallwith inde-
terminant result. Patient underwent follow-up MRI (not shown here), which
was negative forCS at that time. A third follow-upwith Diet-C showed com-
plete myocardial suppression. Note the persistence of hypermetabolic
mediastinal lymph nodes in all 3 examinations.

FIGURE 4. A 65-y-old man with new arrythmia and cardiac MRI (not
shown), suggestiveofsarcoidosis.Patientwas referred forPET/CTobtained
withDiet-C. Top row is 18F-FDGand lower row is 13N-ammonia.Both report
andobservercalled thisexamination asactiveCSwithcompletemyocardial
suppression. Notemismatch pattern at regions with activeCS (pink arrows)
and how myocardium is well suppressed at normally perfused areas (blue
arrows).
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KEY POINTS

QUESTION: Which dietary modification is better to suppress
physiologic myocardial 18F-FDG metabolism to diagnose active
inflammation from CS?

PERTINENT FINDINGS: Three dietary preparations, 24-h keto-
genic diet with overnight fasting, 18 h-fasting and 72-h ketogenic
diet with 3-d overnight fasting, were retrospectively compared
regarding their ability to suppress the physiologic myocardial 18F-
FDG uptake and diagnose CS with PET/CT. The latter diet dem-
onstrated markedly improved myocardial suppression, higher
interobserver agreement, and fewer indeterminant/positive CS
diagnoses.

IMPLICATIONS FOR PATIENT CARE: A 72-h ketogenic diet with
overnight fasting can be applied instead of the current
SNMMI–ASNC dietary recommendations, as this new diet is well
tolerated and improves the CS diagnosis by eliminating indetermi-
nant results and false-positives.
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Simultaneous PET/MRI has shown potential for the comprehensive
assessment of myocardial health from a single examination. Further-
more, MRI-derived respiratory motion information, when incorporated
into the PET image reconstruction, has been shown to improve PET
image quality. Separately, MRI-based anatomically guided PET image
reconstruction has been shown to effectively denoise images, but this
denoising has so far been demonstrated mainly in brain imaging. To
date, the combined benefits of motion compensation and anatomic
guidance have not been demonstrated for myocardial PET/MRI. This
work addressed this lack by proposing a single cardiac PET/MR image
reconstruction framework that fully utilizes MRI-derived information to
allow both motion compensation and anatomic guidance within the
reconstruction. Methods: Fifteen patients underwent an 18F-FDG
cardiac PET/MRI scan with a previously introduced acquisition frame-
work. The MRI data processing and image reconstruction pipeline
produces respiratory motion fields and a high-resolution respiratory
motion–corrected MR image with good tissue contrast. This
MRI-derived information was then included in a respiratory motion–
corrected, cardiac-gated, anatomically guided image reconstruction
of the simultaneously acquired PET data. Reconstructions were evalu-
ated by measuring myocardial contrast and noise and were compared
with images from several comparative intermediate methods using
the components of the proposed framework separately. Results:
Including respiratory motion correction, cardiac gating, and anatomic
guidance significantly increased contrast. In particular, myocardium–

to–blood pool contrast increased by 143% on average (P , 0.0001),
comparedwith conventional uncorrected, nonguidedPET images. Fur-
thermore, anatomic guidance significantly reduced image noise, by
16.1%, compared with nonguided image reconstruction (P, 0.0001).
Conclusion: The proposed framework for MRI-derived motion com-
pensation and anatomic guidance of cardiac PET data significantly
improved imagequalitycomparedwithalternative reconstructionmeth-
ods. Each component of the reconstruction pipeline had a positive
impact on the final imagequality. These improvements have the poten-
tial to improve clinical interpretability and diagnosis based on cardiac
PET/MR images.

Key Words: cardiac PET/MR; MR-guided PET reconstruction; MR-
basedmotion correction

J Nucl Med 2021; 62:1768–1774
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Simultaneous PET/MRI allows the comprehensive assessment of
cardiovascular disease. Nearly a decade after the introduction of
hybrid PET/MRI systems, several studies focusing on the assess-
ment of myocardial viability and inflammatory and infiltrative
diseases have shown the benefit of the complementary functional
and anatomic information provided by both imaging modalities
(1–3).
PET/MRI has also opened new possibilities for addressing several

of the technical challenges that may affect PET image quality. Accu-
rate attenuation correction is fundamental to clinical interpretability
and quantification of cardiac PET data; however, attenuation maps
(l-maps) are typically acquired during a breath-hold before the
actual PET acquisition, resulting in a potential misalignment
between the l-map and the PET image position. This misalignment
may lead to artifacts that appear as reduced myocardial uptake and
could be mistaken for myocardial defects (4). To improve the corre-
spondence between attenuation and emission data, specialized MRI
acquisition schemes have been proposed to enable free-breathing (5)
or respiratory-resolved l-maps (6).
Another source of image degradation is physiologic (i.e., respira-

tory and cardiac) motion throughout a PET data acquisition; this
motion may induce blurring in the final images if not accounted
for. Several proposed approaches toward MRI-based PET motion
compensation can estimate and correct for organ displacement due
to physiologic motion by simultaneously acquiring dynamic MR
images with sufficient tissue contrast (7–9). These techniques have
shown promising results for improving PET image quality, but
most are limited in that the MR images simultaneously acquired
with PET data are designed to be used for motion estimation only.
The insufficient spatial resolution or appropriate tissue contrast of
theseMR images limits their use for diagnostic purposes and hinders
the full realization of the potential of truly simultaneous cardiac
PET/MRI.
Finally, the count-limited nature of PET image acquisition causes

noise in the reconstructed images. In conventional PET image recon-
struction, such as maximum-likelihood expectation maximization
(MLEM) (10), this noise increases with the number of iterations,
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and reconstructions are therefore usually terminated early. However,
early termination results in bias due to underconvergence, reducing
the quantitative value of the reconstructed PET images. In the con-
text of PET/MRI, anatomic information provided by the simulta-
neously acquired MR images can be used to guide the PET image
reconstruction, enabling noise reduction and partial-volume correc-
tion (11,12). Although these approaches have shown significant
improvements in brain PET/MRI, their use in cardiac PET/MRI
applications has not been explored so far, because enabling accurate
anatomic guidance from cardiac MR images requires 3-dimensional
images that have sufficient volumetric coverage and high tissue con-
trast and that also provide information about physiologic motion (so
they can be motion-aligned to the PET image position). The acqui-
sition of such images is challenging, as most clinically available car-
diac MRI protocols are based on acquiring stacks of 2-dimensional
slices under repeated breath-holds.
Here, we introduce a single framework that exploits the advan-

tages of cardiac PET/MRI to improve myocardial PET imaging by
integrating several elements of state-of-the-art PET image recon-
struction. We used a recently introduced cardiac PET/MRI protocol
designed for simultaneous diagnostic PET and coronaryMR angiog-
raphy (CMRA) (13), which provides both respiratory motion infor-
mation and a whole-heart high-resolution CMRA image that allows
formyocardial PET image reconstruction to be improved as follows:
first, l-maps are aligned to the end-expiration respiratory position
using the CMRA images as a reference to reduce attenuation-
induced artifacts; second, MRI-derived motion information is incor-
porated into a motion-corrected image reconstruction of the PET
data; and third, high-contrast motion-corrected 3-dimensional
CMRA images are used for anatomically guided PET image recon-
struction, suppressing noise while preserving quantification perfor-
mance. We tested the proposed framework in a small cohort of
patients without cardiac disease to quantify the effect of each of
these improvements on final image quality, including myocar-
dium-to-blood contrast and noise levels. Furthermore, we applied
the framework to a cohort of 10 patients with cardiac disease, show-
ing that the proposed method achieves visually superior images
compared with conventional PET image reconstruction.

MATERIALS AND METHODS

The proposed framework uses a previ-
ously introduced cardiac PET/MRI
sequence (13) to produce high-quality
whole-heart MRI information that allows
for accurate alignment of PET l-maps,
estimation of respiratory motion fields
for motion-compensated PET image
reconstruction, and anatomically guided
PET image reconstruction (Fig. 1). Each
component of the proposed framework is
described below, and a flowchart of the
entire pipeline is shown in Figure 2.

MRI-Based Respiratory Motion
Correction and l-Map Alignment

The cardiac MR image reconstruction
process produces 3-dimensional MR
images in various respiratory states as an
intermediate output, which is used to esti-
mate respiration-induced motion through-
out the breathing cycle. This respiratory
motion information can be used to correct

the concurrent PET data by grouping them into corresponding respi-
ratory bins and performing a motion-compensated PET image recon-
struction (14) using the same motion fields as for the MR image
reconstruction. Similar to the cardiac MR image, the output of this
PET image reconstruction is an end-expiration cardiac PET image.
To minimize the effect of cardiac motion (i.e., motion due to the
heart beating), about 30% of the PET data corresponding to systole
are discarded using the electrocardiogram signal as a reference.

To improve the correspondence between the l-map and the PET
image position, the conventional breath-held l-map is registered to the
end-expiration CMRA image before PET image reconstruction. Non-
rigid registration is performed using a free-form deformation algorithm
with a normalized mutual-information objective function (15).

MRI-Guided PET Image Reconstruction
The high-resolution CMRA images are then used to perform patient-

specific anatomically guided PET image reconstructions. Anatomic guid-
ance groups voxels that are expected to have a similar PET intensity (e.g.,
due to being in close proximity to each other and composed of the same
tissue type) and applies anisotropic smoothing between these voxels.

The proposed framework uses a weighted quadratic penalty (16),
wherein the a priori similarity between a PET voxel j and each of its
neighboring voxels k is calculated from the MR image as the patch-
based Euclidean distance modulated by a gaussian kernel:

wjk5exp
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where f j is theMRI patch centered at voxel j, Nj is the neighborhood
around voxel j, and r controls the width of the gaussian similarity
kernel. In this work, f j is a 3 3 3 3 3 voxel patch, with Nj also
set to 3 3 3 3 3, and r equals 0.1 (with MR images normalized
between 0 and 1). Furthermore, as previously suggested (16), only
weights corresponding to the 7most similar neighbors for each voxel
are kept, with all other weights set to 0.

These similarity weights are calculated for each patient and incorpo-
rated into the PET image reconstructions using a modified maximum a
posteriori expectation maximization (MAPEM) algorithm (17). To
avoid relying on user-specified regularization strengths, a recently
proposed method for automatic setting of this value (18) was used.

A

B C D

FIGURE 1. Overview of MRI-based improvements for proposed PET image reconstruction framework.
MRI sequence provides high-quality end-expiration CMRA image and respiratory motion information (A),
which canbeused to improvePET image reconstruction by aligningPETl-maps toCMRAposition (B), per-
forming MRI-based motion-correction (C), and performing MRI-guided PET image reconstruction (D).
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The regularized reconstructions were run for 200 iterations using the
patient-specific automatically selected regularization strength.

Experiments
Data Acquisition. PET/MRI data were acquired for 15 patients

(mean age6 SD, 62.86 12.5 y; 11 male, 4 female) with a simultaneous
PET-CMRA sequence (13) after injection of 331.36 27.9 MBq of 18F-
FDG. Full details of the CMRA acquisition were previously pub-
lished (13).

Two patient cohorts were included in this study. The first cohort
included 5 oncology patients without known or suspected cardiovascular
disease, who exhibited physiologic myocardial uptake of 18F-FDG. In
the absence of cardiac conditions, 18F-FDG uptake is expected to be uni-
form throughout the myocardium. These patients underwent a clinical
PET/CT examination and were subsequently scanned in a PET/MRI
scanner without additional radiotracer administration. These data have
previously been used to demonstrate a respiratory motion compensation
scheme for cardiac PET (13).

The second cohort comprised 10 patients with symptomatic coronary
artery disease, chronic total occlusion of a relevant coronary artery, and
evidence of wall motion abnormalities. These patients underwent a clin-
ical PET/MRI examination protocol for the assessment of myocardial
viability, which included a 40- to 50-min list-mode PET acquisition
using 18F-FDG under insulin-clamped conditions and conventional
2-dimensional late gadolinium-enhancedMRI. The data have previously
been published in a clinical validation of respiratory motion compensa-
tion (19). Compared with previous work, the current study introduced a
new PET image reconstruction framework that integrates l-map align-
ment, respiratory motion correction, cardiac gating, and MRI guidance
to further improve image quality.

All acquisitions were performed on a Biograph mMR scanner (Sie-
mens Healthcare). All subjects gave written informed consent, and the
study was performed in concordance with the Declaration of Helsinki
and approved by the corresponding Institutional Ethics Committee.

Comparative Methods. To assess the effect of each component of
the proposed cardiac PET image reconstruction method, various com-
parative reconstruction methods were performed:

Clinically representative reconstructions of the PET datasets were
performed using MLEM (10). These reconstructions do not include
respiratory motion correction (no motion-corrected, NMC) and were
run for a clinically representative 63 iterations (NMC-MLEM-63). To
assess the effect of l-map alignment, the same reconstructions were
run using l-maps registered to the end-expiration CMRA images
(NMC-MLEM-63-l-reg). The NMC-MLEM reconstruction with a

registered l-map was also run for 200 iterations to investigate the effect
of convergence (NMC-MLEM-200-l-reg).

Respiratorymotion–corrected (MC)MLEM reconstructions were per-
formed, using the registered l-map, without anatomic guidance (MC-
MLEM-200-l-reg). These reconstructions were also run to convergence,
that is, 200 iterations. To investigate the effect of cardiac motion, MC
(respiratory motion-corrected) image reconstructions were performed
using cardiac-gated data (MC-MLEM-200-l-reg-gated), with data
acquired during systole being rejected as described above.

Finally, a reconstructionwith the complete proposedmethod was per-
formed, incorporating aligned l-maps, respiratory motion correction,
cardiac gating, and anatomic guidance with automatic regularization
strength selection (MC-guided-MAPEM-l-reg-gated).

All PET image reconstructions were performed in MATLAB (Math-
Works)with custom-developed software (20). Relevant PET reconstruc-
tion parameters include resolutionmodeling (4.3mm in full width at half
maximum [FWHM]), a voxel size of 2.03 3 2.08 3 2.08 mm, and a
matrix size of 1273 3443 344. All list-mode PET data were truncated
to the scan duration of the MRI sequence to allow use of the MRI respi-
ratory trace for PET data binning.

Image Analysis
PET image quality was analyzed in terms of noise and contrast. Con-

trast was measured as the contrast recovery coefficient (CRC) between
the left-ventricular myocardium and the blood pool, and noise was cal-
culated as the SD of the voxels within the myocardium. To obtain the
myocardial and blood pool regions, the CMRA images were semiauto-
matically segmented using 3DSlicer (21). To assess the local effect of
motion compensation, gaussian curves were fitted to 3 profiles through
the left ventricular myocardium for each oncology patient, with the esti-
mated FWHM serving as a surrogate for myocardial sharpness. All met-
rics were compared between reconstruction methods using a paired
2-tailed Student t test, with a P value of less than 0.05 considered to indi-
cate a statistically significant difference.

Additionally, 17-segment analysis (22) was performed to assess the
impact of the proposed quantification method at a segment level, and
contrast between healthy myocardium and myocardial viability defects
was computed from manually defined regions of interest in patients
with transmural defects.

RESULTS

Figure 3 shows the effect of each element of the proposed method
in terms of CRC andmyocardium SD for the first patient cohort, and
Figure 4 demonstrates these differences in the reconstructed images
for 2 representative patients.

FIGURE 2. Flowchart of proposed PET/MR image reconstruction pipeline.
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Correction of PET l-maps was seen to have no strong impact on
myocardium SD in any of the patients. In terms of CRC, 4 of the 5
patients showed no change; however, in patient 1, an increase in
CRC was apparent. This increase was due to a particularly poor
alignment between the average free-breathing end-expiration posi-
tion and the position of the breath-hold l-map, leading to a defect-
mimicking artifact that was alleviated by aligning the l-map (Fig. 4).
With a correctly aligned l-map, increasing the number of MLEM

iterations from 63 to 200 increased the myocardium SD and CRC in
all cases. These effects are due to the convergence of the MLEM
algorithm; improved contrast represents convergence toward true
regional means, whereas increased noise at convergence is a well-
known characteristic of MLEM reconstructions.
When motion correction is included in the form of MC-MLEM-

200-l-reg, contrast and noise both increase further because of the
deblurring effect of motion correction (Fig. 4) and the increased
noise arising from the MC-MLEM algorithm, as has previously

been shown in the literature (7,23,24). Performing cardiac gating
of PET images usingMC-MLEM-200-l-reg-gated greatly increases
myocardial CRC, because of the removal of blurring artifacts from
cardiac motion. However, noise also increases since reducing counts
from the PET data (by rejecting systolic data) results in a lower sig-
nal-to-noise ratio. Finally, by includingMRI guidance in themotion-
corrected, cardiac-gated PET reconstruction, CRC generally
remains at similar or slightly higher levels while noise reduces.
Similar trends were observed for the patients with chronic total

occlusion. Figure 5 shows example PET images reconstructed
with the conventional NMC-MLEM-63 and MC-MLEM-200-
l-reg-gated methods, and the proposed MC-guided-MAPEM-l-reg-
gated method, alongside reference late gadolinium-enhanced MR
images highlighting regions of myocardial scarring. The previously
described improvements in noise and contrast are visible, and the
depiction of myocardial defects (hypointense regions) is preserved,
coinciding with the hyperintense regions in the late gadolinium-
enhanced MR images.
The proposedMC-guided-MAPEM-l-reg-gatedmethod increases

the CRC of transmural defects by 18.6% and their contrast-to-noise
ratio by 47.7% (Supplemental Fig. 1; supplemental materials are
available at http://jnm.snmjournals.org), indicating that the MRI
guidance information is sufficiently localized to maintain relevant
patterns of uptake while successfully reducing noise.
Summary statistics for both CRC and SD for all patients are

shown in Table 1. Each incremental improvement in the PET image
reconstruction method increased CRC significantly, except when
introducing motion correction (P 5 0.078). For myocardial SD,
all differences were significant, except for alignment of the l-map
(P 5 0.20). The only comparison in which SD decreased signifi-
cantly was when introducing MRI guidance to the MC-MLEM
reconstruction. Furthermore, 17-segment analysis indicated that all
segments showed an increased uptake with the proposed method,
which ranged from about a 15% increase at the apical segments to
more than a 60% increase toward the basal anterior segments (Sup-
plemental Fig. 2).
In terms of myocardial sharpness, a similar trend could be observed

(Supplemental Table 1), with the proposed MC-guided-MAPEM-
l-reg-gated method reducing FWHM by 24.6% 6 13.9% compared
with the conventional NMC-MLEM-63, and MC-MLEM-200-l-reg-
gated images reducing FWHMby 26.6%6 16.9%, with no statistically
significant difference between the 2 methods (P5 0.27).

DISCUSSION

The aim of this study was to introduce a framework for motion-
corrected, MRI-guided PET image
reconstruction for myocardial PET/
MRI and demonstrate the capabilities
of the proposed method to improve
PET image quality by increasing contrast
without introducing excessive noise into
the output images.
A series of incrementally improved

PET image reconstruction approaches
was compared for 2 cohorts of patients,
with and without known cardiac disease.
Quantitatively, each of the incremental
improvements showed increased con-
trast (Fig. 3); however, this was gener-
ally at the cost of additional noise.

FIGURE 3. Image noise and contrast in 5 oncology patients for each PET
image reconstructionmethod. Proposedmethod provides highestmyocar-
dium-to-blood pool contrast levels (CRC) in all cases while avoiding high
noise levels (SD) of unregularized PET image reconstruction.

FIGURE4. Reconstructed images foreachcomparativemethod for2 representativeoncologypatients (1
per row).Cyanarrows indicatemyocardialdefect-mimickingattenuationartifact,which is removedbyalign-
ing l-mapusingCMRA image.Blue arrows highlight improved local contrastwhenusingmotion-corrected
PET image reconstruction. Green arrows show reduced noise and improved sharpness when combining
motion compensation with MRI-guided PET image reconstruction.
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Comparedwith theMC-MLEM-200-l-reg-gated reconstruction, the
proposed method incorporating MRI guidance further improved
contrast while reducing noise. Statistical analysis showed that these
improvements were generally statistically significant, with the nota-
ble exception of the MC reconstruction.
This lack of significance when including motion correction may

be due to both the nonrigid nature of the respiration-induced motion
of the heart and the variability in respiratory patterns across different
patients. Althoughmotion correction can demonstrate strong improve-
ment in areas of high motion (e.g., Fig. 4), areas of reduced motion in
patients with shallower breathing patterns will result in less difference
between corrected and uncorrected images.
The proposed method did not reduce noise down to clinical stan-

dard levels (Table 1). However, noise levels in clinical PET images
(i.e., at 63 iterations) are arbitrary since sufficiently early termina-
tion can provide almost arbitrarily low noise. Similarly, the pro-
posed method could achieve additional noise reduction by
manually varying the regularization strength. This manually
selected regularization would still lead to increased CRC at matched
noise levels, although a comprehensive evaluation of this approach
remains for future work. Furthermore, the automatic regularization
selection method is designed to be error-optimal, rather than noise-
optimal (18). When the guidance information is imperfect, regular-
ization strength will be reduced in order to produce a faithful, if
more noisy, representation of the PET data. For this reason, the
noise levels from the proposed reconstruction method are a function
of both raw PET data noise level and accuracy of correspondence
between the MR and PET images. By producing better MRI-
based guidance information, or modeling uncertainties of guidance

information, regularization strength
could be increased, further reducing
noise.
Despite the promising results demon-

strated in this study, there are several
areas for improvement that could be
addressed in future work.
The proposed reconstruction method

requires the selection of several tunable
hyperparameters, including motion esti-
mation (number of respiratory bins,
image registration parameters) and ana-
tomic guidance parameters (N j, s).
In this work, such parameters were
selected as in previous studies, and their
impact on the final image qualitywas not
studied. Future work includes a compre-
hensive investigation of these hyper-
parameters, which would be required
before using the proposed method in a
clinical setting. Furthermore, the pro-
posed reconstruction is slow, requiring
about 10 h of computing time per
patient, using a single Intel Xeon 2.6-
GHz central processing unit with an
NVIDIATesla K40M graphics process-
ing unit for the PET projection opera-
tors—resulting in a reconstruction time
that is impractical for clinical adoption.
Options for acceleration include pursu-
ing a subset-based implementation

(25) or applying the MRI guidance after reconstruction with a
deep-learning approach (26).
Although this study demonstrated improvements in contrast and

noise (considering the whole myocardium) and highlighted corre-
spondence between PET and late gadolinium-enhanced images, and
although preliminary assessment showed that the proposed method
increased the contrast-to-noise ratio for transmural defects, the clinical
utility of the images produced by the proposed method in terms of
detection and assessment of myocardial defects was not thoroughly
evaluated. Further studies in which the detectability and delineation
of myocardial viability defects are assessed by expert observers in a
larger cohort of patients are required to fully evaluate the diagnostic
value of this technique.
In clinical practice, cardiac PET/MRI protocols can be up to 40

min long, but the proposed framework uses approximately only 10
min of simultaneous PET-CMRA data. The method could be
extended to include longer PET acquisitions by using surrogate
respiratory motion signals (8).
Although the PET andMRI data in this studywere simultaneously

acquired, there remains no guarantee that the positions of the 2
images correspond perfectly. System imperfections could lead to
misalignment between imaging modalities. Additionally, the dia-
stolic PET acquisition window in each heartbeat is much longer
than the MRI acquisition window, potentially leading to residual
cardiac motion in the PET data that could cause misalignment
between the PET and MR images. This motion could be alleviated
by gating the PET data even more restrictively. However, more
restrictive gating would reduce the counts in the PET data further,
potentially impacting image quality. Alternatively, this cardiac

FIGURE 5. Example short-axis view of reconstructed 18F-FDG PET images for 3 selected CTO patients,
and corresponding late-gadolinium enhancement (LGE) MR images, showing extent of myocardial scar-
ring. Proposed method improves image quality while maintaining appearance of 18F-FDG hypointense
defects (cyanarrowheads).MC-MLEM-200-l-reg-gated imagesare shown todistinguisheffectsofmotion
compensation andguidance. In somecases, uncorrectedPET images falsely depict defect asmore exten-
sive than it actually is (green arrowhead). LGE images are shown only for comparison and did not provide
any information for guided PET reconstructions, which instead used high-resolution CMRA images.
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motion–induced misalignment could be estimated during the recon-
struction (27), although this approach would add considerable compu-
tational cost.

CONCLUSION

Simultaneous PET/MRI has shown potential for improving
PET image quality by using MRI information to address various
degrading factors. In separate research works, MRI-based motion
compensation and MRI-guided reconstruction have been demon-
strated to improve PET image quality. In this work, these devel-
opments were integrated into a single PET/MRI framework
that produces high-quality, diagnostic CMRA images alongside
improved 18F-FDG cardiac PET images. The proposed integrated
PET image reconstruction framework improves image quality by
including MRI-based l-map alignment, respiratory motion
correction and cardiac gating, and MRI-based guidance of
PET data.
The proposed framework was evaluated in terms of contrast and

noise and was compared with several alternative reconstruction
methods for each component of the PET reconstruction approach.
The proposed method produced the highest contrast of all the
methods and significantly reduced image noise compared with a
reference reconstruction that incorporates the motion compensa-
tion components of the framework without MRI guidance. In
addition, applying the proposed framework to 18F-FDG PET
data from cardiac patients demonstrated that the visual appearance
of clinically relevant features, such as hypointense defects, are
preserved.
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KEY POINTS

QUESTION: What is the impact on image quality of incorporating
MRI-basedmotion compensation and anatomic guidance in cardiac
PET image reconstruction?

PERTINENT FINDINGS: The proposed method was tested in 2
cohorts of patientswithmyocardial uptakewho underwent PET/MRI
examinations. The proposed PET reconstruction approach showed
a significant increase in myocardium–to–blood pool contrast com-
pared with standard images, indicative of improved PET quantifi-
cation. Compared with a converged PET image reconstruction
method, inclusion of MRI guidance significantly reduced noise while
preserving edges.

IMPLICATIONS FOR PATIENT CARE: The improved myocardial
PET image quality obtained by the proposed method has the
potential to enhance diagnostic imaging by providingmore accurate
cardiac PET images.
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Previous multicenter imaging studies with 18F-FDG PET have estab-
lished the presence of motor-related and cognition-related metabolic
patterns of Parkinson disease (PD), termed the PD-related pattern
(PDRP) and the PD cognition–related pattern (PDCP), respectively, in
patients with this disorder. Given that in PD cerebral perfusion and
glucosemetabolismare typically coupled in theabsenceofmedication,
we determined whether subject expression of these disease networks
can be quantified in early-phase images fromdynamic 18F-N-(3-fluoro-
propyl)-2b-carboxymethoxy-3b-(4-iodophenyl)nortropane (18F-FPCIT)
PET scans acquired to assess striatal dopamine transporter (DAT)
binding. Methods: We studied a cohort of early-stage PD patients
and age-matched healthy control subjects who underwent 18F-FPCIT
atbaseline; scanswere repeated4y later in asmaller subsetof patients.
Theearly 18F-FPCIT frames,whichreflectcerebralperfusion,wereused
to compute PDRP and PDCP expression (subject scores) in each sub-
ject and were compared with analogous measures computed on the
basis of the 18F-FDG PET scan when additionally available. The late
18F-FPCIT frames were used to measure caudate and putamen DAT
binding in the same individuals. Results: PDRP subject scores from
early-phase 18F-FPCIT and 18F-FDG scans were elevated and striatal
DAT binding was reduced in PD versus healthy subjects. The PDRP
scores from 18F-FPCIT correlated with clinical motor ratings, disease
duration, and corresponding measures from 18F-FDG PET. In addition
tocorrelatingwithdiseasedurationandanalogous18F-FDGPETvalues,
PDCP scores correlated with DAT binding in the caudate or anterior
putamen. PDRP and PDCP subject scores using either method rose
over 4 y, whereas striatal DAT binding declined over the same period.
Conclusion: Early-phase images obtained with 18F-FPCIT PET can
provide an alternative to 18F-FDG PET for PD network quantification.
This technique therefore allows PDRP/PDCP expression and cau-
date/putamenDATbindingtobeevaluatedwithasingle tracer inasingle
scanning session.

Key Words: Parkinson disease; cerebral perfusion; metabolic net-
works; dual-phase imaging; 18F-FPCIT PET; 18F-FDGPET
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Parkinson disease (PD) is characterized by a widespread disrup-
tion of regional cerebral glucose metabolism and blood flow in
response to degeneration of the nigrostriatal dopamine system and
related pathways. Over the last 2 decades, a wide variety of imaging
biomarkers has been developed for PD by measuring, first, striatal
binding of presynaptic and postsynaptic dopaminergic markers
such as dopamine transporter (DAT) and D2 receptor using radioli-
gands with both PET and SPECT; second, regional brain metabo-
lism with 18F-FDG PET; and third, regional brain perfusion with
PET, SPECT, and arterial spin labelingMRI. Dopaminergicmarkers
measure highly localized neurochemical deficits in the brain,
whereas regional metabolism and blood flow provide versatile
markers of functional activity at the network level (1–4).
It has been shown with 18F-FDG PET in American populations

that motor disability and cognitive dysfunction in PD are associated
with highly reproducible disease-related metabolic covariance pat-
terns termed the PD-related pattern (PDRP) (5) and the PD
cognition–related pattern (PDCP) (6), respectively, both of which
have since been replicated in multiple patient cohorts scanned in a
variety of independent imaging centers in Asia and Europe
(4,7–11). Expression levels for PDRP and PDCP in individual
patients (subject scores) correlate with individual differences in
motor and cognitive dysfunction. These measures increase with dis-
ease progression and correlate with striatal presynaptic dopaminer-
gic markers in both cross-sectional (10,12,13) and longitudinal
(14) investigations. More specifically, PDRP and PDCP expression
values have been found to correlate with dopaminergic activity,
respectively, in the posterior putamen and in the caudate and anterior
putamen in a PET study using both 18F-FDG and 18F-FDOPA in the
same patients (15). Indeed, subject scores for these patterns have
been used to assess rates of disease progression and treatment
responses in PDwithout thefloor effects seenwith presynaptic dopa-
minergic imaging markers (16).
PDRP and PDCP subject scores can be measured in cerebral

blood flow images obtained with H2
15O PET and correlate strongly

with analogous scores in concurrent 18F-FDG PET scans in patients
with PD (5,17). These early reports established high reproducibility
of PDRP and PDCP subject scores in test–retest studies with both
cerebral blood flow and metabolic images regardless of clinical
stages and treatment status. This reproducibility suggests that perfu-
sion scans can substitute for 18F-FDG PET because of the tight
coupling between these tracers that exists in the absence of dopami-
nergic medication at the regional and network levels (18,19).

Received Sep. 24, 2020; revision accepted Mar. 9, 2021.
For correspondence or reprints, contact Yilong Ma (yma@northwell.edu).
*Contributed equally to this work.
Published online March 19, 2021.
COPYRIGHT� 2021 by the Society of Nuclear Medicine andMolecular Imaging.

DUAL-PHASE
18F-FPCIT PET IMAGING IN PD � Peng et al. 1775

https://doi.org/10.2967/jnumed.120.257345
mailto:yma@northwell.edu


Subsequent studies have revealed that early-phase scans
from dynamic PET imaging of dopaminergic tracers such as
11C-raclopride provide measures of cerebral perfusion that can com-
plement striatal D2 receptor binding measurements from late-phase
data (20). Indeed, a dynamic PET study with DAT radioligands such
as N-(3-iodoprop-2E-enyl)-2b-carbomethoxy-3b-(4-methyl-phe-
nyl)nortropane (11C-PE2I) or 18F-N-(3-fluoropropyl)-2b-carboxy-
methoxy-3b-(4-iodophenyl)nortropane (18F-FPCIT) can provide a
powerful alternative to dual-tracer or dual-modality examinations
such as 123I-FPCIT SPECT and 18F-FDG PET used for the differen-
tial diagnosis of parkinsonism (21,22). To date, however, it is
unclear whether such early-phase scans can be used (instead of
18F-FDG PET) to quantify PDRP and PDCP expression in patients
and healthy control subjects.
In this PET study, we determined, first, whether PDRP and PDCP

expression levels can be quantified with early-phase 18F-FPCIT
scans (Can these measurements accurately discriminate PD patients
fromHC subjects?); second, howwell these measures correlate with
independent clinical ratings of disease severity; third, howwell these
values compare with corresponding expression levels determined
independently with 18F-FDG PET in the same subjects; fourth,
what the relationships are between pattern expression and caudate
and putamen DAT binding measurements obtained with dynamic
18F-FPCIT PET in the same scanning session; and fifth, how well
these pattern expression measures can track changes associated
with disease progression.

MATERIALS AND METHODS

Human Subjects
Patients with early-stage PD without dyskinesia (n5 25) and

age-matched heathy control (HC) subjects (n5 16) underwent dynamic
18F-FPCIT PET as described elsewhere (12). In PD patients, imaging was
conducted in the fasting state, at least 12 h after the last dose of antiparkin-
sonian medication; before imaging, patients were evaluated clinically
according to Hoehn and Yahr stage and the Unified PD Rating Scale
(UPDRS motor). Clinical and demographic details for these subjects are
provided in Table 1. Of these participants, a subgroup of 18 PD and 7 HC
subjects was additionally studied with 18F-FDG PET under similar scan

conditions, conducted within approximately 1 mo of 18F-FPCIT PET. Of
the patients scanned with 18F-FPCIT and 18F-FDG PET, 8 were rescanned
after an average of 4 y (mean between-session interval, 46.4 6 14.7 mo).
The study was approved by the institutional review board of North Shore
University Hospital. All subjects gave written informed consent after
receiving a detailed explanation of the imaging procedures. The study com-
plied with the Health Insurance Portability and Accountability Act.

Dual-Tracer PET Imaging
PET imaging studies were performed in 3-dimensional mode on a

GE Healthcare Advance camera at North Shore University Hospital. 18F-
FPCIT images were acquired in dynamic mode over 0–100min after injec-
tion. 18F-FDG images were obtained in static mode over 35–45 min after
injection on separate days. Both images were reconstructed using a
3-dimensional reprojection algorithm after attenuation correction with a
PET transmission scan collected for each emission imaging session.
Dynamic 18F-FPCIT frames and static 18F-FDG images were separately
processed according to analytic protocols established at our center (5,23).
Images of DAT bindingwere generated by a specific uptake ratiomeasured
on late-phase 18F-FPCIT PET defined by (voxel count/occipital count21)
between 90 and100min after injection. StriatalDATbindingwas thenmea-
sured on a hemispheric basis and averaged in the caudate nucleus, the puta-
men, and its subdivisions using customized volumes of interest (VOIs) for
each subject. The same set of VOIs was projected onto the DAT binding
images in the follow-up analysis. All dynamic 18F-FPCIT frames (via
early-phase data) and 18F-FDG images were spatially normalized to the
PET template in SPM (Wellcome Department of Imaging Neurosciences,
Institute of Neurology) implemented in Matlab, version 7.3.0 (MathWorks
Inc.), and smoothed with a 3-dimensional gaussian kernel of 10-mm width
to enhance the signal-to-noise ratio over the whole brain.

Network Expression
PDRP and PDCP expression levels (subject scores) were computed

in early-phase dynamic 18F-FPCIT PET scan frames and in the static
18F-FDG images as described in detail elsewhere (2,24). These compu-
tations used an automated, voxel-based algorithm and were conducted
with masking of the subject category (PD or HC), the radiotracer
(18F-FPCIT or 18F-FDG), and the time window or time point. For all
scans, subject scores were standardized (z-scored) with respect to the
mean and SD of the HC group. The software used for these calculations

TABLE 1
Demographic and Clinical Characteristics of HC Subjects and PD Patients

Parameter n Age (y) Sex (F/M) HY stage Duration (y) UPDRS motor

18F-FPCIT

HC 16 52.8 6 17.1 11/5 NA NA NA

PD 25 60.0 6 10.8 6/19 1.6 6 1.0 4.8 6 4.9 12.2 6 9.6

PD1 8 62.6 6 7.1 0/8 1.2 6 0.4 3.0 6 3.1 8.4 6 5.1

PD2* 66.4 6 7.8 2.2 6 0.4 6.8 6 3.5 16.9 6 5.0
18F-FDG

HC 7 59.3 6 13.5 3/4 NA NA NA

PD 18 60.4 6 9.0 4/14 1.3 6 0.4 2.8 6 1.7 9.4 6 4.9

PD1 8 59.2 6 8.0 1/7 1.2 6 0.4 2.0 6 1.3 9.6 6 4.8

PD2* 63.0 6 8.4 2.1 6 0.4 5.8 6 1.4 17.4 6 4.9

*P , 0.0001, paired Student t tests of follow-up data compared with baseline.
HY5 Hoehn and Yahr; UPDRS 5 unified PD rating scale; NA 5 not applicable.
PD1 and PD2 refer to baseline and 4-y scans of longitudinal PD group. Of 8 PD patients with follow-up, 7 had both 18F-FPCIT and 18F-FDG

PET whereas the others underwent imaging with either tracer. Data are mean 6 SD.
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is freely available at http://www.feinsteinneuroscience.org/. To deter-
mine the optimal time window for early-phase imaging, we used linear
interpolation to divide imaging frames of variable duration over the first
10 min after 18F-FPCIT injection into 10 individual frames of 1-min
duration and computed PDRP and PDCP subject scores individually
for each frame (Supplemental Fig. 1; Supplemental Tables 1–2). This
procedure also mitigated the effects of unequal framing in dynamic
acquisitions commonly performed in clinical practice. Mean subject
scores were then calculated by averaging over scan durations of 2, 5,
and 10 min. Composite images (Fig. 1) were also displayed as the
weighted average over the same frames to visualize regional cerebral
perfusion across subject groups.

Statistical Analysis
Differences between 2 independent groups or within-subject changes

between 2 dependent variables were assessed by unpaired and paired
Student t tests, respectively. Differences in the rates of longitudinal
change or in network expression values (subject scores) computed
over the 3 specified 18F-FPCIT time windows were compared using
1- and 2-way repeated-measures ANOVA models. Relationships
between within-subject variables were evaluated in each group by Pear-
son correlation coefficients. Data were analyzed using SPSS software
(SPSS Inc.) running on a Microsoft Windows Virtual PC, with the level
of significance set at a P value of less than 0.05.

RESULTS

Optimal Time Window
PDRP subject scores computed in the individual 1-min frames

over the first 10 min after 18F-FPCIT injection provided similar dis-
crimination of PD patients from HC subjects (Supplemental Fig. 1;
Supplemental Tables 1–2). Additionally, network correlations of
PDRP and PDCP scores with motor ratings, disease duration, and
analogous 18F-FDG PET measures were of comparable magnitude
across the individual frames. Longitudinal changes in subject scores
over the 4-y follow-up period were also similar for the various

frames. The optimal time window was determined by comparing
the performance of subject scores computed for dynamic acquisi-
tions of varying length over the initial 10 min (Supplemental
Table 3; Tables 2 and 3).

Disease Discrimination
Brain perfusion images from early-phase dynamic 18F-FPCIT

scans averaged over the first 2, 5, and 10 min after injection were
similar to corresponding 18F-FDG images in both PD patients and
HC subjects (Fig. 1). The accuracy of group separation and longitu-
dinal change for the various network expression measurements and
for caudate or putamenDATbinding are summarized in Supplemen-
tal Table 3. Subject scores were elevated in the PD group, versus
the HC group, for PDRP (P, 0.04, unpaired t tests) but not
for PDCP (P$ 0.32) in each of the 3 early-phase 18F-FPCIT images
(Figs. 2A and 2B). Subject scores in PD patients obtained with
18F-FDG were also elevated for PDRP (P, 0.02) but did not reach
significance for PDCP (P5 0.11). Computed PDRP subject scores
did not differ significantly among the 3 different early-phase
18F-FPCIT time windows (P5 0.82; 1-way repeated-measures
ANOVA). No significant differences were seen between early-
phase 18F-FPCIT subject scores for each time window and the
corresponding 18F-FDG PET measures (P$ 0.15; paired t tests).
Differences in corresponding PDCP values did not reach significance
across time windows (P5 0.12; 1-way repeated-measures ANOVA)
but were lower for each 18F-FPCIT time window than for 18F-FDG
PET (P, 0.025; paired t tests). By contrast, striatal DAT binding
(Fig. 2C) was reduced (P, 0.001, unpaired t tests) in the PD group,
relative to the HC group, and did not differ between the left and right
striatal regions in the patient andHCgroups (P$ 0.15, paired t tests).
The reduction was greater from the caudate to the anterior and poste-
rior axis of the putamen (P, 0.0001).
In summary, subject scores measured with dynamic 18F-FPCIT

PET between 0 and 10 min had increased sensitivity in discriminat-
ing groups by PDRP (PD vs. HC) and in detecting longitudinal
changes by both PDRP and PDCP (4 y vs. baseline in PD), compared
with the composite 2-min and 5-min early-phase scans (Supplemen-
tal Table 3).We therefore reported the remaining results on the basis
of the composite 10-min frame.

Clinical Correlations
PD patients showed strong intercorrelations between clinical

Hoehn and Yahr stage, Unified PD Rating Scale motor ratings,
and disease duration (r$ 0.700, P, 0.0001); age did not correlate
with the other variables (r # 0.28, P$ 0.18). Off-state Unified PD
Rating Scale motor ratings in PD patients correlated with PDRP
subject scores computed over the first 10 min after 18F-FPCIT in-
jection (r5 0.439, P5 0.028; Supplemental Fig. 2A), but the corre-
lation with PDCP scores did not reach significance in the same time
window (r5 0.339, P5 0.10; Supplemental Fig. 2C). Clinical
motor ratings did not correlate with DAT binding measured for
the caudate, the putamen, or the putamen subregions (Supplemental
Table 4). Disease duration correlated with PDRP (r5 0.409,
P5 0.042; Supplemental Fig. 2B) and PDCP (r5 0.457,
P5 0.022; Supplemental Fig. 2D) subject scores computed for the
10-min frame and with putamen DAT binding (r520.419,
P5 0.037; Supplemental Fig. 3).

Relationships Between 18F-FPCIT and 18F-FDG PET
Imaging Markers
We found significant correlations between PDRP subject scores in

PD measured by the 2 methods (r5 0.863, P, 0.0001; Fig. 3A);

FIGURE 1. Mean images of PD patients and HCs from early-phase 18F-
FPCIT and 18F-FDG PET after spatial normalization into a standard brain
space. Therewas high similarity betweenmean 18F-FPCIT images over first
2, 5, and 10 min after injection and corresponding 18F-FDG images.
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analogous subject score correlations were also seen for PDCP
(r5 0.675, P, 0.005; Fig. 3B). Moreover, within-modality correla-
tions (Supplemental Table 5) were detected between PDRP and
PDCP values measured with early-phase 18F-FPCIT PET in PD
patients (r5 0.750, P, 0.0001; Fig. 3C) and HC subjects
(r5 0.879, P, 0.00001; Supplemental Fig. 4A) and with 18F-FDG
PET in PD patients (r5 0.713, P5 0.001; Supplemental Fig. 4B).
In late-phase scans, DAT binding was significantly correlated for
the caudate and putamen and across putamen subregions (PD:
r$ 0.594, P # 0.002; HC: r$ 0.931, P , 0.0001; Supplemental
Table 4). Nonetheless, caudate and putamen DAT binding correla-
tions with PDRP subject scores computed in the early-phase scans
were not significant (jrj # 0.356; P$ 0.10; Table 2). However,
PDCP expression computed in the early-phase scans exhibited a neg-
ative correlation (Table 3) with DAT binding in the caudate and the
anterior putamen (r520.404, P, 0.05; Fig. 3D). By contrast,
PDCP correlations with DAT binding measured in the whole puta-
men or in the middle and posterior putamen subregions did not reach
significance (jrj# 0.386, P$ 0.06).

Disease Progression
Brain perfusion images from early-phase dynamic 18F-FPCIT

scans were similar to corresponding 18F-FDG images in PD at base-
line and follow-up (Supplemental Fig. 5). Robust increases inHoehn
andYahr clinical stages andmotor ratings (Table 1)were recorded in
the group of 8 PD patients who underwent longitudinal imaging over
the 46-mo period (P, 0.001, paired t tests). The accuracy of longi-
tudinal change for various network scores and for caudate and puta-
men DAT binding is presented in Supplemental Table 3. Expression
levels for the both PDRPandPDCP increased (Figs. 4A,B,D, andE)
over time in early-phase 18F-FPCIT PET (P, 0.01 for each pattern),
as well as in 18F-FDG PET (PDRP: P, 0.0005; PDCP: P, 0.02;
paired t tests). Conversely, the corresponding striatal DAT binding
values in this PD subgroup decreased from baseline in both putamen
and caudate nucleus (P, 0.05; Figs. 4C and 4F).Moreover, the rates
of longitudinal changes did not significantly differ for PDRP and
PDCP subject scores, or for putamen and caudate DATbinding, esti-
mated, respectively, using early- and late-phase 18F-FPCIT PET
(P. 0.10, 23 2 repeated-measures ANOVA). By contrast, changes
in subject scores were greater with 18F-FDG PET than were the cor-
responding values obtained using early-phase 18F-FPCIT PET,
reaching significance for PDRP (P5 0.004) but not for PDCP
(P5 0.182). The changes in subject scores were also greater for
PDRP than for PDCP with 18F-FDG PET (P5 0.035).
No correlations were detected between longitudinal changes in

the imaging variables and motor ratings (jrj # 0.362, P$ 0.38) or
the between-scan interval (jrj # 0.441, P$ 0.27). Interval changes
demonstrated strong correlations in PDRP or PDCP subject scores
between the 5-min and 10-min frames in early-phase 18F-FPCIT
(r$ 0.965, P, 0.0001) and in striatal DAT binding values between
putamen and caudate in late-phase 18F-FPCIT (r5 0.812, P5

0.014). By contrast, significant correlations were not present bet-
ween interval changes in PDRP and PDCP expression measured
with early-phase 18F-FPCIT or 18F-FDG PET (r # 0.536, P$

0.17). Likewise, the changes recorded with the early-phase 18F-
FPCIT did not correlate with analogous changes in 18F-FDG PET
or with changes in striatal DAT binding recorded using the late-
stage 18F-FPCIT scans (jrj # 0.482, P$ 0.27).

DISCUSSION

In this study, we found that PDRP expression levels measured in
early-phase 18F-FPCIT PET scans discriminated patients with early-
stage PD from age-matched HC subjects with similar accuracy for
the first 2, 5, and 10 min of the dynamic 18F-FPCIT PET acquisi-
tions. This level of discrimination was also detected using corre-
sponding values obtained concurrently with 18F-FDG PET in a
smaller sample of PD and control subjects, as reported previously
in similar early-stage PD cohorts (25–28). On the other hand,
PDCP expression did not discriminate patients and HC subjects
scanned with either 18F-FPCIT or 18F-FDG PET, consistent with
the relatively intact cognitive function seen in these early-stage
patients. That said, expression levels for both networks measured
in early-stage PD patients with the early-phase 18F-FPCIT images
exhibited strong correlations with corresponding values from 18F-
FDG PET. Of note, the strength of these subject score correlations
was comparable to that observed in PD patients scanned with both
H2

15O and 18F-FDG PET in the resting state (5,17) and in others
who underwent dual-modality imaging with arterial spin labeling
MRI and 18F-FDG PET (8,29).

FIGURE 2. Differences in network scores and striatal DAT binding in PD
patients compared with age-matched HC subjects. (A and B) Elevation in
PDRP but not PDCP expression with pseudo-cerebral blood flow images
from early-phase 18F-FPCIT PET (0–2, 0–5, and 0–10 min) and metabolic
images from 18F-FDGPET. (C) Reduction in striatal DAT binding in caudate,
putamen, andsubdivisionsof putamen from late-phase 18F-FPCITPETover
90–100 min. SOR 5 striatal-occipital ratio. *P , 0.05, unpaired Student t
test. ***P, 0.001, unpaired Student t test.
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We also found that PDRP expression levels measured in early-
stage PD patients using early-phase 18F-FPCIT PET (2, 5, and 10
min) correlated with independent motor ratings, in keeping with
previously published 18F-FDG PET studies (1,7,9,27). Accord-
ingly, analogous correlations with motor disability were not seen
for PDCP subject scores computed in the same subjects
(1,11,30). Along these lines, PDRP and PDCP expression levels
computed in early-phase 18F-FPCIT PET scans correlated with dis-
ease duration. Moreover, significant increases in these measures
were seen over time in patients scanned longitudinally by this

method, at rates comparable to those assessed using 18F-FDG
PET for network quantification (16). Nonetheless, given the small
sample size, we were underpowered to detect any correlations
between the changes in these brain network markers and clinical
motor ratings.
On the other hand, symmetric and significant reductions in DAT

bindingwere seen in the caudate and putamen, and in putamen subre-
gions in late-phase 18F-FPCIT PET scans from the same patients. In
accord with prior studies, reductions in putamen DAT binding were
seen with increasing disease duration (31). It is noteworthy that

TABLE 2
Correlations Between Clinical Data and PDRP Scores or Striatal DAT Binding Values in PD Patients

Parameter UPDRS Duration 18F-FPCIT over 0-2 min 18F-FPCIT over 0-5 min 18F-FPCIT over 0-10 min

PDRP score
18F-FPCIT over 0-2 min 0.423* 0.391
18F-FPCIT over 0-5 min 0.438* 0.407* 0.983†

18F-FPCIT over 0-10 min 0.439* 0.409* 0.954† 0.992†

18F-FDG 0.754† 0.837† 0.863†

Striatal DAT binding

Caudate 20.256 20.290 20.306

Putamen (whole) 20.304 20.301 20.289

Anterior 20.270 20.273 20.266

Middle 20.356 20.351 20.342

Posterior 20.319 20.307 20.297

*P , 0.05.
†P , 0.0001.
UPDRS 5 unified PD rating scale.
Data are Pearson correlation coefficients.

TABLE 3
Correlations Between Clinical Data and PDCP Scores or Striatal DAT Binding Values in PD Patients

Parameter UPDRS Duration 18F-FPCIT over 0-2 min 18F-FPCIT over 0-5 min 18F-FPCIT over 0-10 min

PDCP score
18F-FPCIT over 0-2 min 0.240 0.483*
18F-FPCIT over 0-5 min 0.318 0.483* 0.939†

18F-FPCIT over 0-10 min 0.339 0.457* 0.865† 0.983†

18F-FDG 0.510* 0.641‡ 0.675‡

Striatal DAT binding

Caudate 20.446* 20.430* 20.404*

Putamen (whole) 20.380 20.345 20.299

Anterior 20.481* 20.419* 20.365

Middle 20.386 20.368 20.334

Posterior 20.264 20.259 20.237

*P , 0.05.
†P , 0.0001.
‡P , 0.005.
UPDRS 5 unified PD rating scale.
Data are Pearson correlation coefficients.
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individual differences in caudate and anterior putamenDAT binding
correlated with PDCP (but not PDRP) expression levels measured in
the early-phase 18F-FPCIT PET scans. This correlation underscores
the role of these regions inmediating cognitive dysfunction in nonde-
mented PD patients (12,15,32). That said, significant correlations
were not observed between PDRP expression and putamen DAT
binding. This lack of correlation was likely attributable to the lower
signal and incipient floor effects noted in this region even in early-
stagePDpatients (14,33).Although caudate and putamenDATbind-
ing declined significantly over the 4-y longitudinal study, the changes
were small compared with the increases in PDRP and PDCP expres-
sion seen concurrently in the same subjects. This difference and the
relatively small sample size may account for the absence of correla-
tions between interval changes in the imaging measures.
PDRP and PDCP expression can be reliably quantified in

early-phase 18F-FPCIT PET scan data using computational methods
similar to those used with 18F-FDG PET. Indeed, the early-phase
measurements were quite stable in discriminating early-stage PD
from HC subjects and in assessing longitudinal changes in scans
acquired over the initial 10 min after injection (Supplemental
Tables 1–2). Likewise, correlations of PDRP and PDCP subject
scoreswith motor ratings and disease duration, and with correspond-
ing 18F-FDG PET measurements, were maintained over each of the
1-min frames. Indeed, these findings are consistent with the perfor-
mance of the composite frames obtained over the first 2, 5, and
10 min after injection.
Our results further indicate that early-phase 18F-FPCIT PET

images recorded over the first 10 min are superior for assessing
PDRP and PDCP expression in individual patients. This superior-
ity is likely due to the higher signal-to-noise ratio inherent in the

long-time-frame images. Indeed, these scans
exhibited stronger correlations with corre-
sponding expression values from 18F-FDG
PET, aswell aswithUnifiedPDRatingScale
motor ratings (Tables 2–3; Fig. 3; Supple-
mental Fig. 2). In this regard, the findings
are in line with previously reported regional
data(22).Moreover,the10-mintimewindow
provided useful networkmeasurements even
afteromittingthefirst1,2,oreven5minofthe
acquisition (Supplemental Tables 6–8).
It has been reported that the early-phase

data of many specific PET radioligands
mimic brain perfusion in healthy subjects
and in patients with neurodegenerative dis-
orders. This report has been validated in
PET imaging studies of Alzheimer disease
(34,35). Early-phase data from dopaminer-
gic PET tracers such as 18F-FDOPA (15),
11C-raclopride (20), or DAT tracers such
as 11C-PE2I (21) can similarly be used to
compute PDRP and PDCP expression in
individual subjects. Dual-phase imaging
with these tracers may offer the advantage
of network quantification and dopaminergic
assessments in a single PET session.
This study was limited in several ways.

Because only a portion of the current sample
was imaged with both tracers, we were
unable to rigorously compare the early-

and late-phase 18F-FPCITmeasurements with 18F-FDGPET subject
scores from the same individuals. Although PDRP scores in the
early-phase 18F-FPCIT data were comparable to 18F-FDG PET,
analogous PDCP scores from 18F-FPCIT tended to be somewhat
lower, particularly when the frames were integrated over a longer
duration. Whether 18F-FDG PET is more sensitive to gauging
PDCP expression than is 18F-FPCIT PET remains to be investigated
by assessing the strength and reliability of their neuropsychologic
correlates in PD patients with cognitive dysfunction. That said,
PDRP and PDCP subject scores computed in early-phase 18F-FPCIT
PET scans replicated the findings in PD reported in many prior stud-
ies on this topic with 18F-FDG PET.
The use of dynamic 18F-FPCIT PETmay help in the evaluation of

antiparkinsonian treatments in which nigrostriatal dopamine func-
tion is improved along with downstream changes in disease net-
works such as PDRP. For example, in an 18F-FDG PET study of
retinal pigmented epithelial cells implanted in the putamen of par-
kinsonian nonhuman primates, we found that expression levels for
the parkinsonism-related pattern (homologous to the PDRP in
human PD) (36,37) were reduced by treatment (38). Conceivably,
this change can be captured using early-phase 18F-FPCIT PETwhile
quantifying potential changes in dopaminergic innervation through
late-phase imaging.Whereas cell-based interventions such as retinal
pigmented epithelial cell implantationwill not necessarily alter stria-
tal DAT binding, dynamic 18F-FPCIT PET may be appropriate for
disease-modifying interventions such as the induction of growth fac-
tors in the putamen (39).Moreover, concurrentmeasurements of dis-
ease network expression in early-phase data can improve the
accuracy of differential diagnosis based on clinical assessments
with or without adjunctive dopaminergic imaging (10,40–42).

FIGURE3. Correlations innetwork scores betweensurrogate cerebral blood flow images fromearly-
phase 18F-FPCIT andmetabolic images in PD patients. (A and B) PDRP/PDCP expression computed
using 18F-FPCIT PET over 0–10 min correlated closely with that obtained with 18F-FDG PET in same
subjects (PDRP: r 5 0.863, P , 0.0001; PDCP: r 5 0.675, P , 0.005; Pearson correlations). (C and
D) Corresponding PDCP expression correlated with PDRP expression (r 5 0.750, P , 0.0001) and
DAT binding in caudate (r520.404, P, 0.05). SOR5 striatal-occipital ratio.
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This hybrid approachmay be especially useful in screening potential
participants in trials of new interventions for PD and related
disorders.
We emphasize that in this study, early-phase 18F-FPCIT PET

scans were used solely to quantify expression levels for the 2 vali-
dated disease-related metabolic networks, namely PDRP and
PDCP. We did not interrogate other patient populations to see
whether early-phase dynamic acquisitions appropriately captured
other disease-related covariance patterns such as those reported pre-
viously formultiple-systematrophy, progressive supranuclear palsy,
and corticobasal degeneration (43,44). It is also worth noting that
although regional and network-level measurements of cerebral
blood flow and glucose metabolism are coupled in healthy subjects
and in early-stage PD patients scanned off medication, significant
dissociation between these measures occurs during dopaminergic
treatment (18,19). Uncoupling effects of this sort are particularly
prominent in brain regions such as the putamen in which dopaminer-
gic afferents are present to both neurons and blood vessels (45).
Lastly, network approaches have recently been used to map specific
treatment-induced metabolic patterns for investigational purposes
(46). It is unclear at present, however, whether early-phase scans
have sufficient power to capture stable network topographies of
this sort. Further studies with both tracers will be needed to address
these issues.

CONCLUSION

Dual-phase 18F-FPCIT PET is a viable methodology for quantita-
tive assessment of PD-related metabolic brain networks and presyn-
aptic nigrostriatal dopaminergic functioning in a single imaging
session. The ability to measure PDRP and PDCP expression levels
and caudate and putamen DAT binding in individual patients after

the injection of a single radiotracer repre-
sents a substantial saving in time and cost
and is more convenient for patients.
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KEY POINTS

QUESTION: Can the subject expression scores of disease-related
brain networks bemeasured in early-phase dynamic 18F-FPCIT PET
images used to assess striatal DAT binding, and how do these
measures compare with analogous network scores obtained with
currently acquired 18F-FDG PET scans and clinical indicators of
disease severity and duration?

PERTINENT FINDINGS: The PDRP scores from 18F-FPCIT corre-
lated with the severity of clinical motor symptoms, whereas both
PDRP and PDCP scores correlated with disease duration and more
strongly with analogous brain network scores from 18F-FDG in the
same patients. The PDCP scores from 18F-FPCIT data also corre-
lated with DAT binding in caudate/anterior putamen, and the corre-
sponding PDRP and PDCP scores from both early-phase 18F-FPCIT
and 18F-FDG images increased with striatal DAT binding and further
decreased from baseline in a subset of PD patients with follow-up.

IMPLICATIONS FOR PATIENT CARE: The method can be used to
improve the outcomes of patient care and clinical research studies
by increasing throughput in nuclear medicine centers with minimum
radiation exposure and by more fully characterizing neuropatho-
physiology and evaluating disease discrimination and progression in
parkinsonism.

FIGURE 4. Longitudinal changes in network scores and striatal DAT binding in PD patients who
underwent repeat PET imaging with both 18F-FPCIT and 18F-FDG. (A, B, D, and E) Increases in
PDRP and PDCP expression (P, 0.02, paired Student t tests) with proxy cerebral blood flow images
from early-phase 18F-FPCIT PET over 0–10 min and metabolic images. (C and F) Reduction in striatal
DAT binding (P , 0.05) in putamen and caudate from late-phase 18F-FPCIT PET over 90–100 min.
(Color codes are same for 7 PD subjectswith dual-tracer data, with different colors for 2 other subjects
with either 18F-FPCIT or 18F-FDG PET.) SOR5 striatal-occipital ratio.
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Criteria for the behavioral variant of frontotemporal dementia (bvFTD)
includedecreased frontalmetabolism. 18F-FDGPETwasused to inves-
tigatewhetherpatientswith thebehavioralvariantofneurocognitivedis-
order (bvNCD) who did not fulfill 3 bvFTD criteria had the characteristic
brain metabolic pattern. Methods: Patients were referred from the
memory clinic to the nuclear medicine department for differential diag-
nosis of neurocognitive disorder with dysexecutive syndrome and pre-
dominant mild frontal atrophy. When only 2 bvFTD criteria were met,
patients were classified into 2 groups before 18F-FDG PET: probable
bvFTD (n525) or bvNCD (n527).Results:Voxel-based andmultivar-
iate partial least-squares analyses of 18F-FDGPET did not show signif-
icant between-group difference at inclusion. After 4.8 y of follow-up,
most patients with probable bvFTD received the same diagnosis, 3
remained stable, and 1 participant was given a psychiatric diagnosis.
Five patients with bvNCD fulfilled the criteria for probable bvFTD at a
4.4-y mean follow-up, whereas 2 participants remained stable and 3
received alternative neurologic or psychiatric diagnoses. When initial
18F-FDG PET findings were compared between groups stratified at
follow-up(26bvFTDvs.17bvNCD), therewasatrend (P,0.001,uncor-
rected) for lowerprefrontalmetabolismwith relativelypreservedpremo-
tor metabolism in bvFTD than in bvNCD. Twelve bvNCD participants
hadneuropsychologic testingbefore inclusion.Theyallpresentedexec-
utive dysfunction and normal visuospatial performance, and most
(n5 9) had memory-encoding impairment. Conclusion: Frontal hypo-
metabolism was observed in a dysexecutive presentation of frontal
neurodegenerative disorder (bvNCD) that did not fulfill all clinical criteria
for bvFTD.
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Frontotemporal dementia (FTD) represents about 15% of all
neurodegenerative dementias. The onset of the behavioral variant
of FTD (bvFTD) is insidious, and early diagnosis is difficult.
Revised bvFTD clinical criteria were recently described (1). They
state that bvFTD is characterized by progressive deterioration of
behavior and cognition. The diagnosis is classified as possible
when 3 of the following symptoms are present: early disinhibition,
early apathy, loss of empathy, stereotyped or compulsive behavior,
hyperorality, and executive deficit with relative preservation of me-
mory and visuospatial functions. The diagnosis becomes probable

when frontal or anterior temporal atrophy or hypometabolism can
be demonstrated and when significant functional decline is observed
at follow-up. bvFTD diagnostic criteria are not achieved when only
2 of these symptoms are observed, irrespective of other factors,
including neuroimaging results. This study was performed to deter-
mine the outcome of patients with only 2 symptoms suggesting
bvFTD. Exclusion criteria correspond to other neuropsychiatric dis-
eases.Effectively, frontal involvement isobserved inpsychiatric con-
ditions, in parkinsonian disorders, or in a frontal presentation of
Alzheimer disease (AD), for example. Among the inclusion criteria,
the neuropsychologic profile may be variable, sincememory impair-
ment is frequently reported inbvFTDwhenassessedwithspecificepi-
sodicmemory tasks (2).Rascovsky et al. (1) reported19patientswith
pathologically confirmed frontotemporal lobar degenerationwhodid
notmeet all bvFTDcriteria, and 10 had importantmemory problems.
The sensitivity and specificity of neuroimaging for the bvFTD

diagnosis have been assessed in several studies. One study using vol-
umetric imaging and regions of interest compared bvFTD, semantic
dementia, and progressive nonfluent aphasia (3). Each syndrome
could be discriminated from each other with high sensitivity
(86%–100%) and specificity (89%–100%). Characteristic frontal
and temporal metabolic impairment on 18F-FDG PET was shown
in bvFTD with different statistical approaches (4,5). In a study of
patients with suspected FTD but no characteristic changes on struc-
tural imaging, 18F-FDG PET had a relatively low sensitivity of 47%
for bvFTD but a high specificity of 92% in a sample with diverse
neurologic and psychiatric diagnoses at follow up (6). Yet,
18F-FDG PET was important because it identified bvFTD that could
not be diagnosed through structural imaging. Sensitivity and accu-
racy for detecting FTD are higher with 18F-FDG PET than with
MRI (7). Actually, the utility of 18F-FDG PET in distinguishing
AD from FTD has long been recognized, and the technique meets
many of the ideal characteristics for a biomarker. Notably, it reflects
a fundamental FTD pathologic feature, that is, the selective regional
pathology in the anterior brain. Accordingly, frontal hypometabo-
lism was already observed in carriers of progranulin mutation pre-
dating dementia (8). Interestingly, a phenocopy was described
with a slow evolution and no decline in functional activities, in
which the initial diagnosis of possible FTD is not accompanied by
frontal atrophy or hypometabolism (9). Among the differential diag-
noses, frontal hypometabolism can be observed in schizophrenia,
depression, or alcohol abuse, for example (10,11). In the latter study
(11), a group of patients with initial behavioral changes received,
after a 2-y follow-up, a diagnosis of probable or definite bvFTD
(24%), other dementia (25%), or psychiatric disorder (40%).
The specificity of frontotemporal atrophy on baseline MRI for
bvFTD was 95%, reflecting neurodegeneration. The sensitivity of
18F-FDG PET frontal hypometabolism in participants with normal
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MRI findings was 90%, with a low specificity of 68% because of
decreased frontal activity in primary psychiatric cases and other
types of dementia (11).
In the present study, we examined successive patients who were

referred to the nuclearmedicine department for a differential diagno-
sis of the behavioral variant of neurocognitive disorder (bvNCD)
(12), had no major psychiatric disorder, and had variable but pre-
dominant frontal atrophy on structural neuroimaging. Our objective
was to investigate whether patients with bvNCDwho did not fulfill 3
bvFTD criteria had the characteristic brain metabolic pattern. To do
so, 2 main subgroupswere identified according to clinical symptoms
at inclusion and follow-up: patients with probable bvFTD (1) and
patientswith bvNCD. If therewas a specific signature, lower glucose
uptake in the medial frontal regions was anticipated in bvFTD
patients (4).

MATERIALS AND METHODS

Participants
Patients with neurocognitive disorder as explained in Sachdev et al.

(according to the criteria of the fifth edition of theDiagnostic and Statis-
tical Manual of Mental Disorders) (12), and with behavioral and cogni-
tive dysexecutive syndrome but no major psychiatric disorders, were
referred from the memory clinic to the nuclear medicine department
for differential diagnosis. Patients had difficulty with executive func-
tions, frequent memory complaints, minor language or visuospatial dis-
turbance, and a variable number of behavioral symptoms (Table 1).
Clinical evaluation of executive difficulties was based on the caregiver’s
or patient’s reports of changes in initiative, planning, or organization of
activities and on reports and clinical observation of impulsivity, lack of
flexibility and deduction, and sometimes poor awareness of difficulties.
Most participants had impaired effortful memory recall and improved
performance when a choice was given at recognition during medical
screening. Neuropsychologic testing was quite variable (from a short
screening to a full neuropsychologic battery); behavioral abnormalities
reported by the patient and the caregiver were recorded in a standard for-
mat according to recent criteria (1), but social cognitionwas not formally
evaluated. We included 52 participants (29 women and 23 men) with
predominant frontal (vs. posterior) atrophy at visual inspection of struc-
tural 3-dimensional brain images (Table 1). Participants without atrophy
were not included to avoid phenocopies of behavioral disorders (9).
Patients with probable AD (13) or parkinsonism were not included. At
the time of 18F-FDG PET, the population was classified into 2 sub-
groups, probable bvFTD (n5 25), when 3 or more diagnostic criteria
were met, and bvNCD, when only 2 bvFTD clinical criteria were
recorded (n5 27). The diagnosis of neurocognitive disorder excluded
psychiatric disease and addiction (12). Clinical dementia rating allowed
assessment of the severity of dementia (14). Patients were subsequently
followed in thememory clinic to record additional diagnostic symptoms,
clinical deterioration or stabilization, or alternative neurologic or psychi-
atric diagnoses.

For the sake of comparison with the literature, 18F-FDG PET data
from 32 healthy older participants and 52 patients with probable AD
(15) were also gathered (Supplemental Table 1; supplemental materials
are available at http://jnm.snmjournals.org). This study followed the
Declaration of Helsinki on medical protocols and ethics and was
approved by the Medical Ethical Committee of the University of Liege.
All subjects gave informed consent to the use of their data for research
purposes.

Neuroimaging
18F-FDG PET and Structural Imaging. 18F-FDG PET was per-

formed 30 min after intravenous injection of 150 MBq (610%) of

18F-FDG, with eyes closed, using a Gemini TF scanner (Philips) with
an 18-cm axial field of view and a 4.8-mm resolution in air (axial reso-
lution in the center of the field of view). A low-dose CT scan was
acquired for attenuation correction, followed by a 12-min emission
scan. Images were reconstructed using a list-mode time-of-flight algo-
rithm including correction for attenuation, dead time, scatter, and ran-
dom events. Since some of the early healthy participants moved
between CT and PET acquisitions, a row-action maximum-likelihood
algorithm reconstruction assuming uniform attenuation was performed.
Those images were used for all analyses. Reconstructed images had a
2-mm isotropic pixel size and a 128 3 128 3 90 matrix.

As per the protocol, all patients had variable frontal atrophy on struc-
tural neuroimaging (brain CT or brainMRI) performed as part of the clin-
ical routine. The global cortical atrophy–frontal subscale scores were
visually rated on transverse sections of structural cerebral images (16).

18F-FDG PET Processing and Statistical Analyses. PET data
were subjected to an affine and nonlinear spatial normalization onto
the Montreal Neurologic Institute space using the SPM12 standard

TABLE 1
Demographic and Clinical Characteristics of Frontal Patient

Groups

Characteristic bvFTD
(n 5 25)

bvNCD
(n 5 27)

Sex (% women) 40 70*

Age (y)

Mean 68.2 (11.3) 75.8 (7.2)*

Range 47–88 51–86

Family history of dementia (%) 32 22

Vascular risk factors (%) 44 81*

Symptom duration (y) 5.3 (4.0) 4.1 (2.9)

MMSE (0–30) 24.7 (3.7) 24.9 (3.5)

CDR of 0–3 1.86 (0.76) 1.15 (0.55)*

CDR (n)

0.5 1 6

1 7 14

2 12 7

3 5 0

Impaired memory (%) 84 100

Impaired spatial abilities (%) 4 15

Impaired executive functions (%) 80 78

Decreased inhibition (%) 52 15*

Apathy (%) 80 44*

Loss of empathy (%) 52 11*

Perseveration/compulsion (%) 92 33*

Hyperorality (%) 60 15*

Number of criteria over 6 4.2 (0.9) 2 (0)

Anosognosia (%) 64 41*

Frontal atrophy (GCAF 0–3) 1.35 (0.69) 1.38 (0.73)

*Significant difference at P , 0.05.
MMSE5mini mental state exam; CDR5 clinical dementia rating;

GCAF 5 global cortical atrophy–frontal scale.
Values in parentheses are SD.
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PET brain template (Wellcome Department of Cognitive Neurology)
and smoothed using an isotropic gaussian kernel of 8 mm in full width
at half maximum. A mean image was generated that served as a study-
specific brain template. Each PET image was then spatially normalized
onto this brain template and smoothed with an isotropic gaussian kernel
of 12 mm in full width at half maximum. Partial-volume effect could not
be considered because MRI was not obtained for all participants. The
normalized 18F-FDG PET images were entered in a general linear model
with a factorial design including the frontal groups, controls, and AD
patients, using proportional scaling by cerebral global mean values to
take into account the individual variation in global 18F-FDG uptake. Ref-
erence tissuewas not used because none is recommended in bvFTD. The
analyses consisted of comparisons: frontal groups versus control volun-
teers, frontal groups versus AD patients, and bvFTD versus bvNCD,
using age and sex as confounding variables. Significant group differ-
ences in regional metabolism were tested with a statistical threshold of
P , 0.05, familywise-error–corrected for multiple comparisons at the
voxel level, and trends were also searched for (P, 0.001, uncorrected,
k. 10).We performed a second analysis on groups defined at follow-up
(bvFTD vs. bvNCD), entering patients with other diagnoses as variables
of no interest.

We also provided amultivariate approach—using spatiotemporal par-
tial least-square analysis (17)—that operates on voxel metabolic covari-
ance to identify 1 component (latent variable, LV) that optimally
distinguishes between 2 groups. We used nonrotated task partial least-
squares in which a design matrix comparing 2 conditions (bvFTD vs.
controls, bvNCD vs. controls, bvFTD vs. bvNCD) and the image data
matrix (1 mean-centered PET image per subject) were submitted to sin-
gular value decomposition. The resulting LV has a singular value that
represents the amount of covariance between the design matrix and
the image matrix. Each brain voxel has a weight (a salience) on the
LV that indicates how that voxel is related to the LV. The salience is pos-
itive for one group and negative for the other. The significance for the LV
was determined by a permutation test. The singular value of each newly
permuted LV was compared with the singular value of the original LV,
yielding a probability of the number of times the permuted values exceed
the original value. Six hundred permutations were conducted, and the
statistical significance level was set at aP value of less than 0.05. Finally,
the reliability of the saliences for the brain voxels characterizing LVwas
assessed by a bootstrap analysis of the standard errors using 150 boot-
strap samples (18). A reliable contribution for a given voxel was defined
as a ratio of salience to SE superior or equal to 3 (cluster size. 5, P,

0.005).
Demographic and clinical data at inclusion were compared between

frontal groups using 2-sample t tests or x2 tests (P , 0.05) in Statistica
(StatSoft, Inc.). Additionally, the frequency of clinical bvFTD symp-
toms was compared between the 2 groups by means of
Mann–Whitney tests, with an a-level of 0.05.

RESULTS

Clinical Data
We compared clinical manifestations in the cohort of 52 patients,

contrasting the bvFTD group versus the bvNCD group (Table 1).
Patients with bvFTD were younger than patients with bvNCD

(t505 2.9, P , 0.01). There was a majority of men in the bvFTD
group and a majority of women in the bvNCD group (x25 4.85, P
, 0.05). The symptom duration did not differ between groups
(P5 0.21). Dementia severity was more important in the bvFTD
group than in the bvNCDgroup according to clinical dementia rating
(t50523.89, P, 0.001). However, there was no difference in mini
mental state exam score at the time of 18F-FDG PET between the 2
groups. A familial history of dementia was reported in 10 bvFTD

patients and 6 bvNCD patients. Vascular risk factors were less fre-
quent in the bvFTD group.
Table 1 also presents the frequency of behavioral symptoms in the

frontal groups. Comparison revealed that bvFTD patients exhibited
more symptoms of disinhibition, apathy, loss of empathy, stereo-
types, and hyperorality than did bvNCD patients. BvFTD patients
more frequently showed anosognosia than did bvNCD patients (all
significant, P values , 0.05). There was no between-group differ-
ence for initial complaints regarding executive functioning, memory
and visuospatial impairment. bvNCD participants appeared to have
more cognitive than behavioral symptoms (Table 1).
Frontal atrophy was mild to moderate in most patients and severe

in only few of them. The global cortical atrophy–frontal subscale
scores did not differ between groups (t495 0.12, P5 0.89). Genetic
testing (comprising C9orf72) was obtained in 7 bvFTD and 5
bvNCD participants, and no mutation was observed.
The mean clinical follow-up duration was 4.86 3.1 y for bvFTD

patients and 4.4 6 2.4 y for bvNCD patients. This duration did not
differ between groups (t50520.50, P5 0.61). Follow-up did not
much modify the group attribution for bvFTD, with 1 psychiatric
diagnosis (depression) and 3 participants with no or very slow pro-
gression (stable cases). The behavioral symptoms and dependence
tended to worsen in the remaining 21 bvFTD patients who met the
diagnosis criteria for probable bvFTD at follow-up. Follow-up pro-
vided little additional information for a differential diagnosis in the
bvNCD group, with 5 participants reaching 3 diagnostic criteria for
bvFTD, 2 cases being stable, 1 having vascular dementia, 1 a psychi-
atric disorder (depression), and 1 alcohol addiction. The other
bvNCD cases (n5 17) could not be more precisely defined follow-
ing bvFTD criteria. All participants with unexpected evolution are
identified in the graphical representation of frontal 18F-FDG uptake
in the “Brain Metabolism” section. Twelve patients with a bvNCD
diagnosis at follow-up (70%) had a full neuropsychologic examina-
tion during their diagnostic assessment. The forward and backward
digit span results were normal in 11 patients. Long-term memory
impairment concerned effortful (executive) retrieval in 11 patients
and encoding in 9 patients, whereas intrusions were observed in 4
patients (19). Slowness was recorded in 6 patients when assessing
simple conditions in the Stroop experiment (20). Dysexecutive func-
tion corresponded to impaired verbal inhibition (20) or planning dif-
ficulties for remembering Rey’s figure (21) or perseverations in
graphical or motor sequences or impaired verbal fluency. Visuospa-
tial performance was normal, whereas naming was impaired in 3
patients. In summary, the main results of the neuropsychologic eval-
uation in this sample were dysexecutive functioning in all patients
and memory encoding impairment in 9 patients.

Brain Metabolism
Visual reading reported frontal hypometabolism in each patient

(Supplemental Fig. 1).
SPM12 statistical analyses contrasting 18F-FDG PET in each

frontal group with healthy controls at inclusion revealed a
significant reduction of frontal metabolism in both patient groups
(Fig. 1; Table 2). Compared with the control group, the bvFTD
group seemed to have a more extended decrease of cerebral activity
bilaterally in the frontal areas than did the bvNCD group, but the
direct group comparison did not reveal any significant difference.
Therewas only a trend (P, 0.001, uncorrected formultiple compar-
isons) for the bvFTD patients to have a greater hypometabolism than
the bvNCD patients in the dorsal anterior cingulate cortex (Montreal
Neurologic Institute coordinates: x5 15, y5 41, z5 19, Z5 3.72,
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k5 56), a region belonging to the salience network (22), and in the
inferior temporal pole (x5 33, y5 5, z5244, k5 49). There was a
trend (P, 0.001, uncorrected) for the bvNCD group to have a lower
metabolism than did the bvFTD group in the left intraparietal sulcus
(x5233, y5237, z 5 46, k5 41). Adding frontal atrophy mea-
sure as a confounding covariate in the contrast did not modify the
result.
We also confirmed that the 2 frontal groups demonstrated reduced

frontal activity compared with AD (Table 2).
Multivariate partial least-squares analysis showed that 1 LV rep-

resented a significant group difference (P, 0.001) for both bvFTD
versus controls and bvNCD versus controls. The brain metabolic
involvement was similar in both groups (Fig. 2). There was no

significant LV between the bvFTD and bvNCD groups, confirming
the univariate results.
Since few patients had unexpected follow-up results, plots of

18F-FDG PET uptake for the bvFTD and bvNCD groups were gen-
erated for regions with the maximum SPM12 voxel significance in
order to identify potential outliers (Fig. 3). A single patient had
higher left prefrontal 18F-FDG PET uptake than did the others in
the bvNCD group, and the diagnosis for this patient was a slowly
progressive form of bvNCD. Of note, other patients whose
follow-up diagnosis changed to an alternative diagnosis (e.g., stable,
vascular, or psychiatric cases) had frontal metabolic values within
the ranges of patients whose diagnosis was confirmed at follow-up.
We compared participantswith a diagnosis of bvFTD (n5 211 5)

and bvNCD (n5 17) at follow-up. There was no significant differ-
ence in 18F-FDG PET distribution. We observed a trend (P ,
0.001, uncorrected) for lowermetabolism in themedial frontal cortex

FIGURE 1. SPM12 analysis of 18F-FDG PET for frontal patients overlaid
on MRI template (P , 0.05, familywise-error–corrected for multiple
comparisons).

TABLE 2
18F-FDG PET SPM12 Analysis: Regions Showing Metabolic Differences Between Groups

MNI coordinates

Parameter Region x y z z score Cluster size

bvFTD , bvNCD; bvNCD , bvFTD None

bvFTD , controls Bilateral frontal 239 26 40 6.99 4,649

Right caudate 12 14 1 5.11 25

Cingulate cortex 0 222 34 4.82 41

bvNCD , controls Right frontal 42 56 19 6.97 234

Left frontal 242 23 37 6.14 1,763

Right insular 54 17 211 5.24 27

Right frontal 33 14 43 5.07 55

Right frontal 60 11 40 4.96 62

bvFTD , AD Bilateral frontal 48 32 214 6.43 2,024

bvNCD , AD Left frontal 212 68 25 6.37 290

Right frontal 45 56 13 5.67 328

Left orbitofrontal 224 20 223 5.67 209

Right orbitofrontal 30 23 214 5.46 74

Right precentral 60 8 43 5.28 47

MNI 5 Montreal Neurologic Institute.

FIGURE 2. Multivariate partial least-squares results: topography of cere-
bral hypometabolism in bvFTD patients and frontal bvNCD patients when
compared with controls. Color scale represents bootstrap ratio (hot colors
for areas with decreased metabolism in patients compared with controls;
cold color for reverse contrast).
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(x5 13, y5 32, z5 28, k5 12) and relatively higher metabolism in
the premotor cortex (x5224, y5216, z5 61, k5 68, and x5 29,
y5220, z5 61, k5 18) for bvFTD compared with bvNCD.

DISCUSSION

A frontotemporal decrease in metabolism is considered an
important criterion for a diagnosis of probable bvFTD (1).
Accordingly, we studied a group of patients who were referred
for a differential diagnosis of neurocognitive and behavioral dys-
executive disorder and had some degree of frontal atrophy on
structural brain images. Patients either fulfilled the criteria for
probable bvFTD or presented with bvNCD and did not fulfill
the 3 required clinical diagnostic criteria (1). Statistical analysis
of the 18F-FDG PET results revealed that both bvFTD and
bvNCD patients presented with a pattern of frontal hypometabo-
lism, compared with controls and AD patients. When groups of
bvFTD and bvNCD patients were compared at inclusion and at
follow-up, there was only a trend for lower dorsomedial prefrontal
metabolism in bvFTD. bvNCD participants had more cognitive
than behavioral symptoms, and all had memory impairment.
Although we do not have neuropathologic or genetic confirmation,
such participants may correspond to a subgroup of bvFTD patients
already described by Rascovsky et al. (1).
Patients first came to the memory clinic with memory and execu-

tive complaints. At follow-up, only 2 bvNCD and 1 bvFTD patients
were diagnosed with psychiatric disease or addiction. None received
a diagnosis of parkinsonism, but 1 bvNCD patient had vascular
dementia, which corresponded to an alternative diagnosis (23). A
differential diagnosis for the bvNCD patients would have been
AD, as the proportion of patients with FTD syndrome and AD neu-
ropathology is not negligible (24). However, our bvNCD patients
did not have a typical AD-related hypometabolic pattern in the pos-
terior associative cortices. Effectively, the dysexecutive variant of
ADwas reported to be characterized by greater temporoparietal atro-
phy than frontal atrophy (25), even if medial and orbital frontal
hypometabolism was greater in frontal cases than in more typical
AD cases (26). Early cognitive disorder has already been reported
in bvFTD (27–29). Our patients with bvNCD were older than the
bvFTD patients, and they were slightly less demented, according
to the clinical dementia rating scale. This findingmight be consistent
with the fact that early-onset FTD is more affected than late-onset
FTD (30). Mild frontal, insular, or temporal atrophy was recently
reported in a few patients with bvFTD phenocopy (31), but frontal
hypometabolism in our stable bvNCD cases is not consistent with
this diagnosis. Of note, some patients with C9ORF72 mutations
can present with a slow-progression phenotype of bvFTD (32).
Only a few participants in our sample had genetic testing, and the

results were negative for the main FTD
mutations. More interestingly, in the report
of Rascovsky et al. (1), patients with fronto-
temporal lobar degeneration neuropathology
who did not meet bvFTD criteria were older
and presented with memory impairment, as
in our bvNCD group. The main limitation
of our study is that there was no biomarker
of AD amyloid or tau pathology in our sam-
ple and no pathologic diagnosis.

The main finding of the current clinical
study was that frontal hypometabolism was
as important in bvNCD as in bvFTD. More

precisely, there was no significant metabolic difference between
the groups, using univariate and multivariate analyses or displaying
plots of 18F-FDG PET frontal uptake. Even if that was our expecta-
tion, based on the literature, there was only a trend for a greater dor-
somedial prefrontal glucose hypometabolism in the bvFTD group.
This finding might indicate that bvNCD is an early stage of fronto-
temporal lobar degeneration with mild dysexecutive syndrome at
onset. The last limitation of our study is that a longer follow-up
(with postmortem brain analyses) would be required to better char-
acterize patients with bvNCD.

CONCLUSION

Frontal hypometabolism was observed in a dysexecutive presen-
tation of frontal neurodegenerative disorder (bvNCD) that did not
fulfill all clinical criteria for bvFTD.
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KEY POINTS

QUESTION: Do brain metabolic pattern and clinical
evolution characterize patients with bvNCD who do not fulfill 3
bvFTD criteria?

PERTINENT FINDINGS: In this cohort study, we could not dem-
onstrate a significant difference in 18F-FDG-PET distribution
between bvNCD and bvFTD patients. bvNCD patients were slightly
older, and all complained of memory impairment.

IMPLICATIONS FOR PATIENT CARE: Frontal hypometabolism
may characterize a subgroup of bvFTD patients with memory
impairment but not all bvFTD criteria.
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The gold standard for imaging the cerebral metabolic rate of oxygen
(CMRO2) is PET; however, it is an invasive and complex procedure
that also requires correction for recirculating 15O-H2O and the blood-
borne activity. We propose a noninvasive reference-based hybrid
PET/MRI method that uses functional MRI techniques to calibrate
15O-O2 PET data. Here, PET/MRI of oxidative metabolism (PMROx)
wasvalidated inananimalmodelbycomparisontoPET-alonemeasure-
ments.Additionally,we investigated if theMRIperfusiontechniquearte-
rial spin labeling (ASL) could be used to further simplify PMROx by
replacing 15O-H2O PET, and if the PMROx was sensitive to
anesthetic-induced changes in metabolism. Methods: 15O-H2O and
15O-O2 PET data were acquired using a hybrid PET/MR scanner,
togetherwithsimultaneousfunctionalMRI (OxFlowandASL), fromjuve-
nile pigs (n 5 9). Animals were anesthetized with 3% isoflurane and 6
mL/kg/h propofol for the validation experiments, and arterial sampling
was performed for PET-alone measurements. PMROx estimates were
obtained using whole-brain (WB) CMRO2 from OxFlow and local cere-
bral blood flow (CBF) from either noninvasive 15O-H2O PET or ASL
(PMROxASL). Changes in metabolism were investigated by increasing
thepropofol infusion to20mL/kg/h.Results:Goodagreementandcor-
relation were observed between regional CMRO2 measurements from
PMROxandPET alone. No significant differenceswere found between
OxFlowandPET-onlymeasurements ofWBoxygen extraction fraction
(0.3060.09and0.3160.09)andCBF(54.1616.7and56.6621.0mL/
100g/min),orbetweenPMROxandPET-onlyCMRO2estimates (1.896
0.16 and 1.81 6 0.10 mLO2/100 g/min). Moreover, PMROx and
PMROxASL were sensitive to propofol-induced reduction in CMRO2.
Conclusion: This study provides initial validation of a noninvasive
PET/MRI technique that circumvents many of the complexities of PET
CMRO2 imaging. PMROx does not require arterial sampling and has
thepotential to reducePET imaging to 15O-O2only; however, futureval-
idation involving human participants are required.

KeyWords: cerebral blood flow; cerebral metabolic rate of oxygen;
noninvasive PET; oxygen extraction fraction; PET/MRI
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PET imaging of cerebral oxidative metabolism was developed
over 30 y ago and continues to prove a vital tool for understanding
brain energetics and the role of altered metabolism in disease pro-
cesses (1–3). PET remains the gold standard for imaging the cerebral
metabolic rate of oxygen (CMRO2); however, the original procedure
is complex and long (4). In addition to radiolabeled oxygen, 15O-
H2O is needed to measure cerebral blood flow (CBF) and 15O-CO
to measure the cerebral blood volume (CBV). Arterial blood sam-
pling is required for each tracer, along with separating plasma and
red blood cell activity for 15O-O2 to account for the increasing signal
contribution from metabolically generated 15O-H2O (recirculating
water, RW). Efforts to reduce the complexity and duration of the
original procedure have led to modeling approaches that eliminate
the need for separate CBV imaging and estimating RWwithout sep-
arating blood samples (5). Alternately, the effects of RWcan bemin-
imized by short scan times after a single inhalation of 15O-O2 (6).
More recently, approaches incorporating image-derived input func-
tions have been proposed to avoid measuring the arterial input func-
tion (AIF), which is an invasive and inherently noisy procedure
(7,8). However, the accuracy of these approaches depends on either
an empiric factor relating the total AIF and its RW component, or
careful measurement of a coefficient to scale the arterial
time–activity curve.

We propose an alternative method to reduce the complexity, inva-
siveness, and duration of CMRO2 imaging (9). Similar to Su et al.
(8), this method takes advantage of simultaneous PET/MRI. How-
ever, rather than attempting to use MRI to help extract the AIF,
the proposed hybrid approach incorporates complementary MRI
techniques to measure whole-brain (WB) CMRO2 to serve as a ref-
erence to calibrate dynamic 15O-oxygen PET data. Analogous to a
similar PET/MR technique for imaging CBF (10), this hybrid
approach eliminates the need for arterial sampling. Here, we imple-
mented this reference-based approach, hereafter referred as PMROx
(PET/MRI of oxidative metabolism), on a 3-T PET/MR scanner.
The aim of this study was to validate PMROx in a large animal
model by comparison with a previously validated dual-basis func-
tion method (DBFM) (11). In addition, we investigated if PMROx
could be further simplified by incorporating CBF images from the
MRI-based technique arterial spin labeling (ASL). Thismodification
reduces PET imaging to only 15O-O2 and imaging duration to
approximately 5 min since the MRI sequences can be run during
the PET acquisition (12). In addition to validating PMROx, its
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sensitivity to changes in metabolismwas investigated by altering the
anesthetics administered to the animals.

MATERIALS AND METHODS

Animal experiments were conducted according to the regulations of
the Canadian Council of Animal Care and approved by the Animal
Care Committee at Western University. Before imaging, juvenile Duroc
pigs were tracheotomized, and catheters were inserted into the cephalic
veins and femoral arteries. During imaging, animals were mechanically
ventilated, immobilized on a custom platform, and anesthetized with 3%
isoflurane and 6 mL/kg/h propofol. Blood samples were collected to
measure the partial pressures of oxygen and carbon dioxide, plasma glu-
cose concentration, hematocrit, and hemoglobin concentration.
Throughout the experiment, end-tidal O2 and CO2, temperature, heart
rate, and oxygen saturation were monitored to ensure normal levels.

Study Protocol
PET and MRI data were obtained on a 3-T Siemens Biograph mMR

system using a 12-channel PET-compatible receiver head coil (Siemens
GmbH). Each experiment was divided into 2 parts. First, the accuracy of
PMROx was evaluated by comparing with the DBFM, which required
measuring the AIFs of 15O-H2O and 15O-O2. Next, the sensitivity of
PMROx to the expected reduction in cerebral metabolism was assessed
by increasing the infusion rate of propofol to 20 mL/kg/h to induce a
lower metabolic condition (LMC).

In both parts, PET imaging involved injecting 15O-H2O to measure
CBF, followed by inhalation of 15O-O2 to measure oxygen extraction
fraction (OEF). Concurrently, WB CMRO2 was obtained by the MRI
sequence OxFlow (13), which combines phase-contrast MRI measure-
ments of CBF from the internal carotid and basilar arteries, with venous
oxygen saturation (SvO2) measurements from the superior sagittal sinus
acquired with susceptibility-based oximetry (14). CBF images were col-
lected using pseudocontinuous ASL (pCASL). At the end of the exper-
iment, the animalwas euthanized according to the animal care guidelines
and transported to a CT scanner to obtain a postmortem CT-based atten-
uation correction map.

PET Imaging and Postprocessing
The PET protocol (Fig. 1) began with injection of 15O-H2O (4606 80

MBq; cephalic vein), followed by inhalation of 2,200 MBq of 15O-O2.
All acquisitions involved 5 min of list-mode acquisition. For DBFM,
AIFs from 15O-H2O (Cw

a tð Þ) and 15O-O2 (Co
a tð Þ) were determined by

withdrawing blood from a femoral artery and measuring the activity
using an MR-compatible system (Swisstrace GmbH). 15O-O2 PET
data acquisition during the LMC started approximately 1 h after the first
15O-O2 acquisition to allow the animal to stabilize after changing the
anesthetics.

15O-H2O and 15O-O2 were produced by (d,n)
14N reaction in an onsite

cyclotron (PETtrace 800, 16.5 MeV; GE Healthcare) (15). For 15O-O2

imaging, the radioactive gas was filtered before being transferred to
the PET/MR suite via a stainless-steel line (202-m long, 3-mm diame-
ter). The line was connected to polyethylene tubing that directly fed
into the inhalation tube of the animal (delivery rate of 1.5 L/min for
30 s). Expired gas was collected in a 200-L tank to hold it for 7 half-
lives (16).

Dynamic PET images were reconstructed into 48 time frames (303
3, 63 5, 63 10, and 63 20 s) using the Siemens e7-tools suite with a
3-dimensional ordered subset expectation maximization method (itera-
tions/subsets, 4/21; matrix size, 344 3 344 3 127 voxels; field of
view [FoV], 359 3 359 3 258 mm3; voxel size, 1 3 13 2 mm3;
zoom factor, 2). Raw data were corrected for decay, random incidences,
dead-time, detector normalization, data rebinning, and scatter. Absolute
scatter correction was used for the 15O-O2 images, as recommended for

3-dimensional scanning (17). Reconstructed images were smoothed by a
4-mm gaussian filter.

AIFs were decay corrected and denoised using a wavelet signal
denoising function (MATLAB R2017b, Block James-Stein method).
The RW (Aw tð Þ) component of the measured 15O-O2 AIF was estimated
using species-specific values after interpolating to the differences in
weight (18).

MR Imaging and Postprocessing
MR acquisition (Supplemental Fig. 1; supplemental materials are

available at http://jnm.snmjournals.org) beganwith T1-weighted images
(magnetization-prepared rapid gradient-echo sequence, MPRAGE; rep-
etition/echo/inversion times [TR/TE/TI], 2,000/2.98/900 ms; flip angle
[a], 9�; FoV, 256 3 256 mm2; 176 slices; isotropic voxel size, 1
mm3), followed by time-of-flight images to identify the feeding arteries
for phase-contrast imaging (TR/TE, 22/3.75ms;a, 18�; FoV, 2003 181
mm2; 102 slices; voxel size, 0.3 3 0.3 3 1.5 mm3; 40 mm saturation
band) and the sagittal sinus for oximetry imaging (no saturation band).

MR images acquired during PET acquisitions were OxFlow and
pCASL. The former alternates between the 2 slice locations to measure
WB CBF and SvO2 (TR/TE/DTE, 35/7.025/2.5 ms; a, 25�; FoV, 2083
208 mm2; voxel size, 1.63 1.63 5.0 mm3; velocity encoding, 60 cm/s;
acquisition time, 1 min) (13). The acquisition of the OxFlow sequence
was timed to coincide with the 15O-O2 imaging, and the resultant images
represent an average over the 1-min scan to provide a stable reference
measurement. Immediately after, a 3-dimensional pCASL sequence
was run (19) (TR/TE, 3,720/22.9 ms; FoV, 208 3 208 mm2; 16 slices;
voxel size, 3.3 3 3.3 3 5.0 mm3; postlabeling delay/labeling duration,
1,500/1,800 ms; label plane offset, 60 mm; 16 measurements). Lastly,
proton density-weighted images were acquired by turning off the label-
ing or background suppression pulses (M0; TR, 7,000 ms).

OxFlow images were analyzed following the approach outlined by
Jain et al. (14). Briefly, regions of interest were semiautomatically drawn
in and surrounding the vessels on the magnitude image, then transferred
to the phase image to measure the mean phase difference in the feeding
arteries, and between the sagittal sinus and the surrounding tissue. The
pCASL images were motion corrected, coregistered to M0, and
smoothedwith a 4-mmgaussianfilter. CBF imageswere generated using
the standard 1-compartment model (12). For this analysis, the
blood–brain partition coefficient of water was 0.90 mL/g, the longitudi-
nal relaxation time of blood was 1.65 s, and the labeling efficiency was
assumed to be 0.86. Images were coregistered to the PET space using
SPM12 (https://www.fil.ion.ucl.ac.uk/spm/).

PET-Only Imaging: DBFM
CBF (fi) maps were generated from 15O-H2O PET by fitting the fol-

lowing equation to the local time–activity curves (Ci tð Þ):
Ci tð Þ5fi �Cw

a tð Þ�e2k2 it1Vw
bi
�Cw

a tð Þ; Eq. 1

where � represents convolution. The fitting parameters were k2i
(clearance rate constant), fi, and Vw

bi
(arterial blood volume). OEF

(Ei) and CMRO2 measurements were obtained by fitting 15O-O2

PET data to Equation 2 (11).

Ci tð Þ5Ei � fi �Ao tð Þ�e2k2 it1fi �Aw tð Þ�e2k2 it

1Vo
0i �Ao tð Þ1Vw

Ai
�Aw tð Þ; Eq. 2

where Ao tð Þ is the 15O-O2 component of the AIF. The fitting
parameters were Ei, Vo

0i
and Vw

Ai
(15O-O2 and

15O-H2O blood vol-
umes, respectively). All fitting was performed in MATLAB
using the optimization routine fmincon. CMRO2 was calculated
from Fick’s principle as CMRO2i5Ei � fi �CaO2, where
CaO251:34 �Hb � SaO210:003 �PaO2, Hb is the hemoglobin
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concentration, and SaO2 (arterial saturation of oxygen) was esti-
mated using the PaO2 (partial pressure of oxygen) measurements
(20). A glossary of variables is provided in the supplemental
data.

PMROx
PMROxCMRO2 images were generated from 15O-O2 PET data using

Equation 3, which was derived from the 1-tissue-compartment model
(9).

CMRO2i5CMRO2wb

Ð T
0 Ci tð Þdt1fi

p

Ð T
0

Ð t
0Ci uð ÞdudtÐ T

0 Cwb tð Þdt1fwb
p

Ð T
0

Ð t
0Cwb uð Þdudt

2
4

3
5;

Eq. 3

where T is scan time. Local OEF was calculated by
Ei5CMRO2i=ðfi �CaO2Þ. Both fwb and CMRO2wb were obtained
from OxFlow, the latter by:

CMRO2wb5CaO2 � fwb SaO22SvO2

SaO2

� �
: Eq. 4

CBF (Eq. 5) was obtained using the noninvasive PET/MR approach
described by Ssali et al. (10), in which WB CBF is used to calibrate
15O-H2O PET data. In both Equations 3 and 5, WB CMRO2, CBF,
and time–activity curve are used as scalers to obtain the corresponding
local values. Alternatively for CBF, a direct scaling approach could be
implemented (21).

fi5

Ð T
0 Ci tð Þdt

1
fwb

Ð T
0 Cwb tð Þdt11

p

Ð T
0

Ð t
0Cwb uð Þdudt2Ð T

0

Ð t
0Ci uð Þdudt

� �:
Eq. 5

The feasibility of implementing pCASL into the PMROx approach
(PMROxASL) was also evaluated. In this case, fi in Equation 3 was
obtained from the CBF images generated by pCASL.

Regional CBF, OEF and CMRO2

Measurements
Volumes of interest (VOIs)were semiauto-

matically drawn on the MPRAGE images for
each animal and then transferred to the corre-
sponding CBF, OEF and CMRO2 images.
Measurements were made for cerebellum
(4.2 6 0.7 cm3); diencephalon (4.7 6 0.6
cm3); and frontal (2.4 6 0.6 cm3), occipital
(7.9 6 1.5 cm3), parietal (9.1 6 1.6 cm3),
and temporal (6.0 6 0.6 cm3) lobes. All
images were registered to the anatomic image
of 1 animal to generate groupwisemaps using
SPM12.

Statistics
Local measurements were compared using

linear regression to obtain the Pearson correla-
tion coefficient (r). Any potential bias was
assessed using a 1-sample t test. Paired t tests
were performed to evaluate differences
between measurements. Statistical significance
was defined by P , 0.05, and Bonferroni
adjustment was performed when necessary.

Measurements are expressed in terms of mean 6 SD. Statistical tests
were performed using SPSS (version 26, https://www.ibm.com/
analytics/spss-statistics-software).

RESULTS

Data from 9 juvenile pigs were collected (age range, 8–10 wk;
weight, 19 6 2 kg; 5 female). In 1 experiment, only 15O-H2O data
were acquired due to a technical issue with the 15O oxygen line.
The LMC was successfully induced in 6 animals. Supplemental
Table 1 provides a summary of arterial blood measurements during
baseline and LMC.
AIFs could not be acquired in 3 cases (1 15O-H2O and 2 15O-O2)

due to clotting of the sampling line. In these cases, population-based
AIFs were used after using a scaling factor for each animal individ-
ually. For the 15O-H2O case, the AIFwas scaled by the injected dose
(MBq). Because the administered activity was unknown for 15O-O2,
the AIF was scaled to the mean jaw muscle activity (Cm) measured
from a 50-mm2 ROI. The appropriate scaling factor was determined
by a combination of principal component andmultiple linear regres-
sion analyses involving the remaining 6 measured AIFs. The factors
included body weight (kg), endotracheal tube peak activity (kBq/
mL), mean jaw muscle activity concentration (kBq/mL), and partial
pressure of carbon dioxide (mm Hg). The resulting model equation
was subsequently used to scale the population-based AIF for each
animal. Principal component analysis and multiple linear regression
identified mean jaw muscle activity concentration (Cm) as a signifi-
cant component for estimating the scaling factor of 15O-O2

(543:5 �Cm; R250:998). Supplemental Figure 2 presents a compar-
ison between 15O-O2–measured AIFs with their respective scaled
population-based curves; the blue curves represent the population-
based AIFs used for the 2 animals for which arterial sampling failed.

Validation
Average WB estimates of CBF, OEF and CMRO2 from PET and

PET/MR were in good agreement, with no significant differences
between techniques: 56.6 6 21.0 mL/100 g/min, 0.31 6 0.09, and
1.81 6 0.10 mLO2/100 g/min from DBFM and 54.1 6 16.7 mL/
100 g/min, 0.30 6 0.09, and 1.89 6 0.16 mLO2/100 g/min from

FIGURE 1. Protocol diagram showing imaging blocks acquired at baseline and under lower meta-
bolic condition. Before imaging, animal was positioned in scanner and anesthetic was applied. At
time zero, MRI was started, and onsite cyclotron was contacted to produce 15O-H2O dose, which
was injected at 20-min mark. There was a delay of approximately 20 min before 15O-O2 delivery. After
first 15O-O2 imaging block, propofol infusion rate was increased to 20 mL/kg/h.
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OxFlow/PMROx, respectively. Average WB-Vw
b from 15O-H2O

PET was 9.5 6 4.0 mL/100 g, and WB Vo
0 and Vw

A values from
15O-O2 PET were 7.0 6 1.0 mL/100 g and 2.6 6 6.7 mL/100 g,
respectively. WB Vw

A was small (,2 mL/100 g) for 7 of 8 animals;
however, in 1 outlier it was 19.1 mL/100 g.
Regional results of regression and correlation (Fig. 2) analyses

from CBF, OEF, and CMRO2 measurements are summarized in
Table 1. Significant correlations between regional CBF estimates
from noninvasive PET/MR and DBFM were observed in all VOIs.
The Bland–Altman plot indicated a bias in local CBFmeasurements
by noninvasive PET/MR for the parietal lobe (7.7 mL/100 g/min, P
5 0.02) and diencephalon (14.8 mL/100 g/min, P 5 0.02). Strong
correlations between regional OEF estimates from PMROx and
DBFMwere observed (Figs. 2B and 3). Finally, regression between
CMRO2 estimates from the 2 techniques revealed good agreement,
with amoderate correlation and a small bias in the PMROxmeasure-
ments for the cerebellum (0.16 mLO2/100 g/min, P 5 0.03) and
diencephalon (0.30 mLO2/100 g/min, P , 0.01).

PMROxASL
Average WB estimates of CBF and CMRO2 from pCASL and

PMROxASL were 58.6 6 20.4 mL/100 g/min and 1.88 6 0.24
mLO2/100 g/min, respectively, which were not significantly differ-
ent from the PET-only results. Regional measurements were suc-
cessfully extracted from all VOIs (Table 1; Figs. 3 and 4), except
for the cerebellum from 1 animal because this region was missing
in the pCASL FoV. Strong correlations between DBFM and pCASL

CBF estimates were observed, as well as between DBFM and
PMROxASL OEF estimates, with a small bias in the temporal lobe
(–0.048, P 5 0.02). CMRO2 values from PMROxASL and DBFM
showed a moderate correlation.

Lower Metabolic Condition
For the 6 animals in which measurements were acquired under

both conditions, propofol caused WB CBF to decrease to 27.3 6

7.0 and 29.9 6 6.4 mL/100 g/min for OxFlow and pCASL, respec-
tively (50% reduction; Figs. 3 and 5A). There was a corresponding
significant increase in OEF of 0.11 6 0.06 (Fig. 5B) measured by
OxFlow, and a significant reduction in WB-CMRO2 measured by
PMROx and PMROxASL of 0.68 6 0.36 and 0.67 6 0.36 mLO2/
100 g/min, respectively (Figs. 3 and 5C).

DISCUSSION

15O-O2 PET has been used extensively to assess disruptions in
cerebral energy metabolism, such as after stroke, predicting its
risk of recurrence, and understanding energy regulation during func-
tional activation (22). Despite the proven value of 15O-O2 PET, the
procedure is complex and invasive, which has led to a diminishing
number of sites with the necessary expertise to conduct 15O-O2 stud-
ies. This trend highlights the value to develop simpler 15O-O2 imag-
ing protocols that retain the inherent quantitative capabilities of PET.
This study focused on validating a hybrid PET/MR technique devel-
oped specifically to address this issue. The possibility of using PET/

FIGURE 2. (A) Local baseline CBF from noninvasive PET/MR and DBFM. Average regression line is represented by solid line (y50:98x17:29; 95% con-
fidence interval [CI] is represented by dotted lines). Dashed line is identity line. CorrespondingOEF (B) andCMRO2 (C) results presented average regression
line of y50:92x10:02 and y51:06x20:02, respectively. Bland–Altman plots from corresponding data are presented in D–F, wheremean is represented by
solid line.Dashed lines represent limitsof agreement (62SD), eachwith its 95%CI (dotted lines).Meandifference for all VOIswas6.2mL/100g/min forCBF,
20.004 for OEF, and 0.12 mLO2/100 g/min for CMRO2.
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MR to update 15O-O2 imaging was investigated by Su et al., who
used MRI to extract image-derived AIFs (8). The current study
explored an alternative approach using WB MRI measurements as
a reference, which avoids potential registration and partial-volume
errors. PMROx is also less sensitive to errors caused by RW and
the CBV since regional CMRO2 is determined from the ratio of
time–activity curves.
Validation experiments were conducted using a porcine model

and involved imaging CMRO2 independently using the previously
validated DBFM (11). For this method, an MR-compatible arterial
sampling system was used to measure the AIF for both tracers.
Good agreement between PMROx and DBFM was found across
VOIs with respect to both OEF and CMRO2, although a small
bias was observed in the PMROx CMRO2 estimates (Fig. 2F).
Regression analysis also demonstrated strong and moderate correla-
tions between techniques for OEF and CMRO2, respectively. The

lower correlation for the latter is explained by its dependency on
both OEF and CBF. In addition to the agreement with DBFM,
PMROx was shown to be sensitive to reduced energy metabolism
caused by increasing the propofol infusion. The CMRO2 reduction
was driven by the propofol-induced decrease in CBF, since propofol
caused an increase in OEF. These findings are in agreement with
Oshima et al. who reported that propofol caused proportional
decreases in CBF andCMRO2 but had no effect on the arteriovenous
oxygen difference (23).
Because the PMROx approach scales the 15O-O2 images by an

MRI estimate of WB CMRO2, its accuracy and precision will be
directly affected by the MRI methods used to calculate WB OEF
and CBF. In this study, WB OEF and CMRO2 were measured by
OxFlow, which can be acquired with scan times as short as 8 s
with reproducibility of 2% for SvO2 and 6% for WB CMRO2

(24). The accuracy of OxFlow depends on positioning the slices

FIGURE3. GroupwiseCBF,OEF, andCMRO2 imagesobtainedwithDBFM,PMROx, andPMROxASL techniques forbaseline (n5 8, top 3 rows). CBF and
CMRO2 results fromPMROxandPMROxASL for lowermetabolic condition (n5 6) are presentedonbottom2 rows.MPRAGE from1animalwas included for
anatomic reference.

TABLE 1
Summary of Regression and Correlation Analyses Performed on Local BaselineMeasurements (n5 8) of CBF (mL/100 g/min),

OEF, and CMRO2 (mLO2/100 g/min)

Technique Measurement Slope Intercept r

PMROx CBF 0.98 6 0.20 7.3 6 9.8 0.91 6 0.10

OEF 0.92 6 0.03* 0.02 6 0.01† 0.95 6 0.04

CMRO2 1.06 6 0.35 20.02 6 0.63 0.67 6 0.20

PMROxASL CBF 0.85 6 0.15 10.9 6 11.7 0.80 6 0.18

OEF 0.83 6 0.13* 0.05 6 0.03† 0.87 6 0.09

CMRO2 1.15 6 0.41 20.16 6 0.70 0.53 6 0.14

*Significantly different from one.
†Significantly different from zero.
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orthogonally to the main magnetic field, correcting for magnetic
field inhomogeneities, and using sufficient image resolution to
avoid partial-volume effects (13). The current study presents,
to our knowledge, the first simultaneous comparison of OxFlow
to 15O-H2O and 15O-O2 PET, and no significant differences were
found between techniques. This agreement is in accordance with
2 recent studies comparing MR measurements of SvO2 with
either PET or direct measures from the jugular blub (25,26).
PET/MR also provides the possibility of reducing the PET proce-

dure to just 15O-O2 inhalation by replacing
15O-H2O PET with ASL

(PMROxASL). WB CBF estimates from pCASL were in good agree-
ment to those obtained by 15O-H2O PET, similar to previous ASL/
PET comparisons conducted using a swine model (10,27). Strong
correlations between regional CBF measurements were found for
all VOIs except the cerebellum, which was attributed to limited spa-
tial coverage for the pCASL sequence. Recent studies comparing
ASL with PET involving human participants indicate that ASL can
provide accurate CBF measurements with careful attention to com-
mon sources of error (28), including low signal-to-noise ratio and
sensitivity to transit times (29). Consequently, translation to clinical
studies remains an active area of research as factors such as cerebro-
vascular disease and ageing can impact its accuracy (30).
A challenge with PET-only imaging is correcting for signal con-

tamination from the CBV (4). Blood volume terms were incorpo-
rated into the fitting procedure for both tracers. Although the
average Vw

b was larger than reported in human studies, it is in accor-
dancewithOlsen et al. who reported values from 9 to 18mL/100 g in
pigs, depending on partial pressures of carbon dioxide levels (31).
The Vo

0 values were smaller because they are scaled by OEF and
the venous fraction. WB Vw

A estimates were very small for most ani-
mals, as expected, as it only becomes significant in highly vascular-
ized regions (11). In 1 animal, Vw

A reached a nonphysiologic value,
which was likely a result of estimating Aw tð Þ using a physiologic
model.
Although this study demonstrated the advantages of PET/MRI for

imaging CMRO2 (32), this modality is not widely accessible and
requires an onsite cyclotron for 15O-O2 production. A potential lim-
itation with the current study was the indirect methods used to
account for RW and CBV in the DBFM, rather than direct measure-
ments; however, this approach has been previously validated (11).
Lastly, Figure 2F indicates that the discrepancy between PMROx
and DBFM increased as the difference between local and WB
OEF values increased, which is attributed to neglecting RW by
PMROx. It should be possible to reduce this error by incorporating
an RW term in the model equation (9).

CONCLUSION

This study presents the validation of a noninvasive hybrid PET/
MR technique to image CMRO2 that requires a short inhalation of
15O-O2, followed by 5 min of PET and simultaneous MRI. Good
agreement between CMRO2 values from PMROx and the DBFM
was found, and the proposed method was shown to be sensitive to
reduced cerebral metabolism induced by increasing the anesthetic
level.
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FIGURE4. (A) Local baselineCBF frompCASLandDBFM.Average regres-
sion line is representedbysolid line (y50:85x110:91;95%confidence interval
[CI] is represented by dotted lines). Dashed line is identity line. Corresponding
OEF (B) and CMRO2 (C) results presented average regression line of
y50:83x10:05 and y51:15x20:16, respectively.
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KEY POINTS

QUESTION: Can the CMRO2 be quantified using MRI functional
measurements to calibrate 15O-O2 PET?

PERTINENT FINDINGS: The proposed PMROx approach resulted
in CMRO2 values comparable to those obtained from a PET-only
technique. PMROx was further simplified by incorporating ASL, and
it proved sensitive to anesthetic-induced changes in metabolism.

IMPLICATIONS FOR PATIENT CARE: PMROx is a noninvasive
technique that requires only 15O-O2, which facilitates its application
in human studies, and it may prove to be a useful tool to better
understand disorders characterized by disruptions in the cerebral
oxidative metabolism.
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Mesothelin/CD3 Half-Life–Extended Bispecific T-Cell Engager
Molecule Shows Specific Tumor Uptake and Distributes to
Mesothelin and CD3-Expressing Tissues
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Bispecific T-cell engager (BiTE) molecules exert antitumor activity by
binding one arm to CD3 on cytotoxic T cells and the other arm to a
tumor-associated antigen. Methods: We generated a fully mouse
cross-reactive mesothelin-targeted BiTE molecule that is genetically
fused to anFc-domain for half-life extension, andweevaluated the bio-
distribution and tumor targeting of a 89Zr-labeled mesothelin half-
life–extended (HLE) molecule in 4T1 breast cancer–bearing syngeneic
mice with PET. The biodistribution of 50 lg of 89Zr-mesothelin HLE
BiTE was studied over time by PET imaging in BALB/c mice and
revealed uptake in tumor and lymphoid tissues with an elimination
half-life of 63.4 h. Results: Compared with a nontargeting 89Zr-control
HLE BiTE, the 89Zr-mesothelin HLE BiTE showed a 2-fold higher tumor
uptakeandhigheruptake in lymphoid tissues.Uptake in the tumorcolo-
calizedwithmesothelin expression, whereas uptake in the spleen colo-
calizedwithCD3expression.Evaluationof theeffectofproteindoseson
the biodistribution and tumor targeting of 89Zr-mesothelin HLE BiTE
revealed for all dose groups that uptake in the spleen was faster than
in the tumor (day1vs.day5). The lowestdose,10lg,of 89Zr-mesothelin
HLEBiTEhadhigher spleen uptake and faster blood clearance than the
higher doses, 50 and 200 lg. 89Zr-mesothelin HLE BiTE tumor uptake
was similar at all doses.Conclusion:ThemesothelinHLEBiTEshowed
specific tumor uptake, and both arms contributed to the biodistribution
profile.Thesefindingssupport thepotential forclinical translationofHLE
BiTE molecules.

Key Words: half-life–extended bispecific T-cell engager (HLE BiTE)
molecule; PET imaging; bispecific antibody; syngeneic mouse model;
cancer-immunotherapy
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Bispecific constructs engaging T cells are a novel form of cancer
immunotherapy (1). They engage T cells to tumors, leading to
T-cell–mediated tumor-cell killing irrespective of T-cell clonality.
The number of T-cell–engaging bispecific constructs has been

increasing over the last few years, with 38 constructs in clinical
oncology trials in 2019 (2,3).
Bispecific T-cell engager (BiTE; Micromet AG) molecules are

T-cell–engaging bispecific constructs of approximately 53 kDa
that exist as 2 single-chain variable fragments (scFv) connected
by a short linker (4). One scFv binds T cells via the CD3 receptor,
and the other scFv binds the tumor cell via a tumor-associated
antigen. Blinatumomab, a BiTE molecule targeting CD19 and
CD3, has been approved by the Food and Drug Administration
and European Medicines Agency for the treatment of B-cell acute
lymphoblastic leukemia. Other BiTE molecules are in clinical
evaluation (2,5–7). BiTE molecules show rapid clearance with a
serum half-life of a few hours (8,9) To maintain therapeutic serum
concentrations, they are administered via continuous intravenous
infusion.
To prolong plasma half-life and allow less frequent dosing, BiTE

molecules have been genetically fused to an Fc domain. This results
in a half-life–extended (HLE)BiTEmoleculewith amolecularweight
of approximately 106 kDa (Supplemental Fig. 1A; supplemental
materials are available at http://jnm.snmjournals.org) (10,11). In non-
human primates, HLE BiTE molecules showed an extended serum
half-life compatible with intermittent dosing (11).
Studies in immunocompetent mice showed the complexity of the

biodistribution of T-cell–engaging bispecific constructs. Increasing
the affinity for CD3 of a CLL-1 T-cell–engaging bispecific antibody
reduced its plasma half-life (12). A high-affinity CD3-targeting
murine EpCAM BiTE molecule showed high lymphoid uptake
and low tumor uptake (13). Moreover, uptake of HER2 T-cell–
engaging bispecific antibodies was higher in lymphoid tissues and
lower in the tumorwhenCD3 affinity increased (14). Biodistribution
of the CEA-targeted BiTE molecule 89Zr-AMG 211 was evaluated
in patients with gastrointestinal adenocarcinomas. PET showed
uptake in tumor lesions, although at moderate levels, as well as in
lymphoid organs (9).
Currently, 8 HLEBiTEmolecules are in clinical trials, of which 4

are in solid tumors (NCT03319940, NCT03792841, NCT04117958,
and NCT04260191) (15). Increasing the half-life and molecular
weight of a protein might influence the biodistribution and improve
tumor targeting (16,17). There are few data regarding the biodistri-
bution and tumor targeting of HLE BiTE molecules. Therefore, we
aimed to explore this preclinicallywithwhole-bodymolecular imag-
ing using PET and ex vivo analyses.

Received Oct. 21, 2020; revision accepted Mar. 1, 2021.
For correspondence or reprints, contact Marjolijn N. Lub-de Hooge (m.n.de.

hooge@umcg.nl).
Published online April 30, 2021.
COPYRIGHT� 2021 by the Society of Nuclear Medicine andMolecular Imaging.

BIODISTRIBUTION OF
89ZR-MSLN HLE BITE � Suurs et al. 1797

https://doi.org/10.2967/jnumed.120.259036
http://jnm.snmjournals.org
mailto:m.n.de.hooge@umcg.nl
mailto:m.n.de.hooge@umcg.nl


We used an HLE BiTE molecule targeting murine CD3 and
murine mesothelin (mesothelin HLE BiTE) that we radiolabeled
with the PET isotope 89Zr. 89Zr is an attractive PET isotope because
of its long half-life (78.4 h) and efficient labeling to proteins (18).
Mesothelin is an attractive therapeutic target because of its high

expression on the cell surface of several human cancers, including
mesothelioma, ovarian cancer, pancreatic adenocarcinoma, and
triple-negative breast cancer (19). Mesothelin expression on normal
cells is primarily in the mesothelial cell layer (19). Mesothelin HLE
BiTE molecules have been reported, and multiple mesothelin-
targeted drugs are currently in development (19–23).
Here, we report the biodistribution of the 89Zr-labeled murine

mesothelin HLE BiTE molecule in tumor-bearing syngeneic mice
compared with a nontargeting control HLE BiTE molecule.

MATERIALS AND METHODS

HLE BiTE Molecules and Cell Lines
A mouse cross-reactive mesothelin scFv was generated using the

commercially available mouse antimesothelin antibody MN-1 (200-
301-A88; Rockland), and affinity matured to increase mesothelin bind-
ing. Themurinemesothelin scFvwas attached by a short linker to mouse
CD3 and a mouse cross-reactive Fcg-silenced Fc-domain (24), resulting
in the mouse mesothelin HLE BiTE molecule. For a nontargeting HLE
BiTE molecule, a BiTE molecule targeting human EpCAM and human
CD3was fused to a Fcg-silenced human Fc. Amgen provided themurine
mesothelin HLE BiTE molecule and the control HLE BiTE molecule.

The conjugation to tetrafluorophenol-N-succinyl-desferrioxamine-Fe
(TFP-N-suc-DFO-Fe; ABX) and labeling with 89Zr of the HLE BiTE
molecules are described in the supplemental materials (13,25). Labeling
of the HLE BiTE molecules with 89Zr resulted in [89Zr]Zr-DFO-N-suc-
HLE BiTE molecules (89Zr-HLE BiTE molecules).

The mesothelin-positive murine mammary carcinoma cell line 4T1
(ATCC) was cultured in RPMI-1640 medium (Invitrogen) containing
10% fetal calf serum (Bodinco BV). Cells were used between passages
5 and 20 after thawing and cultured under aseptic conditions at 37�C in
an incubator providing a humidified atmosphere of 5% CO2. The cells
were routinely tested for the presence of
Mycoplasma.

Animal Experiments
All animal experiments were approved by

the InstitutionalAnimalCare andUseCommit-
teeof theUniversityofGroningen.Eight- to10-
wk-oldfemaleBALB/cmice(BALB/cOlaHsd;
Envigo)were injectedwith53 1044T1cells in
50lLofRPMI-1640 in the lowermammary fat
padafter1wkofacclimatizing.Micewereallo-
cated randomly to the groups.

Tracers (4–5 MBq) were retroorbitally
injected when tumors reached approximately
200mm3.Retroorbital injectionswere chosen
similarity in distribution to intravenous tail-
vein injection, with no increased discomfort,
and facile execution (26,27). The mice were
anesthetized with isoflurane/medical air inha-
lation (5% induction, 2.5%maintenance) dur-
ing all procedures. Whole-body radioactivity
in the mice was measured with a calibrated
dose-calibrator (Comecer).

Small-animal PET scans were acquired
with a Focus 220 rodent scanner (CTI
Siemens). The data were reconstructed as
previously described (28).

ScanswereanalyzedwithPMODsoftware (version4.004;PMODTech-
nologies).Volumesof interestweredrawnas spheresbasedon theweightof
organs found in the biodistribution. Data are expressed as SUVmean.

PET scanswere visualized asmaximum-intensity projections scaled to
the same maximum, allowing comparison between groups. Blood elimi-
nation half-life was calculated using 1-phase decay (Prism 7; GraphPad).

The in vivo biodistribution of 50 lg of 89Zr-mesothelin HLE BiTE
was visualized in 8 tumor-bearing BALB/c mice by small-animal PET
scans at 1, 3, 5, 7, and 9 d after injection. This dosewas based on previous
experience with immune cell–targeting tracers (29).

The effect of theprotein dose on thebiodistributionand specific uptake
of 89Zr-mesothelinHLEBiTEwas investigated by comparing 10, 50, and
200 lg of 89Zr-mesothelin HLE BiTE and 50 lg of 89Zr-control HLE
BiTE at 1, 3, and 5 d after injection. After the last imaging time point,
an ex vivo biodistribution study was performed. All dose groups had 6
tumor-bearing BALB/c mice. Organs of interest and tumor were col-
lected, weighed, and measured in a calibrated Wizard g-counter (Perki-
nElmer). Axillary lymph nodes were discarded from further analysis
since their lowweight resulted inhighlyvariablevalues.Countsofknown
standards were used to convert counts into injected dose. Tissue radioac-
tivity is expressed as percentage injected dose per gram. Relevant tissues
were fixed in formalin and embedded in paraffin for further analysis.

Ex Vivo Tissue Analysis
Formalin-fixed paraffin-embedded blocks of tumor and spleen were

sliced into 4-lm sections. Tissue slides were exposed overnight to phos-
phor screens (PerkinElmer) in x-ray cassettes. The imaging screens were
read out by the Cyclone storage Phosphor System (PerkinElmer), and
autoradiography images were analyzed with ImageJ, version 1.52p.
These slides were stained with hematoxylin and eosin (H&E) to assess
tissuemorphology. To quantify autoradiography data, regions of interest
were identified inH&E-stained slides. These regionswere imported onto
the autoradiography images and quantified. Values were normalized for
activity injected.

In subsequent sections of the H&E-stained slides, the presence of
murine mesothelin and murine CD3 was visualized with immuno-
histochemical staining. For murine CD3, after antigen retrieval for

A

B C

FIGURE 1. PET scans over time after administration of 50 lg of 89Zr-mesothelin HLE BiTE in 4T1-
tumor–bearing mice (n5 8). (A) Representative maximum-intensity projections of PET images up to 9
d after tracer injection. Encircled are spleen (green), heart (red), tumor (blue), and thymus (yellow). (B)
Image quantification of heart, tumor, spleen, thymus, and muscle expressed as SUVmean. (C) Image
quantification expressed as organ-to-blood ratios. Data are presented asmean6 SD. MSLN5meso-
thelin; pi5 after injection.
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15 min at 95�C with a citrate buffer at pH 6, a rabbit antimouse
anti-CD3 antibody, clone SP7 (ab16669; Abcam), was used in a
1:50 dilution. For mesothelin, antigens were retrieved in a Tris/HCl
buffer at pH 9 for 15 min of incubation at 95�C, followed by over-
night incubation with a rabbit antirabbit antimesothelin antibody
(R32262; NSJ Bioreagents) in a 1:50 dilution. Thereafter, a
peroxidase-conjugated goat antirabbit antibody (Dako) and 3–3'-
diaminobenzidine (DAB) were added to visualize peroxidase
activity. Necrotic areas on H&E-stained
liver sections were quantified in QuPath
(30). With a limulus amebocyte lysate
assay (Endosafe-PTS; Charles River),
bacterial endotoxins were quantified in
the parental and conjugated mesothelin
HLE BiTE and in the final tracer solution.

The gastrointestinal tract was exposed
overnight to a phosphor plate at 220�C 9 d
after injection of 50 lg of 89Zr-mesothelin
HLE BiTE. Thereafter, sections of the tissue
were embedded with TissueTek optimal-cut-
ting-temperature compound (Sakura) and
stained with H&E.

Statistical Methods
SUVmean PET scan data are expressed as

mean 6 SD. An ANOVA among uptake of
multiple groups was followed by a post hoc
Tukey multiple-comparison test. P values
of 0.05 or less were considered significant.

Ex vivo biodistribution data are presented
asmedian percentage injected dose per gram,
with interquartile range. On these data, an
ANOVA among uptake of multiple groups
was performed with the Kruskal–Wallis
test. When statistically significant differ-
ences were found, a post hoc Bonferroni-
corrected Mann–Whitney U test was
performed. Between a pair of groups, the
similarity was tested with a Mann–Whitney
U test.

All statistical tests were performed in
Prism (version 7; GraphPad).

RESULTS

Conjugation and Radiolabeling of HLE
BiTE Molecules
The binding affinity of the parental

mesothelin HLE BiTE was 3.0 nM for
mouse mesothelin expressed on 4T1 cells
and 26.8 nM for CD3 expressed on T cells
for mouse CD3 (Supplemental Figs. 1B
and 1C). The 4T1 cell line expresses
5933 mesothelin molecules per cell
(Supplemental Fig. 1D). This mesothelin
expression is relatively low compared
with the ovarium carcinoma cell line
OVCAR8 and other human mesothelin-
positive cancer cell lines (Supplemental
Fig. 1E) (20).
The parental mesothelin HLE BiTE

molecule engaged mouse T cells to kill
4T1 tumor cells, with half-maximal lysis

of 29.15 pM (Supplemental Fig. 1F). Mesothelin HLE BiTE
activity was specific for mesothelin-expressing cells, as no activity
was observed against themesothelin-negative cell line B16F10 (Sup-
plemental Fig. 1G). The nontargeting control HLE BiTE molecule
did not have activity against either 4T1 or B16F10 cells, as expected.
Conjugation on the HLE BiTE molecules resulted in HLE

BiTE:DFO end ratios of 1:2.6 and 1:2.3, respectively. Conjugation
of themesothelinHLEBiTEdid not affect its ability to engage T cells

A B

C

FIGURE2. Dose-dependent biodistribution of 89Zr-mesothelinHLEBiTE in 4T1-tumor–bearingmice.
(A)Representativemaximum-intensity projectionsofPET imagesat1,3, and5dafter injectionof 10, 50,
or 200 lg 89Zr-mesothelin HLE BiTE (n5 6 for 10- and 50-lg doses, n5 5 for 200-lg dose). Encircled
are spleen (green), heart (red), tumor (blue), and thymus (yellow). (B) PET quantification of spleen, heart,
tumor, and thymus;dataarepresentedasmean6SD. (C)Exvivobiodistributionwithdatapresentedas
medianwith interquartile range. LNs5 lymphnodes;MSLN5mesothelin;pi5after injection. *P#0.05.
**P# 0.01
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and target cells, shown by maintained in vitro cytotoxicity and T-cell
activation (Supplemental Figs. 2A–2C). Also, the conjugated meso-
thelin HLE BiTE was intact, with a single protein peak at 280 nm on
the chromatogram (Supplemental Fig. 2D).

PET Imaging of 89Zr-Mesothelin HLE BiTE over Time
PET scanning after 50 lg of 89Zr-mesothelin HLE BiTE

administration was performed at 1, 3, 5, 7, and 9 d and revealed
uptake in the tumor, spleen, thymus, and liver (Fig. 1A). Time to
reach the maximum uptake varied for organs and tumor
(Fig. 1B). Spleen uptake was already highest at day 1 (SUVmean,

1.84 6 0.25) and decreased, whereas
thymus uptake was maximal at day 3
(SUVmean, 1.74 6 0.17) and remained
stable thereafter. Maximum tumor
uptake was reached at day 5 (SUVmean,
1.50 6 0.21).
Organ-to-blood ratios increased

between days 1 and 9 to 4.5 6 0.7 for
the thymus, 3.4 6 0.5 for the tumor, and
2.86 0.4 for the spleen, since blood levels
decreased (Fig. 1C). 89Zr-mesothelin
HLE BiTE blood elimination half-life,
based on the heart blood pool, was
63.4 h (R 5 0.96). Day 5 was chosen to
compare ex vivo biodistribution, when
organ-to-blood ratios were 2.1 6 0.3 for
the thymus, 1.9 6 0.3 for the tumor, and
1.7 6 0.2 for the spleen.

Dose-Dependent Biodistribution of
89Zr-Mesothelin HLE BiTE
On day 1 after 10 lg of 89Zr-mesothelin

HLE BiTE administration, a high spleen-
to-blood ratio (2.26 6 0.33) visualized
the spleen on PET scans, in contrast to
the 50- and 200-lg groups (1.26 6 0.15
and 0.92 6 0.13, respectively; Fig. 2A;
Supplemental Fig. 3A). Spleen SUVmean

inversely correlated with protein dose,
indicating target saturation (Fig. 2B).
Blood SUVmean for the 10-lg dose was
lower than for the higher doses. As a con-
sequence, on day 5 tumor uptake for the
10-lg dose was lower than that for the
50-lg dose, but no difference between
the tumor-to-blood ratios was found (Sup-
plemental Fig. 3A). In the thymus, no rela-
tion between uptake and protein dose was
seen (Fig. 2B). However, uptake was
higher for the 50-lg dose than for 10 lg
or 200 lg.
Ex vivo analysis on day 5 confirmed

the PET findings and revealed dose-
dependent uptake in themesenteric lymph
nodes (Fig. 2C; Supplemental Table 1).

Biodistribution of 89Zr-Mesothelin HLE
BiTE Compared with a Nontargeting
89Zr-Control HLE BiTE Molecule
Tumor SUVmean after 50 lg of 89Zr-

mesothelin HLE BiTE increased from
day 1 (1.40 6 0.11) to day 5 (1.52 6 0.22), whereas for 50 lg of
89Zr-control HLE BiTE, tumor uptake decreased from day 1 (0.91
6 0.14) to day 5 (0.77 6 0.11) (Figs. 3A and 3B). 89Zr-control
HLE BiTE did not show uptake in the spleen or thymus. Although
blood levels obtained with both tracers were similar, whole-body
radioactivity levels showed that the whole-body clearance of 89Zr-
control HLE BiTE was faster than that of 89Zr-mesothelin HLE
BiTE (Fig. 3C).
Ex vivo biodistribution at day 5 confirmed the similar blood levels

and specific uptake of 89Zr-mesothelin HLE BiTE in the tumor,
spleen, and thymus compared with the control HLE BiTE

A

C

D

B

FIGURE3. Biodistributionof 50 lgof 89Zr-mesothelin HLEBiTEcomparedwith50lgof 89Zr-control
HLE BiTE. (A) Representativemaximum-intensity projections of PET images at 1, 3, and 5 d after injec-
tion of 89Zr-mesothelin HLE BiTE (n5 6) or 89Zr-control HLE BiTE (n5 6). Encircled are spleen (green),
heart (red), and tumor (blue). (B)PETquantificationof tumor,spleen,andheart. (C)Whole-body retention
measured by dose calibrator. Data are presented as mean6 SD. (D) Ex vivo biodistribution with data
presented as median with interquartile range. LNs 5 lymph nodes; MSLN 5 mesothelin. *P # 0.05.
**P# 0.01
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(Fig. 3D; Supplemental Table 2). 89Zr-mesothelin HLEBiTE uptake
was also higher than the control level in the liver, kidney, lung, adi-
pose tissue, and gastrointestinal tract.
White spots on the liverwere observed ex vivo in the various 89Zr-

mesothelin HLE BiTE groups. H&E staining revealed areas of
necrosis, whereas in the 89Zr-control HLE BiTE group the liver tis-
sue was unaffected. Higher protein doses of 89Zr-mesothelin HLE
BiTE showed an increased area affected by necrosis. Endotoxin
measurements of mesothelin HLE BiTE and the conjugated stock,
as well as the tracer solution, revealed no contaminations (Supple-
mental Fig. 4).

Ex Vivo Analysis of 89Zr-Mesothelin HLE BiTE Uptake by
Autoradiography and Immunohistochemistry
Autoradiography showed hot spots in the gastrointestinal tract of

mice 9 d after receiving 50 lg of 89Zr-mesothelin HLE BiTE (Fig.
4A). H&E staining of frozen sections identified the radioactivity
localized in the gut-associated lymphoid nodes, consistent with
binding of the tracer to T cells (Fig. 4B). Examining the slides 9 d
after injection instead of 5 d might have increased the signal-to-
background ratio (Fig. 1). Radioactivity hot spots in the spleen, iden-
tified 5 d after tracer injection, colocalized with the white pulp (Fig.
5A). Immunohistochemistry staining confirmed high CD3 expres-
sion in the white pulp, whereas mesothelin staining was negative.
In contrast, for 89Zr-control HLE BiTE, no hot spots and only a
low homogeneous distribution were seen in the spleen. Quantifica-
tion of autoradiography data confirmed the higher spleen uptake of
89Zr-mesothelin HLE BiTE (1,747 6 109.8) than of 89Zr-control
HLE BiTE (1,009 6 59.6, P , 0.01). It also showed the high
89Zr-mesothelin HLE BiTE signal in the CD3-rich white pulp
(2,763 6 119.2) versus the red pulp (1,516 6 86.9) (Supplemental

Fig. 5). 89Zr-mesothelin HLE BiTE auto-
radiography of the tumor showed that the
radioactivity overlappedwithmesothelin-
expressing tumor tissue outside the
necrotic core (Fig. 5B). The signal was
not increased in tumor areas that con-
tained CD3-positive cells. 89Zr-control
HLE BiTE uptake in tumor tissue was
low, but higher local uptake matched
with the small necrotic core (Fig. 5B;Sup-
plemental Fig. 6). 89Zr-mesothelin HLE
BiTE autoradiography of tumor tissue
with an adjacent lymph node showed
radioactivity overlapping with CD3
expression in the lymph node and with
mesothelin expression in the tumor. Inter-
estingly, radioactivity in the adjacent
lymph nodewas 2-fold higher than uptake
in the tumor (Supplemental Fig. 7).

DISCUSSION

To our knowledge, this was the first
biodistribution study with an HLE BiTE
molecule. The mesothelin HLE BiTE
showed specific uptake in the tumor and
lymphoid organs. Uptake of the tracer in
the spleen and mesenteric lymph nodes
was dose-dependent. Mesothelin HLE
BITE localized to the gut in the adjacent

lymph nodes. Both targeting arms clearly contributed to the meso-
thelin HLE BiTE biodistribution, with spleen uptake correlating
with the CD3 expression whereas tumor uptake related to mesothelin
expression.
Two variables changed with the mesothelin HLE BiTE compared

with the previously evaluated first-generation BiTE molecules. The
half-life was extended by fusing the BiTEmolecule to an Fc domain,
and the affinity for the tumor-associated antigen (mesothelin, disso-
ciation constant [Kd]5 3.0 nM)was higher than for CD3 (Kd5 26.8
nM). Our study showed that these modifications induced important
differences in the biodistribution. The biodistribution of the first-
generation BiTE molecule muS110, targeting mouse EpCAM (Kd

5 21 nM), and mouse CD3 (Kd 5 2.9 nM) was driven by its CD3
arm (13). For the mesothelin HLE BiTE molecule, both arms con-
tributed to its biodistribution. Intratumoral uptake colocalized with
mesothelin expression, and themaximum tumor uptake formesothe-
lin HLE BiTE was 6-fold higher than for muS110. Moreover, this
maximum uptake was reached later, namely on day 5 versus at 6
h after administration. Other first-generation BiTE molecules also
had lower tumor uptake in biodistribution studies in nude mice bear-
ing human tumors. Depending on the BiTE molecule and tumor
model used, uptake varied between 4% and 8% of the injected
dose per gram at 24 h after administration (28,31).
Spleen uptake colocalized with CD3 presence in the white pulp.

The Fcg-silenced Fc domain of mesothelin HLE BiTE, and uptake
in T-cell–rich white pulp versus lower uptake in the macrophage-
rich red pulp, rendered Fc-mediated spleen uptake, if present, min-
imal. We found that 5,933 mesothelin molecules are expressed per
4T1 cell, whereas around 105 CD3 molecules are generally
expressed per human T cell (32,33). In the spleen, this high CD3
expression possibly acts as a first “sink.” This organ, which

A B

FIGURE 4. (A) Activity retention in gastrointestinal tract 9 d after injection of 50 lg of 89Zr-mesothelin
HLEBiTE in4T1-tumor–bearingBALB/cmouse. (B)H&Estainingof frozensectionsof highlightedareas.
LN5 lymph node.
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functions as the primary filter for the blood, has leaky discontinu-
ous capillaries that permit fast accumulation (34,35). A dose of
10 lg resulted in immediate high spleen uptake, low blood levels,
and moderate tumor uptake. This rapid uptake seemed to limit the
available HLE BiTEmolecules in the circulation. A small increase
in the protein dose from 10 to 50 lg resulted in reduced spleen
uptake, higher blood levels, and higher tumor uptake. Increasing
the dose to 200 lg further reduced spleen uptake, but it did not fur-
ther increase tumor uptake, possibly because of binding saturation.
Dose-dependent uptake was not observed in the thymus, and
uptake in the thymus was slower than in the spleen. In contrast
to the spleen, the thymus has continuous capillaries limiting blood
extravasation from the vasculature (36). Both thymus and spleen
have an extensive availability of CD3-positive T cells, but dose-
dependent uptake is observed just in the spleen. The 9-fold higher

affinity of the mesothelin HLE BiTE
molecule for mesothelin may drive
uptake in the tumor, but the uptake
seems influenced by the availability in
the blood after rapid clearance.
Ex vivo biodistribution revealed that

89Zr-mesothelin HLE BiTE uptake was
increased in multiple organs such as the
liver, kidney, lung, adipose tissue, and
gastrointestinal tract, compared with
the control HLE BiTE. A slightly
increased uptake in the liver and kidney
is also found for radiolabeled antimeso-
thelin antibodies, compared with other
antibodies, in humans (37,38). Higher
uptake observed in the lung, adipose
tissue, and heart is consistent with
RNA expression profiles of mesothelin
(39). The gastrointestinal tract uptake
of 89Zr-mesothelin HLE BiTE is CD3-
mediated with uptake in the gut-
associated lymph nodes. Specific
immune cell–mediated uptake in the
gut has been previously observed for a
murine CD8-positive T-cell tracer and
a radiolabeled BiTE molecule targeting
CD3-positive T cells (13,40).
Unexpectedly, the livers of mice receiv-

ing 89Zr-mesothelin HLEBiTE showed an
increase in necrotic areas,whichwas tracer
dose-dependent,whereas the liver does not
express mesothelin (19,39). The buffer
components were similar, and we ruled
out endotoxin toxicity as a cause but
have yet to find an explanation for this
observation. Further investigation was
beyond the scope of this study.
In the clinic, BiTE molecules are

administered continuously and intrave-
nously, given their short half-life. In a
PET-imaging study with 89Zr-AMG
211 in patients with gastrointestinal
adenocarcinomas, rapid renal clearance
and relatively low tumor uptake were
observed (9). With the extended half-

life of HLE BiTE molecules, less frequent administrations and
higher tumor uptake are projected. Multiple HLE BiTE molecules
are currently being evaluated, and most have an affinity balance
between CD3 and the tumor-associated antigen similar to that of
the mesothelin HLE BiTE evaluated here (AMG 160, prostate-
specific membrane antigen Kd 5 14.8 nM and CD3 Kd 5 22.4
nM; AMG 757, DLL3 Kd 5 0.64 nM and CD3 Kd 5 14.9 nM)
(41,42).
Increasing the blood half-life of tumor-targeting antibody con-

structs raises the tumor uptake in mice (17). The effect of increas-
ing tumor affinity on tumor uptake is less straightforward (16). A
theoretic peak in maximum uptake seems to exist, in which a lower
affinity will prevent accumulation, and increasing the affinity will
hamper tumor penetration and accumulation (16,43). Therefore,
we hypothesize that the extended half-life is mainly responsible

A

B

FIGURE 5. Ex vivo analysis of spleen and tumor tissue (4T1) 5 d after injection of 50 lg of 89Zr-meso-
thelin HLE BiTE or 50 lg of 89Zr-control HLE BiTE. (A) Spleen tissue. From left to right are shown tissue
autoradiography, CD3 immunohistochemistry, and mesothelin immunohistochemistry. (B) Tumor tis-
sue. From left to right are shownH&E and tissue autoradiography, followed byCD3 immunohistochem-
istry andmesothelin immunohistochemistryofhigh-and low-uptakeareas. InH&Epanel, necroticcore is
shown as lighter-staining region. MSLN5mesothelin.

1802 THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 12 � December 2021



for the increase in tumor uptake of the mesothelin HLE BiTE com-
pared with canonic BiTE molecules.

CONCLUSION

It is complex to predict the contribution of each targeting arm of a
bispecific antibody construct to its biodistribution. Our results indi-
cate that the circulatory half-life of the construct plays an important
role in this biodistribution. In this study, molecular imaging demon-
strated that the mesothelin HLE BiTE biodistribution is driven by
both targeting arms and has improved pharmacokinetic parameters
over BiTE molecules. These findings support the future clinical
development of HLE BiTE molecules and the use of molecular
imaging in this process to understand biodistribution and tumor
targeting.
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KEY POINTS

QUESTION: What is the whole-body biodistribution of HLE BiTE in
tumor-bearing syngeneic mice, and does it target tumors?

PERTINENT FINDINGS: This biodistribution study with a 89Zr-
labeled mesothelin-targeted HLE BiTE molecule and a 89Zr-control
HLE BiTE molecule revealed specific tumor uptake, with both tar-
geting arms of the mesothelin HLE BiTE molecule contributing to its
biodistribution. The mesothelin HLE BiTE molecule accumulated at
mesothelin and CD3-expressing tissues, such as the tumor and the
spleen.

IMPLICATIONS FOR PATIENT CARE: Multiple HLE BiTE mole-
cules are currently in clinical trials. This study in mice showed that
they have a favorable biodistribution profile and supports the
potential for clinical translation of HLE BiTE molecules.
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Despite the known influence of anatomic variability on internal dosim-
etry, dosimetry for 18F-FDGandother diagnostic radiopharmaceuticals
is routinely derived using reference phantoms, which embody
population-averagedmorphometry for a given age and sex. Moreover,
phantom format affects dosimetry estimates to a varying extent. Here,
we applied newly developed mesh format reference phantoms and a
patient-dependent phantom library to assess the impact of height,
weight, and body contour variation on dosimetry of 18F-FDG. We
compared the mesh reference phantom dosimetry estimates with
corresponding estimates fromcommonsoftware to identify differences
related to phantom format or software implementation. Our study
serves as an example of how more precise patient size–dependent
dosimetrymethodologycouldbeperformed.Methods:Absorbeddose
coefficientswerecomputed for theadultmesh referencephantomsand
for a derivative patient-dependent phantom series by Monte Carlo
simulation using the Particle and Heavy Ion Transport Code System
(PHITS)within the software calledPARaDIM (PHITS-BasedApplication
for Radionuclide Dosimetry in Meshes). The dose coefficients were
compared with reference absorbed dose coefficients obtained from
InternationalCommissiononRadiologicalProtectionpublication128or
weregenerated using software includingOLINDA2.1,OLINDA1.1, and
IDAC-Dose2.1.Results:Differences indosimetryarisingfromanatomic
variations were shown to be significant, with detriment-weighted dose
coefficients for thepercentile-specificphantomsvaryingbyupto640%
relative to the corresponding reference phantom effective dose
coefficients, irrespective of phantom format. Similar variations were
seen in the individual organ absorbed dose coefficients for the
percentile-specific phantoms relative to the reference phantoms. The
effective dose coefficient for themesh reference adult was 0.017mSv/
MBq, which was 5% higher than estimated by a corresponding voxel
phantom and 10% lower than estimated by the stylized phantom
format. Conclusion: We observed notable variability in 18F-FDG
dosimetry across morphometrically different patients, supporting the
use of patient-dependent phantoms for more accurate dosimetric
estimations relative to standard referencedosimetry. Themethodology
employed may help in optimizing imaging protocols and research
studies, in particular when longer-lived isotopes are used.

Key Words: FDG; patient-dependent dosimetry; PARaDIM; PHITS;
phantom
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The most widely used diagnostic radiopharmaceutical in
oncology is 18F-FDG, with 2.2million clinical PET scans performed
across U.S. facilities in 2019 (1). The typical effective dose from
18F-FDG imaging is approximately 10mSv and is considered low
(2,3). Nevertheless, the increasing use of radiation-based medical
imaging over the past several decades has led to concerns about
possible detriment, and these concerns have precipitated campaigns
such as Image Wisely (adult patients) and Image Gently (pediatric
patients) (4,5). A cornerstone of those campaigns is attention to
optimization. Accurate dosimetry is fundamental to understanding
relationships between radiation dose and patient detriment and is
needed to provide objective recommendations for administered
activity for different patient populations (6).
Dosimetry estimates in nuclear medicine are derived usingMonte

Carlo–based dose calculations incorporating computerized repre-
sentations of anatomy known as computational phantoms. The
accuracy of these estimates depends on the degree towhich anatomic
features of the patient are modeled within the phantom. Virtually all
routine dosimetry estimates for 18F-FDG in adult patients have used
standard reference (i.e., non–patient-specific) phantoms to represent
patient anatomy. Reference phantoms serve to define an average
patient based on only age and sex criteria; they do not consider
differing body sizes and organ dimensions, which may influence
absorbed dose calculations by 20%–60% (7). The geometric format
(e.g., mesh, voxel, stylized, or hybrid) used to define the phantom
anatomy further influences dose calculations. Despite the availabil-
ity of more modern formats, stylized adult phantoms (8,9) as

described in International Commission on Radiological Protection
(ICRP) publication 23 (10) continue to be routinely used in nuclear
medicine dosimetry software and provide the underpinning for dose
coefficients promulgated in currently accepted sources of radio-
pharmaceutical reference data (7). Limitations of stylized phantoms
include reliance on simple linear and quadratic surface equations,
which coarsely approximate human anatomy and generally under-

estimate organ cross-dose contributions for low-energy photons.
Progress in computational phantom and Monte Carlo code devel-
opment (11–18) now enables more accurate dosimetry protocols,
which will support dosimetry research, optimization of clinical
imaging protocols, and planning of research studies.
The ICRP recently developed mesh format reference computa-

tional phantoms for the adult male and female, and these phantoms
provide anatomically more realistic representations of the human
body (Fig. 1) (19). For example, these phantoms define numerous
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additional source and target regions and define small, thin, or
complex radiosensitive target regions impractical to treat using
voxel or stylized phantom formats. More recently, the adult mesh
reference phantoms were reshaped and scaled to match Caucasian
patient population-dependent parameters extracted from anthropo-
metric survey data (20,21)––culminating in an additional 9 male and
9 female phantoms representing the 10th, 50th, and 90th percentiles
of standing height and weight for the adult Caucasian population.
Termed the percentile-specific phantom series, these 18 phantoms
are morphometrically considered patient-dependent phantoms and
foster research into dosimetric implications of adult patient size
variability across population subsets (22).
A primary objective of this work was to assess differences in 18F-

FDG dose coefficient estimations using a patient-dependent dosim-
etry paradigm, in comparison to standard one-size-fits-all reference
dosimetry. We therefore calculated dosimetry estimates across a
series of current-generation mesh patient-dependent phantoms to
evaluate the differences arising from anatomic variability. We also
investigated differences due to phantom format by comparing dose
coefficients derived using the mesh reference phantoms with those
obtained using stylized reference phantoms, voxel reference
phantoms, or hybrid reference phantoms.

MATERIALS AND METHODS

Biokinetic Data for 18F-FDG
Biokinetic data for 18F-FDG, in the form of time-integrated activity

coefficients (TIACs) (23) for the brain, heart wall, lungs, liver, urinary
bladder contents, and rest of body, were obtained from the ICRP 128 (7)
radiopharmaceutical data compendium (Table 1). The TIAC for the lung
region provided in ICRP 128 applies to both lungs jointly; however, in
themesh phantoms, the lungs aremodeled as separate regions, with each
requiring an input TIAC. Therefore, the lung TIACwas divided between
the right and left lung regions by mass fraction (relative to the total lung
mass). Similarly, the rest-of-body TIAC was divided among the regions

it comprises by tissue mass fraction (relative to the total tissue mass of
the rest of the body).

Absorbed Dose Calculations with Reference- and
Patient-Dependent Mesh Phantoms

Absorbed dose coefficients (in units of mGy/MBq administered activity)
for the explicitly defined mesh reference and percentile-specific phantom
regions were computed by direct Monte Carlo simulation using the Particle
and Heavy Ion Transport Code System (PHITS) (c)–based (14) PHITS
Application for Radionuclide Dosimetry in Meshes (PARaDIM) software
(17). Each simulation was configured using the multisource absorbed dose
mode of PARaDIM,which generates both region-levelmean absorbed dose
coefficients and a 3-dimensional voxelized dose map (here, sampled at
1.0-cm isotropic spatial resolution). The material surrounding the phantom
was defined as void. In total, 107 historieswere simulated for each phantom.
PARaDIM defaults for physical models were used, which specified the
PHITS–electron g-shower 5 method for treatment of multiple scattering,
explicit treatment of fluorescent x-rays, consideration of Rayleigh and
incoherent scattering, and consideration of electron-impact ionization.
Sampling was used for determination of bremsstrahlung polar angles, pair
electron polar angles, and distribution of photoelectrons. Cutoff energies of
1.0 keV were used for both positrons and photons.

The ICRP defines several target regions that comprisemultiple uniquely
defined target regions within the phantoms (e.g., lungs, comprising left and
right lung; kidneys, comprising left and right renal pelvis, cortex, and
medulla). The mean dose to such regions was computed as a mass-
weighted combination of absorbed doses to each subregion:

dmreg5
X

rT2mreg

M rT 2 mregð Þ
M mregð Þ d rT 2 mregð Þ, Eq. 1

where dmreg is the absorbed dose coefficient for a multiregion
target mreg; M rT 2 mregð Þ is the mass of a region rT comprising
the multiregion target; M mregð Þ is the total mass of the multiregion
target; and dðrT 2 mregÞ is the absorbed dose coefficient for a
subregion.

The active marrow and endosteum are implicitly defined within
the spongiosa and marrow cavity regions of the mesh reference
and percentile-specific phantoms; the absorbed dose coefficients for
these specific tissues were derived from those for the corresponding
spongiosa and marrow cavities per the recommendations in ICRP 116,
namely:

dskel AMð Þ5
X

rT2skel

M AM, rT 2 skelð Þ
M AMð Þ d SP, rT 2 skelð Þ Eq. 2

FIGURE 1. Comparison of phantom formats. (Left) MIRD 5 era stylized
adult anthropomorphic phantom (1969;�25 source/target organs) used in
OLINDA 1.0 and ICRP 128. (Middle) ICRP 110 adult male voxel phantom
(2009; 79 source regions, 43 target regions) used in IDAC-Dose 2.1. (Right)
ICRP mesh reference adult male (2020; 190 source regions, 153 target
regions) archetypal example used in this work.

TABLE 1
ICRP 128 Reference Organ TIACs Used in Present Study

Source organ or tissue TIAC (h)

Brain 0.21

Heart wall 0.11

Lungs (alveolar interstitium) 0.079

Liver 0.13

Urinary bladder contents 0.26

Rest of body* 1.7

*Represents all other tissues—except for mineral bone, teeth, air
within body, and contents of gastrointestinal tract—to which
associated TIAC is apportioned on basis of mass.
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dskel ECð Þ5
X

rT 2s kel

M EC, rT 2 s kelð Þ
M ECð Þ d SP, rT 2 skelð Þ

1
X
rT

M EC, rT 2 s kelð Þ
M ECð Þ d MM, rT 2 skelð Þ,

Eq. 3

where dskelðAMÞ and dskel ECð Þ are the skeletal-averaged absorbed
dose coefficients for the active marrow and endosteal cells,
respectively; M AM, rT 2 skelð Þ and M EC, rT 2 skelð Þ are the
masses of these tissues in skeletal target region rT 2 skel; M AMð Þ
andM ECð Þ are the total masses of active marrow and endosteal cells
contained within the entire skeleton; and d SP, rT 2 skelð Þ and
dðMM, rT 2 skelÞ are the absorbed dose coefficients for the
spongiosa and medullary marrow regions that encompass the active
marrow and endosteal cells in skeletal region rT .

The effective dose quantity is derived from absorbed dose
calculations and is a widely used concept in diagnostic radiation
dosimetry; it provides a strategy for combining the variable organ doses
into a single stochastic risk-relevant number (24–26). Effective dose
coefficients (27) were computed using the methodology and tissue-
specific weighting factors promulgated in ICRP 103 and ICRP 133,
namely:

e5
X
T

wT

X
R

wR

dmaleT,R 1d
female
T,R

2

" #
, Eq. 4

where e is the effective dose coefficient, wT is the tissue-specific
weighting factor for tissueT , andwR is the radiationweighting factor
for radiation type R (here, taken as unity for 18F positrons and
photons).

By definition, the effective dose is relevant only for the reference
person (i.e., it does not formally apply to height, weight, or otherwise
constrained subsets of the patient population) (23,24). It is also restricted
to the use of sex-averaged organ absorbed doses as per Equation 4. To
gain insight into a similar single-value risk characterization, a related

quantity—the detriment-weighted dose (28–30)—has been previously
introduced; this quantity applies ICRP tissue and radiation weighting
factors but removes the requirement of sex-averaging of organ absorbed
doses, as well as the restriction of nonreference phantom dose values.
The detriment-weighted dose provides a basis for consideration of risk
from stochastic effects of radiation, as relevant to population subsets (as
used here) or potentially individuals, and is used with the justification
that absorbed dose, not patient geometry, is the relevant seat for
quantifying risk:

eS,H,M
DW 5

X
T

wT

X
R

wRd
S,H,M
T,R , Eq. 5

where eS,H,M
DW is the detriment-weighted dose coefficient for a

phantom of sex S, height H, and total-body mass M.

Absorbed Dose Calculations with Reference Voxel, Stylized,
and Hybrid Phantoms

The ICRP 89 adult male and female hybrid reference phantoms (18)
were used in OLINDA 2.1. The adult male and female stylized reference
phantoms were used in OLINDA 1.1, and the ICRP 110 adult voxel
reference phantoms were used in IDAC-Dose 2.1 software. The default
organmasses were used for each phantom in all software. Further details
on the phantoms used are provided in Table 2.

Hardware and Software Specification
An HP Z8 workstation running the Microsoft Windows 10 operating

system and using a 3.6-GHz Intel Xeon 5122 processor was used for all
Monte Carlo calculations.

3D Slicer (version 4.11; www.slicer.org) was used for dose map
visualization, and Paraview (version 5.6.2; www.paraview.org) was
used for 3-dimensional rendering of phantom geometry. Statistical
analysis was performed with GraphPad Prism (version 8.3.1; GraphPad
Software, Inc.).

TABLE 2
Characteristics of Phantoms as Implemented in Software Used in Present Study

Phantom name
(software

implementation)
Morphometric

category Format
Source or target

regions
Tissue-weighting

factors* Reference

Mesh reference
(PARaDIM)

Reference Tetrahedral mesh 190 ICRP 103 (19)

Percentile-specific
(PARaDIM)

Patient-dependent Tetrahedral mesh 190 ICRP 103 (21)

ICRP 89 adult
(OLINDA 2.1)

Reference Hybrid† 27/25 (M); 28/26 (F) ICRP 103 (18,38)

Cristy-Eckerman
adult (OLINDA
1.1)

Reference Stylized 26/25‡ (M); 25/24 (F) ICRP 60 (8,32)

Cristy-Eckerman
adult (ICRP 128)

Reference Stylized 28‡ ICRP 60 (7,8)

ICRP 110 adult
(IDAC-Dose 2.1)

Reference Voxel 79/47 ICRP 103 (39,40)

*Tissue-specific weighting factors applied in computation of effective dose or detriment-weighted dose coefficients.
†Hybrid nonuniform rational basis spline format converted to voxel format during calculations used in preparation for software

implementation.
‡Hermaphroditic phantom containing male/female source/target organs.
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RESULTS

Figure 2 shows voxel-level absorbed dose coefficients for the mesh
reference and percentile-specific phantom series. These 3-dimensional
dosemaps are volume-rendered asmaximum-intensity projections, and
as they were derived under the assumption of uniformly distributed
activity within whole organs, they are intended to reflect spatial
nonuniformity of dose deposition averaged across a patient subpopu-
lation matching the specified height and weight. Region-level mean
absorbed dose coefficients for selected target organs of the phantoms
are presented in Figures 3 and 4. A comprehensive list of dose
coefficients for all defined target regions is provided in Supplemental
Tables 1–8 (supplemental materials are available at http://jnm.
snmjournals.org). The highest absorbed dose coefficients were
observed in the heart wall, followed by the urinary bladder wall and
brain, for the male and female mesh phantoms and their voxel analogs
implemented in IDAC-Dose 2.1 (Fig. 5). In contrast, the urinary bladder
wall was identified as the critical organ in the stylized and hybrid
reference phantom dose estimates, with the bladder wall absorbed dose
coefficients being approximately 2-fold higher than those for the heart
wall (the next most irradiated tissue) and were approximately 2.5-fold
higher than estimated with the mesh reference phantoms. This
discrepancy has been noted previously (17), and here, was the largest
relative deviation in the dose coefficient estimated by the mesh
reference phantoms in comparison to the corresponding stylized and
hybrid phantom estimates. The disagreement can be partially explained
by the methodology applied for determination of specific absorbed
fractions used in derivation of self-irradiation S values (and corre-
spondingly, absorbed dose coefficients) for the urinary bladder of the
stylized phantoms (31,32). Absorbed dose coefficients for the basal cell
layer of the urinary bladder of the mesh reference adults (0.089mGy/
MBq and 0.091 mGy/MBq for adult male and female, respectively;
Supplemental Tables 1 and 2) were more consistent with the stylized
and hybrid phantom bladder dose estimates.
Relative to the referencemesh phantoms of the corresponding sex,

absorbed dose coefficients for most target organs of the percentile-
specific phantom series deviated by 20%–30% for the 10th and 90th
weight percentile extremes. The reference and percentile-specific
estimates converged near the 50th standing-height percentile/50th
weight percentile within the 50th standing-height percentile; this
finding was expected because of the similar body morphometry of
the reference phantoms (176.0 cm/73 kg male; 163 cm/60.0 kg
female) and the 50th standing-height percentile/50th weight per-
centile within the 50th standing-height percentile analogs (176.5 cm/
79.3 kg male; 163.3 cm/64.1 kg female). Of all target tissues,
absorbed dose coefficients for the brain varied the least (in relative
terms) among phantoms of the same sex, primarily because of the
weak dependence of brain mass on body morphometry—partic-
ularly, body mass for a given height.
The effective dose coefficient was calculated as 0.017 mSv/MBq

using the male and female mesh reference phantoms in combination
with the tissue-specific weighting factors of ICRP 103. This
represents an approximately 10% decrease relative to the ICRP
128 estimate of 0.019 mSv/MBq and reflects geometric differences
in the phantoms, tissue-specific weighting factors (Table 2), and lack
of sex-averaging of the ICRP 128 organ doses used to derive the
effective dose. The effective dose coefficient for the ICRP 110 voxel
phantomswas 0.016mSv/MBq (sex-averaged), which agrees within
approximately 5% with the mesh reference phantom estimates; of
note, these phantoms were designed to represent identical geometry
but in different formats.

The detriment-weighted dose coefficient for each of the percentile-
specific phantoms was computed by applying ICRP 103 tissue-
specific weighting factors directly to the associated tissue equivalent
dose coefficients (i.e., not using reference male/female equivalent
dose averaging; Eq. 5). The patient dependence of the detriment-
weighted dose is provided in Figure 6 for the percentile-specific
phantoms. Though the relationships depend on height, weight, sex,
and underlying physical factors (linear energy transfer, attenuation),
the detriment-weighted dose negatively correlates strongly with body
mass (Spearman r520.9505; P, 0.0001) but less strongly with
BMI (Spearman r520.7049; P5 0.0011). Notably, given a
particular sex, the detriment-weighted dose-versus-mass curves for
different height classifications were observed to decrease monoton-
ically. For a given mass, detriment-weighted dose coefficients for
females were larger than for males. Together, these results suggest
that consideration of bodymorphometry, rather than only bodymass,
will further improve dose estimates and optimization strategies.

DISCUSSION

Diagnostic dose measurement has roles in optimization, compar-
ison of techniques and modalities, quality assurance, research and
development, and support of regulatory standards and public health
protection (24). Understanding the variability and uncertainty in
dose estimates is of heightened importance considering repeat
oncologic imaging sessions in which uncertainties must be propa-
gated across multiple imaging sessions throughout disease manage-
ment. The contributing factors for uncertainty in organ-level
absorbed dose calculations (33–35) can include uncertainty in
radionuclide physical decay data, system calibration, Monte Carlo
calculation of energy deposition, bodymorphometry of the patient in
comparison to the phantom representing the patient, and radiophar-
maceutical biokinetics and intraorgan distribution. Of these, the
uncertainty in radionuclide decay data is negligible in most cases,
and uncertainty in Monte Carlo simulations can be minimized with
adequate sampling. In contrast, body morphometry and radiophar-
maceutical biokinetics and intraorgan distribution represent the
principal organ-level dosimetric uncertainties.
Our study addresses uncertainty and variability in body mor-

phometry for specific subsets of the Caucasian patient population,
and we provide patient-dependent dose estimates (with a broad
approximation of the anatomy of height- and weight-defined subsets
of the patient population), in contrast to patient-specific calculations
(which account for the unique anatomy of a specific patient) (22). In
doing so, we have used reference 18F-FDGbiokinetic data in order to
ensure that the variability in the results originates plainly from the
underlying anatomic differences. The biokinetics of 18F-FDG may
vary across patients, such as because of dietary conditions, presence
of tumors, and kidney dysfunction. To our knowledge, the biokinetic
dependence on adult body morphometry has not been comprehen-
sively investigated. Considering the uncertainty in biokinetics, as
well as the impracticality of creating patient-specific phantoms for
routine imaging procedures, there is some rationale for applying
these dose estimates to specific patients by matching them to the
appropriate height and weight percentiles. Such strategies could
support scan-specific dose reporting in nuclear medicine in the near
future.

Role of Patient-Dependent Dose Coefficients in Diagnostic
Nuclear Medicine
Optimization strategies for 18F-FDG should continue to prioritize

the delivery of images of diagnostic quality. The Image Wisely and
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FIGURE 2. Voxel-level absorbed dose coefficients for 18F-FDG. (A) Adult female reference and percentile-specific phantom series juxtaposed with
maximum-intensity projections of their corresponding 18F-FDG voxel dose coefficient maps. (B) Same as A but for adult male. Hx5 xth percentile standing
height; Wy5 yth weight percentile within preceding standing height percentile.
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Image Gently initiatives (4,5) espouse safe and efficacious imaging
by striving to deliver diagnostic images while maintaining radiation
doses as low as reasonably achievable. Our calculations provide
supporting data for patient size–based 18F-FDG administration and
related optimization strategies. At 18F-FDG dose levels expected
clinically, the CIs in risk–dose relationships are currently too broad
to justify the consideration of risk in management of individual
patients (36,37). Therefore, the dose coefficients we have provided

should be used primarily for improved scan-specific dose reporting,
which will enable better elucidation of dose–risk relationships in
epidemiologic studies. Incorporating patient size–dependent varia-
tion in 18F-FDG biokinetics would allow further refinement of the
present dose coefficient estimates and would allow them to be
more confidently used in setting guidelines for administered
activity as a function of adult body morphometry. A greater impact
of morphometry-dependent variation in absorbed dose and

FIGURE 3. (A) Organ-level absorbed dose coefficients for 18F-FDG for female mesh reference computational phantom (MRCP) and comparison with
percentile-specific phantom series. (B) Percentile specific dose coefficients presented as fractional differences relative to reference female. Hx 5 xth

percentile standing height; Wy5 yth weight percentile within preceding standing height percentile.
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detriment-weighted dose coefficients can be expected with longer-
half-life diagnostic radiopharmaceuticals.

Methodologic Considerations
In contrast to the orthodoxmethod of computing dose coefficients

from specific absorbed fraction–derived S-value lookup tables, here
we have computed task-specific dose coefficients via direct Monte
Carlo simulation. The derivation of a complete set of phantom

organ–specific absorbed fractions requires a monumental computa-
tional effort. For example, ICRP 133 provides specific absorbed
fractions for the ICRP 110 series of adult phantoms in 79 unique
source regions across 3 corpuscular radiation types plus photons, and
approximately 20 discrete energies are necessary for interpolation—
effectively requiring over 6,000 individual Monte Carlo simulations
per phantom—but thereafter enabling dose from any radionuclide or
biokinetic dataset to be immediately computed. For the direct

FIGURE 4. (A) Organ-level absorbed dose coefficients for 18F-FDG for male mesh reference computational phantom and comparison with percentile-
specific phantom series. (B) Percentile-specific dose coefficients presented as fractional differences relative to referencemale. Hx5 xth percentile standing
height; MRCP5 mesh reference computational phantom; Wy5 yth weight percentile within preceding standing height percentile.
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approach used here, a single phantom requires a new Monte Carlo
simulation for every biokinetic dataset, but the simulation can be run
on a standard desktop computer on a clinically acceptable timescale.
Thus, future availability of specific absorbed fractions for the mesh
reference–specific and percentile-specific phantoms will increase
flexibility and computation speed, but their current unavailability
should not present a barrier to implementation of these phantoms.
Some organ-level dosimetry software, including OLINDA,

allows users to modify reference phantom organ masses to
approximate patient-specific dose calculations. These approaches

typically involve linearly scaling the self-S contributions from
weakly penetrating radiations (a-particles and electrons) with
inverse mass, whereas photon self-S contributions are scaled
inversely with the two-thirds power of the mass (32). This approach
assumes that source–target proximity is invariant on changes in
organ mass or patient shape. This approach is reasonable when the
phantom already recapitulates the salient morphometry of the patient
or patient population subset (e.g., for small mass variation in larger
spheric organs) but may be subject to considerable errors when, for
example, scaling reference phantom S values to match patients of

FIGURE 5. Comparison of organ-level dosimetry computed with reference phantoms in modern and legacy dosimetry software. Note overall improved
agreement betweenmesh reference adults and output of IDAC-Dose 2.1, where anatomically equivalent phantoms were represented by different formats
(i.e., mesh vs. voxel). MRCP5 mesh reference computational phantom.
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much smaller or much larger overall size. As the percentile-specific
phantoms account for gross size variation across patients, they
would serve as a better basis for patient-specific organ S-value
scaling.

CONCLUSION

Using newly developed computational phantoms, we provide
patient-dependent dose coefficients and revised reference dose
coefficients for 18F-FDG. Differences in patient morphometry
imparted large deviations in dose coefficients for the upper and
lower 10th percentile extremes of patient height and weight (up to
640% relative to the reference patient). Although our work was
limited to 18F-FDG, greater impact is expected for longer-lived
isotopes in imaging. These data pertain to stochastic risk estimates
and should not be used for individual patient management, but the
methodology described may support optimization of administered
activities in clinical practice.
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KEY POINTS

QUESTION:Can the influence of patient size on 18F-FDG dosimetry
be elucidated using newly developed patient-dependent
phantoms?

PERTINENT FINDINGS:Dose coefficients for 18F-FDGwere shown
to vary by up to640% across the 10th–90th percentiles for standing
height and weight across the Caucasian adult patient population.

IMPLICATIONS FOR PATIENT CARE: Implementation of the
current state-of-the-art phantom libraries into modernized dosim-
etry software will foster greater accuracy in dosimetry and ultimately
support optimized strategies for personalized nuclear medicine.
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Appropriate use criteria (AUC) are statements that contain
indications describing when and how often an intervention should
be performed under the optimal combination of scientific evi-
dence, clinical judgment, and patient values while avoiding unnec-
essary provisions of services. Society of Nuclear Medicine and
Molecular Imaging (SNMMI) is a qualified provider-led entity
under the Medicare AUC program for advanced diagnostic imag-
ing, allowing referring physicians to use SNMMI AUC to fulfill
the requirements of the 2014 Protecting Access to Medicare Act.
SNMMI follows a balanced multidisciplinary approach to guid-
ance development by including various stakeholders in the devel-
opment process. For background and a detailed explanation of this
development process, see http://www.snmmi.org/ClinicalPractice/
content.aspx?ItemNumber=15665. The full version of this docu-
ment, including information on methodology, conflicts of interest,
benefits and arms, definition of terms list of external reviewers,
and additional special commentary, is available at www.snmmi.
org/auc. This article is a summary of the complete text of the
AUC, which is available at www.snmmi.org/auc.

EXECUTIVE SUMMARY

The value of nuclear medicine imaging for diagnosing infec-
tions, was first recognized nearly 50 y ago (1). The 3-phase bone
scan was for many years the radionuclide test of choice for muscu-
loskeletal infection, with an accuracy exceeding 90% in patients
with unviolated bone. Over time, with the advent of new cross-
sectional imaging studies such as computed tomography (CT) and
magnetic resonance imaging (MRI), patients referred for radionu-
clide imaging increasingly had preexisting conditions. These con-
ditions adversely affect the specificity of bone scintigraphy and
necessitated the development of adjunctive and/or alternative pro-
cedures, including 67Ga-citrate (67Ga) scintigraphy, labeled leuko-
cyte scintigraphy, and, more recently, 18F-fluorodeoxyglucose
(18F-FDG), to facilitate the differentiation of infection from other
entities associated with increased bone mineral turnover (2).
The document describes the appropriate use of nuclear medicine

imaging in patients suspected of having musculoskeletal infec-
tions. It is anticipated that, based on the recommendations pro-
vided, these imaging tests will be appropriately applied to improve

the care of patients. These AUC were developed by an autono-
mous workgroup of representatives from the SNMMI, the Ameri-
can College of Nuclear Medicine (ACNM), and a hospitalist.
These criteria were developed in accordance with the Protecting
Access to Medicare Act of 2014, which requires that all referring
physicians consult AUC through a clinical decision support mech-
anism prior to ordering advanced diagnostic imaging tests (3). The
AUC in this document are intended to assist referring health-care
providers in the appropriate use of nuclear medicine imaging in
patients suspected of having musculoskeletal infection.

INTRODUCTION

Musculoskeletal infection is a general term that includes osteo-
myelitis, orthopedic hardware infections (including periprosthetic
joint infections [PJIs]), and septic arthritis. These infections can
arise hematogenously from a remote location or by direct inocula-
tion, that is, spread of organisms from direct trauma or a contiguous
focus of infection and from postoperative sepsis. Local risk factors
include open fractures, recent surgery, and orthopedic hardware.
Systemic risk factors include diabetes mellitus, immunosuppres-
sion, and substance abuse. The diagnosis of musculoskeletal infec-
tion is not always obvious, and nuclear medicine imaging is
frequently performed as part of the diagnostic workup. No one pro-
cedure is equally efficacious for all indications. The selection of an
appropriate study is governed by the clinical question(s) posed (2).
Much of the nuclear medicine literature has focused on the role

of radionuclide imaging for diagnosing pedal osteomyelitis in dia-
betes, spondylodiscitis, and infections involving orthopedic hard-
ware, including joint prostheses. At one time, the most extensively
investigated and widely used radionuclides for musculoskeletal
infection were bone, 67Ga, and labeled leukocyte scintigraphy.
More recently, 18F-FDG has assumed an increasingly important
role in musculoskeletal infection imaging. Consequently, the
workgroup chose to focus on the roles of these radiopharmaceuti-
cals for each of these conditions, along with septic arthritis.
There are several limitations to the literature regarding the value

of radionuclide imaging in musculoskeletal infection. Published
results consist primarily of retrospective investigations, with rela-
tively few subjects, performed at a single institution, and using
various standards of truth against which the test is judged. Well-
designed prospective multicenter investigations are virtually nonexis-
tent. In the absence of published data, the authors of this document
relied on expert opinion from nuclear medicine specialists in the
United States, Europe, Africa, and the referring clinical community.
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The workgroup is of the opinion that the most accurate assessment
of the utility of nuclear medicine imaging in musculoskeletal infec-
tion is obtained by combining existing literature with the opinions of
multidisciplinary experts. The recommendations provided relate only
to the appropriate use of nuclear medicine imaging and do not pre-
clude other testing, nor are they intended to replace clinical judg-
ment. Referring health-care providers should consider patient
history, physical examination, and other test results when contem-
plating nuclear medicine imaging. This document may also be help-
ful by providing guidance for imaging specialists, as well as for
developers of clinical decision support tools.

METHODOLOGY

The experts of this AUC workgroup were convened by the
SNMMI to represent a multidisciplinary panel of health-care pro-
viders with substantive knowledge in the use of nuclear medicine
procedures in musculoskeletal infection imaging. In addition to
SNMMI members, representatives from the ACNM were included
in the workgroup. Ten physician members were ultimately
selected to participate and contribute to the AUC. A complete list
of workgroup participants and external reviewers can be found in
Supplemental Appendix A (supplemental materials are available at
http://jnm.snmjournals.org).
Supplemental Appendix B presents a summary of definitions of

terms and acronyms, Supplemental Appendix C provides disclo-
sures and conflicts-of-interest statements, and Supplemental
Appendix D describes the solicitation of public commentary.

AUC Development
The process for AUC development was modeled after the

RAND/UCLA Appropriateness Method for AUC development
(4). It included identifying a list of relevant clinical scenarios
where nuclear medicine can be used in the imaging of musculo-
skeletal infections, a systematic review of evidence related to these
clinical scenarios, and a systematic synthesis of available evi-
dence, followed by the development of AUC for each of the vari-
ous clinical scenarios by using a modified Delphi process. This
process strove to adhere to the Institute of Medicine’s standards
for developing trustworthy clinical guidance (5). The final docu-
ment was drafted on the basis of group ratings and discussions.

Scope and Development of Clinical Scenarios
To begin this process, the workgroup discussed various potential

clinical scenarios for the appropriate use of musculoskeletal infection
imaging. For clinical scenarios, the relevant populations of interest
were children and adults of all genders, ages, races, and geographic
locations with known or suspected infections. The specific subgroups
of interest were patients who were immunocompetent, who were
immunosuppressed (e.g., owing to human immunodeficiency virus
[HIV], tumor, transplant), or who had diabetes mellitus; patients who
had prosthetic material (hardware, vascular grafts, cardiac implant-
able devices); and patients who were pregnant.
The workgroup identified 63 clinical scenarios for musculoskeletal

infection imaging, which were evaluated and addressed in 8 sections
(Section 1: Diagnosis of Spondylodiscitis in Patients Without Spinal
Hardware; Section 2: Diagnosis of Spondylodiscitis in Patients with
Spinal Hardware; Section 3: Diagnosis of Uncomplicated Peripheral
Bone Osteomyelitis; Section 4: Diagnosis of Complicated Peripheral
Bone Osteomyelitis, Including Orthopedic Hardware Infection; Sec-
tion 5: Diagnosis of Foot Osteomyelitis in Diabetic Patients; Section
6: Diagnosis of PJI of the Hip and Knee; Section 7: Diagnosis of PJI

of the Shoulder; and Section 8: Diagnosis of Septic Arthritis). The
scenarios are intended to be as representative of the relevant patient
population as possible for the development of AUC. The resulting
AUC are based on evidence and expert opinion regarding diagnostic
accuracy and effects on clinical outcomes and clinical decision mak-
ing as applied to each scenario. Other factors affecting the AUC rec-
ommendations were potential harm, including long-term harm that
may be difficult to capture; costs; availability; and patient
preferences.

Systematic Review
To inform the workgroup, a systematic review of the relevant evi-

dence was commissioned by an independent group, the Pacific
Northwest Evidence-Based Practice Center of Oregon Health and
Science University (6). The primary purpose of the systematic
review was to synthesize the evidence on the accuracy of nuclear
medicine imaging techniques for the diagnosis of infectious and
inflammatory conditions and on the effects of nuclear medicine
imaging on clinical outcomes and clinical decision making. The
workgroup selected the following key questions to guide the review:

1. What is the accuracy of bone scintigraphy with or without
single-photon emission computed tomography (SPECT) or
SPECT/CT for the diagnosis of osteomyelitis?

2. What is the accuracy of in vitro labeled leukocyte scintigraphy
with or without SPECT or SPECT/CT for the diagnosis of
infection?

3. What is the accuracy of in vitro labeled leukocyte scintigraphy
with or without SPECT or SPECT/CT for the diagnosis of an
inflammatory condition?

4. What is the accuracy of 67Ga scintigraphy with or without
SPECT or SPECT/CT for the diagnosis of infection?

5. What is the accuracy of 67Ga scintigraphy with or without
SPECT or SPECT/CT for the diagnosis of an inflammatory
condition?

6. What is the accuracy of PET, PET/CT, or PET/MRI with
18F-FDG for the diagnosis of an infection?

7. What is the accuracy of PET, PET/CT, or PET/MRI with
18F-FDG for the diagnosis of an inflammatory condition?

8. What are the effects of nuclear medicine imaging testing for
suspected infection or an inflammatory condition on clinical
outcomes or clinical decision making (e.g., use of treatments,
subsequent tests)?

For key questions 1 through 7, the reviewers assessed the
effects of the use of alternative tracers, different imaging methods,
and demographic and clinical characteristics of the populations
(e.g., immunocompetent, immunosuppressed, diabetic, prosthetic
materials, pregnant patients) to the extent possible.
The inclusion and exclusion criteria for papers for this review

were based on the study parameters established by the workgroup,
using the PICOTS (population, intervention, comparisons, out-
comes, timing, and setting) approach. Searches for relevant studies
and systematic reviews were conducted on the following data-
bases: Cochrane Central Register of Controlled Trials, Cochrane
Database of Systematic Reviews, and Ovid MEDLINE (through
January 2018). These searches were supplemented by reviewing
the reference lists of relevant publications and suggestions from
SNMMI workgroup members.
Two investigators independently reviewed abstracts and full-

text articles against prespecified eligibility criteria, as defined by
PICOTS. The population comprised patients with suspected
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infectious conditions (osteomyelitis, including PJIs and orthopedic
hardware infections; spondylodiscitis; bacteremia; infected liver or
kidney cysts; cardiovascular infections; AIDS-associated infec-
tions; tuberculosis; diabetic foot infections; pneumonia; and
abdominal abscess); inflammatory conditions (sarcoidosis, vasculi-
tis, inflammatory bowel disease, and inflammatory arthritis); and
Fever of Unknown Origin. The imaging modalities were as
follows:

� 99mTc bone scintigraphy, with or without SPECT or SPECT/CT
� 99mTc or 111In in vitro labeled leukocyte scintigraphy, with or

without SPECT or SPECT/CT
� 67Ga scintigraphy, with or without SPECT or SPECT/CT

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

For questions on diagnostic accuracy, the reviewers included
cross-sectional and cohort studies and systematic reviews of cross-
sectional and cohort studies that reported the diagnostic accuracy of
the imaging modality against a reference standard. For osteomyeli-
tis and PJIs, they restricted inclusion to studies that used histopath-
ological findings for osteomyelitis cases and used histopathological
findings or clinical follow-up for at least 3 mo as the reference stan-
dard. For other infectious conditions and inflammatory conditions,
included studies were those that used histopathological or microbi-
ological findings as part of the reference standard, with or without
clinical follow-up. Reviewers excluded studies in which the refer-
ence standard was unclear or not reported, consisted only of clinical
follow-up, or was based on alternative imaging findings only. Pri-
mary studies on diagnostic accuracy were also excluded if they
used a case-control design or enrolled cases only.
For effects on clinical outcomes, reviewers included cohort studies

of nuclear medicine imaging versus no nuclear medicine imaging
that reported mortality, morbidity, or other clinical outcomes. For
effects on clinical decision making, reviewers included cohort studies
and imaging series of nuclear medicine imaging that reported effects
on subsequent use of tests and treatments. In lieu of primary studies,
when available, reviewers included good- and fair-quality systematic
reviews and metaanalyses that were most relevant to the key ques-
tions and scope and had more recent search dates. They did not con-
duct updated metaanalyses to incorporate new studies. Rather, they
conducted a qualitative examination of the results of new studies and
the degree to which they were consistent or inconsistent with pooled
or qualitative findings from prior systematic reviews and metaanaly-
ses. Non-English language articles and studies published only as con-
ference abstracts were excluded.
Two investigators independently assessed the quality (risk of

bias) of each study as “good,” “fair,” or “poor” by using prede-
fined criteria that were specific for each study design. AMSTAR
(A MeaSurement Tool to Assess systematic Reviews) (7) was
used for systematic reviews (except diagnostic accuracy), adapted
by the U.S. Preventive Services Task Force criteria for randomized
trials and cohort studies, and QUADAS-2 (Quality Assessment of
Diagnostic Accuracy Studies-2) (8) for primary studies and sys-
tematic reviews of diagnostic accuracy. Discrepancies were
resolved through a consensus process. The strength of the overall
evidence was graded as high, moderate, low, or very low using
GRADE methods based on quality of evidence, consistency,
directness, precision, and reporting bias.
Database searches, review of reference lists, and suggestions

from experts resulted in 6,537 potentially relevant articles. After a
dual review of abstracts and titles, 1,334 articles were selected for

full-text dual review. Of these, 51 studies were determined to meet
inclusion criteria and were included in this review. In addition, 24
systematic reviews on diagnostic accuracy, covering a total of 255
unique studies, were also included in this review.

Rating and Scoring
In developing these AUC for musculoskeletal infection imag-

ing, the workgroup members used the following definition of
appropriateness to guide their considerations and group discus-
sions: “The concept of appropriateness, as applied to health care,
balances risk and benefit of a treatment, test, or procedure in the
context of available resources for an individual patient with spe-
cific characteristics” (9).
At the beginning of the process, workgroup members convened

via webinar/teleconference to develop the initial clinical indica-
tions. On evaluating the evidence summary of the systematic liter-
ature review, the workgroup further refined its draft clinical
indications to ensure their accuracy and facilitate consistent inter-
pretation when scoring each indication for appropriateness. Using
the evidence summary, workgroup members were first asked indi-
vidually to assess the appropriateness and provide a score for each
of the identified indications. Workgroup members then convened
in a group setting for several successive webinars to discuss each
indication and associated scores from the first round of individual
scoring. After deliberate discussion, a consensus score was deter-
mined and then assigned to the associated appropriate use indica-
tion. For this scoring round, the expert panel was encouraged to
include their clinical expertise in addition to the available evidence
in determining the final scores. 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 indication as “appropriate,” “may

be appropriate,” or “rarely appropriate” on a scale from 1 to 9.
Scores 7–9 indicate that the use of the procedure is appropriate for
the specific clinical indication and is generally considered accept-
able. Scores 4–6 indicate that the use of the procedure may be
appropriate for the specific indication. This implies that more
research is needed to classify the indication definitively. Scores
1–3 indicate that the use of the procedure is rarely appropriate for
the specific indication and generally is 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 an indication such that workgroup members could not agree on
a common score, that indication was given a “may be appropriate”
rating to indicate a lack of agreement on appropriateness based on
the available literature and the members’ collective clinical opin-
ion, indicating the need for additional research.

SECTION 1: DIAGNOSIS OF SPONDYLODISCITIS IN PATIENTS
WITHOUT SPINAL HARDWARE

Introduction
Spondylodiscitis, also known as spinal or vertebral osteomyeli-

tis or septic discitis, is an infection of the vertebral body and/or
disc. It accounts for about 1% of all cases of osteomyelitis, with
bimodal peaks: below the age of 20 y and from 50 to 70 y. The
infection may extend into the epidural space, posterior elements,
and paraspinal soft tissues. Preexisting conditions such as
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endocarditis, septic arthritis, urinary tract infections, and indwell-
ing catheter infections predispose individuals to these infections.
Advanced age, diabetes mellitus, coronary artery disease, spinal
interventions, immunosuppression, and intravenous drug use are
additional risk factors. The incidence of spondylodiscitis is
increasing; this is probably related to aging of the population with
a large number of chronic morbidities, increasing use of intrave-
nous medications and drug abuse, and a growing number of spinal
surgeries and instrumentation. Spondylodiscitis usually results
from hematogenous spread from a remote site of infection. Less
frequently, it is due to direct inoculation at the time of surgery or
during spinal procedures, or to penetrating trauma. Occasionally,
spondylodiscitis can result from contiguous spread of an adjacent
soft-tissue infection. The lumbar, thoracic, and cervical spine, in
decreasing order of prevalence, are the major sites of involvement.
In about 65% of cases, the infection involves a single spinal seg-
ment, which includes 2 contiguous vertebral bodies and the inter-
vening disc. Multilevel contiguous infection occurs in about 20%
of cases and noncontiguous infection in about 10% of cases (10).
In developing countries and among HIV-infected patients, Myco-
bacterium tuberculosis is an important cause of spondylodiscitis,
affecting the thoracic spine more frequently than the rest of the
spine and with a propensity for multilevel involvement (11).

Background
Clinical and laboratory evaluations are often not sufficient for

diagnosing spondylodiscitis, which is frequently an indolent dis-
ease. The interval between the onset of symptoms and diagnosis
may be long (12). Back pain, which is present in a myriad of other
conditions affecting the spine, followed by fever (seen in about
50% of cases) are the most common presenting symptoms.
C-reactive protein levels and erythrocyte sedimentation rate are
often elevated, but are not specific, and the peripheral white blood
cell count is not sensitive (10). Imaging, therefore, plays an impor-
tant role in the diagnosis of spondylodiscitis.

Clinical Scenarios and AUC Scores
Clinical scenarios for the diagnosis of spondylodiscitis in

patients without spinal hardware, along with final AUC scores, are
presented in Table 1.

Scenario 1: Diagnosis of spondylodiscitis in patients without spi-
nal hardware, bone scintigraphy (99mTc-methylene diphosphate
[MDP] or 99mTc-hydroxyethylene diphosphate [HDP]) (Score 3 –

Rarely Appropriate)

No systematic reviews addressed the role of bone scintigraphy
for diagnosing spondylodiscitis. The diagnostic performance of
bone scintigraphy varies significantly depending on the study tech-
nique, such as planar, 3-phase, or SPECT (13). In a study that
evaluated the diagnostic performance of bone scintigraphy in
spondylodiscitis, the reported sensitivity, specificity, and accuracy
were 73%, 69%, and 71%, respectively, when bone SPECT was
interpreted alone. Inclusion of planar images in scan interpretation
improved sensitivity (82%), but with a significant decrease in spe-
cificity (23%). Three-phase bone scintigraphy was specific (92%)
but not sensitive (36%) (14). Although bone scintigraphy is fre-
quently used as a screening test, false-negative results have been
reported in elderly patients, possibly secondary to arteriosclerosis-
induced ischemia. Furthermore, the test is not sensitive for detect-
ing the soft-tissue infections that may accompany, or mimic,
spondylodiscitis (2,10). For these reasons, it is the expert opinion
of the workgroup that, if used at all, bone scintigraphy should
not be the sole radionuclide test performed in suspected
spondylodiscitis.

Scenario 2: Diagnosis of spondylodiscitis in patients without spi-
nal hardware, 67Ga scintigraphy (Score 5 – May be Appropriate)

No systematic reviews addressed the role of 67Ga scintigraphy
for diagnosing spondylodiscitis. The reported sensitivity and spe-
cificity of 67Ga scintigraphy for diagnosing spondylodiscitis
ranges from 73% to 100% and from 61% to 92%, respectively.
Performing SPECT and SPECT/CT improves the diagnostic
accuracy. 67Ga scintigraphy is more sensitive than bone scintigra-
phy for detecting soft-tissue infections that accompany or mimic
spondylodiscitis and may be more sensitive than bone scintigraphy
in elderly patients. The 24- to 48-h delay between radiopharma-
ceutical administration and imaging and the relatively poor image
quality, however, are disadvantages of this agent (10). 67Ga is less
accurate than 18F-FDG PET and PET/CT for diagnosing spondylo-
discitis and for identifying paraspinal soft-tissue infections that
often accompany spondylodiscitis (15,16).

Scenario 3: Diagnosis of spondylodiscitis in patients without spi-
nal hardware, combined bone/67Ga scintigraphy (Score 6 – May
be Appropriate)

No systematic reviews addressed the role of combined
bone/67Ga scintigraphy for diagnosing spondylodiscitis. Available
data suggest that the accuracy of combined bone/67Ga scintigra-
phy, both planar and SPECT, is similar to that of 67Ga scintigra-
phy alone (14). In a comparison of combined bone/67Ga

TABLE 1
Clinical Scenarios for the Diagnosis of Spondylodiscitis in Patients Without Spinal Hardware

Scenario no. Description Appropriateness Score

1 Bone scintigraphy (99mTc-MDP or 99mTc-HDP) Rarely appropriate 3

2 67Ga scintigraphy May be appropriate 5

3 Combined bone/67Ga scintigraphy May be appropriate 6

4 Labeled leukocyte scintigraphy Rarely appropriate 2

5 Combined labeled leukocyte/bone scintigraphy Rarely appropriate 2

6 Combined labeled leukocyte/bone marrow scintigraphy Rarely appropriate 2

7 18F-FDG PET and PET/CT Appropriate 9
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scintigraphy with 18F-FDG PET/CT, the accuracy was 79% versus
88%, respectively. Results of bone scintigraphy and 67Ga scintig-
raphy individually, however, were not provided (16). A recent
investigation that used combined bone/67Ga SPECT/CT reported
an accuracy of 97% for diagnosing spondylodiscitis, similar to the
results reported for 18F-FDG PET and PET/CT (17). Nevertheless,
the combined study requires 2 different tracers, as well as multi-
ple, sometimes lengthy, imaging sessions on different days.

Scenario 4: Diagnosis of spondylodiscitis in patients without spi-
nal hardware, labeled leukocyte scintigraphy (Score 2 – Rarely
Appropriate)

The role of labeled leukocyte scintigraphy for diagnosing osteo-
myelitis of the spine was addressed in one systematic review, in
which the quality of evidence was fair (18). The sensitivity and
specificity of labeled leukocyte imaging for diagnosing osteomye-
litis in the central skeleton, including the spine, were reported to
be 21% and 60%, respectively. A major limitation of labeled leu-
kocyte scintigraphy is that 50% or more of the cases of spondylo-
discitis, for reasons that are not well understood, present as
nonspecific areas of decreased or absent activity (19). In an inves-
tigation of 71 patients with suspected spondylodiscitis, the accu-
racy of labeled leukocyte scintigraphy (66%) was similar to that of
bone scintigraphy (63%) (19).

Scenario 5: Diagnosis of spondylodiscitis in patients without spi-
nal hardware, combined labeled leukocyte/bone scintigraphy
(Score 2 – Rarely Appropriate)

There were no data on combined labeled leukocyte/bone scin-
tigraphy for diagnosing spondylodiscitis in the systematic reviews.
Because of its high sensitivity, bone scintigraphy is often used as a
screening test for osteomyelitis. When the results are positive for
osteomyelitis, labeled leukocyte imaging is performed to improve
specificity. In the case of spondylodiscitis, many of the noninfec-
tious conditions associated with increased activity on bone scintig-
raphy are also associated with nonspecific decreased uptake on
labeled leukocyte imaging (19). Consequently, it is the expert
opinion of the workgroup that combined labeled leukocyte/bone
scintigraphy is not likely to improve the specificity of bone scin-
tigraphy and should not be used for diagnosing spondylodiscitis.

Scenario 6: Diagnosis of spondylodiscitis in patients without spi-
nal hardware, combined labeled leukocyte/bone marrow scintigra-
phy (Score 2 – Rarely Appropriate)

There were no data on combined labeled leukocyte/bone mar-
row scintigraphy for diagnosing spondylodiscitis in the systematic
reviews. Bone marrow scintigraphy facilitates the differentiation
of labeled leukocyte accumulation in infection from accumulation
in bone marrow (2). A prerequisite for performing bone marrow
imaging is the presence of labeled leukocyte accumulation in the
area of concern. Since 50% or more of all spondylodiscitis cases
present as decreased or absent activity on labeled leukocyte imag-
ing, it is the expert opinion of the workgroup that combined
labeled leukocyte/bone marrow scintigraphy would not be helpful
and should not be performed for diagnosing spondylodiscitis.

Scenario 7: Diagnosis of spondylodiscitis in patients without spi-
nal hardware, 18F-FDG PET and PET/CT (Score 9 – Appropriate)

One systematic review addressed the role of 18F-FDG PET and
PET/CT for diagnosing spondylodiscitis. The quality of the

evidence was fair. The pooled sensitivity and specificity were 97%
and 88%, respectively, with positive and negative likelihood ratios
of 8.19 and 0.03, respectively (20). In a more recent metaanalysis,
18F-FDG PET/CT demonstrated a pooled sensitivity of 94.8%
(95% confidence interval [CI], 88.9%–97.6%) and a pooled specif-
icity of 91.4% (95% CI, 78.2%–96.9%). The pooled positive and
negative likelihood ratios were 4.7 (95% CI, 2.9–7.7) and 0.11
(95% CI, 0.07–0.16), respectively (21). Published data indicate
that 18F-FDG PET and PET/CT are more accurate than 67Ga for
diagnosing spondylodiscitis and for identifying accompanying par-
aspinal soft-tissue infections (15,16).

SUMMARY OF RECOMMENDATIONS

18F-FDG PET and PET/CT are the nuclear medicine imaging
tests of choice for diagnosing spondylodiscitis. When 18F-FDG
PET and PET/CT cannot be performed, 67Ga scintigraphy alone or
in combination with bone scintigraphy, preferably with SPECT or
SPECT/CT, is an acceptable alternative. Because of poor sensitiv-
ity for the paravertebral soft-tissue infections that may accompany
spondylodiscitis, bone scintigraphy should not be performed alone
but could be performed in conjunction with 67Ga scintigraphy.
There is no role for labeled leukocyte scintigraphy, alone or in
combination with bone or bone marrow scintigraphy, for diagnos-
ing spondylodiscitis.

SECTION 2: DIAGNOSIS OF SPONDYLODISCITIS IN PATIENTS
WITH SPINAL HARDWARE

Introduction
Postoperative spondylodiscitis has a prevalence ranging from

0.5% to approximately 19%, depending on comorbidities, surgical
technique, and hardware used. The presentation of postoperative
spondylodiscitis is often indolent and nonspecific. Although super-
ficial infections are easily diagnosed, diagnosis of deeper infec-
tions is more challenging. Fever is present in only about half of
the cases and laboratory tests are of limited value. The most com-
mon presentation is that of nonspecific back pain and constitu-
tional symptoms. Prompt diagnosis is imperative because a delay
may lead to spread of infection to the bone, epidural space, and
paravertebral soft tissues, with formation of biofilm around the
hardware. Biofilm is an impediment to successful antibiotic treat-
ment and may necessitate hardware removal, which can lead to
instability and pseudoarthrosis (22).

Background
Because the diagnosis of postoperative spondylodiscitis is not

always obvious, imaging studies play an integral role in the
workup of a symptomatic individual. Cross-sectional imaging
studies such as CT and MRI are hampered by hardware-induced
artifacts, even when metallic artifact reduction software is used.
Nuclear medicine imaging tests are less affected by the presence
of hardware and are valuable in the workup of postoperative spon-
dylodiscitis (10).

Clinical Scenarios and AUC Scores
Clinical scenarios for the diagnosis of spondylodiscitis in

patients with spinal hardware, along with final AUC scores, are
presented in Table 2.

Scenario 8: Diagnosis of spondylodiscitis in patients with spinal
hardware, bone scintigraphy (99mTc-MDP or 99mTc-HDP) (Score
3 – Rarely Appropriate)
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There were no data in the systematic reviews on the role of
bone scintigraphy for diagnosing spondylodiscitis in patients with
spinal hardware. It is well known that preexisting conditions such
as orthopedic hardware adversely affect the specificity of bone
scintigraphy in general. As already noted, false-negative results
have been reported in elderly patients, and the test is not sensitive
for detecting paravertebral soft-tissue infections that may accom-
pany or mimic spondylodiscitis (2,10). For these reasons, it is the
expert opinion of the workgroup that, if used at all, bone scintigra-
phy should not be the sole radionuclide test performed in patients
with spinal hardware with suspected spondylodiscitis.

Scenario 9: Diagnosis of spondylodiscitis in patients with spinal
hardware, 67Ga scintigraphy (Score 5 – May be Appropriate)

There were no data in the systematic reviews and only limited
data overall on the role of 67Ga scintigraphy for diagnosing spon-
dylodiscitis in patients with spinal hardware. In one investigation,
67Ga scintigraphy could not differentiate postoperative changes
from infection (23). 18F-FDG PET and PET/CT are superior to
combined bone/67Ga scintigraphy for diagnosing spondylodiscitis
in general (15,16). Therefore, it is the expert opinion of the work-
group that 67Ga scintigraphy should be used for diagnosing spon-
dylodiscitis in patients with spinal hardware only when 18F-FDG
PET and PET/CT are not available.

Scenario 10: Diagnosis of spondylodiscitis in patients with spinal
hardware, combined bone/67Ga scintigraphy (Score 6 – May be
Appropriate)

In the systematic reviews, there were no data on the role of
combined bone/67Ga scintigraphy for diagnosing spondylodiscitis
in patients with spinal hardware. 18F-FDG PET and PET/CT are
superior to combined bone/67Ga scintigraphy for diagnosing spon-
dylodiscitis in general (15,16). Therefore, it is the expert opinion
of the workgroup that combined bone/67Ga scintigraphy should be
used for diagnosing spondylodiscitis in patients with spinal hard-
ware only when 18F-FDG PET and PET/CT are not available.

Scenario 11: Diagnosis of spondylodiscitis in patients with spinal
hardware, labeled leukocyte scintigraphy (Score 2 – Rarely
Appropriate)

In the systematic reviews, there were no data on the role of
labeled leukocyte scintigraphy for diagnosing spondylodiscitis in
patients with spinal hardware. In one systematic review, in which
the quality of evidence was fair, the sensitivity and specificity of
labeled leukocyte imaging for diagnosing osteomyelitis in the

central skeleton, including the spine, were reported to be 21% and
60%, respectively (18). Given the poor performance of labeled
leukocyte scintigraphy for diagnosing spondylodiscitis in general,
it is the expert opinion of the workgroup that this test should not
be used for diagnosing spondylodiscitis in patients with spinal
hardware.

Scenario 12: Diagnosis of spondylodiscitis in patients with spinal
hardware, combined labeled leukocyte/bone scintigraphy (Score 2
– Rarely Appropriate)

There are no systematic reviews on the role of combined labeled
leukocyte/bone scintigraphy for diagnosing spondylodiscitis in
patients with spinal hardware. Labeled leukocyte imaging is often
performed to improve the specificity of bone scintigraphy. In the
case of spondylodiscitis, many conditions that result in a false-
positive result on bone scintigraphy appear as decreased uptake on
labeled leukocyte imaging (19). Consequently, it is the expert
opinion of the workgroup that performing labeled leukocyte
together with bone scintigraphy is not likely to improve the specif-
icity of bone scintigraphy for diagnosing spondylodiscitis, and
therefore combined labeled leukocyte/bone scintigraphy should
not be used for diagnosing spondylodiscitis in patients with spinal
hardware.

Scenario 13: Diagnosis of spondylodiscitis in patients with spinal
hardware, combined labeled leukocyte/bone marrow scintigraphy
(Score 2 – Rarely Appropriate)

There were no systematic reviews on the role of combined
labeled leukocyte/bone marrow scintigraphy for diagnosing spon-
dylodiscitis in patients with spinal hardware. Bone marrow scintig-
raphy facilitates the differentiation of labeled leukocyte
accumulation in osteomyelitis from accumulation in bone marrow
(2). It is the expert opinion of the workgroup that because 50% or
more of spondylodiscitis cases present as areas of decreased or
absent activity on labeled leukocyte imaging, performing comple-
mentary bone marrow scintigraphy in these cases would not
improve the specificity of the test. Therefore, combined labeled
leukocyte/bone marrow scintigraphy should not be used for diag-
nosing spondylodiscitis in patients with spinal hardware.

Scenario 14: Diagnosis of spondylodiscitis in patients with spinal
hardware, 18F-FDG PET and PET/CT (Score 8 – Appropriate)

One systematic review included data on 18F-FDG PET and
PET/CT for diagnosing spondylodiscitis in patients with spinal
hardware (20). The quality of the evidence was fair. The summary

TABLE 2
Clinical Scenarios for the Diagnosis of Spondylodiscitis in Patients with Spinal Hardware

Scenario no. Description Appropriateness Score

8 Bone scintigraphy (99mTc-MDP or 99mTc-HDP) Rarely appropriate 3

9 67Ga scintigraphy May be appropriate 5

10 Combined bone/67Ga scintigraphy May be appropriate 6

11 Labeled leukocyte scintigraphy Rarely appropriate 2

12 Combined labeled leukocyte/bone scintigraphy Rarely appropriate 2

13 Combined labeled leukocyte/bone marrow scintigraphy Rarely appropriate 2

14 18F-FDG PET and PET/CT Appropriate 8
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AUC for spondylodiscitis was 0.98 versus 0.92 in patients with
spinal hardware. False-positive results were more common in
patients with spinal hardware than they were in patients without it
(12.8% vs. 7%), presumably due to hardware-induced aseptic
inflammation. Performing PET/CT rather than PET alone appears
to reduce hardware-associated false-positive results (10). Although
there are no comparative investigations of 18F-FDG PET and PET/
CT with bone, 67Ga scintigraphy, or labeled leukocyte scintigra-
phy in patients with spinal hardware, 18F-FDG PET and PET/CT
have outperformed these tests for diagnosing spondylodiscitis in
general (15,16,18). Therefore, it is the expert opinion of the work-
group that 18F-FDG PET and PET/CT are the most appropriate
radionuclide imaging tests for diagnosing spondylodiscitis in
patients with spinal hardware.

SUMMARY OF RECOMMENDATIONS

18F-FDG PET and PET/CT are the nuclear medicine imaging tests
of choice for spondylodiscitis in patients with spinal hardware. 67Ga
scintigraphy alone or in combination with bone scintigraphy should
be used only when 18F-FDG PET and PET/CT are not available.
Because of poor sensitivity for the paravertebral soft-tissue infections
that may accompany spondylodiscitis, bone scintigraphy should not
be performed alone but could be performed in conjunction with
67Ga scintigraphy. Labeled leukocyte scintigraphy alone or in combi-
nation with bone or bone marrow scintigraphy should not be used to
diagnose spondylodiscitis in patients with spinal hardware.

DIAGNOSIS OF UNCOMPLICATED PERIPHERAL BONE
OSTEOMYELITIS

Introduction
Osteomyelitis, an infectious process of the bone caused by bac-

teria, viruses, and fungi, can arise either hematogenously or via
direct or contiguous inoculation. Hematogenous osteomyelitis is
caused by seeding of organisms that are transported by the blood
from a remote source to the bone. It occurs most often in children.
Direct or contiguous inoculation osteomyelitis is caused by the
spread of organisms from direct trauma, a contiguous focus of
infection, or sepsis following surgery. Predisposing conditions
include diabetes mellitus, sickle cell disease, intravenous drug
abuse, alcoholism, and immunosuppression, as well as open frac-
tures, recent orthopedic surgery, and joint prostheses (24).

Background
The diagnosis of osteomyelitis is not always obvious. Signs and

symptoms are often nonspecific and the diagnosis cannot be made

on the basis of laboratory tests alone. Consequently, imaging pro-
cedures are performed routinely as part of the diagnostic workup.
Although plain radiography is usually the initial imaging study
performed, radionuclide imaging is frequently incorporated into
the diagnostic workup of osteomyelitis (24).

Clinical Scenarios and AUC Scores
Clinical scenarios for the use of nuclear medicine in the diagno-

sis of uncomplicated peripheral bone osteomyelitis, along with
final AUC scores, are presented in Table 3.

Scenario 15: Diagnosis of uncomplicated peripheral bone osteo-
myelitis, bone scintigraphy (99mTc-MDP or 99mTc-HDP) (Score 7
– Appropriate)

No systematic reviews specifically addressed bone scintigraphy
for diagnosing uncomplicated peripheral bone osteomyelitis. In a
review of several studies totaling 574 patients, the sensitivity and
specificity of 3-phase bone scintigraphy were 94% and 95%,
respectively (25).

Scenario 16: Diagnosis of uncomplicated peripheral bone osteo-
myelitis, 67Ga scintigraphy (Score 2 – Rarely Appropriate)

No systematic reviews specifically addressed 67Ga scintigraphy
for diagnosing uncomplicated peripheral bone osteomyelitis. There
was one systematic review on the accuracy of 67Ga scintigraphy
for the diagnosis of chronic osteomyelitis (n 5 92), defined as
osteomyelitis requiring more than one episode of treatment and/or
persistent infection lasting more than 6 wk. None of the studies
included in the review evaluated 67Ga scintigraphy with SPECT or
SPECT/CT. The level of evidence was fair. The pooled sensitivity
of the test was 0.56 (95% CI, 0.26–0.82) and the pooled specificity
was 0.76 (95% CI, 0.49–0.91) (18). It is the expert opinion of the
workgroup that based on these results together with the availability
of labeled leukocyte imaging and 18F-FDG PET/CT that 67Ga
scintigraphy does not have a role in diagnosing uncomplicated
peripheral bone osteomyelitis.

Scenario 17: Diagnosis of uncomplicated peripheral bone osteo-
myelitis, combined bone/67Ga scintigraphy (Score 2 – Rarely
Appropriate)

No systematic reviews specifically addressed combined
bone/67Ga scintigraphy for diagnosing uncomplicated peripheral
bone osteomyelitis. Combined bone/67Ga scintigraphy is typically
performed to improve the diagnostic specificity of bone scintigra-
phy in patients with underlying bone abnormalities (26). As
already noted, the specificity of 3-phase bone scintigraphy for

TABLE 3
Clinical Scenarios for the Diagnosis of Uncomplicated Peripheral Bone Osteomyelitis

Scenario no. Description Appropriateness Score

15 Bone scintigraphy (99mTc-MDP or 99mTc-HDP) Appropriate 7

16 67Ga scintigraphy Rarely appropriate 2

17 Combined bone/67Ga scintigraphy Rarely appropriate 2

18 Labeled leukocyte scintigraphy May be appropriate 6

19 Combined labeled leukocyte/bone scintigraphy May be appropriate 6

20 Combined labeled leukocyte/bone marrow scintigraphy May be appropriate 6

21 18F-FDG PET and PET/CT Appropriate 9

APPROPRIATE USE CRITERIA � Palestro et al. 1821



diagnosing uncomplicated peripheral bone osteomyelitis exceeds
90% (25). It is the expert opinion of the workgroup that when
imaging in addition to bone scintigraphy is necessary, labeled leu-
kocyte scintigraphy or 18F-FDG PET/CT can be performed. The
additional radiation, time, and expense involved does not justify
performing combined bone/67Ga scintigraphy for diagnosing
uncomplicated peripheral bone osteomyelitis.

Scenario 18: Diagnosis of uncomplicated peripheral bone osteo-
myelitis, labeled leukocyte scintigraphy (Score 6 – May be
Appropriate)

No systematic reviews specifically addressed the role of labeled
leukocyte scintigraphy for diagnosing uncomplicated peripheral
bone osteomyelitis. Two systematic reviews addressed the role of
labeled leukocyte scintigraphy for diagnosing osteomyelitis in
general. The level of evidence in both was fair. In one review, the
test had a pooled sensitivity of 0.74 (95% CI, 0.64–0.83) and a
pooled specificity of 0.88 (95% CI, 0.80–0.94) for a positive likeli-
hood ratio of 4.71 (95% CI, 1.46–15.16) and a negative likelihood
ratio of 0.26 (95% CI, 0.08–0.81) (27). There was no statistically
significant difference in accuracy between studies performed with
111In-labeled leukocytes or with 99mTc-labeled leukocytes. The
area under the summary receiver operating characteristics curve
was 0.91 (SD 0.07) (27). In the second review, the pooled sensitiv-
ity was 0.61 (95% CI, 0.43–0.76) and the pooled specificity was
0.77 (95% CI, 0.63–0.87) (18).
The sensitivity and specificity of 3-phase bone scintigraphy for

diagnosing uncomplicated osteomyelitis exceed 90%. It is the
expert opinion of the workgroup that the use of labeled leukocyte
scintigraphy should be reserved for situations in which the results
of bone scintigraphy are inconclusive.

Scenario 19: Diagnosis of uncomplicated peripheral bone osteo-
myelitis, combined labeled leukocyte/bone scintigraphy (Score 6 –

May be Appropriate)

No systematic reviews specifically addressed the role of com-
bined labeled leukocyte/bone scintigraphy for diagnosing uncom-
plicated peripheral bone osteomyelitis. One systematic review
addressed the role of combined labeled leukocyte/bone scintigra-
phy for diagnosing peripheral bone osteomyelitis in general. The
level of evidence was fair. The systematic review found that the
combined test was more accurate than labeled leukocyte scintigra-
phy alone, with a pooled sensitivity of 0.78 (95% CI, 0.72–0.83)
and a pooled specificity of 0.84 (95% CI, 0.75–0.90) (18). Since
the sensitivity and specificity of 3-phase bone scintigraphy for
diagnosing uncomplicated osteomyelitis exceed 90%, it is the
expert opinion of the workgroup that the use of combined labeled
leukocyte/bone scintigraphy should be reserved for situations in
which the results of bone scintigraphy are inconclusive.

Scenario 20: Diagnosis of uncomplicated peripheral bone osteo-
myelitis, combined labeled leukocyte/bone marrow scintigraphy
(Score 6 – May be Appropriate)

No systematic reviews specifically addressed the role of com-
bined labeled leukocyte/bone marrow scintigraphy for diagnosing
uncomplicated peripheral bone osteomyelitis. The accuracy of
combined leukocyte/bone marrow scintigraphy for diagnosing
osteomyelitis is about 90%, similar to that of 3-phase bone scintig-
raphy (2). It is the expert opinion of the workgroup that combined
labeled leukocyte/bone marrow scintigraphy should be reserved

for those situations in which the results of bone scintigraphy are
inconclusive.

Scenario 21: Diagnosis of uncomplicated peripheral bone osteo-
myelitis, 18F-FDG PET and PET/CT (Score 9 – Appropriate)

No systematic reviews specifically addressed the role of 18F-
FDG PET are PET/CT for diagnosing uncomplicated peripheral
bone osteomyelitis. Two systematic reviews addressed the role of
18F-FDG PET and PET/CT for diagnosing osteomyelitis in gen-
eral. The level of evidence was fair for both. In one systematic
review, 18F-FDG PET had a pooled sensitivity of 0.92 (95% CI,
0.87–0.96) and a pooled specificity of 0.92 (95% CI, 0.87–0.96)
for the diagnosis of osteomyelitis, for a positive likelihood ratio of
9.77 (95% CI, 5.99–15.95) and a negative likelihood ratio of 0.12
(95% CI, 0.07–0.20). The area under the summary receiver operat-
ing characteristics curve was 0.97 (27). In the second systematic
review, 18F-FDG PET had a pooled sensitivity of 0.96 (95% CI,
0.88–0.99) and a pooled specificity of 0.91 (95% CI, 0.81–0.95).
18F-FDG PET was significantly more accurate than labeled leuko-
cyte scintigraphy (P 5 0.03), bone scintigraphy (P 5 0.0001), and
MRI (P 5 0.001) (18).

SUMMARY OF RECOMMENDATIONS

18F-FDG PET and PET/CT are the nuclear medicine imaging
tests of choice for the diagnosis of uncomplicated peripheral bone
osteomyelitis. Depending on availability, bone scintigraphy is an
acceptable alternative. Labeled leukocyte imaging alone or in
combination with bone or bone marrow scintigraphy should be
reserved for those circumstances in which 18F-FDG PET and PET/
CT or bone scintigraphy are not available or are not diagnostic.
67Ga scintigraphy, alone or in combination with bone scintigraphy,
should not be used to diagnose uncomplicated peripheral bone
osteomyelitis.

DIAGNOSIS OF COMPLICATED PERIPHERAL BONE
OSTEOMYELITIS, INCLUDING ORTHOPEDIC
HARDWARE INFECTION

Introduction
The term complicated osteomyelitis is used to describe those sit-

uations in which infection develops in bone that has been previ-
ously violated by processes such as tumors, fractures, and
orthopedic hardware. Posttraumatic and postsurgical osteomyelitis
can be especially difficult to diagnose. In the early postoperative
period, symptoms of infection, such as pain, swelling, and ery-
thema, can also be features of normal fracture healing. Later on,
clinical presentations such as persistent pain can be due to both
infectious and noninfectious causes. Bone and soft-tissue healing
after surgery and trauma may affect image quality and mimic
infection.

Background
Nuclear medicine imaging tests reflect functional rather than

structural changes and are particularly well suited for diagnosing
complicated osteomyelitis.

Clinical Scenarios and AUC Scores
Clinical scenarios for the diagnosis of complicated peripheral

bone osteomyelitis, including orthopedic hardware infection, along
with final AUC scores, are presented in Table 4.
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Scenario 22: Diagnosis of complicated peripheral bone
osteomyelitis, including orthopedic hardware infection, bone scin-
tigraphy (99mTc-MDP or 99mTc-HDP) (Score 3 – Rarely
Appropriate)

One systematic review included bone scintigraphy for diagnos-
ing complicated peripheral bone osteomyelitis. The level of evi-
dence was fair. Bone scintigraphy was significantly more sensitive
than labeled leukocyte scintigraphy but significantly less sensitive
than 18F-FDG PET and PET/CT. The sensitivity was not signifi-
cantly different from that of combined bone/67Ga scintigraphy and
combined bone/labeled leukocyte scintigraphy. Bone scintigraphy
was significantly less specific than combined bone/67Ga scintigra-
phy, labeled leukocyte scintigraphy, combined bone/labeled leuko-
cyte scintigraphy, and 18F-FDG PET and PET/CT (18).

Scenario 23: Diagnosis of complicated peripheral bone osteomye-
litis, including orthopedic hardware infection, 67Ga scintigraphy
(Score 3 – Rarely Appropriate)

One systematic review addressed the use of 67Ga scintigraphy
for diagnosing complicated peripheral bone osteomyelitis, includ-
ing orthopedic hardware infection. The level of evidence was fair.
The pooled sensitivity was 0.56 (95% CI, 0.26–0.82) and the
pooled specificity was 0.76 (95% CI, 0.49–0.91) (18).

Scenario 24: Diagnosis of complicated peripheral bone osteomye-
litis, including orthopedic hardware infection, combined
bone/67Ga scintigraphy (Score 3 – Rarely Appropriate)

One systematic review addressed combined bone/67Ga scintigra-
phy for diagnosing complicated peripheral bone osteomyelitis,
including orthopedic hardware infection. The level of evidence was
fair. The combined test was as sensitive as, and significantly more
specific than, bone scintigraphy alone. The sensitivity and specific-
ity of combined bone/67Ga scintigraphy did not differ significantly
from those of labeled leukocyte scintigraphy and combined labeled
leukocyte/bone scintigraphy. The test was as specific as, but signifi-
cantly less sensitive than, 18F-FDG PET (18).

Scenario 25: Diagnosis of complicated peripheral bone osteomye-
litis, including orthopedic hardware infection, labeled leukocyte
scintigraphy (Score 5 – May be Appropriate)
One systematic review addressed labeled leukocyte scintigraphy

for diagnosing complicated peripheral bone osteomyelitis, includ-
ing orthopedic hardware infection (18). The level of evidence was
fair. The pooled sensitivity of labeled leukocyte scintigraphy was

not significantly different from that of bone scintigraphy, com-
bined bone/67Ga scintigraphy, and combined labeled leukocyte/
bone scintigraphy, but was significantly lower than that of 18F-
FDG PET. The specificity of labeled leukocyte scintigraphy was
not significantly different from that of combined bone/67Ga scin-
tigraphy or combined labeled leukocyte/bone scintigraphy. The
specificity was significantly higher than that of bone scintigraphy
but was significantly lower than that of 18F-FDG PET.

Scenario 26: Diagnosis of complicated peripheral bone osteomye-
litis, including orthopedic hardware infection, combined labeled
leukocyte/bone scintigraphy (Score 5 – May be Appropriate)

One systematic review addressed combined labeled leukocyte/
bone scintigraphy for diagnosing complicated peripheral bone oste-
omyelitis, including orthopedic hardware infection. The level of
evidence was fair (18). The sensitivity of combined bone/labeled
leukocyte scintigraphy was not significantly different from that of
labeled leukocyte scintigraphy alone, bone scintigraphy alone, and
combined bone/67Ga scintigraphy. The test was significantly more
specific than bone scintigraphy, but not significantly more specific
than labeled leukocyte scintigraphy or combined bone/67Ga scintig-
raphy. Combined bone/labeled leukocyte scintigraphy was signifi-
cantly less sensitive and specific than 18F-FDG PET.

Scenario 27: Diagnosis of complicated peripheral bone osteomye-
litis, including orthopedic hardware infection, combined labeled
leukocyte/bone marrow scintigraphy (Score 8 – Appropriate)

No systematic reviews addressed combined labeled leukocyte/
bone marrow scintigraphy for diagnosing complicated peripheral
bone osteomyelitis, including orthopedic hardware infection. In
one investigation the sensitivity, specificity, and accuracy of com-
bined labeled leukocyte/bone marrow scintigraphy were 100%,
94%, and 96%, respectively (28). In another investigation that
used computerized bone marrow subtraction, the sensitivity, spe-
cificity, and accuracy of combined labeled leukocyte/bone marrow
scintigraphy were 95%, 93%, and 94%, respectively (29).

Scenario 28: Diagnosis of complicated peripheral bone osteomye-
litis, including orthopedic hardware infection, 18F-FDG PET and
PET/CT (Score 8 – Appropriate)

One systematic review addressed 18F-FDG PET for diagnosing
complicated peripheral bone osteomyelitis, including orthopedic
hardware infection (18). The level of evidence was fair. 18F-FDG
PET was significantly more sensitive than bone, combined

TABLE 4
Clinical Scenarios for the Diagnosis of Complicated Peripheral Bone Osteomyelitis, Including Orthopedic Hardware

Infection

Scenario no. Description Appropriateness Score

22 Bone scintigraphy Rarely appropriate 3

23 67Ga scintigraphy Rarely appropriate 3

24 Combined bone/67Ga scintigraphy Rarely appropriate 3

25 Labeled leukocyte scintigraphy May be appropriate 5

26 Combined labeled leukocyte/bone scintigraphy May be appropriate 5

27 Combined labeled leukocyte/bone marrow scintigraphy Appropriate 8

28 18F-FDG PET and PET/CT Appropriate 8
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bone/67Ga, labeled leukocyte, and combined labeled leukocyte/
bone scintigraphy. It was significantly more specific than bone and
leukocyte scintigraphy, but not significantly more specific than
combined bone/67Ga and combined labeled leukocyte/bone
scintigraphy.

SUMMARY OF RECOMMENDATIONS

For the diagnosis of complicated peripheral bone osteomyelitis,
including orthopedic hardware infection, 18F-FDG PET and PET/
CT and combined labeled leukocyte/bone marrow scintigraphy are
the most appropriate nuclear medicine procedures. Labeled leuko-
cyte scintigraphy alone or in combination with bone scintigraphy
can also be used. 67Ga scintigraphy, alone or in combination with
bone scintigraphy, does not offer any advantages over any of the
other techniques. In view of the delay between injection of 67Ga
and imaging, usually 48 h, and the suboptimal imaging character-
istics of this radiopharmaceutical, 67Ga scintigraphy and combined
bone/gallium scintigraphy should not be used for diagnosing com-
plicated peripheral bone osteomyelitis, including orthopedic hard-
ware infection.

DIAGNOSIS OF FOOT OSTEOMYELITIS IN
DIABETIC PATIENTS

Introduction
Diabetic foot infections are defined as infections of the soft tis-

sues or bone below the malleoli in diabetic individuals that usually
occur at sites of skin trauma or ulceration. It is estimated that as of
2014 there were more than 422 million adults with diabetes world-
wide. The incidence of foot ulcers in this population is about
2%–7% per year. Sixty percent of these ulcers become infected
during treatment, and about 20% progress to frank osteomyelitis.
Diabetic foot ulcerations are one of the most common reasons for
hospitalizations and are associated with increased risk of multiple
hospitalizations and amputation. Two thirds of diabetic patients
who have foot infections severe enough to require hospitalization
have underlying osteomyelitis. These patients have worse out-
comes, more surgeries and amputations, longer hospitalizations,
and higher rates of recurrent infection and readmission for infec-
tion than do patients with soft-tissue infection alone. The impor-
tance of a prompt, accurate diagnosis and the institution of
appropriate treatment cannot be overemphasized (30,31).

Background
Diagnosing osteomyelitis underlying a diabetic foot ulcer is

challenging because there is no single noninvasive test that is both

sensitive and specific. Diabetic patients can have a significant foot
infection but lack pain and not mount a systemic inflammatory
response, and the diagnosis is often overlooked. Laboratory tests
are variable and often nonspecific. Further complicating matters is
the neuropathic, or Charcot, joint. Although infection is a rela-
tively uncommon complication of the neuropathic joint, differenti-
ating between the two, or diagnosing infection superimposed on
the neuropathic joint, can be difficult (31).

Clinical Scenarios and AUC Scores
Clinical scenarios for the diagnosis of foot osteomyelitis in dia-

betic patients, along with final AUC scores, are presented in
Table 5.

Scenario 29: Diagnosis of foot osteomyelitis in diabetic patients,
bone scintigraphy (99mTc-MDP or 99mTc-HDP) (Score 2 – Rarely
Appropriate)

One systematic review focused on the accuracy of bone scintigra-
phy for the diagnosis of diabetic foot osteomyelitis (32). The level
of evidence was fair. None of the studies included SPECT or
SPECT/CT. The review found a pooled sensitivity of 0.81 (95% CI,
0.73–0.87) and a pooled specificity of 0.28 (95% CI, 0.17–0.42). In
comparison, in the same review, the pooled sensitivity of 111In-
labeled leukocyte scintigraphy was 0.74 (95% CI, 0.67–0.80) and
the pooled specificity was 0.68 (95% CI, 0.57–0.78).

Scenario 30: Diagnosis of foot osteomyelitis in diabetic patients,
67Ga scintigraphy (Score 2 – Rarely Appropriate)

No systematic reviews addressed the role of 67Ga scintigraphy
for the diagnosis of diabetic foot osteomyelitis. In an investigation
of 22 diabetic patients, the sensitivity, specificity, and accuracy of
planar imaging were 100%, 40%, and 73%, respectively. 67Ga
scintigraphy was more accurate than 3-phase bone scintigraphy
(59%), but less accurate than 111In-labeled leukocyte scintigraphy
(86%) and combined bone/labeled leukocyte scintigraphy (91%)
(33). In another investigation the sensitivity and specificity of
67Ga SPECT/CT for diagnosing diabetic foot osteomyelitis were
100% and 45%, respectively (34).

Scenario 31: Diagnosis of foot osteomyelitis in diabetic patients,
combined bone/67Ga scintigraphy (Score 2 – Rarely Appropriate)

No systematic reviews addressed the role of combined
bone/67Ga scintigraphy for the diagnosis of diabetic foot osteomy-
elitis. In one investigation of 22 diabetic patients, the sensitivity,
specificity, and accuracy of planar combined bone/67Ga scintigra-
phy were 100%, 40%, and 73%, respectively, identical to that of

TABLE 5
Clinical Scenarios for the Diagnosis of Foot Osteomyelitis in Diabetic Patients

Scenario no. Description Appropriateness Score

29 Bone scintigraphy Rarely appropriate 2

30 67Ga scintigraphy Rarely appropriate 2

31 Combined bone/67Ga scintigraphy Rarely appropriate 2

32 Labeled leukocyte scintigraphy Appropriate 8

33 Combined labeled leukocyte/bone scintigraphy Appropriate 8

34 Combined labeled leukocyte/bone marrow scintigraphy Appropriate 8

35 18F-FDG PET and PET/CT Appropriate 8
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67Ga scintigraphy alone. Combined bone/67Ga scintigraphy, how-
ever, was less accurate than 111In-labeled leukocyte scintigraphy
(86%) and combined bone/labeled leukocyte scintigraphy (91%)
(33). In another investigation (n 5 31), the sensitivity and specific-
ity of combined bone/67Ga scintigraphy were 44% and 77%,
respectively (35).

Scenario 32: Diagnosis of foot osteomyelitis in diabetic patients,
labeled leukocyte scintigraphy (Score 8 – Appropriate)

Two systematic reviews addressed the role of labeled leukocyte
scintigraphy for the diagnosis of diabetic foot osteomyelitis. The
level of evidence was fair for both. One systematic review
included 6 studies, all of which were performed with 111In-labeled
leukocytes. None of the studies evaluated SPECT or SPECT/CT.
The test had a pooled sensitivity of 0.74 (95% CI, 0.67–0.80) and
a pooled specificity of 0.68 (95% CI, 0.57–0.78) for diagnosing
diabetic foot osteomyelitis (32).
In the second systematic review, the pooled sensitivity of

99mTc-hexamethylpropylene amine oxime (HMPAO)–labeled leu-
kocyte scintigraphy (91%) was similar to that of 111In-labeled leu-
kocyte scintigraphy (92%), but the pooled specificity was higher
(92% vs. 75%). Four studies performed with 99mTc-HMPAO–la-
beled leukocytes evaluated scintigraphy with SPECT or SPECT/
CT. In these studies, the sensitivity ranged from 0.88 to 1.00 and
the specificity from 0.35 to 1.00 (36). In an investigation of 213
111In-labeled leukocyte SPECT/CT studies, the sensitivity was
87% and the specificity was 68% (37).

Scenario 33: Diagnosis of foot osteomyelitis in diabetic patients,
combined labeled leukocyte/bone scintigraphy (Score 8 –
Appropriate)

Combined labeled leukocyte/bone imaging was not addressed in
the systematic reviews. In a prospective investigation that used
111In-labeled leukocytes, the sensitivity, specificity, and accuracy
of combined bone/labeled leukocyte scintigraphy were 100%,
80%, and 91%, respectively. The combined test was more accurate
than 3-phase bone scintigraphy (59%), 67Ga scintigraphy (73%),
combined bone/67Ga scintigraphy (73%), and labeled leukocyte
scintigraphy (86%) (33).
In a prospective investigation that used 99mTc-labeled leuko-

cytes without SPECT or SPECT/CT, the sensitivity of combined
labeled leukocyte/bone scintigraphy was 88% (23/26) and the spe-
cificity was 97% (29/30). The results of the combined test were
not compared with labeled leukocyte scintigraphy alone (38).
In another prospective investigation that used 99mTc-labeled leu-

kocytes, the sensitivity of combined labeled leukocyte/bone scin-
tigraphy was 93% (38/41) and the specificity was 98% (41/42).
The results of the combined study were not compared with labeled
leukocyte imaging alone (39).
One retrospective investigation that used 111In-labeled leuko-

cytes evaluated combined bone/labeled leukocyte SPECT/CT for
diagnosing diabetic foot osteomyelitis. The sensitivities of bone
SPECT/CT, labeled leukocyte SPECT/CT, and dual-isotope
SPECT/CT were similar at 94%, 87%, and 95%, respectively. The
specificity of dual-isotope SPECT/CT (94%) was significantly
higher than that of bone SPECT/CT (47%) and labeled leukocyte
SPECT/CT (68%) individually (37).

Scenario 34: Diagnosis of foot osteomyelitis in diabetic patients,
combined labeled leukocyte/bone marrow scintigraphy (Score 8 –
Appropriate)

There were no data in the systematic reviews on the role of
combined labeled leukocyte/bone marrow scintigraphy for diag-
nosing diabetic foot osteomyelitis. Two publications evaluated the
role of the combined test in diabetic patients with a neuropathic
joint, both using 111In-labeled leukocytes. In one investigation,
only planar imaging was performed. The test was 95% accurate
(40). In the second investigation, SPECT/CT was performed and
the accuracy was 96% (37).

Scenario 35: Diagnosis of foot osteomyelitis in diabetic patients,
18F-FDG PET and PET/CT (Score 8 – Appropriate)

Two systematic reviews evaluated the accuracy of 18F-FDG
PET and PET/CT for the diagnosis of osteomyelitis involving dia-
betic foot ulcers. The level of evidence was fair. One systematic
review included 4 studies with 178 cases, 2 performed with PET
and 2 with PET/CT. The pooled sensitivity was 74% (95% CI,
0.60–0.85) and the pooled specificity was 91% (95% CI,
0.85–0.96) (41).
In the second systematic review, PET alone was used in 4 stud-

ies and PET/CT in 2. The pooled sensitivity was 89% and the
pooled specificity was 92% (95% CI, 0.85–0.96). In the 2 studies
that used PET/CT, the sensitivity was 81% and 88% and the spe-
cificity was 93% and 97%, similar to the overall pooled results.
The pooled sensitivity and specificity of 111In-labeled leukocyte
scintigraphy were 92% and 75%, respectively. The pooled sensi-
tivity and specificity of 99mTc-labeled leukocyte scintigraphy were
91% and 92%, respectively (36).

SUMMARY OF RECOMMENDATIONS

Labeled leukocyte scintigraphy, alone or in combination with
bone scintigraphy, and 18F-FDG PET and PET/CT are the most
appropriate nuclear medicine imaging tests for diagnosing diabetic
foot osteomyelitis. Combined labeled leukocyte/marrow scintigra-
phy accurately diagnoses osteomyelitis in the presence of the neu-
ropathic joint and is appropriate for this indication. Labeled
leukocyte scintigraphy and 18F-FDG PET/CT are superior to bone
and 67Ga scintigraphy, alone and in combination, and therefore the
latter 2 studies should not be used for diagnosing diabetic foot
osteomyelitis.

DIAGNOSIS OF PJI OF THE HIP AND KNEE

Introduction
The prevalence of PJI up to 2 y following hip replacement is

1.63% and following knee replacement is 1.55%. Both procedures
have a prevalence greater than 2% at 10 y (42,43). Both the inci-
dence and the prevalence of PJI are increasing due to increased
use of the procedure and increased life expectancy of patients
(44). Diagnosing PJI and differentiating it from other causes of
prosthetic joint failure is extremely important because although
many causes of prosthetic failure can be treated with single-stage
exchange arthroplasty during one hospital admission with one sur-
gical intervention, the treatment of PJI usually requires longer and
more complicated procedures. An excisional arthroplasty is per-
formed followed by weeks to months of antibiotic treatment and
eventually a revision arthroplasty. A sensitive but nonspecific test
can lead to multiple costly operations when a single intervention
would have sufficed. A specific, but insensitive, test will result in
additional surgical interventions because undiagnosed infection
will cause any revision implant to fail with potentially serious con-
sequences (45).
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Background
Pain is usually present. Fever is variable, with the incidence

ranging from less than 5% to more than 40% of patients. Leukocy-
tosis is a poor predictor of infection. After primary uncomplicated
arthroplasty, the C-reactive protein level remains elevated for up to
3 wk, and the erythrocyte sedimentation rate can remain elevated
for up to 1 y. Joint aspiration with culture, the definitive preopera-
tive diagnostic procedure, is specific but its sensitivity is variable.
Over the years, several nuclear medicine imaging studies, including
bone, 67Ga, labeled leukocyte, and, more recently, 18F-FDG, have
been used to improve the preoperative diagnosis of PJI (2,45).

Clinical Scenarios and AUC Scores
Clinical scenarios for the diagnosis of PJI of the hip and knee,

along with final AUC scores, are presented in Table 6.

Scenario 36: Diagnosis of PJI of the hip, bone scintigraphy
(99mTc-MDP or 99mTc-HDP) (Score 4 – May be Appropriate)

One systematic review focused on bone scintigraphy for diag-
nosing PJI of the hip (46). The level of evidence was fair. The
pooled sensitivity was 80% (95% CI, 0.72–0.86) and the pooled
specificity was 69% (95% CI, 0.64–0.73). None of the studies
included in the review evaluated SPECT or SPECT/CT. Bone
scintigraphy was less sensitive than labeled leukocyte scintigraphy
(88%) and 18F-FDG PET (86%), but more sensitive than com-
bined labeled leukocyte/marrow scintigraphy (69%). Bone scintig-
raphy was less specific than labeled leukocyte scintigraphy (92%),
combined labeled leukocyte/bone marrow scintigraphy (96%), and
18F-FDG-PET (93%).

Scenario 37: Diagnosis of PJI of the hip, 67Ga scintigraphy (Score
2 – Rarely Appropriate)

There were no systematic reviews on the role of 67Ga scintigra-
phy for diagnosing PJI of the hip. The sensitivity and specificity of
67Ga scintigraphy for PJI of the hip range from 37% to 83% and

from 77% to 100%, respectively (47). The most recent data on
67Ga scintigraphy for diagnosing PJI of the hip are more than 25 y
old, as this test has been replaced by combined labeled leukocyte/
bone marrow and 18F-FDG PET and PET/CT. It is the expert
opinion of the workgroup that 67Ga scintigraphy should not be
used for diagnosing PJI of the hip.

Scenario 38: Diagnosis of PJI of the hip, combined bone/67Ga
scintigraphy (Score 2 – Rarely Appropriate)

One systematic review evaluated the accuracy of combined
bone/67Ga scintigraphy for the diagnosis of PJI of the hip (46).
None of the studies in this review included SPECT or SPECT/CT.
The pooled sensitivity was 59% (95% CI, 0.42–0.74) and the
pooled specificity was 97% (95% CI, 0.91–0.99). The combined
test was significantly more specific (P , 0.0001) but significantly
less sensitive (P 5 0.013) than bone scintigraphy alone. It is the
expert opinion of the workgroup that combined bone/67Ga scintig-
raphy should not be used for diagnosing PJI of the hip.

Scenario 39: Diagnosis of PJI of the hip, labeled leukocyte scintig-
raphy (Score 7 – Appropriate)

One systematic review addressed the diagnosis of PJI of the hip
with labeled leukocyte scintigraphy (46). The level of evidence
was fair. The pooled sensitivity of labeled leukocyte scintigraphy
was 88% and the pooled specificity was 85%. Labeled leukocyte
scintigraphy was more sensitive (88% vs. 80%) and significantly
more specific (P , 0.0001) (85% vs. 69%) than bone
scintigraphy.

Scenario 40: Diagnosis of PJI of the hip, combined labeled leuko-
cyte/bone scintigraphy (Score 7 – Appropriate)

One systematic review addressed the diagnosis of PJI of the hip
with combined labeled leukocyte/bone scintigraphy (46). The level
of evidence was fair. The pooled sensitivity of combined labeled
leukocyte/bone scintigraphy was 77% and the pooled specificity

TABLE 6
Clinical Scenarios for the Diagnosis of PJI of the Hip and Knee

Scenario no. Description Appropriateness Score

Hip

36 Bone scintigraphy (99mTc-MDP or 99mTc-HDP) May be appropriate 4

37 67Ga scintigraphy Rarely appropriate 2

38 Combined bone/67Ga scintigraphy Rarely appropriate 2

39 Labeled leukocyte scintigraphy Appropriate 7

40 Combined labeled leukocyte/bone scintigraphy Appropriate 7

41 Combined labeled leukocyte/bone marrow scintigraphy Appropriate 7

42 18F-FDG PET and PET/CT Appropriate 7

Knee

43 Bone scintigraphy (99mTc-MDP or 99mTc-HDP) May be appropriate 4

44 67Ga scintigraphy Rarely appropriate 2

45 Combined bone/67Ga scintigraphy Rarely appropriate 2

46 Labeled leukocyte scintigraphy May be appropriate 6

47 Combined labeled leukocyte/bone scintigraphy Appropriate 8

48 Combined labeled leukocyte/bone marrow scintigraphy Appropriate 8

49 18F-FDG PET and PET/CT May be appropriate 6
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was 95%, values that were not significantly different from those of
labeled leukocyte scintigraphy alone.

Scenario 41: Diagnosis of PJI of the hip, combined labeled leuko-
cyte/bone marrow scintigraphy (Score 7 – Appropriate)

One systematic review addressed the diagnosis of PJI of the hip
with combined labeled leukocyte/bone marrow scintigraphy (46).
The level of evidence was fair. The pooled sensitivity was 69%
and the pooled specificity was 96%. The test was significantly less
sensitive than labeled leukocyte scintigraphy alone (P , 0.0001).
The test was more specific than labeled leukocyte scintigraphy
alone, but the difference was not significant.

Scenario 42: Diagnosis of PJI of the hip, 18F-FDG PET and PET/
CT (Score 7 – Appropriate)

Three systematic reviews addressed the role of 18F-FDG PET
for diagnosing PJI of the hip (46,48,49). The level of evidence
was fair for all 3. In one review, the pooled sensitivity and the
pooled specificity were 86% and 93%, respectively. 18F-FDG-PET
was significantly more specific than bone scintigraphy and signifi-
cantly more sensitive than combined labeled leukocyte/bone mar-
row scintigraphy. There was no significant difference in sensitivity
or specificity between 18F-FDG-PET and labeled leukocyte scin-
tigraphy alone (46). In the second review, the pooled sensitivity
and the pooled specificity of 18F-FDG-PET were both 88% (48).
In the third review, the pooled sensitivity and the pooled specific-
ity of 18F-FDG-PET were 83% and 90%, respectively (49).
The following clinical scenarios address the diagnosis of PJI of

the knee.

Scenario 43: Diagnosis of PJI of the knee, bone scintigraphy
(99mTc-MDP or 99mTc-HDP) (Score 4 – May be Appropriate)

One systematic review evaluated bone scintigraphy for diagnos-
ing PJI of the knee (50). The level of evidence was fair. The
pooled sensitivity of bone scintigraphy was 93% and the pooled
specificity was 56%. The specificity was less than that of labeled
leukocyte scintigraphy (77%), combined labeled leukocyte/bone
marrow scintigraphy (95%), and 18F-FDG (84%).

Scenario 44: Diagnosis of PJI of the knee, 67Ga scintigraphy
(Score 2 – Rarely Appropriate)

No systematic reviews addressed the role of 67Ga scintigraphy
for the diagnosis of PJI of the knee, and there are no data on this
topic published within the past 25 y. This test has been replaced
by combined labeled leukocyte/marrow and 18F-FDG PET and
PET/CT. It is the expert opinion of the workgroup that 67Ga scin-
tigraphy should not be used for diagnosing PJI of the knee.

Scenario 45: Diagnosis of PJI of the knee, combined bone/67Ga
scintigraphy (Score 2 – Rarely Appropriate)

No systematic reviews addressed the role of combined
bone/67Ga scintigraphy for the diagnosis of PJI of the knee. Pub-
lished data on combined bone/67Ga scintigraphy for PJI are more
than 25 y old. This test has been replaced by combined
labeled leukocyte/bone marrow scintigraphy and 18F-FDG PET
and PET/CT. It is the expert opinion of the workgroup that com-
bined bone/67Ga scintigraphy should not be used for diagnosing
PJI of the knee.

Scenario 46: Diagnosis of PJI of the knee, labeled leukocyte scin-
tigraphy (Score 6 – May be Appropriate)

One systematic review included labeled leukocyte scintigraphy
for diagnosing PJI of the knee (50). The level of evidence was
fair. The pooled sensitivity was 88% and the pooled specificity
was 77%. Labeled leukocyte scintigraphy was significantly more
sensitive (P 5 0.01) than 18F-FDG PET (70%), but was not signif-
icantly more sensitive than bone scintigraphy (93%), combined
labeled leukocyte/bone scintigraphy (93%), and combined labeled
leukocyte/bone marrow scintigraphy (80%).

Scenario 47: Diagnosis of PJI of the knee, combined labeled leu-
kocyte/bone scintigraphy (Score 8 – Appropriate)

One systematic review included the diagnosis of PJI of the knee
by using combined labeled leukocyte/bone scintigraphy (50). The
pooled sensitivity was 93% and the pooled specificity was 82%.
These values were not significantly different from the sensitivity
and specificity of labeled leukocyte scintigraphy alone, which
were 88% and 77%, respectively.

Scenario 48: Diagnosis of PJI of the knee, combined labeled leu-
kocyte/bone marrow scintigraphy (Score 8 – Appropriate)

One systematic review addressed the role of combined labeled
leukocyte/bone marrow scintigraphy for diagnosing PJI of the
knee (50). The level of evidence was fair. The pooled sensitivity
was 80% and the pooled specificity was 93%. Combined labeled
leukocyte/bone marrow scintigraphy was significantly more spe-
cific than bone scintigraphy (P , 0.001), leukocyte scintigraphy
(P , 0.001), and 18F-FDG PET (P , 0.001). There were no sig-
nificant differences in specificity between combined labeled leuko-
cyte/bone marrow scintigraphy and combined labeled leukocyte/
bone scintigraphy. There were no significant differences in sensi-
tivity among combined labeled leukocyte/bone marrow, combined
labeled leukocyte/bone, labeled leukocyte scintigraphy, and
18F-FDG PET.

Scenario 49: Diagnosis of PJI of the knee, 18F-FDG PET and
PET/CT (Score 6 – May be Appropriate)

Three systematic reviews analyzed the diagnosis of PJI of the
knee with 18F-FDG PET and PET/CT (48–50). The level of evi-
dence was fair in all 3. In one review, the pooled sensitivity was
72% (95% CI, 0.58–0.84) and the pooled specificity was 80%
(95% CI, 0.71–0.88) (48). In the second review, the pooled sensi-
tivity was 90% and the pooled specificity was 75% (49). In the
third review, the pooled sensitivity was 70% (95% CI, 0.56–0.81)
and the pooled specificity was 84% (95% CI, 0.76–0.90) (50).

SUMMARY OF RECOMMENDATIONS

Combined leukocyte/bone scintigraphy, combined leukocyte/
bone marrow scintigraphy, and 18F-FDG PET and PET/CT are the
most appropriate procedures for diagnosing PJI of the hip and
knee. 18F-FDG PET and PET/CT are the most sensitive, and com-
bined leukocyte/bone marrow scintigraphy is the most specific of
the tests. Bone scintigraphy may be useful as a screening test. 67Ga
scintigraphy and combined bone/67Ga scintigraphy have been
replaced by labeled leukocyte scintigraphy and 18F-FDG PET PET/
CT and should not be used for diagnosing PJI of the hip and knee.

DIAGNOSIS OF PJI OF THE SHOULDER

Introduction
Shoulder joint replacement was first performed in the United

States in the 1950s to treat severe shoulder fractures, and over the
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years this procedure has come to be useful for a variety of painful
shoulder conditions (51). Postoperative complications develop in
nearly 25% of shoulder arthroplasties, about half of which require
revision surgery. The standard diagnostic evaluation consists of
history, physical examination, and laboratory tests, including white
blood cell count, C-reactive protein level, and erythrocyte sedi-
mentation rate. Imaging tests typically include plain radiographs,
CT, and ultrasonography (52).

Background
PJI is a serious complication of shoulder arthroplasty, with a

reported incidence between 1% and 10%. Risk factors include
rheumatoid arthritis, previous shoulder surgery, diabetes, and
immunosuppression. These infections are classified as early (#3
mo), delayed (3–24 mo), and late (,24 mo) and can be further
classified on the basis of duration of symptoms as acute (,6 wk)
or chronic (.6 wk). Acute infection typically presents as septic
arthritis with erythema, swelling, pain, and abnormal laboratory
test results and is readily diagnosed. The diagnosis of chronic
infection is more challenging. Definitive diagnosis is made via
arthrocentesis (52). Data on nuclear medicine imaging in the
workup of complications of shoulder arthroplasty are limited.

Clinical Scenarios and AUC Scores
Clinical scenarios for the diagnosis of PJI of the shoulder, along

with final AUC scores, are presented in Table 7.

Scenario 50: Diagnosis of PJI of the shoulder, bone scintigraphy
(99mTc-MDP or 99mTc-HDP) (Score 4 – May be Appropriate)

The role of bone scintigraphy for diagnosing PJI of the shoulder
was not addressed in the systematic reviews. The evolution of
periprosthetic uptake around the various types of shoulder arthro-
plasties has not been well established. Bone scintigraphy with
SPECT/CT provides information about different types of mechani-
cal complications of shoulder arthroplasty (53). There are no data
on the role of bone scintigraphy for diagnosing PJI of the shoulder.
It is the expert opinion of the workgroup that, based on the high
sensitivity of bone scintigraphy in general, this test may be a good
“rule-out” test; that is, a negative result excludes infection with a
high degree of certainty.

Scenario 51: Diagnosis of PJI of the shoulder, 67Ga scintigraphy
(Score 2 – Rarely Appropriate)

There are no systematic reviews on the role of 67Ga scintigra-
phy for diagnosing PJI of the shoulder. The most recent data on
67Ga scintigraphy for diagnosing PJIs, which are more than 25 y

old, are limited to lower extremity arthroplasties. This test has
been largely replaced by combined labeled leukocyte/bone marrow
scintigraphy and 18F-FDG PET and PET/CT and it is the expert
opinion of the workgroup that 67Ga scintigraphy should not be
used for diagnosing PJI of the shoulder.

Scenario 52: Diagnosis of PJI of the shoulder, combined
bone/67Ga scintigraphy (Score 2 – Rarely Appropriate)

No systematic reviews addressed the role of combined
bone/67Ga scintigraphy for diagnosing PJI of the shoulder. Few, if
any, studies have been published on combined bone/67Ga scintig-
raphy over the past 25 y, none of which address its role in diag-
nosing PJI of the shoulder. Combined bone/67Ga scintigraphy has
largely been replaced by combined labeled leukocyte/bone marrow
scintigraphy and 18F-FDG PET and PET/CT and it is the expert
opinion of the workgroup that combined bone/67Ga scintigraphy
should not be used for diagnosing PJI of the shoulder.

Scenario 53: Diagnosis of PJI of the shoulder, labeled leukocyte
scintigraphy (Score 5 – May be Appropriate)

No systematic reviews addressed the role of labeled leukocyte
scintigraphy for diagnosing PJI of the shoulder. In one small
series, 99mTc-labeled leukocyte scintigraphy with SPECT/CT con-
firmed the presence of periprosthetic infection and involvement of
soft tissues of the arm and of ipsilateral axillary lymph nodes (51).
It is the expert opinion of the workgroup that labeled leukocyte
scintigraphy may be useful for diagnosing PJI of the shoulder.

Scenario 54: Diagnosis of PJI of the shoulder, combined labeled
leukocyte/bone scintigraphy (Score 5 – May be Appropriate)

No systematic reviews addressed the role of combined labeled
leukocyte/bone scintigraphy for diagnosing periprosthetic shoulder
infection. In one investigation, as part of a larger series, combined
labeled leukocyte/bone scintigraphy was useful for diagnosing PJI
of the shoulder (54). It is the expert opinion of the workgroup that
combined labeled leukocyte/bone scintigraphy may be useful for
diagnosing PJI of the shoulder.

Scenario 55: Diagnosis of PJI of the shoulder, combined labeled
leukocyte/bone marrow scintigraphy (Score 5 – May be
Appropriate)

No systematic reviews addressed the role of combined labeled
leukocyte/bone marrow scintigraphy for diagnosing PJI of the
shoulder. In one investigation combined labeled leukocyte/bone
marrow scintigraphy with SPECT/CT was 18% sensitive (2/11)

TABLE 7
Clinical Scenarios for the Diagnosis of PJI of the Shoulder

Scenario no. Description Appropriateness Score

50 Bone scintigraphy (99mTc-MDP or 99mTc-HDP) May be appropriate 4

51 67Ga scintigraphy Rarely appropriate 2

52 Combined bone/67Ga scintigraphy Rarely appropriate 2

53 Labeled leukocyte scintigraphy May be appropriate 5

54 Combined labeled leukocyte/bone scintigraphy May be appropriate 5

55 Combined labeled leukocyte/bone marrow scintigraphy May be appropriate 5

56 18F-FDG PET and PET/CT May be appropriate 5
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and 100% specific (18/18) for PJI of the shoulder (55). It is the
expert opinion of the workgroup that combined labeled leukocyte/
bone marrow scintigraphy with SPECT/CT may be useful in the
diagnostic workup of PJI of the shoulder. Although a negative
result does not exclude infection, a positive result makes it likely
that infection is present.

Scenario 56: Diagnosis of PJI of the shoulder, 18F-FDG PET and
PET/CT (Score 5 – May be Appropriate)

No systematic reviews addressed the role of 18F-FDG PET and
PET/CT for diagnosing PJI of the shoulder. In an investigation of
86 patients with suspected chronic PJI of the shoulder, the sensitiv-
ity and specificity of 18F-FDG PET/CT were 14% (3/22) and 91%
(58/64), respectively (56). It is the expert opinion of the workgroup
that 18F-FDG PET/CT may be useful in the diagnostic workup of
PJI of the shoulder. Although a negative result does not exclude
infection, a positive result makes it likely that infection is present.

SUMMARY OF RECOMMENDATIONS

There are few data on nuclear medicine imaging of PJI of the
shoulder. Because of its high sensitivity, bone scintigraphy may be
useful for excluding infection. Labeled leukocyte imaging may be
helpful for identifying infection in the surrounding soft tissues.
Combined labeled leukocyte/bone scintigraphy may be useful in
the diagnosis of PJI of the shoulder. Combined labeled leukocyte/
bone marrow scintigraphy and 18F-FDG PET and PET/CT are
especially useful when abnormal, as they have a high positive pre-
dictive value. 67Ga scintigraphy and combined bone/67Ga scintig-
raphy have largely been replaced by combined labeled leukocyte/
bone marrow imaging and 18F-FDG PET and PET/CT for PJI in
general and it is the expert opinion of the workgroup that they
should not be used for diagnosing PJI of the shoulder.

DIAGNOSIS OF SEPTIC ARTHRITIS

Introduction
Septic arthritis is the invasion of a joint and synovial fluid by an

infectious agent. It has an annual incidence of 10/100,000 individ-
uals in the United States and is more common among individuals
with rheumatoid arthritis or a prosthetic joint, factors that can
increase the incidence up to 7 fold. Patients with diabetes mellitus
and HIV also are at increased risk for septic arthritis (57,58). Sep-
tic arthritis can involve multiple joints, causing rapid joint destruc-
tion. It is a medical and surgical emergency that affects both the
early and the chronic functional prognosis of the involved joint, in
addition to overall patient prognosis. In patients with high clinical

suspicion of septic arthritis, prompt diagnosis to facilitate appro-
priate antibiotic management is essential, since cartilage can be
destroyed within days, and in-hospital mortality of untreated infec-
tions can be as high as 15% (59).

Background
The typical presentation of septic arthritis is that of pain involv-

ing a single joint, combined with erythema, soft-tissue swelling,
and diminished range of motion. Fever, chills, general weakness,
and headaches are often present (60). The diagnosis of septic
arthritis is challenging. Noninfectious arthritis and infectious (sep-
tic) arthritis can have identical or very similar clinical presenta-
tions. Acute monoarticular arthritis in adults has multiple potential
causes, including infection, crystalloid arthropathies, rheumatoid
arthritis, connective tissue disease, inflammatory bowel disease,
sarcoidosis, lupus, vasculitis, and trauma (60,61). Clinical evalua-
tion and aspiration of joint fluid are key to diagnosis. The refer-
ence standard for the diagnosis of septic arthritis is a positive
culture result from joint aspirate samples. However, a negative
culture result does not exclude the diagnosis, especially if the
patient is already receiving antibiotic therapy (62,63).

Clinical Scenarios and AUC Scores
Clinical scenarios for the diagnosis of septic arthritis, along

with final AUC scores, are presented in Table 8.

Scenario 57: Diagnosis of septic arthritis, bone scintigraphy
(99mTc-MDP or 99mTc-HDP) (Score 4 – May be Appropriate)

There are no systematic reviews on the role of bone scintigraphy
in the diagnosis of septic arthritis. In one of the earliest investiga-
tions, bone scintigraphy correctly identified all 6 cases of septic
arthritis (64). In an investigation of 21 suspected sites of septic
arthritis, bone scintigraphy correctly identified all 10 sites of septic
arthritis (100% sensitivity) and the results were true-negative in 6
of 7 uninfected joints (85% specificity) (65). In another study of 15
patients, however, bone scintigraphy could not reliably differentiate
septic from rheumatoid arthritis (66). It is the expert opinion of the
workgroup that although bone scintigraphy is not specific, it is a
sensitive modality and thus of value as a “rule-out” test.

Scenario 58: Diagnosis of septic arthritis, 67Ga scintigraphy (Score
2 – Rarely Appropriate)

There are no systematic reviews on the role of 67Ga scintigra-
phy in the diagnosis of septic arthritis and there are no recent data
on its role for this indication. In one investigation, 67Ga scintigra-
phy gave positive results in all 6 cases of septic arthritis (63). In

TABLE 8
Clinical Scenarios for the Diagnosis of Septic Arthritis

Scenario no. Description Appropriateness Score

57 Bone scintigraphy (99mTc-MDP or 99mTc-HDP) May be appropriate 4

58 67Ga scintigraphy Rarely appropriate 2

59 Combined bone/67Ga scintigraphy Rarely appropriate 2

60 Labeled leukocyte scintigraphy May be appropriate 6

61 Combined labeled leukocyte/bone scintigraphy May be appropriate 6

62 Combined labeled leukocyte/bone marrow scintigraphy May be appropriate 6

63 18F-FDG PET and PET/CT May be appropriate 6
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another study, the investigators found that it was not possible to
distinguish septic from rheumatoid arthritis (66). 67Ga scintigraphy
has been replaced by labeled leukocyte scintigraphy and 18F-FDG
PET and PET/CT for most indications in musculoskeletal infec-
tion. It is the expert opinion of the workgroup that this agent
should not be used for diagnosing septic arthritis.

Scenario 59: Diagnosis of septic arthritis, combined bone/67Ga
scintigraphy (Score 2 – Rarely Appropriate)

There are no systematic reviews on the role of combined
bone/67Ga scintigraphy for the diagnosis of septic arthritis. Avail-
able data suggest that it is not possible to differentiate between
septic and inflammatory arthritis with combined bone/67Ga imag-
ing (66). It is the expert onion of the workgroup that this test
should not be used for diagnosing septic arthritis.

Scenario 60: Diagnosis of septic arthritis, labeled leukocyte scin-
tigraphy (Score 6 – May be Appropriate)

There are no systematic reviews on the role of labeled leukocyte
scintigraphy for the diagnosis of septic arthritis. In one investiga-
tion the test was 80% sensitive and 83% specific (67). Labeled
leukocytes also accumulate in inflammatory arthritis (68). Data
comparing labeled leukocyte scintigraphy in septic and inflamma-
tory arthritis are lacking. It is the expert opinion of the workgroup
that labeled leukocyte scintigraphy may not be able to differentiate
between septic and inflammatory arthritis.

Scenario 61: Diagnosis of septic arthritis, combined labeled leuko-
cyte/bone scintigraphy (Score 6 – May be Appropriate)

There are no systematic reviews on the role of combined labeled
leukocyte/bone scintigraphy for the diagnosis of septic arthritis.
This test is performed to diagnose osteomyelitis, not septic arthri-
tis. In view of the lack of data for diagnosing septic arthritis, and
because it may not be possible to differentiate between infectious
and inflammatory arthritis with either of these agents individually,
it is the expert opinion of the workgroup that combined labeled
leukocyte/bone scintigraphy should be reserved for situations in
which osteomyelitis is a diagnostic consideration.

Scenario 62: Diagnosis of septic arthritis, combined labeled leuko-
cyte/bone marrow scintigraphy (Score 6 – May be Appropriate)

There are no systematic reviews on the role of combined labeled
leukocyte/marrow scintigraphy for diagnosing septic arthritis. This
test is performed to diagnose osteomyelitis, not septic arthritis. It
is the expert opinion of the workgroup that combined labeled leu-
kocyte/bone marrow scintigraphy should be reserved for those sit-
uations in which osteomyelitis is a diagnostic consideration.

Scenario 63: Diagnosis of septic arthritis, 18F-FDG PET and PET/
CT (Score 6 – May be Appropriate)

There are no systematic reviews on the role of 18F-FDG PET
and PET/CT for the diagnosis of septic arthritis and there are few
data on its use for diagnosing septic arthritis. 18F-FDG accumu-
lates in a variety of inflammatory arthridities, including rheuma-
toid arthritis, psoriatic arthritis, and ankylosing spondylitis, and
therefore it may not be possible to differentiate septic from inflam-
matory arthritis (69). Given the high sensitivity of 18F-FDG PET
and PET/CT for inflammation and infection in general, it is the
expert opinion of the workgroup that a negative 18F-FDG PET and
PET/CT result may be useful for excluding septic arthritis.

SUMMARY OF RECOMMENDATIONS

Because of their high sensitivity, bone scintigraphy and 18F-
FDG PET and PET/CT are useful rule-out tests for septic arthritis.
Labeled leukocyte scintigraphy alone and in combination with
bone or bone marrow scintigraphy may be helpful when the results
of these tests are inconclusive and when osteomyelitis is a diag-
nostic consideration. 67Ga alone and in combination with bone
scintigraphy should not be used for diagnosing septic arthritis.
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L e t t e r s t o t h e E d i t o r

Houdini’s Illusions: Some Acts Are Not What
They Seem to Be

TO THE EDITOR: In The Netherlands, the residency training pro-
grams for nuclear medicine and radiology were merged in 2015. This
integrated residency training program was born from the vision that
clinicians should not have to deal with multiple imaging specialists
who are modality-based and partially knowledgeable but rather
with a single imaging specialist who is knowledgeable with respect
to all imaging modalities utilized to answer a clinical question.
This change not only facilitated and improved the interpretation of
hybrid imaging but also paved the way toward deeper understanding
of disease processes, better therapies, and increased cost-
effectiveness. The nuclear radiologist (nuclear medicine and molec-
ular radiology) is our next-level nuclear medicine physician.
The paper of Velleman et al. (1) provides a snapshot, taken mid-

2020, based on a sample of less than one third of Dutch residents,
with only 9 respondents from the nuclear medicine subspecialty pro-
gram. Because of these small numbers, the results have to be inter-
preted with care. Velleman et al. correctly state that only 14 new
residents had chosen the nuclear medicine differentiation in April
2020, down from over 50 in 2015. This information prompted an edi-
torial (2) pointing out that “Because of this more than 70% decrease
within just5y, thequestion isnot ‘if’but ‘when’nuclearmedicineasa
strong and innovative discipline will disappear in The Netherlands.”
These numbers, together with the alarming editorial, underscore the
need for further analysis and critical appraisal of the situation.
Within the new 5-y Dutch curriculum, residents choose their sub-

specialty (e.g., nuclear radiology) after completion of 2.5 y of gen-
eral training in imaging. At that time, their choice is registered.
This fact alone reduces the number of registered residents in nuclear
medicine by a factor of 2, as half the residents involved in the new
curriculum have simply not recorded their choice yet.
From the start of the new training program, the number of residents

in this curriculumwas small: 10 were registered in April 2019, grow-
ing to 14 (the numbermentioned in the article) inApril 2020 and 26 in
April 2021. These residents have gradually replaced residents from
the former dedicated nuclear medicine program.
Moreover, the total number of resident positions in The Nether-

lands (all specialties), determined yearly by a commission of the
Dutch government for each medical specialty, has shrunk substan-
tially over the past few years. Since the all-time high in 2015, the
total number of residents in medical imaging has decreased by
20%. As a result, the percentage of all residents choosing nuclear
medicine now, in fact, exceeds the percentage in 2015.
We do agree with Czernin andHerrmann (2) that TheNetherlands

has a proud history in the development of nuclearmedicine, to which
Dutch scientists made a major contribution. We also agree that
nuclearmedicine ismuchmore than hybrid imaging, andwe strongly
believe in themultidisciplinarynature of ourfield. Interestingly, even
the small numbersmentioned in the paper ofVelleman et al. (1) show
a tendency for residents who chose nuclear medicine to be more

academic and interested in research, ensuring the future of the vivid
research landscape in nuclear medicine in The Netherlands.
The newDutch residency programprovides a solid base for any new,

young specialist to start a career in the exciting field of nuclear medi-
cine, which, as for all medical specialties, also requires lifelong learn-
ing. Some of the nuclear radiology residents who have graduated are
currently employed inmajor centers inTheNetherlands and are running
molecular imaging research programs on topics such as neurodegener-
ative diseases, orthopedics, or rheumatology. Many obtain job offers
even before graduation, or they proceed with a fellowship to enhance
their expertise in, for example, oncology or therapy.
Not everything has been easy in this transition period. Challenges

for both nuclear medicine and radiology alike are posed by the col-
laboration between different professionals and by the variety of prac-
tices, ranging from academic to peripheral hospitals, on top of the
teething problems of a new curriculum.
Houdini’s disappearance was an act of illusion, regarding which

one should realize that nothing is what it seems at first sight. Since
the start of the new program, the number of nuclear residents has
increased continuously, and the first young nuclear radiologists per-
form adequately in a clinical (nuclear medicine) setting. For the
future, it is important to note that the program is subject to periodic
monitoring and updating.
It is up to the new generation of integrated imaging specialists to

shape their own bright future and to prove themselves. At the same
time, the older generation should give them a fair chance. Only then
can we grow and profit from each other’s expertise and together face
the challenges of high-throughput medicine and artificial intelli-
gence, which may substantially alter the medical landscape and
the skills needed to navigate it.
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Cut Point Identification of Continuous
Biomarkers: A Challenge That Goes
Beyond Statistical Aspects

TO THE EDITOR: I just read the article written by Polley and
Dignam (1) titled, “Statistical Considerations in the Evaluation of
Continuous Biomarkers.” In that article, the authors described
some common statistical issues related to biomarker cut point iden-
tification and provided guidance on proper evaluation, interpreta-
tion, and validation of such points.
The article brings various statistical aspects that have to be consid-

ered when cut points are defined. However, in my opinion, it is
important to clarify some other aspects when we talk about cut
points—features that are missing from that article.
First, it is key to explain that biomarkers have distinct applica-

tions, such as screening, diagnosis, and prognosis, among many
others (2). In this line of reasoning, the tools used to establish cut
points vary in the dependence of the application. For instance,
when a biomarker is used for prognosis, the percentiles and the min-
imalP value are possiblemethods to be used to establish cut points to
define groups of individuals with distinct outcomes (3). However,
when a biomarker is used for diagnosis, the classic tool to establish
cut points is the receiver-operating-characteristic curve (4). In this
sense, as specified by Polley and Dignam, we should not use
receiver-operating-characteristic curves to define cut points when
the biomarkers are used for prognosis since this methodology does
not usually take into account the time to the event.
Second, it is necessary to know the characteristics of the biomarker

before trying to establish cut points. The authors gave the example of
the neutrophil-to-lymphocyte ratio, and it is clear that this parameter
has a rangeofnormal valueswith a lower andanupperboundaryofnor-
mality. Therefore, it doesnotmake sense to try tofindaunique cut point
to classify a biomarker of this kind. In this situation, it will be necessary
to have at least 2 cut points to divide the values of the biomarker into
groups of prognosis or diagnosis (5).
Third, the discretization process of a continuous biomarker is not

necessarily dichotomous, even for cases in which there is a mono-
tonic relation between the biomarker and the events of interest,
and the values of the biomarker can be classified in several groups
for either prognosis or diagnosis. In this line of reasoning, for prog-
nostic purposes the percentile analysis can be used with different
strategies, such as comparison of survival of individuals with values
below a specific percentile to individuals with values above this per-

centile (dichotomous classification) (6) and comparison of more
than 2 groups (7). In this aspect, the minimal-P-value approach
has the drawback of not enabling separation of the individuals into
more than 2 groups of outcome. For diagnostic purposes, it is also
possible to establish more than one cut point to classify the individ-
ual by creating intermediate categories between positive and nega-
tive results (8). Although this increment in the number of
categories does not solve the problem of the abrupt transition among
them, at least it decreases the differences in the meaning between 2
neighboring categories. Therefore, the definition of the number of
categories to divide a biomarker is an aspect as important as the def-
inition of the cut points to be used to separate these categories.
Last, we should not evaluate the methodology used in a research

study whose main objective is to assess the association of the bio-
marker with aspects of interest (prognosis, diagnosis, screening,
and so forth) using exclusively the rigorous standards of the applica-
tion of the biomarker in the clinical practice, with the risk of dimin-
ishing the importance of the research.
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