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M E S S A G E F R O M T H E P R E S I D E N T

Building the Medical Puzzle—One Atom at a Time

Krystle W. Glasgow, MIS, CNMT, NMTCB(CT), NMAA, FSNMMI-TS

It has been a wild ride. After living several years with a
pandemic that changed our lives dramatically, we are finally
coming out on the other side. We managed to get back
together in Vancouver, Canada, with a face-to-face meeting
option for the first time since January 2020. The meeting
was a success, and it was so good to see so many people
outside of a small box on a computer screen. SNMMI-TS
made it out of the pandemic unharmed, and we are thriving!
This is largely due to our fantastic members, volunteers, and
staff, who work tirelessly to get things done. For that, I would
like to say congratulations and thank you!
It is an incredible honor and enormous responsibility to

take over as president of the SNMMI-TS. I am humbled by
the support from our community, and I take the president’s
responsibilities very seriously. We live in a rapidly changing
world that is often as complicated as a 5,000 piece jigsaw
puzzle. If the pieces are all placed perfectly, we end up with
a beautiful picture—but the process is long and tedious, and
often large blanks of uncertainty are present. Nuclear medi-
cine is a very important piece of the puzzle of diagnostic
and therapeutic medicine. I am thankful that I have been
entrusted with its care and guidance, ensuring that nuclear
medicine stays in its rightful place in the puzzle.
The SNMMI-TS mission is to improve human health by

advancing technology and professionals in nuclear medicine
and molecular imaging. Our vision is to ensure that nuclear
medicine and molecular imaging are an integral part of the
standard of care for patient diagnosis, treatment, and therapy.
In order to achieve our mission and vision, we must ensure

that nuclear medicine stays at the forefront of therapeutics. As
you know, the realm of radiopharmaceutical therapy has
exploded with activity over the past few years. Whenever an
area of medicine becomes popular, there are entities ready to
step in and take over. We are seeing this with radiopharma-
ceutical therapy. Other areas of medicine are more than happy
to take nuclear medicine technologists and physicians out of
the equation; however, the joke is on them. Radiopharmaceu-
tical therapy is ours—it is in our DNA.
Nonetheless, there are challenges with keeping therapy

under our umbrella. Radiopharmaceutical therapy is a big

operation. It takes many skilled
individuals to make therapies a
success—especially when patient
numbers are increasing dramatically.
This brings us to one of the biggest
issues facing nuclear medicine today:
the shortage of nuclear medicine tech-
nologists and physicians.
To help overcome this major

issue, the SNMMI has launched a
Workforce Pipeline initiative. The
SNMMI-TS has a major place in
the initiative, and we have a task
force dedicated solely to the issue of the decreasing num-
bers of nuclear medicine technologists. The task force’s
goal is to figure out the root causes of the shortage and
what the SNMMI-TS can do to combat those causes. This
is my number one focus this year, and I am eagerly waiting
to see what the task force accomplishes!
There is also a push to bring forth a new Nuclear Medicine

Advanced Associate (NMAA) Program. The NMAA is a phy-
sician extender working under the supervision of a physician
who is also an authorized user of radioactive materials. The
goal is to enhance patient care in both the diagnostic realm
and the radiopharmaceutical therapy environment. We have
not had an active program for several years. A program that
generates highly skilled NMAAs would be game-changing.
As the world of radiopharmaceutical therapy rapidly

expands, there will be a need for mid-level providers to
help fill the gaps. The NMAA has all the skills of a gen-
eral physician assistant or nurse practitioner plus vast
knowledge of radiation and its uses in medicine. I am
excited to see how the NMAA can be used in the ever-
changing arena of nuclear medicine.
Overall, this giant jigsaw puzzle seems daunting, but I am

certain that the SNMMI and the nuclear medicine commu-
nity will come out on top. We will keep our rightful place in
the puzzle, and what is created in the end will be a master-
piece. Just hang on and hang in there, the SNMMI-TS is
working for you.

Krystle W. Glasgow, MIS,
CNMT, NMTCB(CT),
NMAA, FSNMMI-TS
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E D I T O R ' S P A G E

Theranostics: The Future is Now!

Kathy S. Thomas, MHA, CNMT, PET, FSNMMI-TS

Editor, JNMT

Overall, in the past 501 years, the diagnostic and thera-
peutic capabilities of nuclear medicine and molecular imaging
have significantly advanced thanks to the constant improve-
ment in imaging technology and continuous addition of new
diagnostic and therapeutic radiopharmaceuticals. Looking
back, we have seen numerous changes. From the early days
of planar imaging and limited therapeutic procedures, to the
explosive excitement of cardiac imaging in the early 1980s
enhanced with SPECT, to the advent of PET radiopharma-
ceuticals and technology, followed quickly by hybrid tech-
nology (SPECT/CT, PET/CT, and PET/MR), and the many
therapeutics along the way to treat thyroid disease, blood
disorders, inflammatory joint disease, malignant effusions,
bone metastasis, non-Hodgkin’s lymphoma, and liver metas-
tasis—yes, we’ve come a long way!
But today, excitement in nuclear medicine and molecular

imaging lies in the new frontier of theranostics—a term com-
prising therapeutics and diagnostics. Theranostics is used to
describe the ability to combine a radioactive drug tagged to a
receptor found on a tumor cell membrane to image the tumor
cell and a therapeutic radionuclide (e.g., 177Lu or 90Y) tagged
to the same receptor to target and kill the tumor cell. To high-
light the advancements of Theranostics, this issue of JNMT
has been dedicated to innovations in this field.
Four continuing articles set the stage for understanding

the application of theranostics in a clinical setting. The first
article introduces the concept of basic biochemistry and
molecular biology as it relates to today’s radiopharmaceuti-
cals (1). Next, Soulek describes the logistical considerations
for implementing a 177Lu-DOTATATE program to treat neu-
roendocrine tumors (2). 177Lu-PSMA is an effective treatment
for prostate cancer. Parent et al. highlight the treatment proto-
col’s benefits and emphasize the need for close internal collab-
oration for streamlined patient care (3). The final continuing
education article focuses on treating osteoblastic osseous meta-
static disease for castration-resistant prostate cancer without
visceral metastases and the technical issues to consider when
implementing this therapeutic protocol (4). Three Practical
Protocol Tips (177Lu-DOTATATE, 177Lu-PSMA, and 223Ra-
dichloride) follow each of their respective continuing education
articles to provide a detailed protocol that can be clipped and
incorporated into your procedure manual.
In an Invited Perspective, the Technologist Section’s Advo-

cacy Committee explores required training for the nuclear
medicine technologist to successfully participate in current and

future theranostic protocols and notes
that “nuclear medicine technologists
are well-positioned to take an ac-
tive lead in theranostics growth and
advancement” (5).
Radioiodine is the first theranostic

radionuclide used for imaging and
therapy; however, the challenges asso-
ciated with radioiodine therapy are
patient-specific in terms of dosimetry
and clinical limitations. Kumar et al.
(6) summarize the considerations of
radioiodine therapy for differentiated
thyroid cancer with the clinical limitation of end-stage renal
disease, and Oliveira et al. (7) describe the importance of
residence time and dosimetry before radioiodine therapy.
When reading time is available, check out the additional

topics associated with theranostics in radionuclide therapy,
quality and practice management, imaging, radiation safety,
and teaching case studies included in this issue.
As always, JNMT continues to look for new topics, clinical

research, continuing educational articles, protocols, tips, and
pointers. If you have ideas or suggestions or are considering
writing but need some help getting started, please contact me
at ksthomas0412@msn.com. Help is available!! If writing
isn’t your thing, but you’re willing to share your expertise by
becoming a reviewer for JNMT, please contact me!
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C O N T I N U I N G E D U C A T I O N

Going Nuclear with Amino Acids and Proteins: Basic
Biochemistry and Molecular Biology Primer for the
Technologist

Krystle Glasgow1, Mike Dillard2, Eric Hertenstein3, Allen Justin4, Remo George1, and Amy Brady1

1Nuclear Medicine and Molecular Imaging Sciences Program, Department of Clinical and Diagnostic Sciences, School of Health
Professions, University of Alabama at Birmingham, Birmingham, Alabama; 2Department of Nuclear Medicine, PET/CT, and
Therapeutics, Inland Imaging, LLC, Spokane, Washington; 3Nuclear Medicine Institute and Master of Science in Radiologic Sciences
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CE credit: For CE credit, you can access the test for this article, as well as additional JNMT CE tests, online at https://www.snmmilearningcenter.org.
Complete the test online no later than September 2025. Your online test will be scored immediately. You may make 3 attempts to pass the test and must
answer 75% of the questions correctly to receive Continuing Education Hour (CEH) credit. Credit amounts can be found in the SNMMI Learning Center
Activity. SNMMI members will have their CEH credit added to their VOICE transcript automatically; nonmembers will be able to print out a CE certificate upon
successfully completing the test. The online test is free to SNMMI members; nonmembers must pay $15.00 by credit card when logging onto the website to
take the test.

In recent years, there has been an influx of new tracers into the
field of nuclear medicine and molecular imaging. Most of those
that have been Food and Drug Administration–approved for clini-
cal imaging exploit various mechanisms of protein biochemistry
and molecular biology to bring about their actions, such as amino
acid metabolism, protein folding, receptor–ligand interactions,
and surface transport mechanisms. In this review, we attempt to
paint a clear picture of the basic biochemistry and molecular biol-
ogy of protein structure, translation, transcription, posttransla-
tional modifications, and protein targeting, in the context of the
various radiopharmaceuticals currently used clinically, all in an
easy-to-understand language for entry-level technologists in the
field. Tracer characteristics, including indications, dosage, injec-
tion-to-imaging time, and the logic behind the normal and patho-
physiologic biodistribution of these newer molecular tracers, are
also discussed.

Key Words: proteins, biochemistry, molecular biology, molecular
imaging, molecular therapy

J Nucl Med Technol 2022; 50:186–194
DOI: 10.2967/jnmt.122.263847

Proteins are the fundamental building blocks of every
cell (1). They are made up of specific sequences of amino
acids joined by peptide bonds and are arranged end to end in
long chains called polypeptides. Two amino acids joined by
a peptide bond is called a dipeptide, 3 amino acids linked
by a peptide is a tripeptide, and so on, with an 8-amino-

acid sequence making up an octapeptide as seen with the
radiotracer 111In-octreotide (2). The sequence of amino acids
in proteins is determined by the genetic code of the DNA.
The gene sequence in the DNA is transcribed into the mes-
senger RNA (mRNA) in the nucleus by an enzyme called
RNA polymerase, with the help of a host of assisting
enzymes called transcription factors. The initial mRNA con-
tains sequences that code for the protein (exon) along with
noncoding regions (introns), which are processed (spliced)
to obtain the final mRNA with the correct sequence coding for
the given protein. One gene may code for multiple proteins,
whereby the same gene sequence is spliced out in a variety
of different patterns to yield function proteins of differing
sequences (alternative splicing). This process increases the
diversity and the coding capacity of the genes. However,
aberrant splicing reactions can result in disease conditions
such as b-thalassemia, which is a severe blood disorder char-
acterized by abnormal formation of hemoglobin (3).
Once spliced, the processed mRNA is then exported from

the nucleus into the cytoplasm. On reaching the cytoplasm,
the ribosomes (protein-producing molecular machines) hop
onto the mRNA in search of a specific 3-nucleotide sequence
called the start codon, which will act as a cue for the ribo-
some to start building the polypeptide chain on the basis of
the subsequent nucleotide sequences. In eukaryotes (org-
anisms with an intact nucleus, which includes everything
from amoebas, worms, birds, and plants to humans), the start
codon usually codes for the amino acid methionine (4). In
prokaryotes (unicellular organisms without a nucleus, in
which the DNA is floating in the cytoplasm, including mem-
bers such as bacteria and archaea), it is a modified version
of methionine (formyl methionine) (5). The nucleotide
sequence in the mRNA is read in triplets (codon), and each
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codon codes for an amino acid. However, one amino acid
may be called on by different codons with differing nucleo-
tide sequences (degeneracy of the codon), and this property
of the genetic code makes it more fault-tolerant for point
mutations. As the ribosomes move down the mRNA, reading
the codons, the amino acids are brought to the ribosomes by
specific transfer RNAs that carry the corresponding amino
acid and have matching anticodon nucleotide sequences that
can correctly base-pair (form a covalent bond) to the codon
on which the ribosome sits at any given moment. The new
amino acid is then added to the methionine (or to formyl
methionine) in a condensation reaction in which a molecule
of water is removed to form a peptide bond (-CONH-) between
the terminal carbon atom of the methionine (C-terminal)
and the amino terminal of the next amino acid (N-terminal)
(Fig. 1) (6).
The previous transfer RNA (which brought in the methio-

nine) is released, and the ribosome along with the new trans-
fer RNA now carrying the 2 amino acids (dipeptide) then
proceeds to the next codon. The process is repeated to gener-
ate a tripeptide, tetrapeptide, pentapeptide, and so on, until a
long polypeptide protein chain is created as prescribed by
the genetic code. Once the ribosome reaches the stop codon
with a sequence that does not code for an amino acid and no
transfer RNAs are recruited, the ribosomes recruit a release
factor enzyme that causes hydrolysis of the final C-terminal
group of the polypeptide and attaches it to the ribosome,
thus resulting in release of the full-length polypeptide chain.
There are multiple ribosomes hurtling down the mRNA
doing the translation simultaneously, one behind the other,
resulting in many polypeptides being synthesized from an
mRNA and thereby increasing the yield of the protein prod-
uct manyfold. Once the protein chain is translated, it must
then be folded in precise 3-dimensional conformations for it
to become functionally active. This folding process is done
cotranslationally by special molecular chaperone proteins

that guide the nascent polypeptide chain to fold into its sec-
ondary, tertiary, and quaternary structures (7). The precise
folding of the long polypeptide chain is important for correct
forming of the protein’s active site where the catalyzing
reaction occurs or for stable incorporation of the necessary
ion or chemical group (cofactor) to achieve its designated
biologic task (8). The secondary structure of the protein is
formed by the meticulous folding of the peptide chain into a
helix or a pleated sheet. This process is mediated by the spe-
cific f- and c-torsion angles of the amino acids that would
result in hydrogen bonding of the adjacent groups of the
amino acids in the vicinity. The order of the amino acids
specified by the genetic code dictates this folding process,
which would result in an energetically favorable (less entropy)
stable conformation (Fig. 2) (9).
The chain of helices and sheets is further folded in 3-

dimensional space and stabilized by hydrogen bonds and
ionic interactions between atoms within the chain and within
the watery (aqueous) environment in the cytoplasm (Fig. 3).
Once the chain is correctly folded into its tertiary struc-

ture, it may then need to join cooperatively with one or more
folded peptide chains to form the final functional quaternary
structure (e.g., hemoglobin is made up of 4 folded polypep-
tide subunits with an iron group stabilized in the middle of
each subunit) (Fig. 4) (10,11). Similarly, an antibody pro-
tein, such as the one used in the non-Hodgkin lymphoma
radioimmunotherapy agent 90Y-ibritumomab tiuxetan, is
made up of 4 different polypeptide chains (primary struc-
ture) that are folded into b-barrels (secondary structures).
This folding in turn makes it possible for those from the
same and adjacent chains to form bonds with each other
called disulfide bridges (tertiary structure), thus giving the
antibody molecule its final 3-dimensional Y shape (quater-
nary structure) (12).
If the protein is not correctly folded, it may be destroyed

by specialized enzymes called proteasomes (13). In some
pathologic situations, this misfolding of proteins may result
in aberrant protein aggregates such as those seen in Alz-
heimer disease, where the proteins amyloid b and tau are
incorrectly folded, resulting in sticky tarlike plaques in the
neuronal tissue of the brain and further leading to inflamma-
tion and associated pathology (14). These misfolded pro-
tein aggregates in the affected neurons of the brain are the
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FIGURE 1. Condensation reaction. Two amino acids are joined
together to form peptide bond with release of water molecule.
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FIGURE 2. Protein secondary structure formation. Precise fold-
ing of polypeptide chain is achieved by rotational angles (w, c) of
backbone bonds flanking central a-carbon atom of each amino
acid. These rotational angles are specific for each amino acid and
are instrumental in shaping protein structure as prescribed by
genetic code.
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targets of the Alzheimer detection agents 18F-florbetaben,
18F-florbetapir, and 18F-flutemetamol, all of which detect amy-
loid b-plaques (15), and 18F-flortaucipir, which detects mis-
folded tau protein tangles (Fig. 5) (16).
Once the protein is correctly folded, it either stays in the

cytoplasm or is exported outside the cell to its correct destina-
tion in the body. This process is guided by the types of amino
acid residues, called signal sequences, in the N-terminal
region of the polypeptide chain (e.g., hormones such as insu-
lin are produced by the pancreas and are secreted into the
blood for blood sugar regulation, whereas digestive enzymes

are secreted by stomach cells into the gut for the task of
digestion) (17).
Some proteins are shunted to the cell surface to be part of

the cell membrane to act as switches (also known as recep-
tors) for transmitting a signal into the cell’s nucleus. The sig-
nal starts a specific cellular function based on environmental
cues or based on another specific outside protein, such as a
hormone or neurotransmitter, binding to it (18). These recep-
tors have extremely specialized functions, such as when clus-
ter-of-differentiation (CD) receptor protein CD20 (detected
by the tracer 90Y-ibritumomab tiuxetan) on the surface of B
lymphocytes helps to produce antibodies (19), or when the
CD206 protein (bound by the lymphoscintigraphy mannose
sugar tracer 99mTc-tilmanocept) on the surface of macrophages
scavenges sugar molecules from pathogens (20). Sometimes
a receptor is synthesized in many almost-identical forms (also
known as subtypes) to achieve a variety of functions in dif-
ferent organs by the same activator ligand, as is the case
with several subtypes of somatostatin receptor (SSTR):
SSTR1, SSTR2 (bound by the neuroendocrine tumor thera-
nostic agents 68Ga/177Lu/64Cu-DOTATATE, 68Ga/177Lu/
64Cu-DOTATOC, and 111In-octreotide), SSTR3 (bound by
111In-octreotide), SSTR4, and SSTR5 (bound by 68Ga/
177Lu/64Cu-DOTATATE, 68Ga/177Lu/64Cu-DOTATOC, and
111In-octreotide), all of which, in response to somatostatin,
inhibit a variety of cell growth and other activities from
their cell surface locations depending on the organ (or can-
cer) in which they are present (21). Such versatile protein
receptors are sometimes localized to the cytoplasm itself,
such as the estrogen receptors (bound by the breast carci-
noma estrogenlike synthetic tracer 18F-fluoroestradiol),
which would need the activating estradiol molecule (serving
as a ligand) to cross the cell membrane and bind to the recep-
tors. This causes the receptors to physically move into the
nucleus and start the transcription of a multitude of genes
regulating many important body functions, such as cell pro-

liferation and bone health (22).
Not all surface proteins take up the

role of being receptors for cell-signaling
activities. Some function as carriers of
other molecules across the cell mem-
brane, suchaswhen thedopamine active
transporter helps to transport (reuptake)
the secreted excitatory neurotransmitter
dopamine back into the neuron (23).
Also taken up into intact neurons in the
brain is the Parkinson disease tracer
123I-ioflupane, which is analogous to
dopamine (24). Similarly, the uptake-1
transporterhelps the reuptakeof theneu-
rotransmitter norepinephrine back into
the neuron. This reaction also occurs
with the neuroendocrine tumor thera-
nostic agent 123/131I-meta-iodobenzyl-
guanidine (MIBG), which is analogous
tonorepinephrine(25,26).
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FIGURE 3. Protein tertiary structure: intra- and intermolecular
bonds help form and stabilize precise 3-dimensional protein
structure into helices and sheets.
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of hemoglobin molecule in red blood cells. Each hemoglobin molecule is composed of 4
polypeptide subunits (2 a-chains and 2 b-chains), each stabilized by ion group (heme) in
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Cell surface protein transporters act as transporters of not
only neurotransmitters but also a variety of other biomolecules,
including amino acids, which are needed for protein synthesis.
In humans, there are 10 different types of amino acid transport-
ers. Some of these, including L-type amino acid transporter
and alanine-serine-cysteine transporter 2, in increased numbers
are seen transporting large amounts of amino acids, such as
leucine, into the cells for increased protein synthesis due to
high demand in a cancerous state (27). A similar reaction
occurs with the artificial nonmetabolizable amino acid leucin
analog tracer 18F-fluciclovine for prostate cancer imaging (28).
Some proteins, on the other hand, act as enzyme catalysts.

A protein enzyme catalyzes a reaction by creating a condu-
cive and protective environment in its active site that will
produce an ideal condition for the chemical reaction to pro-
ceed (decrease of activation energy for starting the chemical
reaction, resulting in the product’s becoming more stable
than the reactants) (Fig. 6) (29). These principles govern all
the chemical reactions that take place in our body for the
reactions to work in a complex chemical environment. An
example of a cell surface transport protein that also acts as an
enzyme is the prostate-specific membrane antigen (PSMA)
seen on normal prostate cells, as well as on some other
organs, including the kidneys, small intestine, and nervous
system. PSMA enzymatically acts on dietary folic acid (vita-
min B9) and on the neurotransmitter N-acetylaspartylgluta-
mic acid to releases the amino acid glutamate, which helps
mobilize calcium to support normal cell growth in the prostate
and maintain neuronal functions in the brain (30,31). The
increased presence of PSMA on prostate cancer cells is the
target for the imaging agents 68Ga-PSMA11 and 18F-piflufo-
lastat, which were approved by the Food and Drug Adminis-
tration in 2020 and 2021, respectively.

MOLECULAR TRACER USING AMINO ACID
METABOLISM (18F-FLUCICLOVINE (AXUMIN; BLUE
EARTH DIAGNOSTICS) (32))

18F-fluciclovine is a synthetic amino acid that resembles
leucine and is labeled with the radionuclide 18F. It was

approved by the Food and Drug Admin-
istration in 2016 for imaging of prostate
cancer recurrence with increased blood
levels of prostate-specific antigen. 18F-
fluciclovine is carried across the cancer
cell’s membrane by the L-type amino
acid transporter and by alanine-serine-
cysteine transporter 2, which are seen in
higher amounts in cancer cells. The driv-
ing force for this tracer uptake, apart
from the increased need of the cancer
cells for amino acids for protein build-
ing, are the androgens (male sex hor-
mone produced in the testicles), which
in general are dangerous proponents of
cancer growth. In one type of treatment

for prostate cancer, biochemical castration, drugs are given that
shut down production of this hormone in the male gonads.
However, nature may eventually bypass this effect in some
patients by producing androgen from sources outside the tes-
ticles or through DNA-changing mutations, eventually resulting
in recurrence of prostate cancer and metastasis. This condition
is clinically called metastatic castration-resistant prostate can-
cer. 18F-fluciclovine, once transported into the prostate cancer
cells, gets trapped in the cells. Being an artificial amino acid,
it cannot be used for protein building by the cell’s transfer
RNAs and ribosomes (Table 1).

MOLECULAR TRACERS DETECTING PROTEIN
FOLDING OR MISFOLDING

18F-Florbetapir (Amyvid; Lilly), 18F-Florbetaben (Neuraceq;
Life Molecular Imaging), and 18F-Flutemetamol (Vizamyl;
GE Healthcare) (33–35)

18F-florbetapir, 18F-florbetaben, and 18F-flutemetamol bind
to the misfolded b-amyloid proteins forming plaques in the
brain of Alzheimer disease patients, specifically plaques that
appear in the gray matter of the outer cerebral cortex, where
b-protein should not be present (Table 2).

Protein Misfolded protein

Aggregates

FIGURE 5. Protein misfolding can lead to pathology. Correct folding of protein into its
proper 3-dimensional structure is important to function correctly. Incorrectly folded proteins
either are destroyed by proteasomes or may form insoluble aggregates such as plaques,
tangles, and Lewybodies, which can lead to pathologic conditions as in Alzheimer disease.

FIGURE 6. Enzyme as catalysts. Enzymes catalyze chemical
reactions by lowering activation energy required for reactants to
progress through steps of chemical reaction. This lowering of
energy includes that of the high-energy transition state at the
peak of the energy profile, which is lower when enzymes are pre-
sent, hence making it easier for reaction to progress.
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18F-Flortaucipir (Tauvid; Lilly) (36)
18F-flortaucipir binds to misfolded tau protein clumps

called neurofibrillary tangles in the brain of Alzheimer dis-
ease patients (Table 2).

MOLECULAR TRACERS TARGETING CELL SURFACE
PROTEIN RECEPTORS

18F-Fluoroestradiol (Cerianna; Zionexa) (37)
18F-fluoroestradiol is indicated for use in PET imaging

for the detection of estrogen receptor–positive lesions in
patients with recurrent or metastatic breast cancer. 18F-fluo-
roestradiol is a synthetic estrogen analog that migrates to
the estrogen receptor proteins in the cytoplasm of breast
cancer cells (Table 3).

99mTc-Tilmanocept (Lymphoseek; Cardinal Health) (38)
99mTc-tilmanocept is indicated for use with or without

scintigraphic imaging for lymphatic mapping using a hand-
held g-probe to locate lymph nodes draining a primary solid-
tumor site as a component of intraoperative management. It
is also indicated with or without scintigraphic imaging for
guiding a sentinel lymph node biopsy using a handheld
g-probe in patients with clinically node-negative squamous
cell carcinoma of the oral cavity or with breast cancer or
melanoma. 99mTc-tilmanocept is made up of many units of
diethylenetriamine pentaacetic acid (kidney-imaging agent)
and mannose (a type of sugar), linked together on a carbohy-
drate dextran backbone to form a giant molecule that is able
to bind to the CD20 receptor protein on the surface of macro-
phages (a type of disease-fighting blood cell constantly

TABLE 1
Clinical Properties of Current Food and Drug Administration–Approved Molecular Tracer (18F-Fluciclovine) Using

Amino Acid Metabolism

Property Description

Indication Imaging in men with suspected prostate cancer recurrence based on elevated
blood level of prostate-specific antigen after treatment

Administered dose for adults 370 MBq (10 mCi)
Injection route Intravenous
Injection-to-imaging time 4–10 min
Normal biodistribution Pancreas, liver, bone marrow, muscle

TABLE 2
Clinical Properties of Current Food and Drug Administration–Approved Molecular Tracers Detecting Protein

Folding or Misfolding

Property Description

Indication
18F-florbetapir Imaging b-amyloid plaques in suspected AD patients
18F-florbetaben Imaging b-amyloid plaques in suspected AD patients
18F-flutemetamol Imaging b-amyloid plaques in suspected AD patients
18F-flortaucipir Imaging aggregated tau neurofibrillary tangles in suspected AD patients

Administered dose for adults
18F-florbetapir 370 MBq (10 mCi)
18F-florbetaben 296 MBq (8 mCi)
18F-flutemetamol 185 MBq (5 mCi)
18F-flortaucipir 370 MBq (10 mCi)

Injection route Intravenous
Injection-to-imaging time
18F-florbetapir 30–50 min
18F-florbetaben 45–130 min
18F-flutemetamol 80–100 min
18F-flortaucipir 80–100 min

Normal biodistribution
18F-florbetapir Inner white matter, from which blood clearance is slower
18F-florbetaben Inner white matter, from which blood clearance is slower
18F-flutemetamol Inner white matter, from which blood clearance is slower
18F-flortaucipir Some normal retention in choroid plexus, striatum, and brain stem nuclei

AD 5 Alzheimer disease.
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patrolling the blood and lymph nodes). When injected under
the skin, 99mTc-tilmanocept drains into the lymph and accu-
mulates in the macrophages in the sentinel lymph node and
beyond (Table 3).

68Ga/177Lu/64Cu-DOTATATE (NETSPOT [Advanced
Accelerator Applications]/LUTATHERA [Advanced
Accelerator Applications]/Detectnet [Curium]),
68Ga/177Lu/64Cu-DOTATOC, 68Ga/177Lu/64Cu-DOTANOC,
and 111In-Octreotide (OctreoScan; Curium) (39–42)
The molecular agents 68Ga/177Lu/64Cu-DOTATATE, 68Ga/

177Lu/64Cu-DOTATOC, 68Ga/177Lu/64Cu-DOTANOC, and
111In-octreotide bind to protein receptors on the surface of
SSTR-containing neuroendocrine tumors. This binding is
selective for the subtype of SSTR, with radiolabeled DOTA-
TATE and DOTATOC binding to SSTR2 and SSTR5 whereas
111In-octreotide binds to all 3 SSTR subtypes (SSTR2, SSTR3,
and SSTR5). The radiolabeled DOTATATE fits the classic
definition of a theranostic radiopharmaceutical, in that the
same agent can be used for both diagnostic (68Ga-DOTA-
TATE) and therapeutic (177Lu/64Cu-DOTATATE) purposes
(Table 3).

90Y-Ibritumomab Tiuxetan (Zevalin; Acrotech
Biopharma) (43)
The antibody radiopharmaceutical 90Y-ibritumomab tiux-

etan binds to CD20 receptor protein molecules on mature
and malignant B lymphocytes, a type of disease-fighting cell
in the blood, while sparing the immature and parent cells in

the bone marrow. Although the function of the CD20 recep-
tor on B cells is unknown, it is thought to play a role in cal-
cium entry across the B-cell membrane and in maintenance
of the required amounts of calcium inside the cell for activa-
tion in the disease-fighting process, including antibody pro-
duction. The big advantage of anti-CD20 antibodies is that
they attack only malignant B cells and not the precursor
cells, thus preventing the patient from losing all B cells,
avoiding even more negative outcomes. The b-radiation
from the 90Y isotope then destroys the cancerous B cells
(Table 3).

MOLECULAR IMAGING TRACERS TARGETING CELL
SURFACE PROTEIN TRANSPORTERS

123I-Ioflupane (DaTscan; GE Healthcare) (44)
123I-ioflupane binds to presynaptic dopamine transporters,

seen in the striatal region of the brain. A defining feature of
Parkinson disease is a marked reduction in the dopamine-
secreting neurons in this portion of the brain. Dopamine,
once secreted into the synaptic gap between the presynaptic
and postsynaptic neurons (neurons sending and receiving the
nerve signals, respectively), is reabsorbed back into the pre-
synaptic neuron through the dopamine transporter proteins
on the presynaptic neuron endings, thus preventing continu-
ous excitation. The nerve signals are related to higher-order
functions of the brain, including movement and coordina-
tion. In the absence or destruction of these neurons, move-
ment disorders typical to those of Parkinson syndromes will

TABLE 4
Clinical Properties of Current Food and Drug Administration–Approved Molecular Tracers Targeting Cell

Surface Protein Transporters

Property 123I-ioflupane

123I-iobenguane and
131I-iobenguane

68Ga-PSMA11 and
18F-piflufolastat

Indication Striatal dopamine transporter
imaging to assist in
evaluation of adults with
suspected Parkinsonian
syndromes

123I-iobenguane: detection of
primary or metastatic
pheochromocytoma or
neuroblastoma; 131I-iobenguane:
treatment of adults and children
older than 12 y with iobenguane-
positive, unresectable, locally
advanced or metastatic
pheochromocytoma or
paraganglioma

PET of PSMA-positive lesions in
prostate cancer patients who
have suspected metastasis and
are candidates for initial
definitive therapy or who have
suspected recurrence based on
elevated serum prostate-specific
antigen

Administered dose
for adults

111–185 MBq (3–5 mCi) 123I-iobenguane: 370 MBq
(10 mCi); 131I-iobenguane:
185–222 MBq (5–6 mCi)
(dosimetric dose); 18,500 MBq
(500 mCi) 3 2 doses 90 d apart
(therapeutic dose)

68Ga-PSMA11: 111–259 MBq
(3–7 mCi); 18F-piflufolastat:
333 MBq (9 mCi)
recommended; acceptable
range, 8–296 to 370 MBq
(10 mCi)

Injection route Intravenous Intravenous Intravenous (bolus)
Injection-to-imaging

time
3–6 h 24 6 6 h 60 min

Normal
biodistribution

Prominent comma-shaped
striatal activity compared
with surrounding brain tissue

Adrenals (not always visualized,
but activity , liver), liver, heart
(uptake inversely proportional
to catecholamine levels), bowel
(large intestine), salivary glands,
lung, spleen, urinary bladder,
and uterine/neck muscles

Kidneys, salivary glands, small
intestine, tear glands, and
spleen
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result. By using a tracer that binds to the presynaptic dopa-
mine transporters, one can obtain a quantitative measure and
spatial distribution of these transporters and, hence, the
dopamine secreting neurons (Table 4).

123/131I-Iobenguane (AdreView [GE Healthcare]/Azedra;
Progenics Pharmaceuticals) (45)

123/131I-iobenguane, also known as MIBG, is structurally
similar to the fight-or-flight hormone norepinephrine. Once
secreted into the synapse between 2 neurons to facilitate
neurotransmission, norepinephrine is taken back up into the
presynaptic neurons through transporters called uptake 1.
Uptake 1 is normally found in tissues but is overexpressed in
certain neuroendocrine tumors, such as pheochromocytomas
and neuroblastomas. Since MIBG resembles norepinephrine,
it will be taken up in neuroendocrine tumor cells along with
the neurotransporter in a higher amount. The radiolabeled
MIBG is also a theranostic radiopharmaceutical; the same
agent can be used for both diagnostic (123I-MIBG) and thera-
peutic (131I-MIBG) purposes (Table 4).

68Ga-PSMA11 and 18F-Piflufolastat (Pylarify;
Lantheus) (46,47)

68Ga-PSMA11 and 18F-piflufolastat attach to the outer
portion (extracellular domain) of the PSMA found in ele-
vated levels (100- to 1,000-fold) on the surface of 95% of
prostate cancer cells (48). PSMA is also normally seen at
low levels in the kidneys, liver, tear glands, salivary glands,
spleen, and nervous tissue. Once the radiotracer binds to the
surface membrane protein, PSMA—along with the attached
radiotracer—is transported into the cell, thus trapping the
tracer within the cancer cell (Table 4) (49).

CONCLUSION

If past decades in nuclear medicine saw bold moves in
physics and instrumentation, the future landscape is evolv-
ing to be the scintillating age of molecular and systems
biology. The present and future growth of molecular imag-
ing and therapy is based on using the intricate biologic and
biochemical pathways of the human body. For the nuclear
medicine technologist to appreciate the interactions of radio-
pharmaceuticals within the body and thus delineate the best
information possible, a good understanding of the underly-
ing mechanisms is required. This knowledge should be
grounded in sound fundamentals of molecular processes in
living systems, which will enable the technologist to inte-
grate theory and processes into the realm of applied clinical
practice. This ability will also engender a new generation
of professionals who eagerly seek out cutting-edge knowl-
edge and challenges that may elude the average health-care
professional, leading the profession to the 21st century.

DISCLOSURE

No potential conflict of interest relevant to this article
was reported.

REFERENCES

1. Whitford D. Proteins: Structure and Function.Wiley and Sons; 2005:528.
2. Bauer W, Briner U, Doepfner W, et al. SMS 201-995: a very potent and selective

octapeptide analogue of somatostatin with prolonged action. Life Sci. 1982;31:
1133–1140.

3. Thalassemia major: molecular and clinical aspects. Ann Intern Med. 1979;91:
883–897.

4. Merrick WC. Overview: mechanism of translation initiation in eukaryotes. Enzyme.
1990;44:7–16.

5. Schmitt E, Guillon JM, Meinnel T, Mechulam Y, Dardel F, Blanquet S. Molecular
recognition governing the initiation of translation in Escherichia coli: a review.
Biochimie. 1996;78:543–554.

6. Forbes J, Krishnamurthy K. Biochemistry, peptide. StatPearls website. https://
www.statpearls.com/ArticleLibrary/viewarticle/26914. Updated September 1, 2021.
Accessed April 7, 2022.

7. Ellis RJ. The general concept of molecular chaperones. Philos Trans R Soc Lond B
Biol Sci. 1993;339:257–261.

8. Hartley RW. Barnase and barstar: two small proteins to fold and fit together.
Trends Biochem Sci. 1989;14:450–454.

9. Al Mughram MH, Herrington NB, Catalano C, Kellogg GE. Systematized analysis
of secondary structure dependence of key structural features of residues in soluble
and membrane-bound proteins. J Struct Biol X. 2021;5:100055.

10. Perutz MF, Rossmann MG, Cullis AF, Muirhead H, Will G, North AC. Structure
of haemoglobin: a three-dimensional Fourier synthesis at 5.5-A. resolution,
obtained by x-ray analysis. Nature. 1960;185:416–422.

11. Bringas M, Petruk AA, Estrin DA, Capece L, Marti MA. Tertiary and quaternary
structural basis of oxygen affinity in human hemoglobin as revealed by multiscale
simulations. Sci Rep. 2017;7:10926.

12. Davies DR, Padlan EA, Segal DM. Three-dimensional structure of immunoglobu-
lins. Annu Rev Biochem. 1975;44:639–667.

13. Arrigo AP, Tanaka K, Goldberg AL, Welch WJ. Identity of the 19S ‘prosome’ par-
ticle with the large multifunctional protease complex of mammalian cells (the pro-
teasome). Nature. 1988;331:192–194.

14. Garc$ıa-Morales V, Gonzalez-Acedo A, Melguizo-Rodriguez L, et al. Current
understanding of the physiopathology, diagnosis and therapeutic approach to Alz-
heimer’s disease. Biomedicines. 2021;9:1910.

15. Filippi L, Chiaravalloti A, Bagni O, Schillaci O. 18F-labeled radiopharmaceuticals
for the molecular neuroimaging of amyloid plaques in Alzheimer’s disease. Am J
Nucl Med Mol Imaging. 2018;8:268–281.

16. Wolters EE, Dodich A, Boccardi M, et al. Clinical validity of increased cortical
uptake of [18F]flortaucipir on PET as a biomarker for Alzheimer’s disease in the
context of a structured 5-phase biomarker development framework. Eur J Nucl
Med Mol Imaging. 2021;48:2097–2109.

17. Lippincott-Schwartz J, Roberts TH, Hirschberg K. Secretory protein traffick-
ing and organelle dynamics in living cells. Annu Rev Cell Dev Biol. 2000;16:
557–589.

18. Nair A, Chauhan P, Saha B, Kubatzky KF. Conceptual evolution of cell signaling.
Int J Mol Sci. 2019;20:3292.

19. Rizzieri D. ZevalinV
R

(ibritumomab tiuxetan): after more than a decade of treatment
experience, what have we learned? Crit Rev Oncol Hematol. 2016;105:5–17.

20. Leong SP. Detection of melanoma, breast cancer and head and neck squamous cell
cancer sentinel lymph nodes by Tc-99m tilmanocept (LymphoseekV

R

). Clin Exp
Metastasis. 2022;39:39–50.

21. Pauwels E, Cleeren F, Bormans G, Deroose CM. Somatostatin receptor PET
ligands: the next generation for clinical practice. Am J Nucl Med Mol Imaging.
2018;8:311–331.

22. Katzenellenbogen JA. The quest for improving the management of breast cancer
by functional imaging: the discovery and development of 16a-[18F]fluoroestradiol
(FES), a PET radiotracer for the estrogen receptor, a historical review. Nucl Med
Biol. 2021;92:24–37.

23. Bu M, Farrer MJ, Khoshbouei H. Dynamic control of the dopamine transporter in
neurotransmission and homeostasis. NPJ Parkinsons Dis. 2021;7:22.

24. Tuma Santos CA, Wallace WD, Kim S, Vijayakumar V. Pitfalls and artifacts of
123I-ioflupane SPECT in Parkinsonian syndromes: a quality improvement teaching
tool. J Nucl Med Technol. 2021;49:114–119.

25. Shapiro B, Gross MD. Radiochemistry, biochemistry, and kinetics of 131I-metaio-
dobenzylguanidine (MIBG) and 123I-MIBG: clinical implications of the use of
123I-MIBG.Med Pediatr Oncol. 1987;15:170–177.

26. Agrawal A, Rangarajan V, Shah S, Puranik A, Purandare N. MIBG (metaiodoben-
zylguanidine) theranostics in pediatric and adult malignancies. Br J Radiol. 2018;
91:20180103.

27. Broer S. Amino acid transporters as targets for cancer therapy: why, where, when,
and how. Int J Mol Sci. 2020;21:6156.

PROTEIN BIOLOGY PRIMER FOR TECHNOLOGISTS % Glasgow et al. 193



28. Gusman M, Aminsharifi JA, Peacock JG, Anderson SB, Clemenshaw MN, Banks
KP. Review of 18F-fluciclovine PET for detection of recurrent prostate cancer.
Radiographics. 2019;39:822–841.

29. Schowen RL. How an enzyme surmounts the activation energy barrier. Proc Natl
Acad Sci USA. 2003;100:11931–11932.

30. O’Keefe DS, Bacich DJ, Huang SS, Heston WDW. A perspective on the evolving
story of PSMA biology, PSMA-based imaging, and endoradiotherapeutic strate-
gies. J Nucl Med. 2018;59:1007–1013.

31. Kaittanis C, Andreou C, Hieronymus H, et al. Prostate-specific membrane antigen
cleavage of vitamin B9 stimulates oncogenic signaling through metabotropic gluta-
mate receptors. J Exp Med. 2018;215:159–175.

32. Kogai T, Ohashi E, Jacobs MS, et al. Retinoic acid stimulation of the
sodium/iodide symporter in MCF-7 breast cancer cells is mediated by the
insulin growth factor-I/phosphatidylinositol 3-kinase and p38 mitogen-acti-
vated protein kinase signaling pathways. J Clin Endocrinol Metab. 2008;93:
1884–1892.

33. Furuya F, Shimura H, Suzuki H, et al. Histone deacetylase inhibitors restore radio-
iodide uptake and retention in poorly differentiated and anaplastic thyroid cancer
cells by expression of the sodium/iodide symporter thyroperoxidase and thyroglob-
ulin. Endocrinology. 2004;145:2865–2875.

34. Kogai T, Kanamoto Y, Li AI, et al. Differential regulation of sodium/iodide sym-
porter gene expression by nuclear receptor ligands in MCF-7 breast cancer cells.
Endocrinology. 2005;146:3059–3069.

35. Doh$an O, De la Vieja A, Carrasco N. Hydrocortisone and purinergic signaling
stimulate sodium/iodide symporter (NIS)-mediated iodide transport in breast can-
cer cells.Mol Endocrinol. 2006;20:1121–1137.

36. Tanosaki S, Ikezoe T, Heaney A, et al. Effect of ligands of nuclear hormone recep-
tors on sodium/iodide symporter expression and activity in breast cancer cells.
Breast Cancer Res Treat. 2003;79:335–345.

37. Chai W, Yin X, Ren L, et al. Sodium/iodide symporter gene transfection increases
radionuclide uptake in human cisplatin-resistant lung cancer cells. Clin Transl
Oncol. 2015;17:795–802.

38. Guerrieri F, Piconese S, Lacoste C, et al. The sodium/iodide symporter NIS is a
transcriptional target of the p53-family members in liver cancer cells. Cell Death
Dis. 2013;4:e807.

39. Ohashi E, Kogai T, Kagechika H, Brent GA. Activation of the PI3 kinase pathway
by retinoic acid mediates sodium/iodide symporter induction and iodide transport
in MCF-7 breast cancer cells. Cancer Res. 2009;69:3443–3450.

40. Liu Z, Xing M. Induction of sodium/iodide symporter (NIS) expression and radio-
iodine uptake in non-thyroid cancer cells. PLoS One. 2012;7:e31729.

41. Kim HW, Kim JE, Hwang MH, et al. Enhancement of natural killer cell cytotoxic-
ity by sodium/iodide symporter gene-mediated radioiodine pretreatment in breast
cancer cells. PLoS One. 2013;8:e70194.

42. Unterholzner S, Willhauck MJ, Cengic N, et al. Dexamethasone stimulation of reti-
noic acid-induced sodium iodide symporter expression and cytotoxicity of 131-I in
breast cancer cells. J Clin Endocrinol Metab. 2006;91:69–78.

43. Kogai T, Sajid-Crockett S, Newmarch LS, Liu YY, Brent GA. Phosphoinositide-3-
kinase inhibition induces sodium/iodide symporter expression in rat thyroid cells
and human papillary thyroid cancer cells. J Endocrinol. 2008;199:243–252.

44. Taki K, Kogai T, Kanamoto Y, Hershman JM, Brent GA. A thyroid-specific far-
upstream enhancer in the human sodium/iodide symporter gene requires Pax-
8 binding and cyclic adenosine 39 ,59-monophosphate response element-like
sequence binding proteins for full activity and is differentially regulated in normal
and thyroid cancer cells.Mol Endocrinol. 2002;16:2266–2282.

45. Schmutzler C, Winzer R, Meissner-Weigl J, Kohrle J. Retinoic acid increases
sodium/iodide symporter mRNA levels in human thyroid cancer cell lines and sup-
presses expression of functional symporter in nontransformed FRTL-5 rat thyroid
cells. Biochem Biophys Res Commun. 1997;240:832–838.

46. Bogazzi F, Bartalena L, Pinchera A, Martino E. Adjuvant effect of lithium on
radioiodine treatment of hyperthyroidism. Thyroid. 2002;12:1153–1154.

47. Rom~ao R, Rubio IG, Tomimori EK, Camargo RY, Knobel M, Medeiros-Neto G.
High prevalence of side effects after recombinant human thyrotropin-stimulated
radioiodine treatment with 30 mCi in patients with multinodular goiter and subclin-
ical/clinical hyperthyroidism. Thyroid. 2009;19:945–951.

48. Silver DA, Pellicer I, Fair WR, Heston WD, Cordon-Cardo C. Prostate-specific
membrane antigen expression in normal and malignant human tissues. Clin Cancer
Res. 1997;3:81–85.

49. Rajasekaran SA, Anilkumar G, Oshima E, et al. A novel cytoplasmic tail MXXXL
motif mediates the internalization of prostate-specific membrane antigen. Mol Biol
Cell. 2003;14:4835–4845.

194 JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY % Vol. 50 % No. 3 % September 2022



Practical Considerations for Implementation of
177Lu-DOTATATE Neuroendocrine Tumor
Treatment Programs

Diane K. Soulek, Molly E. Martin, Nic J. Mastascusa, and Stephen A. Graves

Department of Radiology, University of Iowa, Iowa City, Iowa

CE credit: For CE credit, you can access the test for this article, as well as additional JNMT CE tests, online at https://www.snmmilearningcenter.org. Complete the
test online no later than September 2025. Your online test will be scored immediately. You may make 3 attempts to pass the test and must answer 75% of the ques-
tions correctly to receive Continuing Education Hour (CEH) credit. Credit amounts can be found in the SNMMI Learning Center Activity. SNMMI members will have
their CEH credit added to their VOICE transcript automatically; nonmembers will be able to print out a CE certificate upon successfully completing the test. The online
test is free to SNMMI members; nonmembersmust pay $15.00 by credit card when logging onto the website to take the test.

The 2018 Food and Drug Administration approval of 177Lu-DOTA-
TATE for the treatment of somatostatin receptor–positive neuroen-
docrine tumors (NETs) represents a paradigm-shifting approach to
cancer treatments around the globe. Gastroenteropancreatic NETs
overexpress the somatostatin subtype receptor 2, which is now
exploited for receptor-based imaging and therapy, thus generating
significant progress in the diagnosis and treatment of this orphan
disease. The recent Food and Drug Administration approval of
receptor-based PET radiopharmaceuticals and a new peptide
receptor radiopharmaceutical therapy, 177Lu-DOTATATE, has dra-
matically impacted NET patient management. The focus of this
paper is to review clinical considerations associated with imple-
menting a 177Lu-DOTATATE program. We review receptor-based
NET radiopharmaceuticals; 177Lu-DOTATATE patient selection cri-
teria; administration methods; clinical, regulatory, and radiation
safety considerations; technical factors; tissue dosimetry; and
reimbursement guidelines.

Key Words: neuroendocrine tumor; 177Lu-DOTATATE; somatostatin
receptor; PRRT; dosimetry
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It is estimated that the annual incidence of neuroendocrine
tumors (NETs) is 7 per 100,000 persons, resulting in approxi-
mately 23,000 new cases each year in the United States (1).
NETs are slightly more common in women (52.7%), with 5-y
overall survival depending strongly on the grade and stage of
disease. At the time of diagnosis, approximately half of
patients presents with localized disease whereas the other half
has already progressed to regional disease or distant metasta-
ses. Localized disease is often well managed by surgery alone

(2), with median overall survivals in the range of 4–30 y
depending on site and grade (1).
NETs of gastroenteropancreatic origin often secrete seroto-

nin and a variety of other peptide hormones that can cause
characteristic symptoms known as carcinoid syndrome or other
symptoms related to the tumor’s site of origin. Shortly after the
discovery of somatostatin receptors (SSTRs) in 1972 (3), it
was observed that agents targeted to subtype 2 of the somato-
statin receptor resulted in potent antisecretory effects in NETs,
providing significant palliative benefit in patients with secreting
gastroenteropancreatic NETs. These SSTR-targeted somato-
statin analog (SSA) agents were initially available in short-
acting immediate-release formulations (octreotide acetate,
1988) and were later made available in long-acting formula-
tions (octreotide and lanreotide, 1998–2001) (4). In addition
to the palliative therapeutic benefit of SSAs, these agents
were found to exhibit antitumor effects (5,6), resulting in their
clinical use as primary interventions for metastatic gastroen-
teropancreatic NETs regardless of hormone secretion status.
Expression of SSTR is observed in many cancer types, and

this receptor is highly overexpressed in low-grade (grades 1
or 2) NETs (mitotic rate # 20, Ki-67 index # 20%) and to a
lesser extent in high-grade (grade 3) NETs (mitotic rate . 20,
Ki-67 index . 20%) (7,8). Based on the high degree of over-
expression, as well as the known molecular structures with
high-affinity binding to this receptor, research into the use of
radiolabeled SSAs for imaging and therapy began in the early
1990s. The first proof-of-concept nuclear imaging studies used
[123I-Tyr3]-octreotide (9,10); shortly thereafter, use of 111In-
pentetreotide (an octreotide analog labeled with diethylenetria-
minepentaacetic acid chelator for complexation of 111In)
gained traction for NET imaging, receiving Food and Drug
Administration approval in 1994 (11,12). In subsequent years,
SSAs with macrocycle chelators (DOTATOC, DOTANOC,
DOTATATE) were developed and shown to have improved
stability, biodistribution, and clearance for a variety of radio-
metal labels (13,14). Among these, 68Ga-DOTATATE, 68Ga-
DOTATOC, and 64Cu-DOTATATE have thus far received
Food and Drug Administration approval and are in current
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clinical use, whereas 111In-pentetreotide is being phased out in
favor of the newer PET-based imaging agents.
Early success in the diagnostic imaging of gastroentero-

pancreatic NETs led to the development of SSTR-targeted
radiotherapeutics, often referred to as peptide receptor radio-
nuclide therapy (PRRT) in this context. The first therapeutic
agent to be studied was 90Y-DOTATOC, which was shown
to have significant oncologic benefit in small animals and
humans (13,15,16). Trials with 90Y-DOTATOC demon-
strated some renal and hematologic toxicity, and these
off-target effects were found to be dose-limiting for this
agent. Most recently, 177Lu (half-life [t1=2], 6.6 d)-labeled
DOTATATE has been favored because of increased reten-
tion time in tumors, an apparent reduction in nephrotoxicity,
as well as logistical considerations associated with these
agents. In the phase 3 NETTER-1 trial, 177Lu-DOTATATE
was evaluated in patients with well-differentiated, unresect-
able or metastatic, progressive midgut NETs (17). In com-
parison to long-acting octreotide, 177Lu-DOTATATE was
associated with an improved response rate (18% vs. 3%,
P , 0.001) and progression-free survival (65.2% vs. 10.8%
at 20 mo). These data led to the Food and Drug Administra-
tion approval of 177Lu-DOTATATE (Lutathera; Advanced
Accelerator Applications USA Inc.) in 2018 for treatment of
patients with SSTR-positive gastroenteropancreatic NETs.
This therapeutic agent is now widely available and frequently
used in the treatment of patients with NETs. As of 2021,
Advanced Accelerator Applications reported that 177Lu-
DOTATATE is available at more than 230 treatment centers
in the United States.
The purpose of this paper is to review the practical clini-

cal considerations associated with 177Lu-DOTATATE, with
an emphasis on what the care team members (technologists,
nurses, pharmacists, physicists) need to know for successful
application of this newly approved PPRT agent.

PATIENT SELECTION

177Lu-DOTATATE is not currently considered a first-line
therapy for NET. Instead, patients with surgically unre-
sectable, metastatic, or locally advanced midgut NET may
be treated with first-line SSA therapy. If disease progresses
during SSA therapy and SSTR positivity is confirmed with
functional imaging, the patient may be considered for 177Lu-
DOTATATE therapy (18). A multidisciplinary team (nuclear
medicine, medical oncology, endocrinology, surgical oncol-
ogy, interventional radiology, radiation oncology) should
evaluate the patient’s performance status, clinical and imag-
ing data, potential alternative treatments, and PRRT con-
traindications before deciding to proceed with PRRT.
Adequate bone, liver, and renal function should be verified
with the European Neuroendocrine Tumor Society exclusion
criteria detailed in Table 1, and the patient’s Karnofsky
performance, a measure of health status, should be at least
60% (19).

Fundamental to patient selection is the clinical behavior of
the gastroenteropancreatic NET, often determined by the
tumor’s primary site, grade, and differentiation. NET grade
reflects the proliferative activity of cells, measured by mitotic
rate or Ki-67 index, and differentiation describes the extent to
which tumor cells resemble their healthy endogenous cell line
(20). Gastroenteropancreatic neuroendocrine neoplasms were
recently subdivided in the 2019 World Health Organization
classification system (21) and are summarized in Table 2.
NET tumor grade inversely correlates with SSTR density and
prognosis; in general, the lower the grade, the higher the
SSTR density. A high SSTR density thus correlates with an
improved response to PRRT and better prognosis (20).
Because of weak or absent SSTR expression, as well as being
generally more aggressive, higher-grade NETs and poorly
differentiated neuroendocrine cancers have a worse prognosis
(22). SSTR positivity for all lesions should be confirmed with
SSTR imaging before 177Lu-DOTATATE therapy; PET-
based SSTR imaging (DOTATATE, DOTATOC, DOTA-
NOC) has become the standard of care and is preferred over
111In-pentetreotide scintigraphy because of the higher spatial
resolution and dramatically improved lesion detectability of
these agents (23). Lesions with uptake more intense than nor-
mal liver activity are deemed SSTR-positive and thus better
candidates for PRRT (24).
Because of the frequent lack of SSTR expression in higher

grade (grades 2 or 3) and poorly differentiated NETs, these
tumors are often examined with 18F-FDG PET imaging in lieu
of, or in addition to, SSTR PET imaging. PRRT administra-
tion has historically been contraindicated in patients with sites
of discordant or mismatched lesions (lesions with positive 18F-
FDG uptake, positive contrast enhancement on CT or MRI,
and negative SSTR expression). 18F-FDG–positive lesions are
known to be associated with a reduced likelihood of response
to PRRT. In this patient population, multidisciplinary teams
may consider the addition of concomitant chemotherapy to a
PRRT regimen. Higher-grade NETs (grades 2 or 3) are cur-
rently being evaluated in the phase III NETTER-2 trial, which
is investigating PRRT as first-line therapy when used in com-
bination with long-acting, high-dose octreotide (22). The phase
III COMPETE trial is currently comparing 4 cycles of

TABLE 1
PRRT Exclusion Criteria Considerations (19)

Parameter Exclusion criterion

Serum
creatinine

.150 mmol/L (.1.7 mg/dL) or
creatinine clearance , 50 mL/min

Hemoglobin ,5.0 mmol/L (,8.0 g/dL)
White-cell

count
,2,000/mm3 (2 3 109/L)

Platelet count ,75,000/mm3 (75 3 109/L)
Total bilirubin .3 times upper limit of reference range
Serum albumin ,25 g/L and prothrombin time increased

1.5 times upper limit of reference range*

*Indicates biosynthetic liver failure.
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7.4 GBq (200 mCi) of 177Lu-DOTATOC with daily everoli-
mus administration in patients with SSTR-positive disease
(25). Further studies of 177Lu-DOTATATE are being con-
ducted on pediatric patient populations, including the NET-
TER-P study, as well as investigator-initiated studies (26).

CLINICAL CONSIDERATIONS

Patient preparation is a component critical to the success
of PRRT. Many NET patients receive SSAs for symptom-
atic control of their disease, and the SSAs elicit their thera-
peutic effect by binding to SSTRs. 177Lu-DOTATATE also
works by targeting SSTRs, and administration of SSAs
should be carefully planned during 177Lu-DOTATATE
treatment to prevent receptor saturation, which can interfere
with the efficacy of PRRT (24,27). Long-acting SSAs
should be discontinued at least 4 wk before each 177Lu-
DOTATATE dose; short-acting SSAs may be used as
needed up to 24 h before each treatment. SSAs may be
resumed 4 h after administration of 177Lu-DOTATATE for
symptomatic management between therapeutic cycles and
after completion of treatment (24).
During 177Lu-DOTATATE administration, patients should

be monitored for potential reactions to the infusion (24,27).
Although infrequent, extravasation of the radiopharmaceutical
may occur if the intravenous line becomes obstructed; patency
of the line should be verified before the start of the infusion
and monitored throughout the administration. Signs of extrava-
sation, such as pain and swelling, should be immediately
addressed to increase the clearance of the radiopharmaceutical
from the infusion site. Steps to be taken include image acquisi-
tion to confirm and quantify the amount of extravasated radio-
pharmaceutical (whole-body planar scintigraphy and SPECT/
CT of the affected area), elevation and exercise of the affected
arm as much as possible for 24 h, and application of a

compression bandage with heated gel pads for 20 min every
6 h to facilitate redistribution of the radiopharmaceutical.
After the initial 24 h, imaging should be repeated. A quali-
fied medical physicist should be consulted regarding the
radiation dosimetry of this event, and referral to plastic sur-
gery should be considered on the basis of the dosimetry
results. Additional information can be found in literature
case reports and reviews (28,29).
In addition to the risk of extravasation, patients may experi-

ence a neuroendocrine hormonal crisis during 177Lu-DOTA-
TATE administration due to excessive hormone released by
the tumor (30). Symptoms include cutaneous flushing, diar-
rhea, bronchospasm, and hypotension and generally occur dur-
ing or within 24 h of the initial 177Lu-DOTATATE dose. A
hormonal crisis can be treated by intravenous administration
of SSAs and fluids, corticosteroids, and correction of electro-
lyte imbalances (24,30). 177Lu-DOTATATE may be adminis-
tered in an outpatient setting not immediately equipped to deal
with a carcinoid crisis. Institutional policies describing how to
obtain additional medical support or transport the patient to an
emergency clinic, if needed, should be in place.
Since the kidneys receive a significant radiation dose, amino

acids should be given simultaneously with each cycle of
177Lu-DOTATATE to decrease absorption through the proxi-
mal tubules, thus reducing the radiation dose to the kidneys
(27,31,32). The amino acid solution must be infused over 4 h
and should contain 18–25 g each of L-lysine HCl and L-argi-
nine HCl in a total volume of 1–2 L. Several commercial
amino acid solutions are available that contain the required
amounts of lysine and arginine. However, the presence of
additional amino acids in these products may cause significant
nausea and vomiting for the patient. Alternatively, a 2-amino-
acid solution containing only lysine and arginine may be
compounded by the hospital or local pharmacy to improve

TABLE 2
Classification and Grading Criteria for Neuroendocrine Neoplasms of Gastrointestinal Tract and

Hepatopancreatobiliary Organs (21)

Terminology Differentiation Grade Mitotic rate Ki-67 index

NET, grade 1 Well differentiated Low ,2 ,3%
NET, grade 2 Well differentiated Intermediate 2–20 3%–20%
NET, grade 3 Well differentiated High .20 .20%
NEC, small-cell type Poorly differentiated High* .20 .20%
NEC, large-cell type Poorly differentiated High* .20 .20%
MiNEN Well or poorly differentiated Variable† Variable† Variable†

*Poorly differentiated neuroendocrine carcinomas are not formally graded but are considered high-grade.
†In most mixed neuroendocrine–nonneuroendocrine neoplasms, both neuroendocrine and nonneuroendocrine components are poorly

differentiated, and neuroendocrine component has proliferation indices in same range as other neuroendocrine carcinomas, but this
conceptual category allows for possibility that one or both components may be well differentiated; when feasible, each component should
therefore be graded separately.

MiNEN 5 mixed neuroendocrine–nonneuroendocrine neoplasm; NEC 5 neuroendocrine carcinoma.
Mitotic rates are number of mitoses/2 mm2 as determined by counting 50 fields of 0.2 mm2 (i.e., in total area of 10 mm2); Ki-67

proliferation index value is determined by counting at least 500 cells in regions of highest labeling (hot spots), which are identified at
scanning magnification; final grade is based on whichever of 2 proliferation indices places neoplasm in higher-grade category.
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patient tolerability (33,34). Figure 1 illustrates the time line
for administration of 177Lu-DOTATATE PRRT. Antiemetics
are administered first, followed by the start of the amino acid
infusion 30 min later. The amino acid infusion should run at a
rate that allows for the entire volume to be infused over a
total of 4 h. Administration of 177Lu-DOTATATE begins 30
min after the start of the amino acid infusion. If the 177Lu-
DOTATATE prescribed activity is decreased, the amount of
amino acids administered is not altered (24).
Long-term radiation effects of 177Lu-DOTATATE treatment

may occur and can include myelosuppression and renal toxic-
ity (24,27,31). Laboratory values, including complete blood
count and renal function tests, should be monitored throughout
the treatment cycle and after the completion of PRRT to assess
for toxicity. On the basis of acute changes, typically myelo-
suppression, the prescribed 177Lu-DOTATATE activity can be
reduced, withheld, or permanently discontinued (24).
The use of 177Lu-DOTATATE in specific populations

may require additional clinical considerations. Pregnancy
status should be verified in patients with reproductive poten-
tial before initiation of therapy, as 177Lu-DOTATATE can
harm the fetus. All patients should be counseled on the use
of effective contraception during and after treatment and
advised of the potential for infertility. Patients who are lac-
tating should be advised not to breastfeed during the treat-
ment cycle and for 2.5 mo after the conclusion of therapy.
Dose adjustment is not automatically necessary for mild to

moderate renal impairment; however, renal function should
be monitored more frequently in these patients. Decreased
renal function can lead to a longer residence time in the kid-
neys and higher exposure rates and may require dose adjust-
ment for subsequent cycles. Limited data are available on the
safety of 177Lu-DOTATATE in patients with severe renal
impairment or end-stage renal disease (35), but it is not a con-
traindication for treatment.
Caution should be exercised when considering PRRT in

patients with extensive peritoneal carcinomatosis because of the
risk of radiation-induced bowel obstruction. Spontaneous uri-
nary incontinence may make the safe administration of PRRT
impossible. Additional PRRT clinical considerations can be
found in consensus guidelines by Hicks et al. (19). Because
special situations can vary in complexity, the multidisciplinary
team should communicate and tailor the treatment plan to each
patient’s individual needs.

REGULATORY AND RADIATION
SAFETY CONSIDERATIONS

Before initiating a PRRT program,
sites will need to ensure that their
radioactive materials license includes
the possession and use of 177Lu in suf-
ficient quantities to cover ordered
doses as well as residual waste mate-
rial (36). It is also important to review
the waste disposal policy with the site
radiation safety officer. Although the

t1=2 of 177Lu is relatively short (6.6 d), 177Lu-DOTATATE
may contain small amounts (#0.1%) of the long-lived con-
taminant 177mLu (t1=2, 161 d). This contaminant can make it
difficult to comply with the waste storage and disposal
requirement (,120-d t1=2) outlined in Nuclear Regulatory
Commission title 10 of Code of Federal Regulations, part
35, section 35.92. If decay in storage is not a viable option,
the radiation safety officer or nuclear pharmacist can coordi-
nate pickup and disposal with the local radiopharmacy or a
third-party vendor (36,37).
The Nuclear Regulatory Commission requires the autho-

rized user physician to date and sign a directive containing
the patient’s name, radiopharmaceutical, prescribed admin-
istered activity, and route of administration before the
177Lu-DOTATATE is administered. The nuclear medicine
staff should follow the site’s procedure for administration
of therapeutic radiopharmaceuticals, including verifying patient
identity, verifying activity to be administered, and administer-
ing the drug per the written directive (36).
Care should be taken when handling and administering

177Lu-DOTATATE to keep radiation exposure as low as
reasonably achievable for the staff and general public (37).
Appropriate personal protective equipment should be worn,
and shielding and tongs should be used for manipulation of
the 177Lu-DOTATATE vial. 177Lu-DOTATATE is shipped
by Advanced Accelerator Applications or Novartis directly
to the end-user site as a 7.4-GBq (200 mCi) quantity in a
shielded vial. A variety of methods have been developed
for direct infusion from the vial, or the activity may be
drawn up into a shielded syringe for use in a syringe pump
(24). For patients requiring a reduced 3.7-GBq (100 mCi)
administration, the site can use an infusion pump to admin-
ister the correct volume of 177Lu-DOTATATE from the
unit dose vial. Alternatively, the vial can be adjusted by
aseptically withdrawing the excess volume of 177Lu-DOTA-
TATE using a shielded syringe; the residual volume of
177Lu-DOTATATE should be properly disposed of accord-
ing to the site’s waste disposal policy.
Except in the case of medical events, only the patient and

nuclear medicine staff should be in the treatment room from
the start of the infusion until the patient has been released.
The patient should also have access to a single-user restroom
during the visit because urine will be radioactive after infu-
sion. If a medical event does occur, all steps should be taken

1 h 2 h 3 h0 h 4 h
0:30 1:30 2:30 3:30 4:30

Antiemetic

Amino acid solution

177Lu-
DOTATATE

FIGURE 1. 177Lu-DOTATATE PRRT administration time line.
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to ensure the medical safety of the patient without regard for
personnel radiation exposure. After the medical intervention,
the qualified medical physicist or radiation safety officer may
provide radiation dose estimates for unbadged personnel who
participated in patient care. The patient may be released after
therapy, provided the radiation dose to the maximally exposed
member of the public is expected to be less than 5 mSv
(0.5 rem). The patient must be provided with written instruc-
tions on how to follow as-low-as-reasonably-achievable princi-
ples, including interruption or discontinuation of breastfeeding,
if applicable; restroom use; interaction with household family
members; and other considerations deemed relevant by the
authorized user or radiation safety officer (38). 177Lu-DOTA-
TATE is usually administered as an outpatient procedure, as
exposure to the general public after the infusion is unlikely to
exceed Nuclear Regulatory Commission limits (39).

PROTOCOL AND TECHNICAL CONSIDERATIONS

After a patient has been approved for treatment, the product
is ordered through the manufacturer’s Web-based ordering
system. The manufacturer confirms via email, unless the
desired treatment date is within 3 d, in which case the ordering
facility must call the manufacturer to verify material availabil-
ity. The manufacturer recommends that subsequent treatments
be scheduled when the first treatment is scheduled. After pro-
duction, the manufacturer ships the radiopharmaceutical to the
end user under quarantine; the 177Lu-DOTATATE cannot be
infused into the patient until the batch-release document from
the manufacturer is received via email, thus releasing the lot
from quarantine. The radiopharmaceutical is supplied in a
30-mL unit dose vial containing 7.4 GBq (200 mCi) 6 10%
of 177Lu-DOTATATE in 20.5–25 mL at a concentration of
370 MBq/mL (10 mCi/mL) calibrated to the time of infusion.
The default 177Lu dose calibrator setting may be used for mea-
suring 177Lu-DOTATATE, but it is recommended that end users
obtain an annual calibration source from Advanced Accelerator
Applications or Novartis to determine a more precise dial set-
ting. Currently, approved labeling for 177Lu-DOTATATE
describes only a 3.7 or 7.4 GBq (100 or 200 mCi) administra-
tion, and there appears to be minimal dose calibrator geometry
effect (40,41) for volume modification between these levels.
Several different radiopharmaceutical administration

methods have been reported (27,42). The gravity method
arose from the NETTER-1 clinical trial experience. This
method involves hanging a normal saline bag and connect-
ing it via an intravenous line to an upright shielded 177Lu-
DOTATATE vial with the needle tip above the level of the
contents. A longer needle is inserted into and touches the
bottom of the 177Lu DOTATATE vial, which is connected
to the patient administration intravenous line. The saline
entering the closed system at the top of the vial pushes the
radiopharmaceutical out through the elongated needle placed
at the bottom of the vial and into the patient. Further reading
regarding the gravity infusion method is included in Hope
et al. (27) and the manufacturer’s package insert (24). There

have been issues reported with this technique (43), including
loss of pressure in the vial to the room air from improper
needle placement through the vial septum. Because U.S.
Pharmacopeia general chapter ,825. radiopharmaceutical
guidelines were published in February 2021 (44) and have
already been adopted in some areas, it is imperative to fol-
low these guidelines for beyond-use times after puncturing a
vial septum to ensure patient safety.
Our institution uses a 177Lu-DOTATATE secondary pump

infusion method (45) similar to the Rotterdam method
(Fig. 2). For this method, the 177Lu-DOTATATE vial is
placed into a shield, spiked with a vial spike administration
set, inverted, and infused with an intravenous pump. Using
this simple and easily reproducible method, we have observed
very little residual activity in the administration vial, essen-
tially no contamination, and marginal additional exposure to
the technical staff (46). Alternatively, the activity may be
drawn up into a shielded syringe for administration via a
syringe pump (47). Regardless of the 177Lu-DOTATATE
administration method used, the timing of antiemetics and
amino acid infusion before and immediately after the 177Lu-
DOTATATE administration should not be modified with
any alternative administration technique.

DOSIMETRY AND IMAGING

Imaging plays a major role in the management of patients
with NETs. During workup, patients undergo a PET/CT study

0.9% sodium
chloride

injection, USP

Radio Rx

Amino
acid

AmiAmiAmiAmiAmAmAmAmAmiAmiAmAmiAmAmAA nnnnnnnnnnnnnooooooooooooooooo
aciaciaciaciaciaciaciaciaciacacaciaciacaa ddddddddddddddd

infusion

IV
pump 1

IV
pump 2

FIGURE 2. 177Lu-DOTATATE Rotterdam secondary pump infu-
sion method. IV 5 intravenous; Radio Rx 5 177Lu-DOTATATE;
USP5 U.S. Pharmacopeia.
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(68Ga-DOTATATE, 68Ga-DOTATOC, or 64Cu-DOTATATE)
to assess for SSTR receptor positivity. Patients with low
uptake of the SSTR-targeted radiotracer, in comparison to the
liver or spleen, should not be considered eligible for treatment
with 177Lu-DOTATATE. In some cases, it can be helpful to
also obtain a 18F-FDG PET/CT study to identify lesions with
increased metabolic rates. Determining lesion 18F-FDG posi-
tivity, as well as discordant tracer uptake (18F-FDG–positive
and DOTATATE/TOC–negative), provides prognostic value
beyond what standard histopathologic grading can provide
(48). An example of 18F-FDG and 68Ga-DOTATOC discor-
dance is shown in Figure 3. Although tumor uptake on pre-
treatment SSTR PET imaging weakly correlates with absorbed
dose from 177Lu-DOTATATE therapy and likelihood of
response, it is not possible to accurately predict absorbed dose
to tumors and normal organs from pretreatment PET imaging.
This impossibility is due to the short t1=2 of

68Ga (68 min), typ-
ically conducive to imaging at about 1 h after radiopharmaceu-
tical administration. Tumor uptake of DOTATATE/TOC
typically peaks several hours after administration, and the
clearance kinetics must be characterized for accurate absorbed
dose determination. The t1=2 of

64Cu (12.7 h) may be sufficient
to obtain quantitative information at later PET imaging time
points (2–3 d) (49), but this sufficiency has yet to be demon-
strated conclusively in the literature. For these reasons, it is

most common to perform dosimetry by SPECT/CT or planar
g-imaging after administration of the therapeutic quantity of
177Lu-DOTATATE. An example of DOTATATE imaging,
both pretreatment PET/CT and posttreatment SPECT/CT,
from our own institution is shown in Figure 4. In addition to
providing quantitative information for dosimetry, posttreat-
ment imaging is useful for rapid evaluation of whether any
extravasation has occurred during infusion of the 177Lu-
DOTATATE. Although rare, extravasation can require imme-
diate medical intervention to prevent excess radiation exposure
at the site of injection.

177Lu emits 2 photons that can be used for imaging: 113
keV in 6.2% of decays and 208 keV in 10.4% of decays.
Details regarding quantitative SPECT imaging of 177Lu can be
found in MIRD pamphlet no. 26 (50). Typical acquisition
parameters include the use of a medium-energy collimator, an
auto-contouring orbit, at least 60 views per head, 15–30 s/view,
a 128 3 128 or higher matrix size, a 15%–20% energy win-
dow on the 208-keV photopeak, and 5%–10% scatter win-
dows above and below the 208-keV photopeak. Images are
typically reconstructed using iterative techniques with CT-
based attenuation correction, triple-energy-window scatter
correction, collimator detector response modeling, iterative
updates adequate to achieve activity recovery convergence
(e.g., 12i8s for typical 3-dimensional ordered-subsets expecta-
tion maximization), and minimal or no pre- or postreconstruc-
tion filtering. In addition to these acquisition and reconstruction
parameters, system sensitivity should be assessed via an

FIGURE 3. Example of discordant uptake on 18F-FDG and
68Ga-DOTATOC imaging. Two lesions are visualized: left inguinal
node (18F-FDG–positive, minimal 68Ga-DOTATOC uptake)
and left ischium bone lesion (68Ga-DOTATOC–positive, 18F-
FDG–negative).

FIGURE 4. PET/CT imaging 1 h after injection of 68Ga-DOTA-
TATE, and SPECT/CT imaging 96 h after injection of 177Lu-
DOTATATE. p.i.5 after injection.
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appropriate phantom experiment (51), and dead time should
be estimated from measured patient count rates during
imaging (52).
Fully calibrated and corrected images can then be used to

assess patient-specific dosimetry. Methods for determina-
tion of patient-specific absorbed dose vary in complexity
and accuracy; there are an increasing number of software
tools to facilitate dose calculation from radiopharmaceuti-
cals (53). The interested reader can find pertinent dosimetry
details in the papers by Graves et al., Bolch et al., and Sie-
gel et al., as well as from the MIRD Primer for Absorbed
Dose Calculations, Revised (published in 1991, new edition
expected in early 2022) (54–57). Tissues of relevance in
dosimetry calculations for 177Lu-DOTATATE often include
bone marrow, kidneys, and occasionally liver in cases of
prior or planned liver-directed therapy or extensive hepatic
tumor burden. Details of normal-tissue dose limits for
radiopharmaceuticals can be found in the recent article by
Wahl et al. (58).

BILLING AND CODING

On January 1, 2019, the Centers for Medicare and Medic-
aid Services issued a Healthcare Common Procedure Cod-
ing System code of A9513 to 177Lu-DOTATATE. The
A9513 code descriptor specifies billing as per 1 mCi, and it is
important to ensure that the administered millicurie amount
for the therapy is accurately documented and submitted (59).
If a portion of the 177Lu-DOTATATE activity is wasted
because of personalized dosimetry or other reasons, a JW
modifier should be used. The JW modifier is used to report
discarded drug amounts still eligible for payment under Med-
icare’s discarded drug policy (60). The Healthcare Common
Procedure Coding System codes for antiemetics and amino
acids will vary with physician drug choice and amino acid
procurement location. Current Procedural Terminology codes
are also used for 177Lu-DOTATATE treatment. Current
Procedural Terminology code 79101 (radiopharmaceutical
therapy, intravenous administration) can be used for 177Lu-
DOTATATE administration. The first hour of intravenous
amino acid administration can be coded with 96365, and sub-
sequent hours can be coded with 96366. Coding for antie-
metic premedication will vary with drug type and route of
administration (59).
Medical billing and coding guidelines can vary by practice

and region, and readers are encouraged to consult the SNMMI’s
coding and reimbursement Web pages, manufacturer’s reim-
bursement guide, and internal institutional reimbursement spe-
cialists. The accurate coding and classification of a patient’s
diagnosis and treatment are essential, and billing modifiers may
be required. Billing codes and reimbursement rates are subject
to change based on payer, date of service, and billing setting,
and the information shared at the time of this publication is no
guarantee of reimbursement. Billing and coding guidelines will
continue to evolve with the growth of PRRT. Additionally,

reimbursement approaches to dosimetry-guided radiopharma-
ceutical therapy are emerging, as detailed by Graves et al. (61).

CONCLUSION

177Lu-DOTATATE currently serves as a second-line treat-
ment option for patients with surgically unresectable, meta-
static, or locally advanced midgut NETs that have failed
first-line SSA therapy and is a paradigm-shifting approach
to cancer treatment. 177Lu-DOTATATE is paving the way
to the future of receptor-based therapy and personalized can-
cer treatment; this PRRT agent has yielded significant treat-
ment progress for NETs and dramatically impacted patient
management. Before offering a patient 177Lu-DOTATATE
therapy, a multidisciplinary team should evaluate patient-
specific clinical considerations, and SSTR positivity should
be confirmed with functional imaging. Sites wanting to
implement a 177Lu-DOTATATE program are encouraged to
consider the patient selection criteria; PRRT administration
methods; clinical, regulatory, and radiation safety considera-
tions; technical factors; tissue dosimetry; and reimbursement
practices required with this newly approved PRRT agent.
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177Lu-DOTATATE Peptide Receptor Radionuclide Therapy

Amanda Abbott and Heather Jacene

The peptide receptor radionuclide therapy (PRRT) 177Lu-
DOTATATE binds to somatostatin receptors (1). A multidis-
ciplinary team should be involved when treating patients
with 177Lu-DOTATATE PRRT, including medical oncologists,
nuclear medicine physicians and technologists, nurses, radiation
safety professionals, and pharmacists (2).

Clinical Indications
Somatostatin receptor–positive gastroenteropancreatic neu-

roendocrine tumors in adults (1).

Contraindications
None (1).

Treatment Plan (1)
% 7.4 GBq (200 mCi) of 177Lu-DOTATATE PRRT intrave-

nously every 8 weeks (wk) for a total of 4 administrations.
% Concomitant amino acid infusion to reduce the radiation

dose to the kidneys.
% Antiemetic medication(s) to reduce nausea and vomiting

caused by amino acids.

Patient Preparation/Education
Patient education should include a detailed description of

the treatment day and posttreatment care, including possible
side effects, instructions about radiation safety to reduce
exposure to others, fertility and precautions during sex, and
the safe handling of body waste at home.
Before 177Lu-DOTATATE PRRT, the patient should:

% Discontinue long-acting somatostatin analogs (long-act-
ing-release octreotide [Sandostatin LAR Depot; Novartis]
or Lanreotide Autogel [Somatuline Depot; Ipsen]) for at
least 4 wk or short-acting somatostatin analogs (subcuta-
neous octreotide) for at least 24 hours (h) (1).

% Consider changing into scrubs for the day (2).

During 177Lu-DOTATATE PRRT, the patient should tell
the care team if any dizziness, flushing, loose stools, trouble
breathing, or tightness of the throat occurs.

After 177Lu-DOTATATE PRRT, the patient should:

% Empty his or her bladder as frequently as possible until
the end of the third day after the treatment.

% Tell the care team if loose stools last more than 24 h after
the treatment.

% Tell the care team if any trouble breathing, fatigue, fever,
chills, cough, bleeding, or bruising occurs (2) (and seek
immediate medical attention if, within 24 h of the treat-
ment, dizziness, flushing, loose stools, trouble breathing,
or tightness of throat occurs).

% Keep all lab appointments.

Treatment Instructions
% Check laboratory values, including creatinine, glomerular

filtration rate, and complete blood count, before each treat-
ment. Whether to proceed is a clinical decision (2).

% Give antiemetic medication 30 minutes (min) before
starting the amino acid infusion and then as needed.

% Infuse at least 1/8 of the total volume of amino acids at
least 30 min before the 177Lu-DOTATATE PRRT infu-
sion, and continue the amino acid infusion for at least 4 h
and up to 6–7 h, depending on the rate. A slower rate
may help reduce nausea and vomiting (2).

% Infuse the 177Lu-DOTATATE PRRT for approximately
30 min. If a neuroendocrine hormonal crisis occurs (diz-
ziness, flushing, loose stools, trouble breathing, or tight-
ness of throat), report it immediately.

% Continue infusing amino acids until the entire volume
has been given.

% If needed, administer a long-acting somatostatin an-
alog 4–24 h after the end of the 177Lu-DOTATATE
PRRT (1).

Therapeutic Dose Calculations
% Give the standard adult dose of 7.4 GBq (200 mCi) every

8 wk for 4 total administrations (1).

TABLE 1
Radiopharmaceutical Identity, Dose, Route of Administration, Infusion Time, and Infusion Duration

Radiopharmaceutical Dose Administration route Infusion start time Infusion duration

177Lu-DOTATATE 7.4 GBq (200 mCi) Intravenous At least 30 min (or 1/8 of total volume)
after initiation of amino acid infusion

#30 min

COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.
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% If adverse events occur, reduce the dose by half and delay
up to 16 wk as described in the prescribing information (1).

Warnings/Precautions
177Lu-DOTATATE PRRT is a radioactive therapy, and

appropriate radiation safety practices should be used (1).

REFERENCES

1. LUTATHERAVR (lutetium Lu 177 dotatate) injection, for intravenous use [pack-
age insert]. Colleretto Giacosa (TO), Italy: Advanced Accelerator Applications
S.r.l.; 2018.
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receptor radionuclide therapy from the experience of a single nuclear medicine divi-
sion. J Nucl Med Technol. 2018;59:237–244.

TABLE 2
Pharmaceutical Identity, Dose, Route of Administration, and Administration Requirements

Pharmaceutical Dose Administration route Administration requirements

Antiemetic As prescribed Oral or intravenous 30 min before starting amino acid infusion and as
needed

Amino acids 18–24 g lysine and 18–24 g
arginine

Intravenous $30 min (at least 1/8 of total volume) before
starting 177Lu-DOTATATE infusion until total
volume is given ($4 h total)
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Radiopharmaceutical therapy using 177Lu-prostate-specific mem-
brane antigen (PSMA) is an effective prostate cancer treatment
that was recently approved by the U.S. Food and Drug
Administration. This method leverages the success of PSMA-
targeted PET imaging, enabling delivery of targeted radiopharma-
ceutical therapy; has demonstrated a clear benefit in large
prospective clinical trials; and promises to become part of the
standard armamentarium of treatment for patients with prostate
cancer. This review highlights the evidence supporting the use of
this agent, along with important areas under investigation. Practi-
cal information on technology aspects, dose administration, nurs-
ing, and the role of the treating physician is highlighted. Overall,
177Lu-PSMA treatment requires close collaboration among refer-
ring physicians, nuclear medicine technologists, radiopharma-
cists, and nurses to streamline patient care.

Key Words: genitourinary; radiation safety; radionuclide therapy;
prostate; radiopharmaceutical therapy; technology

J Nucl Med Technol 2022; 50:205–212
DOI: 10.2967/jnmt.122.263814

Aside from nonmelanoma skin cancer, prostate cancer is
the most common cancer among men in the United States,
with 1 of 8 men diagnosed during their lifetime (1). Although
prostate cancer is highly treatable, up to 30% of patients
will develop metastatic castration-resistant prostate cancer
(mCRPC) (2). Treatment for mCRPC commonly includes
immunotherapy, radionuclide therapy with 223Ra, cytotoxic
agents, and androgen deprivation therapy. These treatments

have improved overall survival (OS); however, despite advan-
ces in systemic therapies, mCRPC remains incurable (3).
Prostate-specific membrane antigen (PSMA) has emerged

as a valuable target in mCRPC for both diagnosis and therapy.
PSMA is highly overexpressed in more than 90% of prostate
cancer metastatic lesions and demonstrates higher expression
with greater Gleason grades (4,5). Furthermore, PSMA PET/
CT has been demonstrated to outperform other conventional
imaging modalities in the sensitivity and specificity of detect-
ing prostate cancer recurrence and metastasis (6). Given the
differential expression of PSMA between prostate cancer and
normal tissue, small-molecule PSMA inhibitors have been
developed, such as 177Lu-PSMA-617 (177Lu-vipivotide tetrax-
etan; Pluvicto [Novartis]) and 177Lu-PSMA I&T, for therapy
of mCRPC. The benefit of this targeted molecular therapy is
based on the binding, internalization, and retention of the
PSMA ligands within tumor cells (7).
Labeling PSMA molecules with a variety of radioisotopes

(including 18F, 68Ga, 99mTc, 177Lu, 225Ac, 111In, and 90Y,
among others) allows for PET or SPECT imaging as well
as radioligand therapy (RLT) with b2 or a emitters. Over
the last decade, significant knowledge about the efficacy of
PSMA RLT has been gained. 177Lu-PSMA-617 has now
achieved widespread acceptance as a viable targeted treat-
ment for mCRPC, with U.S. Food and Drug Administration
(FDA) approval granted on March 23, 2022, for adults who
have PSMA-positive mCRPC and have been treated with
androgen receptor pathway inhibition and taxane-based che-
motherapy (8). This continuing education article will cover
patient selection, clinical considerations, technical consider-
ations, treatment protocols, imaging, response to therapy,
dosimetry, future developments, and radiation safety. How-
ever, billing and coding, payer reimbursement, and regula-
tory considerations for 177Lu-PSMA-617 have not yet been
determined as of the time of publication and are not dis-
cussed here.
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PATIENT SELECTION

Given a shared target, PSMA PET has been used to assess
patients eligible for PSMA-targeted RLT such as 177Lu-
PSMA or 225Ac-PSMA (9,10). PSMA PET is essential for
mCRPC patients being considered for PSMA RLT to help
stage and identify PSMA-positive lesions that will respond
to PSMA RLT (11). The FDA package insert for 177Lu-
PSMA-617 (177Lu-vipivotide tetraxetan) specifies that pa-
tients to be selected for treatment must use the FDA-approved
PSMA PET radiopharmaceutical 68Ga-PSMA-11 (68Ga-
gozetotide; Illuccix [Telix Pharmaceuticals] or Locametz
[Advanced Accelerator Applications]) (8). There are cur-
rently 2 FDA-approved PSMA PET radiopharmaceuticals for
initial staging and biochemically recurrent mCRPC: 68Ga
PSMA-11 (68Ga-gozezotide) and 18F-DCFPyL (18F-piflufo-
lastat; Pylarify [Progenics Pharmaceuticals]).
Many clinical trials have shown the utility of using PSMA

PET to identify mCRPC patients who will benefit from
PSMA RLT and to exclude those who are most likely to
be nonresponders. Two major multicenter clinical trials,
VISION (United States and Canada) and TheraP (Australia),
investigated the outcome of patients with mCRPC after
ablation with 177Lu-PSMA-617 RLT (12,13). The phase
III VISION trial evaluated 177Lu-PSMA-617 RLT in 831
patients with mCRPC and was the principal justification for
FDA approval of 177Lu-PSMA-617 RLT. Primary outcomes
measured imaging-based progression-free survival and OS
between 177Lu-PSMA-617 RLT plus standard of care (SOC)
versus SOC alone. 177Lu-PSMA-617 plus SOC significantly
prolonged both imaging-based progression-free survival
(median, 8.7 vs. 3.4 mo) and OS (median, 15.3 vs. 11.3 mo),
compared with SOC. Additionally, whereas the incidence of
adverse events (AEs), grade 3 or above, was higher in the
177Lu-PSMA-617 arm (52.7% vs. 38.0%), quality-of-life
measures were not significantly impacted.
The phase II TheraP trial compared 177Lu-PSMA-617 RLT

with SOC cabazitaxel in 200 men with mCRPC. The primary
endpoint was prostate-specific antigen (PSA) response
defined by a reduction in PSA by at
least 50% from baseline. In contrast to
VISION, TheraP set requirements of at
least 1 lesion on 68Ga-PSMA-11 PET
with an SUVmax of more than 20, the
remaining metastatic lesions with an
SUVmax of more than 10, and no discor-
dant hypermetabolic disease. PSA re-
sponses were more frequent in the
177Lu-PSMA-617 RLT group than the
cabazitaxel group (66% vs. 37%, re-
spectively). Grade 3–4 AEs occurred in
33% of the 177Lu-PSMA-617 RLT group
versus 53% of the cabazitaxel group. It is
yet to be determined whether stratifying
by SUVmax can improve patient out-
comes, and the OS of the TheraP trial has
yet to be reported.

Although both trials reported better outcomes for patients
who received 177Lu-PSMA-617 RLT than for those who
received SOC chemotherapy, the TheraP outcome is consid-
ered superior to the VISION outcome. The better outcome
is believed to result from more strict criteria that excluded
mCRPC patients with discordant hypermetabolic lesions.
The main criteria for both VISION and TheraP included
patients with PSMA-positive metastatic lesions on 68Ga-
PSMA-11 PET/CT and excluded patients without PSMA
uptake on 68Ga-PSMA-11 PET/CT. Although VISION used
conventional imaging to exclude patients with discordant
lesions (lesions positive on CT and negative on PSMA PET),
TheraP used functional techniques including 18F-FDG PET/
CT in conjunction with PSMA PET/CT, and patients with
at least 1 discordant hypermetabolic lesion (PSMA-negative
or 18F-FDG–positive) were excluded. Many studies using
PSMA PET on patients with mCRPC have consistently
shown that a sizable minority has at least 1 discordant hyper-
metabolic lesion and that these patients have worse out-
comes. For example, Chen et al., in a study of 56 patients,
found that 23.2% had at least 1 discordant lesion and that
prostate serum antigen (PSA) and Gleason score were both
higher in these patients (Fig. 1) (14).
A subanalysis of a single-center phase 2 trial of 177Lu-

PSMA-617 RLT similarly found that 16 of 50 patients had
at least 1 discordant lesion and were deemed ineligible for
177Lu-PSMA-617 therapy. The OS of these patients was
2.6 mo (compared with 13.5 mo for patients who received
177Lu-PSMA-617) (15).
Until recently, it was unknown whether the inclusion and

exclusion criteria of VISION and TheraP were appropriate
or whether all patients with mCRPC would benefit from
177Lu-PSMA RLT regardless of PSMA PET findings. A
recent retrospective analysis compared the outcomes of
patients who were treated with 177Lu-PSMA-617 RLT and
who would have failed the VISION inclusion criteria (posi-
tive metastatic lesions on CT and with low or no PSMA
uptake) versus patients who received 177Lu-PSMA-617 RLT

FIGURE 1. Previously published image demonstrating discordant hypermetabolic right
inguinal metastatic deposit with high 18F-FDG PET uptake and little to no PSMA accu-
mulation. (Reprinted from (13).)
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and met the VISION eligibility criteria. The outcome for the
VISION-noneligible group was significantly worse than that
of patients who met the VISION inclusion criteria, with a
PSA response rate of 21% versus 50% (P5 0.005), PSA
progression-free survival of 2.1 versus 4.1 mo (P5 0.023),
and a trend toward a shorter OS of 9.6 mo versus 14.2 mo
(P5 0.16), respectively (16). Several additional similar trials
have also found significant differences in 177LuPSMA RLT
outcome between patients with discordant hypermetabolic
disease and those with PSMA-matched or 18F-FDG–nega-
tive disease. For example, Michalski et al. demonstrated that
in a study with 54 patients who received 177Lu-PSMA RLT
and included patients both with and without discordant
hypermetabolic disease, patients with discordant hypermeta-
bolic disease had an OS of 6.0, versus 16.0 mo for those
without discordant disease (17). Although that study showed
that patients can develop discordant hypermetabolic disease
after 177Lu-PSMA RLT, these patients do not appear to have
outcomes different from patients with 18F-FDG–concordant
disease (18). Despite the seemingly clear and consistent evi-
dence that PSMA PET is needed for patient stratification
before 177Lu-PSMA RLT, there remains debate from both
industry and the medical community about the need for pre-
therapy PSMA PET/CT. To address this concern, a recent
review article summarized the community’s hope that “the
prostate cancer medical community will stand up for preci-
sion medicine, including by ordering PSMA (and 18F-FDG)
PET before treating a patient with 177Lu-PSMA-617,” add-
ing, “PSMA RLT for prostate cancer without PSMA PET
should not be accepted” (19).
According to the Centers for Medicare andMedicaid Serv-

ices, the use of 18F-FDG PET/CT in the evaluation of pa-
tients with prostate cancer is not approved for billing in the
United States. Therefore, using 18F-FDG PET/CT as an
adjunct to PSMA PET to optimize patient selection for
177Lu-PSMA RLT may be challenging. Alternative PET
agents that are approved for biochemically recurrent prostate
cancer, such as 18F-fluciclovine (20) and 11C-choline, may
potentially be used in the future as an adjunct to optimize
patient selection and improve outcomes. However, this pos-
sibility should be evaluated in clinical trials.

CLINICAL CONSIDERATIONS

With the recent FDA approval of 177Lu-PSMA-617
(177Lu-vipivotide tetraxetan), the field of PSMA RLT is
expected to evolve rapidly. The European Association of
Nuclear Medicine has published procedure guidelines for
177Lu-PSMA radiotherapies (21), and procedure standards
from the Society of Nuclear Medicine and Molecular Imag-
ing are under development. The European Association of
Nuclear Medicine guidelines promote the use of 177Lu-
PSMA radiotherapy for patients with mCRPC “who have
exhausted or are ineligible for approved alternative options
and with adequate uptake of PSMA ligands on the basis of a
pre-therapy imaging.” However, the decision on whether

alternative therapies have been exhausted is often beyond the
scope of a nuclear medicine or radiology physician. There-
fore, the involvement of a multidisciplinary tumor board
comprising a nuclear medicine or radiology physician, a
medical oncologist, a radiation oncologist, and/or a urologist
is strongly encouraged. A full discussion of the benefits and
risks of alternative therapies (including androgen deprivation
therapy, antiandrogens, secondary hormone agents [e.g.,
abiraterone, enzalutamide], chemotherapy, and other tar-
geted radionuclide therapies [e.g., 223RaCl2]) is beyond the
scope of this article.
Although the FDA package insert for 177Lu-PSMA-617

does not specify any contraindications, the European Associ-
ation of Nuclear Medicine guidelines have published
contraindications for PSMA RLT. For the most part, these
guidelines have mirrored the inclusion and exclusion criteria
of large phase II or III trials such as VISION (12) and TheraP
(13), with some minor variations. These contraindications
include a life expectancy of less than 6 mo, an Eastern Coop-
erative Oncology Group performance status of more than 2,
an unacceptable medical or radiation safety risk, an unman-
ageable urinary tract obstruction or hydronephrosis, inade-
quate organ function (glomerular filtration rate, 30 mL/min
or creatinine . 2-fold the upper limit of normal; liver
enzymes . 5-fold the upper limit of normal), inadequate
marrow function (total white cell count , 2.5 3 109/L and
platelet count , 75 3 109/L), and conditions that require
timely interventions (radiation therapy, surgery). For exam-
ple, for spinal cord compression and unstable fractures,
PSMA RLT might be performed afterward depending on the
patient’s condition.

177Lu-PSMA RLT has been shown to have a low rate of
AEs in several clinical studies. There are, though, some ob-
served risks that the nuclear medicine physician and patient
should know about. In the phase III VISION study, 52.7% of
patients experienced grade 3 or higher AEs, greater than the
38.0% of patients with similar events in the control group.
Anemia was the most common AE of grade 3 or higher,
observed in 12.9% of subjects. This finding is somewhat sur-
prising given the relatively low uptake in bone marrow. This
anemia is considered a real effect, as a recently published
metaanalysis of 250 studies with a total of 1,192 patients
similarly found that although grade 3 and 4 toxicities were
uncommon, anemia was the highest reported AE for both
177Lu-PSMA-617 and 177Lu-PSMA I&T (22). Other notable
AEs include the 7.9% and 2.5% of patients in VISION who
experienced thrombocytopenia and leukopenia, respectively.
An elevated transaminase level is often seen; this is some-
what expected, given the moderate amount of 177Lu-PSMA
uptake in the liver. Greater than 35% of patients in the treat-
ment group of VISION experienced fatigue, xerostomia (dry
mouth), or nausea, though almost all were grade 2 or
less (12). The AE incidence was similar to that in smaller
early-phase studies that preceded VISION (13,23–25).
Quality of life was not adversely affected in VISION,
supporting its inclusion in a treatment plan, with the 177Lu-
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PSMA-617 arm reporting a favorable pain intensity score
on the short form of the Brief Pain Inventory, as well as a
favorable time to deterioration in the Functional Assessment
of Cancer Therapy–Prostate questionnaire (12). Addition-
ally, the reported mean global health status was similar
between the 177Lu-PSMA-617 arm and the SOC arm in
TheraP.

TECHNICAL CONSIDERATIONS

The production and quality control recommendations of
the joint International Atomic Energy Agency, European
Association of Nuclear Medicine, and Society of Nuclear
Medicine and Molecular Imaging on peptide receptor radio-
nuclide therapy for neuroendocrine tumors are applicable
to 177Lu-PSMA RLT (26). 177Lu-PSMA consists of a phar-
macophore (PSMA) conjugated with a chelating moiety
(DOTA) to bind to the 177Lu radiometal (27). The DOTA–
PSMA precursor is typically produced under good-
manufacturing-practice conditions by a commercial supplier
such as ABX. The 177Lu is supplied as 177LuCl3 and is also
produced under good-manufacturing-practice conditions.
This radiosynthesis has previously been described in detail
(28), consisting of a radiolabeling step followed by purifica-
tion. The radiolabeling is typically performed in ascorbate
buffer, which is used to control the pH of the reaction and to
stabilize the radiolysis. The reaction is heated and then puri-
fied using a series of solid-phase extraction cartridges. Purifi-
cation consists of passing a diluted reaction solution through
a C18 cartridge, which retains the radiolabeled 177Lu-PSMA
and allows any unreacted 177LuCl3 to pass through to waste.
The C18 is rinsed and eluted with an ethanol–water solution
and then diluted with saline containing ascorbic acid. The
solution is then passed through a cation-exchange cartridge
containing diethylenetriamine pentaacetate and is finally
passed over a 0.22-mm sterilizing filter. A small aliquot
(,1mL) is taken for quality control analysis.
Quality control testing typically consists of tests for radio-

chemical purity, radiochemical identity, appearance, pH,
endotoxin content, filter integrity, and sterility. Radiochemi-
cal purity and identity are analyzed by high-performance liq-
uid chromatography; appearance, by visual inspection; pH,
by pH paper strips; endotoxin content, by a PTS Endosafe
(Charles River Laboratories) system according to U.S. Phar-
macopeia ,85.; filter integrity, by a bubble-point test; and
sterility, by direct inoculation of trypticase soy broth and
fluid thioglycollate medium according to U.S. Pharmacopeia
,71.. Typical specifications are shown in Table 1.

ADMINISTRATION PROTOCOL

Clinical administration of 177Lu-PSMA requires close
collaboration between nuclear medicine physicians, nurses,
radiopharmacists, and technologists. Although the specific
roles and responsibilities of each team member may vary
depending on the established hospital protocols, the follow-
ing section can be considered a guide.

The FDA package insert for 177Lu-PSMA-617 specifies
that each patient be treated with up to 6 cycles of 7.4 GBq
(200 mCi) every 6 wk, with the dose being interrupted,
reduced, or permanently discontinued if there are adverse
reactions. VISION provided for a61-wk allowance of treat-
ment dates. On the day of therapy, the patient may work with
providers such as a nurse, a nuclear medicine physician, and
a nuclear medicine technologist.
Baseline laboratory tests are typically performed before

therapy. These usually include a complete blood count and
testing of albumin, creatinine, aspartate aminotransferase,
alanine aminotransferase, total bilirubin, alkaline phospha-
tase, and PSA levels. When patients arrive, the nurse orients
them to the therapy room, explains radiation safety guide-
lines, obtains a set of vital-sign measurements, and reviews
with the patient the discharge paperwork, including expected
side effects; unexpected mild, moderate, and severe side
effects and what to do if they occur; and the dates of future
appointments. If patients have been prescribed a methylpred-
nisolone dose pack to offset any expected increase in bone
pain, they are asked to bring the medication to the appoint-
ment. The nursing team goes over the instructions with pa-
tients and encourages them to take their first dose before
leaving.
The nuclear medicine physician obtains the patient’s con-

sent to undergo the procedure and instructs the patient on
radiation safety measures, according to the institutional ra-
diation safety guidelines. The patient is typically given a
copy of these instructions and told to bring them along on
any air travel during the next 2 mo in case of causing radia-
tion detection alarms. Typical recommendations include
minimizing exposure of others to radiation by limiting close
contact (,91 cm [3 ft]) for 2 d and limiting sexual activity
for 7 d. Patients are also advised to sleep in a separate bed-
room for 3 d, increasing this to 7 d if there are children in
the household or 15 d if there are pregnant women (8).

TABLE 1
Typical Specifications for Quality Control Tests

Test Specification

Radiochemical purity
(HPLC)

.95%

Radiochemical identity
(HPLC)

tR 6 5% reference standard

Appearance (visual
inspection)

Clear, colorless, particulate-free

pH 4.0–7.0
Endotoxin content (USP

,85.)
,175 EU/injected dose

Filter integrity (bubble
point)

According to filter manufacturer

Sterility Sterile after 14 d

EU 5 endotoxin units; HPLC 5 high-performance liquid
chromatography; tR 5 retention time; USP 5 U.S. Pharmacopeia.
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Patients are encouraged to drink fluids during the proce-
dure and to void as often as feasible to reduce bladder radia-
tion. The nurse establishes an intravenous line or accesses an
existing port, collects a preinfusion blood sample for PSA
measurement, and starts a saline drip, with a minimum of
10mL as recommended by the prescribing information.
After the saline infusion is complete, the nuclear medicine
technologist infuses the 177Lu-PSMA-617 via the syringe
method (a disposable syringe fitted with a syringe shield),
vial method (with a peristaltic infusion pump), or gravity
method (with or without an infusion pump) (29) (Fig. 2). It is
important that the infusion method be able to transfer the
radiopharmaceutical to the patient safely and with the least
manipulation to decrease exposure of the technologist to
radiation, lower the chances of contamination, and ensure
sterility. The radiopharmaceutical is typically provided by a
radiopharmacy in a vial.

Syringe Method
The manual-push syringe technique is the most common

transfer method in nuclear medicine, is the same technique
as used for other liquid radiopharmaceuticals in a syringe,
and has the lowest learning curve for the technologist,
making it the easiest technique to adopt. The syringe is Luer-
locked to the intravenous line of the patient. The main pit-
falls of the manual push are an inconsistent rate of infusion
and the highest exposure of the technologist to radiation.

Vial Method
Another method using a syringe—the vial method with a

peristaltic infusion pump—has multiple steps. Pumps are com-
mon in hospitals and are frequently used by anesthesia staff.
This method decreases exposure of the technologist, with most

of the exposure coming from setting up
the pump. The infusion rate is consis-
tent, and risk for contamination is low.

Gravity Method
The gravity method uses a 250-mL

saline bag punctured by a line with long
and short needles to rinse the vial and a
second line to the patient. There are sev-
eral potential pitfalls to this method. The
probability of contamination increases
because of multiple punctures to the
vial, leading to fluid overfilling the vial.
Additionally, the residual is difficult to
determine because of the length of the
tubing and shielding. The technologist
will have to constantly monitor the vial
for fluid overfills to prevent contamina-
tion. If a reduced dose of 177Lu-PSMA-
617 is to be administered, the syringe
method or vial method should be used
because the gravity method may result
in an incorrect volume. Medication

pumps may include air sensors, pressure sensors, and micro-
tubing allowing a safe transfer of the radiopharmaceutical to
the patient while the patient is being monitored from a dis-
tance. This method greatly reduces the risk of infiltration, con-
tamination, and exposure. The downside is the learning curve,
and supplies can be costly.
When technologists are performing each infusion technique,

they must follow as-low-as-reasonably-achievable principles
to decrease radiation exposure; all methods discussed here can
be applied behind an L-block or acrylic glass shielding.
The patient is kept for observation for 1 h. During obser-

vation, the nursing staff and nuclear medicine technologist
check for any AEs from treatment. After administration of
the 177Lu-PSMA-617 the patient may—depending on the
institutional protocols—undergo whole-body imaging with
SPECT (with or without CT) to document radiotracer accu-
mulation within the PSMA-avid disease and to allow for
dosimetry. SPECT is not considered essential for successful
administration of 177Lu-PSMA-617. If used, SPECT may
be performed 24 h or later after administration of 177Lu-
PSMA-617. The visit for the posttherapy scan is a good
opportunity to again review potential side effects, such as
increased fatigue, increased bone pain lasting approximately
5 d, and xerostomia. Three weeks after treatment, a com-
plete blood count will typically be obtained, along with
measurement of albumin, creatinine, aspartate aminotrans-
ferase, alanine aminotransferase, total bilirubin, alkaline
phosphatase, and PSA levels. The laboratory and SPECT
results are reviewed, and the next cycle of PSMA is con-
firmed. If there are abnormalities in the laboratory test
results or clinical outcome, the dose may be reduced or dis-
continued in some cases.

FIGURE 2. Gravity-method 177Lu-PSMA-617 delivery system with inflow and outflow
needles (A) and acrylic glass shielding to reduce radiation dose to nuclear technologist
while maintaining validation of adequate flow. Radiation survey meter is used during
177Lu-PSMA-617 infusion to verify systemic administration (B).
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IMAGING AND RESPONSE TO THERAPY

In clinical trials, the most commonly accepted primary
metrics of response to therapy include serum PSA respo-
nse (12,13,24), radiographic progression-free survival by
RECIST 1.1, and OS (12,13). A PSA response in clinical tri-
als is commonly defined as a decrease in serum PSA of 50%
or greater compared with baseline. Although quantification
of disease burden by PSMA PET imaging response criteria
has not been uniformly established, some academic groups
use a semiquantitative threshold of residual disease to dem-
onstrate therapeutic effects (Fig. 3) (30). Posttherapy SPECT
imaging may also be used for this purpose. Standardized
quality-of-life and symptom metrics, such as pain scores,
may also be used to assess clinical benefit (12,13,24). TheraP
demonstrated that PSA responses were more frequent in the
177Lu-PSMA-617 arm (65%) than in the cabazitaxel arm
(37%) (13). A metaanalysis of 1,192 patients found that
approximately 46% patients with mCRPC treated with at
least 1 cycle of 177Lu-PSMA had PSA
reductions of at least 50% (22).
In clinical practice, physicians and

patients typically make treatment deci-
sions based on the currently available
clinical data. Because PSA response in
clinical trials frequently correlates with
radiographic progression-free survival
outcomes, PSA response provides a
practical metric of disease response.
Overall, the serum PSA level is typi-
cally a sensitive and early biomarker
of disease recurrence or progression.
Imaging-based assessments commonly
include CT and bone scanning. Other

potential tests include PSMA or 18F-
FDG PET/CT. The FDG PET/CT may
identify more glycolytically active, clin-
ically aggressive disease and support
the rationale to change therapy or per-
form a biopsy.

DOSIMETRY AND FUTURE
DEVELOPMENTS

Using dosimetry to tailor dosing to a
patient’s particular biology has poten-
tial to advance 177Lu-PSMA-617 RLT.
Although the large TheraP (13) and
VISION (12) trials used a fixed dose of
7.4 GBq (200 mCi), a small study dem-
onstrated the safety of up to a 9.3-GBq
(250 mCi) dose in selected cohorts
(31). In principle, a more patient-cen-
tered dosing scheme could be applied,
using dosimetry to calculate the safe
dose to the organs at risk (maximum
tolerated activity) or to deliver predict-

able radiation doses to tumors (lesional dosimetry) (32,33).
One piece of evidence supporting a lesional dosimetry-based
approach is the study of Violet et al. (34), which demon-
strated that patients receiving less than 10 Gy to tumors were
unlikely to achieve a PSA response, defined as more than a
50% decline in pretreatment PSA level after therapy. More-
over, recent studies have demonstrated a tumor sink effect,
in which patients with a particularly high tumor burden dem-
onstrated reduced delivery of 68Ga-PSMA-11 (35) or 177Lu-
PSMA-617 (36) to organs at risk (Fig. 4). Taken together,
these studies suggest a dosimetry-guided strategy for 177Lu-
PSMA-617 in which either pretherapy PSMA PET or inter-
cycle 177Lu-PSMA-617 SPECT might be used to select a
more patient-centered dose.
Optimal dosimetry requirements and recommendations

for 177Lu-PSMA have recently been reported, and a full
description is beyond the scope of this review (37). Optimal
dosimetry includes imaging over several time points using

FIGURE 3. Previously published data showing 6 individual subjects with good serum
PSA response. Paired 68Ga PSMA-11 PET maximum-intensity projections are shown
before (left) and 3 mo after (right) 177Lu-PSMA therapy. Highlighted in red are lesions that
have SUVmax over 3. Serum PSA values before and after 177Lu-PSMA therapy serum are
shown below each image and demonstrate good response to treatment. (Reprinted
from (29).)

FIGURE 4. Previously published image providing examples of maximum-intensity pro-
jections of PSMA PET for each tumor load group. PSMA-positive tumor segmentation is
highlighted in red. (Reprinted from (34).)
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quantitative 3-dimensional techniques such as SPECT/CT.
However, outside of clinical trials, this recommendation
may be difficult to achieve for routine patient care. Delayed
imaging is the most accurate determinant of the absorbed
doses to organs or tumors, with the ideal timing being
approximately 4–7 d after 177Lu-PSMA RLT.
Although strong evidence has emerged to support the use

of 177Lu-PSMA in men with mCRPC, there are several open
questions and innovations that promise to further extend the
role of theranostics in prostate cancer. For example, the syn-
ergistic effects from combination therapies, as well as appro-
priate sequencing of the treatment in the disease course,
remain uncertain. Both VISION and TheraP were deployed
late in mCRPC disease, when patients have limited therapy
options remaining. Both trials demonstrated 177Lu-PSMA-
617 RLT to be effective at improving clinical outcomes, but
177Lu-PSMA may have more significant benefits if used ear-
lier in the disease evolution. Several trials are under way in
hopes of answering this question. The UpFrontPSMA and

PSMAddition trials seek to determine the efficacy and safety
of 177Lu-PSMA-617 in men with metastatic hormone-
sensitive prostate cancer. Other trials are assessing 177Lu-
PSMA-617 as first-line therapy for mCRPC. In addition,
177Lu-PSMA-617 is being tested as neoadjuvant therapy for
localized prostate cancer.
Another area of emerging interest is the use of a-emitting

isotopes such as 225Ac for therapy. Kratochwil et al. (21)
reported 2 patients who had a complete response to 225Ac-
PSMA-617, including one who had previously progressed
after 177Lu-PSMA-617 treatment. This initial report has been
confirmed in several small case series (38,39). Pooling 10
small studies together, a recent metaanalysis found a 62.8%
response rate for a PSA decline of more than 50% (40).
Although the efficacy of 225Ac-PSMA is likely greater than
that of 177Lu-PSMA, the side effect profile also appears to be
more significant, including a greater incidence of xerosto-
mia. In recognition of these effects, small trials of a tandem
therapy strategy incorporating small doses of 225Ac-PSMA
together with 177Lu-PSMA have been reported, with promis-
ing results (41). However, an additional major current
challenge in the clinical use of 225Ac-PSMA is the limited
availability of the isotope itself. Nevertheless, the clinical
future for 225Ac-PSMA appears highly promising.

RADIATION SAFETY

General radiation safety precautions should be followed
with 177Lu-PSMA, with local and national guidelines dictat-
ing specific clinical practice. Radiation safety precautions
may be modeled after 177Lu-DOTATATE therapy for neuro-
endocrine tumors given a shared radionuclide (9,42). A
recent metaanalysis of 177Lu-PSMA-617 dosimetry found
that the lacrimal and salivary glands are the critical organs,
with the kidneys also receiving a significant radiation dose
(43). The calculated absorbed radiation doses to the lacrimal
and salivary glands after 4 cycles of 177Lu-PSMA-617 are
near the tolerated dose limit, whereas the dose to the kidneys
is far below the dose tolerance limit. The use of polygluta-
mate or external cooling through ice packs has been
described as reducing salivary gland uptake, with the studies
reporting a reduction in salivary gland uptake induced by
polyglutamate uptake, but no change in salivary gland
uptake induced by cooling (Fig. 5) (44,45). The liver, spleen,
and bone marrow received a relatively lower amount of radi-
ation, but the authors of those studies noted that dosimetry
may underestimate the bone marrow dose in mCRPC
patients with extensive bone metastases.

CONCLUSION

With the recent FDA approval of 177Lu-PSMA-617, and
the emerging promising data on the use of other PSMA
RLT agents, radiopharmaceutical therapy is expected to
become part of the SOC for treatment of prostate cancer.
Routine incorporation of this treatment in nuclear medicine
departments will require collaboration between referring

FIGURE 5. Previously published region-of-interest measure-
ments on 177Lu-PSMA-617 uptake (anterior [A]; posterior [B]) in
both parotid glands and cranium in patient on whom right-sided
ice pack was used during posttreatment SPECT/CT. No differ-
ences in radioligand uptake were observed between cooled
(right) and noncooled (left) sides, with region of interest or volume
of interest on images shown. (Reprinted from (44).)
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physicians, nuclear medicine physicians, nurses, and nuclear
medicine technologists.
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P R A C T I C A L P R O T O C O L T I P

177Lu-Vipivotide Tetraxetan (177Lu-PSMA-617, Pluvicto)
Therapy

Sarah Clements, CNMT, Daniel Tempesta, CNMT, and Heather Jacene, MD

177Lu-vipivotide tetraxetan is a radioligand therapeutic agent
for the treatment of prostate cancer (1). It binds to prostate-
specific membrane antigen (PSMA), which is overexpressed
on prostate cancer cells, and the b-radiations emitted by
177Lu result in DNA damage to the tumor cells and surround-
ing tissue (2). An integrative approach with physicians,
nurses, technologists, radiation safety officers, and pharma-
cists is required to ensure the best patient outcomes.

CLINICAL INDICATIONS (1)

% 177Lu-vipivotide tetraxetan is used for the treatment
of metastatic castration-resistant prostate cancer in
adults who have PSMA-positive tumors.

PATIENT SELECTION

Patients undergoing 177Lu-vipivotide tetraxetan treatment
should meet all the following criteria:

% Have metastatic castration-resistant prostate can-
cer (mCRPC) (1).

% Been previously treated with androgen receptor path-
way inhibition and taxane-based chemotherapy (1).

% Have PSMA-positive tumor as determined by PSMA
PET/CT imaging (1).
! 68Ga-PSMA-11 and 18F-DCFPyL PET agents are

considered equivalent for use in selecting patients
for therapy with 177Lu-vipivotide tetraxetan (3,4).

CONTRAINDICATIONS

% None (1).

TREATMENT PLAN (1)

% Intravenously administer 7.4 GBq (200 mCi) of
177Lu-vipivotide tetraxetan every 6 wk for up to 6
administrations.

PATIENT PREPARATION/EDUCATION (1)

% Patients should increase their oral fluid intake and
are encouraged to increase voiding as frequently as
possible to reduce deleterious effects on the kidneys
and bladder.

% Patients should be educated on radiation safety pre-
cautions before and after the administration of 177Lu-
vipivotide tetraxetan. Radiation safety precautions
include but are not limited to:
! Limit contact less than 3 feet from other house-

hold members for 2 d and children and pregnant
individuals for 7 d. Precautionary measures should
include sleeping in a separate bedroom for the
aforementioned number of days for each house-
hold population.

! Patients should not participate in sexual activity
for 7 d after treatment. For the duration of their
treatment course and for 14 wk after their final
dose, sexual partners of reproductive potential
should use effective contraception.

TREATMENT INSTRUCTIONS (1)

% Verify that the patient’s complete blood counts, kid-
ney function, and liver function are sufficient to pro-
ceed with treatment. Whether or not to procced with
treatment is a clinical decision.

% 177Lu-vipivotide tetraxetan is given intravenously
over 1–10 min.
! Methods of administration include injection via

disposable syringe, an infusion using the gravity
method, and the vial method using a pump.

% Before initiating the treatment and after its comple-
tion, the intravenous line used for 177Lu-vipivotide
tetraxetan must be flushed with at least 10 mL of
0.9% sterile sodium chloride solution.

THERAPEUTIC DOSE CALCULATIONS (TABLE 1) (1)

% The standard dose of 177Lu-vipivotide tetraxetan is
7.4GBq (200 mCi) every 6 wk for 6 administrations.

TABLE 1
Radiopharmaceutical, Dose, Administration Route, and
Infusion Duration of 177Lu-Vipivotide Tetraxetan (1)

Radiopharmaceutical Dose
Administration

route
Infusion
duration

177Lu-vipivotide
tetraxetan
(Pluvicto,
177Lu-PSMA-617)

7.4 GBq
(200 mCi)

Intravenous 1–10 min

COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.
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Treatment may be delayed or the administered radio-
activity can be reduced to 5.9 GBq (160 mCi) in the
setting of adverse reactions as described in the pre-
scribing information.

% If patients require more than a 10-wk gap between
doses, or an adverse reaction persists for greater than
4 wk, or they require a dose less than 5.9 GBq (160mCi),
treatment discontinuation should be considered.

PRECAUTIONS (1)

% Patients should be monitored closely for adverse
events, including but not limited to myelosuppression
and renal toxicity. Patients should be told to notify
their clinician if they exhibit any clinical signs of either
of these conditions, such as decreased urination fre-
quency, bruising more easily, or excessive tiredness.

% Because 177Lu-vipivotide tetraxetan is a radioactive
therapy agent, extra care should be taken to educate
patients, their household members, and administer-
ing health-care personnel about appropriate radia-
tion safety precautions.
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Radionuclide therapy with 223Ra-dichloride can be helpful for
patients with osteoblastic osseousmetastatic disease in the setting
of castration-resistant prostate cancer without visceral metastases.
This article reviews the indications, proper use and handling,
patient work-up before therapy, and many of the technical consid-
erations, including a discussion of coding and billing, along with pit-
falls that have been identified.
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Early after its discovery in the early 1900s, 223Ra was
known as actinium X or radio-actinium (1–6). Much has been
learned about this radionuclide since that time. 223Ra-dichlor-
ide (Xofigo; Bayer HealthCare), a bone-seeking calcium
mimetic, works as an a-particle therapy that binds to areas
of increased bony turnover in osseous metastases within the
hydroxyapatite matrix, such as 99mTc-methlyene diphospho-
nate, 99mTc-hydroxydiphosphonate, or 18F-sodium fluoride.
Once localized, the a-particle deposits its energy in a highly
localized manner, within a range of 100mm (7), or on the
order of a few cells apart from the site of disease. The a-par-
ticles deposit high levels of energy that cause predominantly
double-stranded DNA breaks in the treatment region, lead-
ing to highly localized cell death (8,9) and sparing adjacent
normal tissues (10,11). More than a century after the discov-
ery of 223Ra, it was studied to treat osseous metastases in the
setting of prostate cancer and found to demonstrate a survival
benefit in the landmark Alpharadin in Symptomatic Prostate
Cancer Patients (ALSYMPCA) study (12). It was subse-
quently approved by the Food and Drug Administration on
May 15, 2013 (13), for the treatment of patients with castra-
tion-resistant prostate cancer, symptomatic bone metastases,

and no known visceral metastatic disease (14). ALSYMPCA
demonstrated not only a survival benefit but also favorable
effects on patient quality of life and a favorable safety
profile (12).
After lung cancer, prostate cancer is the most common can-

cer in men in the United States. It affects 1 in 8 men and is
the cause of death in 1 in 41 men (15). Osseous metastatic dis-
ease in the setting of prostate cancer occurs in 70%–90% of
patients (16,17). Prostate cancer patients with osseous meta-
static disease are known to have a lower quality of life, an
increased cost of care, and higher mortality (17,18). Therefore,
radium therapy can have a clear impact on these patients. The
ALSYMPCA trial demonstrated a survival benefit of 14.9 mo
in the treated group versus 11.3 mo in the untreated group,
which received the best standard of care plus a placebo (12).
Though this seems a short time, it does amount to a 30%
longer time frame than in patients who did not receive
223Ra-dichloride.

PATIENT SELECTION, CLINICAL CONSIDERATIONS,
AND PROTOCOL

The Food and Drug Administration approved use of
223Ra-dichloride for treatment of patients with castration-
resistant prostate cancer, symptomatic bone metastases, and
no known visceral metastatic disease. Castration-resistant can-
cer is cancer that continues to grow even when the testoster-
one levels are at or below the castrate level; it is also known
as hormone-refractory or hormone-resistant prostate cancer
(19). Careful screening of prior imaging for visceral meta-
static disease in organs and lymph nodes is helpful; the pack-
age insert advises an upper limit of 3 cm for lymph nodes
(14). Clinical guidelines indicate that patients should undergo
CT of the chest, abdomen, and pelvis (if not already per-
formed) before therapy to assess for visceral metastatic dis-
ease (20). Prostate bed disease or localized involvement of
the urinary bladder is not considered visceral disease (20).
Hematologic analysis must also be performed if the patient
does not have visceral metastases and is being considered for
therapy. Per the package insert, before the first treatment the
absolute neutrophil count should be at least 1.5 3 109/L, the
platelet count at least 100 3 109/L, and the hemoglobin at
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least 10 g/dL (14). Blood work should be done within at least
30 d of the initial therapy (20). There is some expected
impact on bone marrow, and the patient will need follow-up
blood count analysis before additional therapies. For subse-
quent administration of the radionuclide therapy, the patient
should have an absolute neutrophil count of 1 3 109/L and a
platelet count of 50 3 109/L; no hemoglobin limit is required
for subsequent therapies (Table 1) (14).
Because this therapy localizes to regions of bony turn-

over, it is imperative that a patient undergo bone scanning
before being considered for therapy. If the osseous metas-
tases do not take up tracer, the patient will not benefit
from this therapy and should not receive it. Pretherapy
bone scans can be done with SPECT or PET bone scan-
ning agents. Clinical guidelines indicate that there should
be at least 2 osseous metastatic lesions (20). PET agents
such as prostate-specific membrane antigen and fluciclo-
vine are not a substitute for bone-seeking tracers in this
setting (21).
Increasingly, nuclear medicine professionals are seeing

patients in consultation before therapies and are using
evaluation and management codes. This change is benefi-
cial for patients, as they are not seen only on the day of
therapy but rather have time to prepare for potentially
unexpected radiation safety instructions. Consultations
also allow patients or caregivers to ask questions and may
ease patient concerns about the therapy and its side effects.
Nuclear medicine professionals also benefit by having time
to review the patient’s history; coordinate with the urologist,
oncologist, or other clinical colleagues who referred the
patient; and obtain insurance preauthorization. During the
consultation process, needed items can be identified, such as
a bone scan or blood work, which can then be obtained in a
timelier manner so as not to delay care or result in a wasted
therapy dose.

Understanding prior therapies the patient has had is also
important. 223Ra-dichloride when given in conjunction with
abiraterone therapy 1 prednisone or prednisolone has been
associated with an increased frequency of fractures, com-
pared with patients who did not receive the 223Ra-dichloride
(22). This association has caused the European Medicines
Agency to recommend a contraindication in this setting.
This recommendation is not reflected in the Food and Drug
Administration’s package insert at this time, but nonetheless,
current guidelines discourage this practice (20). Other mye-
losuppressive therapies the patient may have had in the 4 wk
before therapy may also set the patient up for more profound
myelosuppression. Likewise, if patients have had external-
beam hemibody radiation or other systemic radionuclides
within 24 wk of therapy, careful consideration of the
risk-to-benefit ratio of therapy is recommended (20). If
patients have epidural tumor or spinal cord compression,
they should be treated preferentially with external-beam radia-
tion therapy before 223Ra-dichloride (20). Working together
with clinical colleagues to settle on an appropriate time for
223Ra-dichloride therapy is important.
Assessing performance status is recommended. This assess-

ment can be done with the Eastern Cooperative Oncology
Group or Zubrod performance status criteria (23). Guidelines
suggest that life expectancy should be at least greater than
6mo, and an Eastern Cooperative Oncology Group perfor-
mance status of 0 to 2 is preferred (20). Guidelines also rec-
ommend documentation of pain and patient-related symptoms
before and during therapy to evaluate the patient’s quality of
life (20,22).
Because of the complexity of tracking the many elements

of therapy, it can be helpful to use a checklist for each patient.
Example items to keep on such a checklist are in Table 2.
Provided the patient meets the laboratory parameters and

functional status requirements, therapy is given intravenously
every 4 wk for a total of 6 therapies. If there is evidence of
myelosuppression after a therapy, the next therapy can be
delayed for to up to 6–8 wk. If blood counts do not improve
despite supportive care, no further treatment is given (14).
Table 3 reviews important clinical metrics to evaluate before
therapy. Figure 1 illustrates the therapy procedure at a glance.

RADIOPHARMACEUTICAL THERAPY PROPERTIES
AND DOSIMETRY

223Ra is an a-particle and has a half-life of 11.43 d. Most of
the therapy (95.6% abundance) is a-particles, which deposit
high energy with a very short pathlength. b-particles make up
3.6% of the decay, and g-photons make up 1.1% (14). These
g-photons allow for easy measurement on standard dose cali-
brators and survey meters. The full decay schema is described
in Figure 2, and the dosimetry is detailed in Table 4 (24).
Given the dosimetric data, one can understand why gastroin-
testinal symptoms may occur, as the radiopharmaceutical is
excreted predominantly via the gastrointestinal tract in healthy
individuals.

TABLE 1
Clinical Eligibility Criteria for Therapy (14)

Clinical metric Requirement

Castration-resistant
prostate cancer
metastatic to bone

Symptomatic

No visceral metastatic disease
Whole-body bone scan with at

least 2 lesions
Complete blood count

with differential
Before first treatment:

Absolute neutrophil count
$ 1.5 3 109/L
Platelet count $ 100 3 109/L
Hemoglobin $ 10 g/dL

Before subsequent
administration:
Absolute neutrophil count 5
1 3 109/L
Platelet count 5 50 3 109/L
No hemoglobin requirement
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RADIATION SAFETY PRECAUTIONS, PATIENT
CONSENT, AND AS-NEEDED MEDICATIONS

According to the Nuclear Regulatory Commission, all radio-
nuclide therapies should be given under the auspices of a qual-
ity management program (20). A written directive is required
for each 223Ra-dichloride therapy for each individual (i.e., 6
written directives for an individual patient for the entire course
of therapy). Written directives include the administered

activity, which in this case is weight-based (55.13 kBq
[1.49mCi]/kg), and an updated weight will be necessary for
ordering doses a week before therapy. Once again, assessment
of the complete blood count with differential will be neces-
sary to determine whether the patient is experiencing myelo-
suppression and needs a pause or discontinuation of therapy.
During the clinical consultation, there should be careful

discussion of the radiation safety precautions, side effects,

TABLE 2
Items to Include in 223Ra-Dichloride Therapy Checklist and Consultation Note

Item Reason

Documentation of bone scan demonstrating uptake in
osseous metastatic disease

Required by package insert; if there is no uptake on bone scan,
therapeutic radionuclide will not localize in suspected areas of
metastatic disease

Documentation of no visceral metastatic disease Required by package insert; therapeutic radionuclide treats not
visceral metastatic disease but osseous metastatic disease, given
its mechanism of localization (guidelines suggest CT of chest,
abdomen, and pelvis before therapy)

Documentation of complete blood count with
differential counts

Required by package insert and serves as baseline before other
therapies, given potential myelosuppression of this therapy

Plan or order for follow-up laboratory analysis before
planned upcoming therapies

Required by package insert; some lab tests may be organized by
clinician who refers patient, but where to find this information
should be known before upcoming doses are ordered (these lab
tests are needed at least 1 wk before each planned treatment)

Documentation of Eastern Cooperative Oncology
Group or Zubrod performance status

Helpful for future reference before starting therapy

Review of patient continence of urine and stool Helpful when giving directed radiation safety instructions (therapy
excreted mostly via gastrointestinal tract and, to lesser degree,
urinary tract)

Review of such factors as home situation, travel, and
occupational considerations

Helpful when giving directed radiation safety instructions

Review of side effects, with recommendation for
relevant as-needed medications

Should be done for any medical therapy as part of consent

Plan for follow-up weight measurements and
documentation of patient weight

Helpful to know ahead of time because doses are weight-based
and patient weight may vary because of a variety of
circumstances during therapy

Signed consent form Should be done for any medical therapy as part of consent and
understanding of potential risks and benefits

Radiation safety instructions Should be done for any radionuclide therapy
Completed written directive for sixth therapy Should be done for any medical therapy (ensure updated weight is

used for calculation)

TABLE 3
Elements to Review Before Treatment on Day of Therapy

Element Reason

Review consultation To better understand new patient or refresh memory of previous
patient

Review complete blood count with differential To ensure parameters are within appropriate range for therapy
Confirm weight and accuracy of administered activity

calculation
To ensure correct dose

Verify patient identity per institutional protocol To ensure correct patient receives therapy
Confirm that pretherapy and posttherapy medications

have been given as needed
To ensure patient comfort in event of side effects

Provide radiation safety instructions To ensure patient has instructions and opportunity to ask questions
Provide as-needed medications To ensure patient has as-needed medication and instructions on

when to use
Determine how well patient tolerated previous

therapies
To review symptoms and needs for pain medication and to preview

current therapy (e.g., if patient is no longer constipated because
less pain medication is needed than previously, there could be
higher risk of soft stools or diarrhea during current therapy)
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and complications. When discussing precautions to take after
the therapy, nuclear medicine professionals should primarily
focus on stool and body fluids. Patients should be told to sit
while urinating to minimize splatter and that careful hand-
washing after using the restroom is imperative. If there is a
urinary catheter, patients should be told to use disposable
gloves when manipulating or changing it. Instructions are
also recommended on disposal of any materials that could
contain body products. As part of consenting to the therapy,
the patient should understand the potential side effects. The
most common are myelosuppression, diarrhea, nausea, and
peripheral edema. As-needed medications for nausea and
diarrhea may be prescribed, or over-the-counter versions can
be recommended. Patients should also be made aware of the
potential for a transient increase in bone pain, often referred

to as the flare phenomenon (20). Because
of this potential, and because a patient
may already have pain at baseline, the cli-
nician who treats that pain should be told
of the possible need for an increase in
medication, so it can be arranged for in
advance.
Complications that have been re-

ported from ALSYMPCA are myelo-
suppression (13%), neutropenia (2%),
thrombocytopenia (7%), and grade 5
treatment-emergent adverse events
(13%). Long-term follow-up of patients
from the trial yielded no suggestion of
myelodysplastic syndrome, acute mye-

logenous leukemia, or new primary bone cancer. Secondary
non–treatment-related malignancies occurred in 4 patients
treated with 223Ra-dichloride, whereas 3 occurred in placebo
patients. One patient experienced aplastic anemia 16 mo after
the last injection (12).

DAY-OF-THERAPY TECHNICAL CONSIDERATIONS

Although external radiation exposure from 223Ra-dichloride
is quite low compared with other therapies, care in administra-
tion is key. Care should be taken to avoid internal radiation
contamination through injection, inhalation, or skin absorption.
Because a-particles deposit their energy in a highly localized
range, greater damage can occur than with b-particles or
g-photons. Because of the long half-life, spills should be
avoided but can be identified with standard survey equipment
because of the g-photons. Contamination can be cleaned up
with a dilute aqueous ethylenediaminetetraacetic acid solu-
tion, and areas can be resurveyed to ensure that they are
decontaminated.
Before administration, the therapeutic dose should be

measured, absorbent shielding should be placed under the
patient’s arm to prevent spillage, and the intravenous cathe-
ter should be checked for patency. The therapy is often
given with a 3-way stopcock with a saline flush to ensure
maximal delivery; all intravenous lines and connections
should be secure. Because this is an a-particle therapy,
more localized damage may occur in the event of extrava-
sation. A shield is recommended to keep the dose to the
individual delivering the therapy as low as reasonably achiev-
able. Dose rates are surprisingly high near the point source
itself (Table 5). Some institutions choose to use a test dose of
a small amount of 99mTc-pertechnetate and acquire dynamic
images to ensure a patent intravenous catheter. A slow intrave-
nous injection over 1 min is used. After injection, flushing
with isotonic saline is recommended (20).

CREATING A SUCCESSFUL RADIONUCLIDE THERAPY
PROGRAM WITH 223RA-DICHLORIDE

According to the manufacturer, Bayer HealthCare, technical
prerequisites for site initiation include obtaining a radioactive

Treatment
#1

Treatment
#2

Treatment
#3

Treatment
#4

Treatment
#5

Treatment
#6

Recheck
CBC with
diff and
weight;

order dose
1 week

prior

Recheck
CBC with
diff and
weight;

order dose
1 week

prior

Recheck
CBC with
diff and
weight;

order dose
1 week

prior

Recheck
CBC with
diff and
weight;

order dose
1 week

prior

Recheck
CBC with
diff and
weight;

order dose
1 week

prior

Referral Consultation

Ensure bone scan,
CT, and CBC with
diff meet criteria

for therapy
(completed

within at least
30 d of therapy);

begin
preauthorization

process with
insurance; obtain

patient weight

FIGURE 1. Therapy process. CBC5 complete blood count; diff5 differential.

FIGURE 2. Decay schema for 223Ra-dichloride.
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materials license approved for medical use of 223Ra-dichloride,
creating an authorized-user list for medical application of
223Ra-dichloride, providing documentation regarding training
on handling and use of 223Ra-dichloride, and verifying the
accuracy of dose calibrators to measure 223Ra-dichloride activ-
ity. Dose calibrator testing with a National Institute of Stand-
ards and Technology–traceable 223Ra standard is provided by
Cardinal Health. Additional prerequisites, which may already
be established in a nuclear medicine area, include monitoring
occupational doses and securing areas for storage, waste dis-
posal, and inventory management (25).
Some studies have established data that 223Ra-dichloride is

cost-competitive as compared with other prostate cancer ther-
apies. In addition, 223Ra-dichloride therapy has been found
to result in fewer skeleton-related events than other therapies,

and other groups have demonstrated a slower decline of
quality of life over time, with meaningful improvement, in
patients who receive this therapy than in those who receive
placebo (12,26).
After a site has been initiated, understanding the codes

involved in billing is important (Table 6). If the therapy is
administered in a hospital setting, working closely with the
hospital billing office is important, as is staying attuned to
potential annual changes in Centers for Medicare and Medic-
aid Services coding practices. Both inside and outside the
hospital, Xofigo Access Services offers guidance on coding
(25). Before therapy is administered, it is recommended that
insurance companies be queried on the need for prior authori-
zation. The time needed for prior authorization is quite vari-
able among different insurance providers, but 15 or more
business days may be needed. Failure to use codes can result
in denial. In addition, failure to allow enough time for preau-
thorization or for managing clinician and patient expectations
can also be problematic. To ensure that patients do not have
an out-of-pocket burden, close work with institutional billing
offices or Xofigo Access Services should allow them to pro-
vide guidance on issues encountered in coding and billing. In
addition, the Society of Nuclear Medicine and Molecular
Imaging website has a “Coding and Reimbursement Q&A”
section with resources available to members (27).

TABLE 4
223Ra-Dichloride Dosimetry (24)

Organ

Absorbed dose (Gy/Bq)

Dose coefficient
(Gy/Bq)

Contribution of b/g dose
to total dose (%)

a-particles
(high LET)

b/g dose
(low LET)

Adrenals 3.2E–09 2.4E–10 1.6E–08 7
Bladder wall 3.3E–09 4.1E–10 1.7E–08 11
Bone endosteum 3.3E–09 1.1E–10 3.8E–06 1
Brain 3.2E–09 1.8E–10 1.6E–08 5
Breast 3.2E–09 1.6–10 1.6E–08 5
Gastrointestinal tract
Esophagus 3.2E–09 1.7E–10 1.6E–08 5
Stomach wall 3.2E–09 3.9E–10 1.6E–08 6
Small intestine wall 3.2E–09 3.9E–10 1.7E–08 11
Upper large intestine wall 6.8E–09 1.4E–08 4.8E–08 67
Lower large intestine wall 1.3E–08 4.0E–08 1.1E–07 75
Colon 9.5E–09 2.5E–08 7.3E–08 72
Kidneys 3.4E–09 2.4E–10 1.7E–08 7
Liver 3.6E–09 1.5E–10 1.8E–08 4
Muscle 3.2E–09 2.0E–10 1.6E–08 6
Pancreas 3.2E–09 2.2E–10 1.6E–08 6
Red marrow 7.2E–08 5.5E–09 3.7E–07 7
Respiratory tract
Airways 3.2E–09 1.7E–10 1.6E–08 5
Lungs 3.2E–09 1.9E–10 1.6E–08 6
Skin 3.2E–09 1.6E–10 1.6E–08 5
Spleen 3.2E–09 1.9E–10 1.6E–08 6
Testes 3.2E–09 1.8E–10 1.6E–08 5
Thymus 3.2E–09 1.7E–10 1.6E–08 5
Thyroid 3.2E–09 1.7E–10 1.6E–08 8

LET 5 linear energy transfer.

TABLE 5
Dose Rates Comparing 99mTc Vs. 223Ra Derived from

Exposure Rate Constants (mSv/h per MBq) (31)

Distance from
point source 99mTc 223Ra 223Ra 1 progeny

1 m 0.02 #0.02 0.047
10 cm 2 #2 4.7
1 cm 200 #200 470
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In addition to these items, it is imperative to provide
patients with multidisciplinary care and identify clinicians
of various backgrounds who will be involved in therapy
referral and follow-up. Follow-up practices may differ on
the basis of institutional protocols. Some practices include
mid-therapy evaluation with laboratory biomarkers or imag-
ing; however, no well-defined guidelines exist yet.

LOOKING AHEAD

The use of 223Ra-dichloride is likely to evolve, considering
the recent Food and Drug Administration approval of 177Lu-
vipvotide tetraxetan (also known as 177Lu-PSMA-617) (28).
223Ra-dichloride is a bone-based therapy, whereas 177Lu-
vipvotide tetraxetan is a therapy that can also target soft-
tissue lesions. Holistic evaluation and the tracer uptake profile
of the patient may be needed to assess which agent would be
of most benefit.
Another area of interest may be repeat 223Ra-dichloride

therapy. Some research has already been done in this area,
and the findings suggest that the therapy is well tolerated
and provides additional control of osseous metastatic dis-
ease (29,30). Longer-term follow-up may be helpful to eval-
uate for continued long-term safety.

EDUCATION AND RECOMMENDED READING

There is a good deal of helpful information available to
those starting a 223Ra-dichloride therapy program. Some of
the higher-yield materials include the 223Ra practice param-
eters of the American College of Radiology, American Col-
lege of Nuclear Medicine, American Society for Radiation
Oncology, and Society of Nuclear Medicine and Molecular
Imaging (20); the ALSYMPCA trial (12); and Xofigo
access services (25).

CONCLUSION

223Ra-dichloride remains an effective therapy that improves
survival for patients with osseous metastatic disease related to

castration-resistant prostate cancer in the absence of visceral
metastatic disease.
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P R A C T I C A L P R O T O C O L T I P

223Ra-Dichloride Therapy

Sarah Clements, CNMT, Daniel Tempesta, CNMT, and Matthew Robertson, MD

SUMMARY
223Ra-dichloride (Xofigo; Bayer) is an a-emitting radioac-
tive agent used to treat symptomatic bone metastases in
patients with castration-resistant prostate cancer in the
absence of visceral metastases (1). It functions as a calcium
analog and causes double-strand DNA breaks in tissue,
resulting in the death of tumor cells (2).

CLINICAL INDICATIONS (1)

% 223Ra-dichloride is indicated for treatment of
symptomatic bone metastasis in patients who have
castration-resistant prostate cancer with no known
visceral metastasis.

PATIENT SELECTION (1)

% To be eligible for treatment, patients must have all
of the following:
! Castration-resistant prostate cancer.
! Symptomatic bone metastasis.
! No known visceral metastasis.

% Once deemed eligible, patients must meet the follow-
ing hematologic criteria before their first treatment:
! Absolute neutrophil count $ 1.53 109/L.
! Platelet count $ 1003 109/L.
! Hemoglobin $ 10 g/dL.

% For all subsequent treatments, the patient’s hemato-
logic values must be as follows:
! Absolute neutrophil count $ 13 109/L.
! Platelet count $ 503 109/L.

CONTRAINDICATIONS (1)

% There are no contraindications to use of 223Ra-
dichloride.

TREATMENT PLAN (1)

% 55 kBq (1.49mCi) of 223Ra-dichloride is given per
kilogram of body weight every 4 weeks for a total
of 6 treatments.
! Volume (mL) to inject, in kBq/kg:

body weight in kg355 kBq=kg body weight
decay factor31,100 kBq=mL

! Volume (mL) to inject, in mCi/kg:
body weight in kg31:49 uCi=kg body weight

decay factor330 uCi=mL

% Prescribing information provides up-to-date dose
calculations.

PATIENT PREPARATION/EDUCATION (1)

% The most common side effects of 223Ra-dichloride
are myelosuppression, nausea, vomiting, diarrhea,
and peripheral edema.

% Patients should be given information on radiation
safety precautions before administration of 223Ra-
dichloride to reduce exposure to others. For example:
! Flushing the toilet multiple times after each use.
! Washing clothing soiled with 223Ra-dichloride,

feces, or urine quickly after they become contam-
inated. This should be done separately from other
clothing or items.

! Using gloves and frequently washing the hands
when anyone handles patient clothing and bodily
fluids.

! Using condoms for the duration of treatments and
6 months afterward. Partners of reproductive capa-
bility should also use effective forms of contracep-
tion for the length of treatment and 6 months
afterward.

% Other than the sexual activity restrictions, the pre-
scribing information does not specify any distance
or length of time that patients must restrict contact
with household members.

TREATMENT INSTRUCTIONS

% The patient’s blood counts must be obtained and
confirmed to be in the desired range before treat-
ment (1). The decision to delay treatment, reduce
the dose given, or make any other alterations to the
standard treatment plan is ultimately a clinical deci-
sion (2).

% A 55-kBq (1.49 mCi) dose of 223Ra-dichloride per
kilogram of body weight is administered intravenously
over 1 min (1). For dose accuracy, the patient’s body
weight should be measured on the day of treatment.

% Before and after administration of 223Ra-dichloride,
the intravenous line should be flushed with isotonic
saline (1).

% Roughly 1% of the emissions from 223Ra-dichloride
are g-radiation, which allows surfaces and personnel
to be surveyed for contamination with standard instru-
ments (1).
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THERAPEUTIC DOSE CALCULATIONS (1)

% The therapeutic dose is 55 kBq (1.49 mCi) per kilo-
gram of body weight.

% Discontinuation of treatment should be considered if
the patient’s laboratory values do not recover within
6–8 weeks of the last treatment received.

WARNINGS/PRECAUTIONS

% Bone marrow suppression is a possible side effect
of 223Ra-dichloride, and patients should be closely
monitored for signs of bone marrow failure (1).
Patients should be instructed to inform their care
team if they have any signs of bleeding or symp-
toms of infection.

% 223Ra-dichloride is not recommended in combina-
tion with abiraterone acetate plus prednisone or
prednisolone as it increases the risk of fractures and
mortality (1).

% 223Ra-dichloride has the potential to cause fetal
harm. Patients should use condoms, and patients’
partners of reproductive capability should use effec-
tive contraception for the length of treatment and
6months afterward (1).

% Receiving docetaxel or any other form of systemic
therapy except for androgen deprivation therapy
while undergoing treatment with 223Ra-dichloride
is not recommended. 223Ra-dichloride is also not
intended to be used in conjunction with chemother-
apy, as this increases the risk and burden of myelo-
suppression (3).
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TABLE 1
Dose, Administration Route, and Infusion Duration for

223Ra-Dichloride (1)

Dose
Administration

route
Infusion
duration

55 kBq (1.49 mCi)/kg
of body weight

Intravenous 1 min
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With the approval of 177Lu PSMA-617, theranostics’
presence in nuclear medicine is expanding beyond thyroid can-
cer and neuroendocrine tumors to higher-incidence diseases.
This April (2022), The Journal of Nuclear Medicine published
an ahead-of-print article, “Joint EANM, SNMMI and IAEA
Enabling Guide: How to Set Up a Theranostics Centre” (1).
The guide provided valuable information to enable interested
stakeholders to safely initiate and operate theranostics centers.
The article defined the theranostics concept as “using the same
target for both imaging and therapy.” That is also how we
define the theranostics concept as Nuclear Medicine Technolo-
gists (NMTs) and SNMMI-Technologist Section (SNMMI-TS)
Advocacy governance.
SNMMI-TS Advocacy Committee would now like to

expand on that article to answer the following questions and
cast a level of opinion on: What training does an NMT need to
participate and complete theranostics? What does the SNMMI-
TS Advocacy Committee feel are important initiatives to
have NMTs fully engaged in theranostics today and in the
long-term?
We hope the following article will serve as a springboard

for theranostics considerations from the perspective of
the NMT.

NMT THERANOSTICS TRAINING

What training does a nuclear medicine technologist need to
have to administer and safely treat patients with theranostics?
The SNMMI-TS Advocacy Committee supports best practi-

ces in evidence-based science that promote the highest quality
in patient care and safety by supporting standards for educa-
tion and training for NMTs as defined by the Joint Review
Committee on Educational Programs in Nuclear Medicine
(JRCNMT). Currently, the NMT is initially trained to get into
the field by way of college, graduate school, or certificate

curriculum, to gain their certification. After obtaining certifica-
tion, the NMT must participate in continuing education annu-
ally to maintain their NMTCB (Nuclear Medicine Technol-
ogy Certification Board) or ARRT (The American Registry
of Radiologic Technologists) certification. That education is
thorough and encompasses radionuclide therapy, including
the handling of radiopharmaceuticals, adjunctive medications
to support clinical nuclear medicine, and patient care man-
agement through capturing patient vitals, monitoring, and
observing patients before and after procedures.
Most accredited programs are at the baccalaureate level,

and some are converting to a master’s level due to the com-
plexity of the field and the volume of material that must be
taught to perform nuclear medicine technology. Educational
programs require extensive didactic education in the fun-
damentals of nuclear medicine, radiation biology, radio-
pharmaceuticals, and radiation physics. Additionally, clinical
competency requirements must be successfully completed
under the direct supervision of a qualified and certified prac-
ticing NMT. It would be extremely challenging to meet all
these educational requirements via an apprenticeship model.
As a point of reference in 2021, Arizona enacted a law (2)
that would allow some junior college programs to offer bac-
calaureate degrees due to the academic rigor and the number
of required hours that a student must take (120 h). Nuclear
Medicine Technology was one such program, and as such stu-
dents who graduate from a Nuclear Medicine associate’s pro-
gram in Arizona are now awarded a baccalaureate degree.
Although current NMT training is inclusive of most of the

components that go into the theranostics therapy component
of patient care, more training and competency would be
helpful to be more competent to access patients’ chest vas-
cular ports, lead pre- and postpatient therapy management,
and administer therapy-related adjunctive medications such
as amino acids.

Why is radiation safety training so important, particularly
in the context of theranostics?
With new technology and evolving radiotherapeutic ther-

apies, it is important for medical professionals to continue
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to develop a comprehensive knowledge and understanding
of radiation biology and safety. The misuse, overuse, or inap-
propriate handling of radiologic technology can be detrimental
to both the patient and the NMT. Improper use of equipment
can result in faulty images, which in turn can lead to a mis-
diagnosis or false interpretation of patient conditions. To pre-
pare knowledgeable, competent, and qualified professionals,
the educational content and course competencies are expand-
ing and becoming increasingly complex. Currently, SNMMI
is in the process of publishing the sixth edition of the Nuclear
Medicine Technology Competency-Based Curriculum Guide
that outlines the radiation safety knowledge, skills, and ex-
perience necessary for NMTs and students to complete a
JRCNMT-certified program and be ready for the evolving
theranostics field. The curriculum guide develops a compe-
tency-based education model that is necessary for students to
demonstrate understanding of theranostics radiation safety.
NMTs must be able to demonstrate and understand the safe
handling of radiopharmaceuticals, practice aseptic technique,
and understand the selection and use of proper radiation
shielding devices.
The SNMMI is currently working on theranostics-based

badges that will be purchasable in 2023. The Molecular &
Therapy Task force is heading the efforts to develop the thera-
nostics badges, which includes Xofigo, Lutathera, Azedra, and
more. The plan is also to have the badges be CEU (continuing
education units) based for NMT formal training. These badges
do not take the place of certification but are more so a way to
promote the field and the work NMTs do.
Radiation safety training plays an integral aspect of ad-

ministering theranostics to ensure safety to the occupational
workers, NMT, and patient. The NMT must understand the
radiation emission of the isotopes used in theranostics to
select the correct means of following ALARA (as low as
reasonably achievable). Selecting the correct shielding,
means of delivery, and proper distance from the patient are
all considerations that come from proper training. In some
theranostics administrations, proper preparation is key to
minimize residual radioactivity exposure and contamina-
tion, that is, prepping the bathroom on Lutathera adminis-
trations. For the NMT and ancillary staff, training from the
vendor-specifics to the therapy and the knowledge acquired
during school training are essential to ensuring the safety
of all involved. In regard to Lutathera and even high-dose
131I administrations, knowing how to handle emesis during
and after administration is also essential in conducting suc-
cessful radiotherapy.

THE THERANOSTICS CARE TEAM

Now is the time most critical to make sure that the nurs-
ing and NMT groups work together to ensure that we have
enough health-care providers to serve the growing popula-
tion of patients who are going to require theranostics treat-
ments. The list of available theranostics today includes thyroid
cancer, neuroendocrine tumors, and prostate cancer, and this

list will grow significantly with time, as other imaging ther-
apy radionuclide packages come to market. Just recently, an
analysis from McKinsey and co. found a potential shortage
of 200,000–450,000 nurses not available for patient care in
the short-term (3). The same analysis mentioned that by
2025, there could be a shortage of nurses of half a million
throughout the United States.
Today, our nursing partners play a pivotal collaborative

role in the provision of theranostics therapy, where much of
the patient management and appropriate adjunctive medica-
tions for therapy are administered by nurses. The shortfall
of nurses puts a larger strain on our health-care system and
the provision of theranostics, as nurses may not be available
to support the NMTs and authorized users to provide patients
with this incredibly important therapy. Therefore, the
SNMMI-TS Advocacy Committee feels that a focus on NMT
training and further evaluation and possible expansion of the
NMT curriculum to include all components of theranostics
are crucial. Furthermore, developing a collaborative training
process with the nursing professionals is essential to make
sure that theranostics will have enough health-care personnel
to provide this essential patient therapy and that NMTs can
safely and effectively participate in all components of thera-
nostics care delivery.
Another important member of the nuclear medicine care

team is the Nuclear Medicine Advanced Associate (NMAA).
The NMAA is a master’s level and board-certified professional
who serves as a physician extender or midlevel provider with
specialization in all areas of nuclear medicine. The NMAA
performs duties and responsibilities in a manner consistent
with our mission, values, guiding principles, and Ameri-
can Heart Association/NMTCB service standards within
the scope of an NMAA practice (4). In the theranostics set-
ting (as in diagnostics), NMAAs work under the supervision
of a licensed physician and serve as an adjunct between
the physician and other health-care professionals
(including NMTs) to enhance patient care.

SNMMI-TS ADVOCACY THERANOSTICS
FUTURE PLANS

Engagement with the U.S. Nuclear Regulatory Commission
(NRC) and The Joint Commission (TJC)
It is immensely important to SNMMI-TS and the nuclear

medicine community that our regulators are aware of what
theranostics is. For this reason, in the fall of 2021, the
SNMMI-TS Advocacy Committee met with the U.S. Nuclear
Regulatory Commission staff to refine language on the NRC
webpage of what “nuclear medicine is and is not.” On that
same page, we proposed that the NRC include the following,
under common nuclear medicine procedures: “Theranostics
for targeted radioactive imaging and therapy for various can-
cers and diseases. Theranostics uses targeted imaging to tailor
patient treatment.”
Additionally, the SNMMI-TS Advocacy Committee em-

barked on a multiyear effort to oppose the further dilution
of the training and experience (T&E) requirements for
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unsealed byproduct materials (10 CFR part 35). In 2020,
NRC staff recommended that the Commission pursue regu-
latory changes to the T&E requirements for radiopharma-
ceuticals, moving to using solely board certification for deter-
mining and obtaining authorized user status. Specifically,
NRC staff indicated they planned to modify the board certi-
fication criteria to allow for additional medical specialty
boards, beyond nuclear medicine and radiation oncology,
to qualify for meeting the T&E requirements. In practice,
this would necessitate weakening the already robust, yet
flexible, board recognition criteria. Thankfully in January
2022, the Commission disapproved of their staff’s recom-
mendations, preserving the T&E status quo (5).
In the last year, NRC has been busy supporting novel posi-

tron emission tomography (PET) diagnostic radiopharmaceut-
icals and will play a direct role in creating regulations involv-
ing proposed rules on 82Rb generators and other new
emerging medical technologies (EMTs). The Commission
approved of their staff proceeding with rulemaking in January
2022 due to the anticipated increase in the number of EMTs
licensed by the NRC (6). As the use of medical applications
of radioisotopes continues to increase and new advancements
in medical technologies are expected, we anticipate that the
NRC will continue to be busy in this segment of radiopharma-
ceuticals. Proactively, to address these challenges, the NRC
staff recommended updating part 35 to establish generally
applicable, performance-based requirements for EMTs
that would focus on the essential, safety-related elements
necessary to ensure radiation safety for workers, patients,
and the general public. The revised regulation would also
include performance-based requirements for 82Rb genera-
tors, gamma stereotactic radiosurgery units, and 90Y micro-
spheres (7).
In the staff’s rule-making plan (7), “J radiotheranostics’

that merge molecular-targeted diagnostic imaging agents
with molecular-targeted radiopharmaceutical therapy” is an
example of new EMTs that currently would require licensing
under 10 CFR 35.1000. SNMMI and the SNMMI-TS Advo-
cacy will engage in providing comment to the proposed rule,
along with participating in stakeholder calls, during the 90-d
comment period in March 2023.
The support of not only the NRC, but also the Joint Com-

mission (TJC), a national accrediting body, is essential in
having NMTs fully participate in the delivery of theranos-
tics. There are currently regulations within the NRC that
allow the NMT to perform all actions of therapeutic radio-
pharmaceutical administration under the guidance of the
authorized user (8). The SNMMI-TS Scope of Practice and
Performance Standards (SOP) updated in 2022, as written,
allows the NMT to perform and participate in all elements
of theranostics care delivery (9). The SNMMI-TS Advo-
cacy Committee understands and further welcomes guid-
ance or rulemaking on the various NMT roles in radiophar-
maceutical therapies, in order for the technologist to be
properly supported, licensed, and prepared to safely deliver
all components of such therapies. Adjustment of policies

and standards are common when you evaluate the history of
NRC and TJC, and over the next 3–5 y it is reasonable to
see these changes happen with the support and collaboration
between these and other appropriate accrediting and govern-
ing groups.

State and Local Collaboration
SNMMI-TS Advocacy plays a significant role to ensure

that state rules and health-care facility policies allow NMTs
to practice to their standardized scope, practice standards, and
training. This oversight is pivotal in NMTs playing a fully
encompassing role in theranostics therapy. The SNMMI-
Technologist Advocacy Group Committee (TAG) has been
effectively collaborating throughout most of the states in the
United States (in addition to the District of Columbia and
Puerto Rico) to ensure that NMTs are properly licensed to
deliver all components of nuclear medicine in their published
SOP. Although this is an ongoing effort, today almost 80% of
our states license NMTs to practice to their training in their
respective states. As NMT roles expand with theranostics,
licensure will need to keep up with curriculum and scope of
practice changes. These changes will need to evolve and be
incorporated into state regulations to have NMTs participate
and lead in all aspects of theranostics therapy. This is a tall
task and one that will require consistent work by the TAG
and state governments, working together. The Advocacy
Committee will continue to use the SNMMI Model Prac-
tice Act (MPA) to equip states with legislative support
and a thorough understanding of the NMT scope, so proper
licensure and regulation are in place to support the evolving
skills needed to provide safe handling and administration of
radiopharmaceuticals used for theranostics. Furthermore, the
SNMMI-TS Advocacy Committee is currently considering
creating one MPA for the field by collaborating with organi-
zations such as the Conference of Radiation Control Program
Directors (CRCPD) and the Organization of Agreement
States (OAS).
Like the evolution of the NMT SOP, health-care facilities

themselves will also need to adjust their practices and deter-
mine what components of care they can transition from li-
censed nurses to NMTs. Hospitals have policies in place for
patient monitoring, patient management, and medication ad-
ministration. These are policies that will need to be evalu-
ated, reevaluated, and updated to allow NMTs to provide
full care to radiopharmaceutical therapy patients. Some of
this training will be done by continuing education units
(CEU), on the job training, and supplementary material from
certification boards and badging options described earlier.
The relationship and collaboration between nurses and
NMTs are essential to make sure that the technologists can
learn and practice in the safest and most patient-responsible
way. The action of training Radiology Technologists from
other health-care providers like nurses has historically been
successful in various scopes in thousands of hospitals and
clinics throughout the United States, and the transition to
NMTs performing all aspects of theranostics therapy under
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proper guidance and policy management will be no different.
With expected severe nursing shortages, the sharing and train-
ing is of utmost importance now, to ensure that access to
theranostics for patients is not compromised. The Advocacy
Committee plans to continue to engage with hospitals and
other health-care facilities to further the field of nuclear medi-
cine and NMTs to support the continued growth of theranos-
tics. This continued work and attention to licensure and regula-
tion should allow the NMT to stay front-and-center in
theranostics delivery and further create pathways for new
NMTs to get into the field and be available to support our
patients as the demand grows.

Incorporation of Theranostics into the Scope of Practice
Immediate recommended actions of the SNMMI-TS Advo-

cacy Committee include the continuous evaluation of the
SNMMI-TS NMT SOP, to be amended and revised to cover
all components of therapy. Some considerations that the advo-
cacy team are considering are adding the term theranostics to
the Technologist Qualified to Perform Nuclear Medicine Pro-
cedures section (9).

1. Under the supervision of an authorized user, the nuclear medi-
cine technologist is responsible for the safe use of ionizing and
nonionizing radiation and molecular imaging for diagnostic,
therapeutic, [theranostics,] and research purposes.

2. A certified nuclear medicine technologist is qualified to per-
form general nuclear medicine procedures, nuclear medicine
therapy, [theranostics,] nuclear cardiology procedures, nuclear
breast procedures, PET procedures, and CT attenuation correc-
tion and localization, and administer radioactive, adjunctive,
and imaging medication at entry-level.

Adding theranostics into the SOP achieves the goal of ex-
posing the NMT profession and scope to the rapidly emerg-
ing field and places the practice standards and scope at the
forefront of the NMT’s ability to have a fully inclusive
role in this therapy delivery. As NMT curricula expand and
training increases to fully encompass all components of the
delivery of theranostics by the NMT, the SOP will continue
to expand and become more specific to each element.
The Advocacy Committee is also looking to amend the

MPA for nuclear medicine technology and to add the thera-
nostics definition to the document to start exposing states to
the NMT role in these therapies. As NMT education and
training expand, so will the MPA, referencing all tasks that
the NMT should be allowed to conduct while providing
theranostics therapy care to patients.

CONCLUSION

The NMT profession is evolving at a rapid pace. How
will current nuclear medicine technologists prepare for these
new roles? Because of their position, their education, and

the respect they have earned, NMTs are well-positioned to
take an active lead in theranostics growth and advancement.
NMTs need to initiate the conversation for policy and

process changes locally, with their clinic leaders and the
local governments, so they can start building a stake in this
exciting emerging therapy available to our patients in the
United States. NMTs leading and being fully contributing
members to the interdisciplinary theranostics teams may
require some NMTs to step out of their comfort zone and
gain more training, but this effort will not only allow the
NMT scope and profession to expand but also lead to a sig-
nificant improvement in patient access for these integral
therapies.
The work by SNMMI and SNMMI-TS over the next sev-

eral years will be to continue to build on and further launch
a comprehensive theranostics awareness campaign to high-
light its importance as a professional growth pathway and
encourage NMTs to be front-line health-care providers in
the delivery of all radiopharmaceutical therapies. These
steps forward will require collaborative work among health-
care professionals and various departments in health care
and will ultimately help patients have better access to the
care that they require to live better and longer lives.
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Surgical resection followed by radioactive iodine (131I) therapy
constitutes a standard treatment for differentiated thyroid cancer.
131I is normally excreted through the kidneys, and treatment of
patients with end-stage renal disease on hemodialysis requires
special attention to the dose of 131I, the timing of dialysis, and
radiation safety. We present a case of end-stage renal disease in
a postthyroidectomy patient on hemodialysis who required radio-
active iodine ablation, and we review the literature.
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Thyroid carcinoma is the most common endocrine ma-
lignancy, and surgical resection followed by radioactive
iodine (131I) administration for ablation or therapy is a stan-
dard treatment for differentiated thyroid cancer (DTC) (1).
131I is administered to a patient and absorbed by the thyroidal
tissue, and most of the remaining circulating 131I is cleared
by the kidneys. The clearance of circulating 131I is sig-
nificantly reduced in patients with chronic kidney disease
(CKD), resulting in a prolonged effective half-life and poten-
tially resulting in an increased patient radiation exposure,
particularly to the bone marrow (2). Clearance of 131I in
patients with CKD is achieved via dialysis, which can be
either peritoneal dialysis or hemodialysis. But the use of
dialysis in a patient administered 131I poses various ques-
tions, such as those concerning the dose of 131I, the timing
of dialysis, and radiation safety precautions. The literature on
the treatment of DTC with 131I in patients with CKD con-
sists of only a few case reports, with no formal guidelines.

We present a review of the literature followed by a descrip-
tion of our case.

REVIEW OF LITERATURE

The incidence of cancers, including DTC, is relatively
higher in patients with end-stage renal disease than in pa-
tients with normal renal function. A few of the postulated
reasons are the increasing use of neck ultrasonography for
parathyroid imaging, the higher prevalence of DTC in pa-
tients with high parathyroid hormone levels, and the higher
survival rate of end-stage renal disease patients undergoing
hemodialysis (3–5).
CKD causes prolonged excretion of 131I, resulting in com-

paratively higher side effects such as sialadenitis, xerosto-
mia, and marrow depression (6). Therefore, the hemodialysis
session needs to be adjusted to ensure maximal thyroidal
uptake and a minimal extrathyroidal concentration, thereby
maximizing the therapeutic effect and minimizing the short-
and long-term radiation effects.

DOSE OF 131I

Two general approaches to determining the dose of 131I
in patients with thyroid cancer are either to give the empiric
dose or to perform dosimetry. Individual dosimetry for cal-
culation of the maximum tolerable dose of 131I takes into
consideration a patient’s variables such as the volume of
the thyroid remnant, metastases, renal dysfunction, TSH
levels, and the dialysis schedule. But the process is cumber-
some, and one needs to ensure that no changes in variables
occur between dosimetry and therapy.
The American Thyroid Association guidelines recom-

mend use of 131I in patients with intermediate- and high-
risk DTC with the intent of ablative treatment, adjuvant
treatment, and treatment of metastatic disease (7). Howard
et al. calculated that the effective half-life of 131I was 4.5
times higher in patients on hemodialysis than in patients
with normal renal function, and the investigators reduced
the dose of 131I (8). This finding was supported by other
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investigators too (9–11). However, some other investigators
recommended increasing the 131I dose, as they found faster
clearance of 131I in CKD patients during dialysis sessions
and reduced effectiveness of a lower dose (12,13).
Another factor important for effective treatment with 131I

is the prior stimulation of thyroid cancer cells with raised
levels of thyrotropin (thyroid-stimulating hormone [TSH]),
which can be achieved either via withdrawal of thyroxine
supplementation for 3–4 wk or via intramuscular injection
of recombinant human TSH. Vermandel et al., in their study
of 6 DTC patients with end-stage renal disease, gave a sin-
gle 0.9-mg dose of recombinant human TSH 48 h before
131I administration to avoid prolonged and excessive TSH
levels instead of giving the standard 2 doses (10). Both thy-
roxine withdrawal and recombinant human TSH are effi-
cient in increasing TSH levels in patients with end-stage
renal disease and have no major side effects. Unfortunately,
the data are insufficient to comment on whether one method
is to be preferred over another.

DIALYSIS

Inorganic iodine is cleared via the kidneys, and in CKD,
the 131I excretion is further hampered by increased levels of
stable iodine in the body. Clearance of 131I is 4–5 times
higher through hemodialysis than renally (14), making plan-
ning of the dialysis sessions crucial so as to allow 131I to be
present in a dose sufficient for it to have a therapeutic effect
before it is removed by hemodialysis.
To avoid any emergency need for immediate hemodialy-

sis between the planned timings and to achieve an optimum
therapeutic effect for 131I, patients should undergo dialysis
immediately before the administration of 131I.
The timing of dialysis after administration of 131I differs

in various case reports (Table 1). Ideally, after radioiodine
administration, the first dialysis should be done after 131I
uptake maximizes in the remnant thyroid tissue or malignant
cells. Patients on hemodialysis have shown 6% and 10%
uptake of 131I in the thyroid remnant at 24 and 48 h, respec-
tively (8). Thus, waiting for 48 h before the first dialysis ses-
sion seems appropriate, and dialysis before 48 h may lead to
undertreatment. However, if the dose is kept the same or
increased, the first dialysis session may begin early, which in
most case reports is within 24 h after dose administration.

TOXICITY

Vermandel et al. retrospectively calculated the radiation
dose to bone marrow in 6 postthyroidectomy patients with
renal dysfunction, treated with 131I. The mean estimated
dose to the bone marrow was 0.992 Gy for all patients, with
no significant hematologic toxicity seen in any of them (10).
Mello et al. reported a fall in hemoglobin levels after a
second treatment of 3,700 MBq (100 mCi) of radioiodine
requiring a blood transfusion, though the duration for
which the fall in hemoglobin level was seen after 131I was
not specified (12). Mild sialadenitis and bilateral neck

pain below the ears has also been reported after 131I treat-
ment (9,15).

RADIATION SAFETY

Hemodialysis can be performed safely after radioiodine
administration and should be done with appropriate shield-
ing. In addition to the standard safety precautions that are
followed after radioiodine therapy, additional measures were
described by other authors, such as providing lead aprons to
all personnel attending the patient, maintaining a distance
of 2 m between technicians and patients, or having the
dialysis technician sit outside the lead-shielded room with
the door left ajar (16,17). Mello et al. used a lead shield
between the patient and the dialysis technician; each
member of the technical staff was changed after spending
2 h with the patient (12). None of the authors reported
any significant exposure to the personnel or contamina-
tion of the dialysis machine or room.
Therefore, special precautions should include keeping an

adequate distance and shielding between the patient and the
technician, providing protective wear to the attending per-
sonnel, covering the room with absorbent sheets, and dis-
posing of the dialysate directly into the sewer system. More
than one technician and nurse may be used, to reduce the
radiation exposure. After 3–4 such dialysis sessions after
radioiodine administration, the patient can undergo dialysis
in the usual manner.

CONTINUOUS AMBULATORY PERITONEAL
DIALYSIS (CAPD)

Experience with using CAPD in such a setting is even
more limited. In CAPD, excretion of iodine is a slow, con-
tinuous process, at approximately one third the rate of
normal renal excretion. Similar to hemodialysis, CAPD re-
quires reduction of the dose of 131I (18). Toubert et al.
administered 814 MBq (22 mCi) of 131I instead of the usual
3,700-MBq (100 mCi) dose in a patient with follicular thy-
roid carcinoma (19). Wang et al. recommended oral admin-
istration of 131I after 1 session of CAPD followed by 3 more
courses of CAPD, each performed at an interval of 6 h. The
investigators even preferred CAPD to hemodialysis because
of the ease with which radiation contamination of the envi-
ronment could be prevented, as the collected dialysate could
be allowed to decay (20).

CASE REPORT

The patient was a 35-y-old hypertensive man with CKD
secondary to chronic tubulointerstitial nephritis. He had
been on alternate-day hemodialysis for the past year and
had presented with left-sided neck swelling 6 mo previ-
ously. Neck ultrasonography revealed a small, 9 3 7 mm,
hypoechoic nodule with microcalcifications in the left lobe
of the thyroid gland and multiple enlarged level III and IV
cervical lymph nodes on the left side. After inconclusive
cytology results for the thyroid nodule, a biopsy sample
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from the left cervical lymph node revealed metastatic papil-
lary carcinoma of the thyroid. Within 1 mo, he underwent
total thyroidectomy with central and lateral neck dissection.
Histopathologic examination revealed a multifocal papillary
carcinoma of the thyroid (maximum tumor dimension,
#2.3 cm), with lymphovascular invasion and without extra-
thyroidal extension. Twenty-six of the 42 lymph nodes dis-
sected were positive for metastatic disease (T2 N2b Mx),
putting him in an intermediate risk category according to
the American Thyroid Association (7).
For preparation, the patient was asked to withhold the

thyroxine supplementation for 4 wk. His TSH level rose
to 50 mIU/mL, and his stimulated thyroglobulin level was

132 ng/mL, with normal antithyroglobulin levels. A low-
dose whole-body 131I scan done with 44.4 MBq (1.2 mCi)
showed that the thyroid bed tracer uptake was likely a thy-
roid remnant (Supplemental Fig. 1; supplemental materials
are available at http://jnmt.snmjournals.org).
A patient with normal renal function in an intermediate

risk category would have received a dose of 3,700 MBq
(100 mCi) of 131I for ablation of the thyroid remnant and
as adjuvant treatment. For our patient, after a literature
review and a discussion by the tumor board, the dose of
131I was reduced to 50% (1,850 MBq [50 mCi]) to maxi-
mize the effect and reduce the radiation exposure to normal
tissues.

TABLE 1
Summary of Literature on Hemodialysis in Patients with CKD After Radioiodine Therapy (n 5 23)

Study Age (y) Cancer Dose (mCi)* Time of dialysis Conclusion of studies

Vermandel (10) 67 PTC 60 42, 90 h Use 30% reduction in dose
for ablative and adjuvant
treatments; for metastatic
disease, dosimetry should
be done; first dialysis 42 h
after dose

47 PTC 77, 82
63 PTC 61
63 PTC 50
29 PTC 60
71 VC 101

Daumerie (11) 42 PTC 25 in 2 sessions
6 mo apart

2, 5, 7 d Administer 25% of
prescribed activity; first
dialysis 24 h after dose

62 PTC
27 PTC

Jim$enez (16) 42 PTC 75 Daily for 5 d Use dosimetry to determine
dose; dialysis every day for
5 d

51 PTC 87
34 PTC 120

Holst (9) 40 PTC 98 2, 3, 4 d Use 21%–28% of dose;
dialysis at days 2 and 4

Mello (12) 42 PTC 100 41, 98 h Use dosimetry to determine
dose

Sinsakul (17) 43 PTC 100 20 or 24 h Perform dialysis 2–24 h after
dose

56 PTC 157
Culpepper (14) 56 FTC 129 24, 43, 66 h None
Howard (8) 34 PTC 80 — Administer 22% of empiric

dose; dialysis 48 h after
dose

Morrish (13) 36 PTC 50, 120, 150,
250 over 4 y

24–48 h Use significantly larger 131I
dose; first dialysis 48 h
after dose

Magne (21) 43 PTC 50 1, 3, 6 d Increase dose up to 25%
Gallegos-Villalobos (22) 51 PTC 100 1, 2 d; administer

same dose with
normal renal function

Administer same dose with
normal renal function; use
2 subsequent dialysis
sessions daily

52 PTC 100
Bhat (23) 49 PTC 50 15, 27, 43 h None

*1 mCi 5 37 MBq.
PTC 5 papillary thyroid carcinoma; VC 5 vesicular carcinoma; FTC 5 follicular thyroid carcinoma.
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On the day of therapy, the patient underwent dialysis in
the morning and received a 131I dose of 1,850 MBq
(50mCi) after 2 h (day 0). This was followed by dialysis at
48, 72, and 96 h. The whole-body radioactivity was mea-
sured at the stomach level with the patient standing, using
an ionization chamber-based gun monitor (Ram Ion; Rotem
Industries) at a distance of 1 m. The whole-body radioactiv-
ity was measured at various time intervals and after each
session of dialysis (Supplemental Fig. 2). A reduction in
whole-body radioactivity by 69% was achieved after the
first dialysis session. The findings were consistent with the
literature, which showed clearance in the range of 50%–
80% (9,16).
A posttherapy whole-body iodine scan after 5 d showed

tracer uptake in the thyroid bed region—the same region as
seen on the low-dose diagnostic scan. The patient was dis-
charged 4 d after radioiodine administration, with an expo-
sure rate of about 3 mSv/h measured at the stomach level at
a distance of 1 m. The patient remained asymptomatic on
follow-up; at 6 wk after 131I therapy, there was no change
from baseline in his white blood cell count (5,300 vs. 5,240
cells/mm3) or hemoglobin level (8.2 vs. 8.4 g/dL).
Under the supervision of a radiation safety officer, the

patient underwent dialysis in the nephrology department at
the end of the day when there were no other patients in the
room, because our hospital did not have a portable dialysis
facility or a separate dialysis room with shielding. (Under
normal conditions, more than 4 patients at a time undergo
dialysis in the same room.) Care was taken to avoid any
blood or fluid spills and contamination. The floor near the
patient bed was covered with absorbent sheets. During the
4-h hemodialysis procedure, the technician wore all the nec-
essary protective clothing (shoe covers, gloves, face mask,
and lead apron). All personnel attending the patient, includ-
ing the dialysis technician, were given a pocket dosimeter
(Rad-60S; Rados; Mirion Technology) for real-time monitor-
ing of the exposure rate. The dialyzer, blood lines, absorbent
sheets, and linen used during the procedure were collected in
polyethylene sheets and allowed to decay in the radioactive
waste storage room of the isolated 131I therapy ward. The
dialysate drain line was connected to the sewer system. After
the dialysis, the hemodialysis machine was put on rinsing
mode to eliminate any 131I contamination, though no contam-
ination was observed in the hemodialysis machine when
checked with a Geiger–M€uller counter (Ram Gene-1; Rotem
Industries). The total dose received by the patient’s attendant
and dialysis technician was 37 and 16mSv, respectively—far
below the permissible levels.
The patient showed a decline in stimulated serum thyro-

globulin level to 5 ng/mL, with a TSH level of 60mIU/mL,
after 6 mo of follow-up. The low-dose 131I scan showed res-
olution of the previous tracer uptake in the thyroid bed
(Supplemental Fig. 3), and the patient was followed on
suppressive thyroxine doses, with a target TSH level of
0.1–0.5 IU/mL.

CONCLUSION

Treatment of thyroid cancer with radioiodine therapy in
patients with renal dysfunction on maintenance hemodialy-
sis can be performed safely by following a standardized
radiation safety protocol and with the combined efforts and
coordination of the nuclear medicine physician, nephrolo-
gist, radiation safety officer, and dialysis team. The literature
on the treatment of DTC with 131I in patients with CKD co-
nsists of only a few case reports with variable experiences
and recommendations. Therefore, more literature and sys-
tematic prospective studies are required to formulate stan-
dard procedure guidelines.
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KEY POINTS

QUESTION: What parameters can be suggested for dose
requirements, timing of dialysis, and special radiation
safety protocols in CKD patients requiring radioactive
iodine?

PERTINENT FINDINGS: A multidisciplinary approach
involving the endocrinologist, nuclear medicine physician,
nephrologist, radiation safety team, and dialysis team is
required for management of these cases.

IMPLICATIONS FOR PATIENT CARE: Fifty percent of an
empiric 131I dose followed by dialysis at 48, 72, and 96 h
was used in our intermediate-risk DTC patient on
maintenance hemodialysis.
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Radioiodine therapy has been widely used for ablation of remnant
tissue after surgical treatment of differentiated thyroid carcinoma
(DTC). Internal dosimetry provides a new approach to choosing
the administered activity—an approach that considers the distri-
bution and retention of 131I individually per patient. This study
used clinical techniques of internal dosimetry to assess the accu-
mulated activity, internal bone marrow dosimetry, and effective
half-life in patients undergoing treatment for DTC. Methods: This
was a quantitative, retrospective study analyzing diagnostic docu-
ments and images. The internal dosimetry method calculated the
dose absorbed by the bone marrow per administered activity of
131I. Calculation of the absorbed dose took into account the accu-
mulated activity, which was obtained through measurements of
whole-body images acquired at 4 intervals over 5d. Results: The
median dose absorbed by the bone marrow per administered
activity was 0.117 mGy/MBq (range, 0.043–0.152 mGy/MBq).
The median whole-body residence time was 22.0 h (range,
12.6–39.4h). The median effective half-life was 15.6 h (range,
7.6–28.2 h). Conclusion: Internal dosimetry provides information
relevant to safe dose limits for DTC radioiodine therapy, espe-
cially in advanced cases of the disease for which greater activi-
ties may be necessary.

Key Words: nuclear medicine; dosimetry; radiometry; thyroid gland
neoplasms; iodine radioisotopes
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Thyroid cancer is the most common cancer of the head
and neck region and affects 3 times as many women as men.
The most indicated treatment for differentiated thyroid carci-
noma (DTC) is partial or total thyroidectomy, complemented
by radioactive iodine therapy (1). This treatment is indicated
because DTC and its metastases maintain the biologic charac-
teristics of a healthy thyroid, including the expression of
sodium iodide transport protein, the main cell responsible for
specific iodine uptake (2). Thus, radioiodine therapy is indi-
cated for ablation of remaining tissue that is not resected or
is incompletely resected. For thyroid disease, 131I-NaI is cur-
rently the most common radionuclide treatment (3).

In ablation of remnant thyroid tissue after surgery, the activ-
ity of 131I-NaI usually prescribed is between 1 and 5 GBq in a
single administration and may be higher in more advanced
cases of the disease (2). These amounts of activity have been
selected empirically, with no consensus, varying between
authors and nuclear medicine centers that perform this thera-
peutic procedure (4).
When fixed activities are considered, the accumulated

activity, and hence the absorbed dose, is not thought to
change considerably from patient to patient. The character-
istics that alter iodine distribution are age, sex, renal func-
tion, and injury extent, among others (5). The administered
activity is individualized through therapeutic planning using
dosimetric procedures. Internal dosimetry provides informa-
tion on the distribution of iodine in a patient’s body, allow-
ing estimation of the activity to be used and preventing the
biologic effects of ionizing radiation (6).
This study assessed accumulated activity, internal bone

marrow dosimetry, and effective half-life using clinical
internal dosimetry techniques in patients undergoing treat-
ment for DTC.

MATERIALS AND METHODS

The study retrospectively assessed pretherapeutic internal dosim-
etry in 5 patients who were diagnosed with DTC and were under-
going total or quasi-total thyroidectomy. Dosimetry was used as a
strategy to plan radioiodine therapy for ablation of remnant tissue
and metastases. The study was conducted in a private nuclear med-
icine service in southern Brazil. The research was submitted to
a Brazilian ethics committee for evaluation, receiving approval
3.988.505. Written informed consent was obtained from each
patient before participation in the study. Three internal dosimetry
techniques were available for radioiodine therapy, one or all of
which could be chosen, depending on the indication: bone marrow–
based dosimetry, lung-based dosimetry, or organ-based dosimetry.
All used diagnostic images to determine the accumulated activity.
Preparation of patients for dosimetry reproduced preparation for

therapy: restriction of foods that contain iodine, and suspension
of medications and preparations that contain iodine (up to 4 wk).
In 4 cases, hormonal suspension was performed, and in one case,
recombinant human thyroid-stimulating hormone was used. A
choice between the 2 methods was needed because of the need to
reproduce the anticipated therapy method. Some authors have
shown that residence time can be different between hormone
withdrawal and the use of recombinant human thyroid-stimulating
hormone (7,8).

Received Nov. 30, 2021; revision accepted Jun. 8, 2022.
For correspondence or reprints, contact Tatiane Sabriela Cagol Camozzato

(tatiane@ifsc.edu.br).
Published online Jun. 14, 2022.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

INTERNAL DOSIMETRY BEFORE RADIOIODINE % Oliveira et al. 233



Acquisition of Whole-Body Images
An oral 131I-NaI solution with 74 MBq of activity was adminis-

tered. The activity was measured with a CRC-15R radioisotope
dose calibrator (Capintec, Inc.). Afterward, whole-body conjugate
images were acquired using a Symbia T2 SPECT/CT g-camera
(Siemens). The equipment has 2 detectors with a 15.875-mm (5/8 in)
NaI:Tl crystal and is equipped with high-energy collimators, which
are required because of the photon energy of 131I (364 keV). The
acquisition mode was a whole-body scan, and the table speed was
12 cm/min.
Four images were acquired, one each at 2, 6, 48, and 120 h after

tracer administration, with the patient not emptying the bladder
before the first image. Thus, the whole-body count of the 2-h image
was considered to be 100% of the administered activity.
For image acquisition, the triple-energy-window method was used

to correct the scatter due to 131I g-radiation energy and use of a high-
energy collimator (9,10). With 3 energy windows simultaneously,
the 15% main window was centered on the 364-keV (range,
336.7–391.3 keV) photopeak and 2 windows of 6%, one below
and one above the main window, at 314.9–336.7 keV and
391.3–413.1 keV, respectively.

Data Processing
The acquired images were exported in DICOM format and

assessed in ImageJ processing software (National Institutes of
Health). Each acquired image series, per interval, consisted of 6
images: anterior and posterior, scattering in the inferior anterior and
posterior windows, and scattering in the superior anterior and poste-
rior windows. In each image, a region of interest was drawn outlin-
ing the patient’s whole body. For the region of interest, the total
counts were measured and the values were recorded as Cpp,ant,

Cpp,post, Cls,ant, Cls,post, Cus,ant, and Cus,post (where C is total counts,
ant is anterior, post is posterior, pp is photopeak, ls is lower scatter
window, and us is upper scatter window) as shown in Figure 1.
The triple-energy-window scatter fraction determination is

described in Equation 1, considering the measured counts for images
with the energy window shifted below (Cls) and above (Cus) (9):

Cscatter5
Cls

wls
1
Cus

wus

# "
Wpp

2
, Eq. 1

where Wpp is the width centered on the photopeak window, Wus is
the width of the lower window, and Wup is the width of the upper
window.
The total count is the result for the image counts, with the main

energy window (Cpp) subtracted from the total scattering (Cscatter)
(2). Both counts are the geometric mean of the anterior and poste-
rior projections:

Ctotal5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cpp, ant :Cpp, post

p
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cscatter, ant:Cscatter, post

p
: Eq. 2

Accumulated Activity Determination
The total counts for each image set (at 2, 6, 48, and 120 h) were plot-

ted on a chart, and the time–activity curve was determined. The curve
adjustment results in an equation of the double-exponential format:

Activity tð Þ5Ae2at1Be2bt, Eq. 3

where A, B, a, and b are curve adjustment coefficients; t is time;
and e is Euler's number (a numerical constant).
The accumulated activity (~A) is the total number of disintegra-

tions over a period and is determined by activity integration by
time (Eq. 4). In the activity chart by time, the accumulated activity
is determined by the area below the curve:

~A5

ð1
0
A tð Þ dt5

ð1
0
Ae2at1Be2bt dt: Eq. 4

Alternatively, the concept of residence time can be used, as well
as the accumulated activity per administered activity.

Absorbed Dose Estimation
The absorbed dose to the bone marrow is calculated by an adapta-

tion of the European Association of Nuclear Medicine protocol (11)
in which a sample of blood is not used. The assessed compartment
is blood, considering that the activity concentration in blood and
bone marrow is similar (12). For this symmetric approach, 2 compo-
nents are assessed: blood self-irradiation and blood irradiation by
131I concentration in the whole body. The absorbed dose to the bone
marrow per unit of activity administered is defined by the sum of
these 2 components:

Dblood

A0
5Sblood blood : tbloodðhÞ1Sblood body: tbodyðhÞ, Eq. 5

where D is the absorbed dose, A0 is the
administered activity, S is the mean
absorbed dose per unit of accumulated
activity, and t is residence time. The
Sblood blood value, using b-radiation decay,
is 108 Gy"mL/GBq"h. The component for
the dose coming from the whole body,
Sblood body, is 0.0188"m22/3 Gy/GBq"h,
which depends on the body mass (m) (11).
S values replaced in Equation 5 are
described in Equation 6:

Dblood

A0

Gy
GBq

# "
5108

Gy
GBq " h

# "
: tmL blood hð Þ

1
0:0188 Gy "kg

GBq "h
% $

m2=3 ðkgÞ : tbodyðhÞ:

Eq. 6

The first component, Dblood blood, is tra-
ditionally measured by the blood sample

FIGURE 1. Measurement of regions of interest of set of anterior and posterior conju-
gate images and their respective images for scattered radiation correction.
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density counts over time (11). In 2009, H€anscheid et al. (13),
through the considerations initially made by Thomas et al. in 1993
(14), proposed determination of Dblood blood exclusively through
analysis of body residence time, that is, blood residence time is
determined indirectly. In their studies, blood residence time repre-
sents 14% 6 3% of body residence time. Therefore, the proposed
relationship can be expressed as follows:

tml blood hð Þ5 0:14
BV ðmLÞ : tbody hð Þ, Eq. 7

BV, the blood volume in milliliters, is expressed in Equation
8 for men and in Equation 9 for women (15):

BV531:9 " h126:3 " m22, 402 Eq. 8

BV556:9 " h114:1 " m26, 460, Eq. 9

where h is height in centimeters and m is mass in kilograms.
Equations 6 and 7 can be combined and expressed as Equation

10, which was used to determine the total absorbed blood dose:

Dblood

A0

Gy

GBq

# "
5

15:12 Gy"mL
GBq"h

% $
BV ðmLÞ 1

0:0188 Gy "kg
GBq "h

% $
m2=3 ðkgÞ

24 35
: tbody hð Þ: Eq. 10

Comparatively, Dblood/A0 (dose in blood per administered activ-
ity) was calculated using OLINDA/EXM, version 1.0 (Vanderbilt
University). In the software, 131I was selected as the radionuclide,
and the phantom was chosen between a woman and a man. In bio-
kinetic data entry, body residence time was used for the whole
body (total body/remainder of body), and blood residence time was
used for the bone marrow (red marrow); however, because blood
residence time was calculated to 1 mL, it was necessary for it to be
multiplied by the organ mass. For the phantom used, the bone mar-
row mass was 1,300 and 1,120 g for women and men, respectively.

Maximum Activity
Bone Marrow. The maximum activity is determined by Equa-

tion 11. A maximum dose of 2 Gy was used, considering the bone
marrow as the target organ. Bone marrow is the critical organ in
radionuclide therapy. In dosimetry studies, alterations in the hema-
topoietic system have been observed in a subgroup that received
doses higher than 2 Gy to the bone marrow (16).

Amax GBqð Þ5 2 ðGyÞ
D ðGy=GBqÞ : Eq. 11

The maximum activity was also evaluated for a maximum dose
of 1.3 Gy, considering the uncertainties in the measurement method
without the use of a blood sample (13).
Lung. When there was diffuse pulmonary metastasis, the maxi-

mum administered activity was determined with consideration that
lung activity after 48 h is not higher than 2.96 GBq (17–19). A region
of interest was drawn for the lungs, and count density was measured

in the conjugated images and applied to the scattering correction as
the whole-body region of interest. Count density in the lungs after
48 h (Clung,48 h) was compared with the whole-body density counts of
the 2-h image (Ctotal,2 h):

Clung, relative 5
Clung,48 h

Ctotal,2 h
: Eq. 12

The maximum activity of administered 131I-NaI to prevent radi-
ation effects is determined as follows:

AmaxðGBqÞ5 2:96 ðGBqÞ
Clung,relative

: Eq. 13

Effective Half-Life
The activity concentration in a patient’s body depends on the phys-

ical and biologic half-life of 131I. The physical half-life is 8.02 d,
whereas the biologic half-life varies with the individual, depending
on multiple variables. Through analysis of accumulated activity, the
activity curve as a function of time was calculated for each patient.

Organ-Based Dosimetry
To compare the bone marrow toxicity limit with the activity

needed to treat a thyroid remnant, one patient was selected for
dosimetry based on the injury. The absorbed dose in the organ
was compared with the administered activity using the total-vol-
ume dosimetry method (20,21).
The SPECT/CT acquisition for dosimetry used 60 projections

(30/detector), 6 steps, 60 s, a 128 3 128 matrix, and a triple-energy
window. Iterative ordered-subsets expectation maximization was
used for reconstruction, with 10 iterations and 5 subsets.
Partial-volume effect correction was experimentally determined

using an image-quality International Electrotechnical Commission
61675-1 simulator. Spheres that were 28.7, 16.8, 8.6, 3.6, 2.1, and
1.1 mL in volume were filled with a constant 131I concentration,
and the recovery coefficient was projected. The recovery coeffi-
cient determines the correlation between differences in the actual
and measured values of both activity and volume:

RC5
A½ $measured

A½ $actual
5

v0
va

5
cm
c0

, Eq. 14

where RC 5 recovery coefficient, [A]measured is the measured activ-
ity concentration, [A]actual is the actual activity concentration, v0 is
the object’s actual volume, va is the apparent volume, cm is the
measured count density, and c0 is the actual count density. The
apparent volume was measured in the image, with a volume of
interest positioned on the structure with a threshold of 5%, and
determined as follows:

va5vvx
C

cmax
, Eq. 15

TABLE 1
Variables for Internal Dosimetry Cases

Patient no. Sex Age (y)
Height
(cm)

Weight
(kg)

Body mass
index

Blood volume
(mL)

Residence time per mL of blood (h)

Body Blood

1 F 50 161 59 22.8 3,532.8 22.1 0.00088
2 M 71 182 76 22.9 5,402.6 39.4 0.00102
3 M 36 187 95 27.2 6,061.8 12.6 0.00029
4 M 28 178 82 25.9 5,432.8 19.3 0.00050
5 F 29 165 57 20.9 3,732.2 22.0 0.00083
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where vvx is the voxel volume, C is the count density measured in
volume of interest, and Cmax is the highest-intensity voxel count
density.
The accumulated activity is determined by assessing the 131I

concentration over time by means of a sequence of SPECT images
used in bone marrow dosimetry. The activity for each image series
is determined as follows:

Ai5
C30

«f30
, Eq. 16

where Ai is the activity measured for each interval, C is the total
count with a threshold of 30% of the image, f30 is the measurement
correction factor in a threshold of 30% to 5%, and « is the activity
calibration factor per count (MBq/count) experimentally determined
for imaging equipment with a volume with known activity. f30 is
needed to use a 30% threshold for target area measurement, avoiding
the interference of background radiation in the target volume.
Equation 17 describes the absorbed dose in the sphere, as deter-

mined by the product sphere residence time. S value is calculated
for the actual sphere volume corrected by tissue density: S 5
0.110"vsphere20.974 Gy/MBq"h and r 5 1.05 g/cm3 (20).

D

A0
5 tsphere : Ssphere sphereðvsphereÞ=rthyroid Eq. 17

vsphere5RCva : va: Eq. 18

RESULTS

Internal dosimetry had, as an indication, cases of advanced
disease and cases in retreatment with suspicion or confirma-
tion of metastases. Table 1 lists the sex, age, height, mass,
body mass index, and estimated body blood volume of the
assessed group, as well as total-body residence time and
blood residence time. The residence time for the whole body
was a median of 22.0 h.
Count density behavior over time is illustrated in Figure 1.

Figure 2 illustrates the time–activity curve of the assessed
group. Curve adjustment coefficients were obtained through
the fit-data application of OLINDA/EXM.

Bone Marrow–Based Dosimetry
Dose in blood per administered activity was determined

with body residence time and blood residence time using an
adaptation of the European Association of Nuclear Medicine
protocol without blood sampling (Eq. 10) and OLINDA/
EXM. The methods did not significantly differ when ana-
lyzed by a paired t test (P 5 0.564).
Figure 3 compares OLINDA/EXM and the European

Association of Nuclear Medicine protocol. The individual
and maximum doses in blood per administered activity,
considering red bone marrow toxicity of 2 Gy and 1.3 Gy,
are expressed in Table 2.
Table 3 presents the time required for decay of half or a

quarter of the initial activity, both effective and biologic. The
median time of the first effective half-life was 15.6 h (range,
7.6–28.2 h), and the second half-life was 12.8 h (range,

FIGURE 2. Time–activity fitted curves for assessed patients.
P1–P55 patients 1–5.
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FIGURE 3. Comparison of absorbed dose by activity calculated
by OLINDA/EXM and EANM.

TABLE 2
Maximum Activity for Assessed Case Group

Patient
no.

Dose in blood
per administered
activity (mGy/MBq)

Maximum activity (GBq)

Limit,
2 Gy

Limit,
1.3 Gy

1 0.122 16.39 10.66
2 0.152 13.20 8.58
3 0.043 46.72 30.37
4 0.073 27.42 17.82
5 0.117 17.09 11.11

TABLE 3
Effective and Biologic Times for Half and Quarter of Initial

Activity of 131I

Patient
no.

Effective (h) Biologic (h)

Half Quarter Half Quarter

1 16.1 28.9 17.6 31.3
2 28.2 53.1 33 61.6
3 7.6 13.1 7.9 13.6
4 12.5 23.2 13.3 24.7
5 15.6 29.5 16.9 32
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5.5–24.9 h). Patient 3 was prepared with recombinant human
thyroid-stimulating hormone.

Lung Dosimetry
One patient had pulmonary metastasis. Relative count

density in the lungs was 0.0246; that is, after 48 h, 2.46%
of the iodine concentration was retained in the lung com-
pared with the whole-body measurement measured in the
2-h image. Therefore, the maximum calculated activity was
120.5 GBq. Maximum activity based on dose limits in bone
marrow and lung were compared, with the lowest prevail-
ing. The dosimetry for this case, considering the dose limit
of 2Gy in the bone marrow, determined the maximum
activity of 27.4 GBq. Thus, the limit for the bone marrow
was prioritized.

Organ-Based Dosimetry
The activity ratio measured by the actual activity desig-

nated as recovery coefficient is expressed in Figure 4.
The dosimetry for one patient (patient 5) in the studied

group was assessed. The injury was characterized as
remaining tissue in the thyroid bed, illustrated in Figure 5A.
The volume was estimated at 1.9 cm3. Factor f30 was deter-
mined at 0.59 for a point source illustrated in Figure 5A,
and the equipment « calibration factor was calculated at
15,604 counts/MBq. The residence time was calculated at
0.995 h; the time–activity curve is expressed in Figure 5B.
Through residence time, volume, and S value, the dose
absorbed by the organ per unit of 131I administered was
0.0584 Gy/MBq, calculated by Equation 17. Considering
the dose of 300 Gy necessary to ablate
the remaining thyroid tissue, proposed
by Maxon et al. (22), the administered
activity required to reach this dose
threshold would be 4.89 GBq. The
maximum 131I activity to prevent bone
marrow toxicity in this patient was
11.11GBq (Table 3).
Determination of small volumes is

limited by the spatial resolution of the

system. The spatial resolution at full width at half maximum
was 13.6 mm, obtained by axial reconstruction of a point
source of 131I. Figure 6 shows the result from the acquisition
of a cylinder with a volume of 22 mL and 0.74 MBq of
131I with the described protocol. The apparent volume was
23.47mL, with a difference of 6.3% from the actual volume.
In Figure 6, the smallest volume of interest (VOI) represents
the actual volume, and central VOI and biggest VOI are the
apparent volumes measured with thresholds of 5% and 30%,
respectively.

DISCUSSION

Preparation for dosimetry should be the same as for ther-
apy to ensure reproducibility of 131I-NaI distribution (11).
The patient must not have undergone imaging examinations
with the use of iodinated contrast for a period of 6–8 wk (23).
The patient’s metabolic status must be the same for dosime-
try as for therapy, as metabolic status affects renal function
and, thus, clearance rate and residence time (19,24).
The activity for dosimetry is small in comparison with

the activity for therapy and must not be enough to alter the
tumor’s ability to capture and retain iodine, called stunning.
Studies show that even small activities can induce stunning
(25). Activity should be limited to 4 Gy in the remaining
thyroid tissue to avoid this effect. The 131I activity for the
recommended diagnostic imaging is 10–20 MBq (19,26).
The activity in this study was 74 MBq. Activity can be
reduced to prevent stunning; however, it is necessary to
reduce the image scanning speed so that the counting rate is
not reduced, making quantification impossible.
When acquiring the 4 series of whole-body images, it is

necessary to guarantee the same geometry in each series as in
the previous series. The table elevation and detector distance
must be maintained in each series. Patient positioning should
be as identical as possible between series, and the patient’s
whole body must be in the detector field of view (11). The
automatic contouring systems of the equipment must be deac-
tivated. Use of auxiliary straps to immobilize the arms close
to the body is important to prevent undesirable movements.
Intervals between acquisitions must be consistent with the

physical and biologic half-lives of iodine. The activity con-
centration in the image at 2 h is considered the maximum
(100%) and is used as a reference for other measurements
(6). Therefore, the patient should not urinate from the time

FIGURE 4. Recovery coefficient of definitive experiment. # 5
apparent volume;3 5 true sphere volume.

FIGURE 5. (A) From left to right: axial, sagittal, and coronal SPECT/CT reconstruction
of remaining thyroid tissue (arrows). (B) Activity concentration function in organ target.
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of iodine administration until the end of this 2-h acquisition.
From the samples assessed, significant radioactive material
was found to be eliminated in the first hours. The mean
activity concentration at 6 h was 78% 6 15%.
Tissue avid for 131I retained considerable iodine at 48 h,

whereas the other tissues had almost completely eliminated
the iodine. This difference provides contrast between these tis-
sues, with better visualization of the structures. Acquisition at
this interval allows assessment of pulmonary metastasis. The
delayed image at 120 h contributed to adjustment of the accu-
mulated activity curve. This image commonly shows accumu-
lation of less than 2% of the initial activity. This interval can
be adopted with 96-h imaging; however, if the accumulation
is higher than 5%, 144-h imaging must be performed (11).
When there is diffuse pulmonary metastasis, the absorbed

dose in the lung should be assessed. Pulmonary dosimetry
plays an important role in preventing pulmonary fibrosis
(19). On lung dosimetry studies, the 131I activity in the lung
should be less than 2.96 GBq after 48 h. Higher activities
can result in lung doses that exceed the limit for radiotoxic-
ity effects (17–19). Thus, the image previously acquired
within 48 h is used to calculate the maximum activity and
maintain the dose limits in the lungs.
Because blood residence time is estimated through whole-

body residence time, for which blood samples are not ana-
lyzed, it is necessary to consider the uncertainties in the
calculations. H€anscheid et al. (13) proposed a conserva-
tive approach to estimating maximum activity. Blood resi-
dence time represents 14% 6 3% of body residence time
(range, 8%–24%). Considering Equations 16 and 19 in
cases in which blood residence time is greater than 14%
of body residence time, the absorbed dose per activity can
change considerably between the estimation and reality.
Therefore, H€anscheid et al. propose a limit of 1.3 Gy,
instead of 2 Gy, for absorbed dose in the marrow. In this
way, even in cases of extreme variation between the real
and measured values, the radiotoxicity limit in the hema-
topoietic system will not be exceeded. The data published
by Willegaignon et al. (27,28) indicated that blood resi-
dence time was 10.3% 6 4% of body residence time

(range, 2%–18%). In that work, if
blood residence time had not been
measured directly, adoption of a
1.3-Gy limit would have prevented
dose limit extrapolation.
The half-life concept is applied to

decay portrayed by an exponential
function with a single term. Therefore,
the time for decay of half the initial
activity will not necessarily be the
same as the second half-life, that is, a
quarter of the initial activity. Com-
pared with recent studies, there is
agreement between the results. Barros,
in 2019 (29), measured the dose rate

of 98 hospitalized patients after a therapeutic dose of iodine
for DTC therapy and found a mean effective half-life of
10.7 6 4.5 h. For only the subgroup that was prepared with
hormone suspension—that is, not using recombinant human
thyroid-stimulating hormone—the mean was 12.5 6 5 h.
Barros also reported that patients older than 65 y had a
mean effective half-life of 13.3 6 4.7 h, approximately
30% higher than in middle-aged patients (10.3 6 4.6 h).
The influence of spatial resolution on image quantification

error is described as the partial-volume effect. As the size of a
structure decreases, the measured concentration is reduced and
the apparent volume is increased relative to the actual value
(30). Organ-based dosimetry estimates the tumor-absorbed
dose by targeting, to calculate the 131I activity to reach thera-
peutic levels. Organ dosimetry depends on tissue volume. For
DTC, this process becomes even more challenging because the
tissue is a remnant or, in some cases, micrometastases (20).
Cervical uptake examinations and whole-body research

before therapy with low doses of radioiodine are provided
for in the “Clinical Protocol and Therapeutic Guidelines for
Differentiated Thyroid Carcinoma,” approved by the Brazil-
ian Ministry of Health (31). The objectives were to estimate
the volume of remaining tissue or metastatic disease and
the iodine avidity of these tissues. However, the ordinance
concludes that patients considered at low and intermediate
risk because of a low potential for distant metastasis may
not need to undergo whole-body imaging. This measure
also aims to prevent the stunning effect, which may harm
the therapy.

CONCLUSION

Internal dosimetry takes into account physiologic charac-
teristics in an individualized way, patient by patient, provid-
ing important data on 131I absorption and retention. The
dosimetric techniques in this study could determine the
maximum 131I activity to administer, considering the limits
of radiotoxicity to the bone marrow and lungs as described
in the literature. In severe cases of DTC, in which patients
are classified as being at high risk, the organ-based dosime-
try approach enables assessment of larger administered

FIGURE 6. (A) Scattering-point function of SPECT of a cylinder of 22 mL filled with 131I.
(B) Comparison of apparent and actual volume. kcnt5 kilocount.
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activities allowing elimination of the disease with a single
dose. The dosimetric technique methodology was described
in detail, allowing the reproduction of therapy planning as
an individualized approach.
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KEY POINTS

QUESTION: What is the application of internal dosimetry
in the care of patients undergoing radioiodine therapy for
differentiated thyroid carcinoma?

PERTINENT FINDINGS: Through different techniques,
a wide variation of retention time for 131I was obtained.
The median dose absorbed by the bone marrow was
0.117 mGy/MBq and median whole-body residence
time was 22.0 h, with an effective half-life of 15.6 h.

IMPLICATIONS FOR PATIENT CARE: Internal dosimetry
provides information relevant to safe dose limits for
application to DTC radioiodine therapy, especially in
advanced cases of the disease for which the use of
greater activities may be necessary.
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Indirect Lung Absorbed Dose Verification by 90Y PET/CT
and Complete Lung Protection by Hepatic Vein Balloon
Occlusion: Proof of Concept
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Postradioembolization lung absorbed dose verification was histori-
cally problematic and impractical in clinical practice. We devised
an indirect method using 90Y PET/CT.Methods: Conceptually, true
lung activity is simply the difference between the total prepared
activity minus all activity below the diaphragm and residual activity
within delivery apparatus. Patient-specific lung mass is measured
by CT densitovolumetry. True lung mean absorbed dose is calcu-
lated byMIRDmacrodosimetry.Results: Proof of concept is shown
in a hepatocellular carcinoma patient with a high lung shunt fraction
of 26%, where evidence of technically successful hepatic vein bal-
loon occlusion for radioembolization lung protection was required.
Indirect lung activity quantification showed the postradioemboliza-
tion lung shunt fraction to be reduced to approximately 1% with a
true lung mean absorbed dose of approximately 1Gy, suggest-
ing complete lung protection by hepatic vein balloon occlusion.
Conclusion: We discuss possible clinical applications such as
lung absorbed dose verification, refining the limits of lung toler-
ance, and the concept of massive activity radioembolization.

Key Words: radioembolization; selective internal radiation therapy;
lung shunt fraction; 90Y PET/CT; hepatic vein balloon occlusion
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Despite decades of radioembolization, the true tolerance
limit of the lung to radioembolization has not yet been
properly defined and to date has only been estimated by
99mTc-macroaggregated albumin (99mTc-MAA) or extrapo-
lated from the experiences of external-beam radiotherapy
(1). This problem is compounded by different methods of
imaging and calculating the lung shunt fraction, lung mass,
and radiobiologically distinct microsphere devices (1).
In the past decade, 90Y PET with contemporaneous CT

(90Y PET/CT) has rapidly evolved to become the current
standard of care in postradioembolization verification of
tumor and nontumorous liver absorbed doses and in detec-
tion of nontarget abdominal activity (2,3). However, direct

lung 90Y PET/CT is much more problematic. First, lung
radioconcentration within a PET field of view is usually low
because the prescribed lung mean absorbed dose is limited
to less than 20–25 Gy, resulting in noisy, quantitatively inac-
curate lung scans (1,2,4). Second, increasing lung scan time
to improve count statistics is impractical. Abdominal 90Y
PET/CT of 1–2 bed positions requires 20–40 min. Doubling
lung scan time over 2 bed positions could take 40–80 min
just for lungs alone, intolerable for any patient. Third, dedi-
cating 60–120 min of scanner time for a single patient costs
the throughput equivalent of approximately 3–6 oncology
PET patients, which is difficult to justify financially.

MATERIALS AND METHODS

Dosimetric Concept
Conceptually, the true lung activity is simply the difference

between the total prepared activity minus all activity below the dia-
phragm and residual activity within the delivery apparatus (5).
Here, true lung activity is expressed as an equation, where radiomi-
crospheres are permanent implants within a closed system where
all injected activity is conserved and activity leeching is negligible:

ATotal 5ALung 1APTV 1ANontarget 1AResidual

i:e:; ALung 5ATotal 2 ðAPTV 1ANontarget 1AResidualÞ,
where ATotal is total prepared activity, ALung is lung activity, APTV is
activity within all planning target volumes, ANontarget is abdominal
nontarget activity (if any), and AResidual is residual activity within the
delivery apparatus. The term planning target volume refers to all tar-
geted arterial territories encompassing tumor and nontumorous liver
(6). All measured activities are decay-corrected to the time of radio-
embolization. The lung mean absorbed dose is calculated by MIRD
macrodosimetry assuming uniform activity biodistribution, using the
90Y absorbed dose coefficient 50 Gy per GBq/kg (2,6):

DLung 5 503 ðALung=MLungÞ
where DLung is true lung mean absorbed dose (Gy), ALung is lung
activity (GBq), and MLung is patient-specific lung mass (kg) mea-
sured by CT densitovolumetry (7).

Clinical Proof of Concept
We demonstrated clinical proof of concept in a hepatocellular

carcinoma patient with high lung shunt fraction, where we imple-
mented lung protection during radioembolization by hepatic vein
balloon occlusion but required objective proof of technical success.
This success was eventually proven by the indirect method described
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here. We considered lung protection to be complete if the extent of
hepatopulmonary shunting was reduced to a clinically negligible
level (i.e., #1%). This report has been approved by the institutional
review board. The patient consented to the radioembolization plan-
ning, treatment, and this publication.
An 82-y-old man with a large, inoperable 12-cm hepatocellular

carcinoma occupying segments 4 and 8 (Fig. 1A) was referred for
90Y resin microsphere radioembolization (SIR-Spheres; Sirtex Medi-
cal Limited). Exploratory hepatic angiography with radiomicrosphere
simulation confirmed hypervascularity with good tumoral 99mTc-
MAA implantation. However, planar liver–lung scintigraphy showed
a high lung shunt of 26% (Fig. 1B). We proceeded with radioemboli-
zation by implementing 2 methods of lung protection. First, activity
prescription was limited to a lung safety tolerance of 20 Gy, planned
by the MIRD method (i.e., partition model) (4,6). Second, hepatic
vein occlusion of the right and middle hepatic veins was performed
before radiomicrosphere infusion to minimize hepatopulmonary
shunting; this method has the additional benefit of improving the
tumor mean absorbed dose by retaining radiomicrospheres within
tumor instead of radiomicrospheres being shunted to the lung (8).
For hepatic vein balloon occlusion, LeMaitre 6F Over-the-Wire

Embolectomy Catheters (LeMaitre Vascular) were placed in the right
and middle hepatic veins (catheter length, 80 cm; guidewire, 0.088 cm)
under fluoroscopic guidance via the right internal jugular vein (8). Bal-
loons were inflated before radiomicrosphere infusion, with complete
occlusion of the right and middle hepatic veins visually confirmed with
contrast injection (Fig. 1C). Total balloon inflation time was approxi-
mately 20 min during radioembolization (Fig. 1D). Despite visual con-
firmation of balloon occlusion, there remains the possibility of an

unknown and invisible amount of in-transit venous radiomicrospheres
temporarily suspended proximal to the inflated balloons, potential for
radiomicrosphere dislodgment from tumor into the lungs after balloon
deflation, and unknown lung shunt contribution by the patent left
hepatic vein. All of these uncertainties require postradioembolization
confirmation of the true lung activity to ensure patient safety.
Postradioembolization bremsstrahlung planar imaging did not

show any visually significant lung activity, a qualitative indication
of successful lung protection (Fig. 2A). 90Y PET/CT of the abdo-
men and delivery apparatus (including catheters, occlusion bal-
loons, and drapes) was performed separately, using the Biograph
Horizon (Siemens), as a gradual sweep over 20 min to image the
whole liver and delivery apparatus (2,5). 90Y PET images were
reconstructed using the TrueX time-of-flight iterative algorithm
(Siemens), 3 iterations and 10 subsets, a gaussian filter of 5 mm in
full width at half maximum, and a 180 3 180 matrix. Low-dose
CT was performed for localization, attenuation correction, and
scatter correction. Images were displayed in 3-mm slice thickness
and analyzed using SyngoVia software (Siemens).

RESULTS

APTV was quantified by a large volume of interest encom-
passing all planning target volumes and by setting the PET
isocontour threshold to 2% by visual assessment to obtain
1.234 GBq, after decay correction (Fig. 2B). A few small foci
of noise artifacts were deemed negligible. AResidual in the deliv-
ery apparatus was similarly quantified by setting the PET iso-
contour threshold to 1% (Fig.2C) to obtain 0.015 GBq, after
decay correction (5). ANontarget was undetectable, taken to be
zero. ATotal was 1.266 GBq measured by a dose calibrator dur-
ing radiomicrosphere v-vial preparation, after decay correction.
ALung was therefore 1.266 2 (1.234 1 0.015) 5 0.017GBq.

Therefore, the true lung shunt fraction was (0.017/1.266) 3
100 5 approximately 1%. This result was consistent with
qualitative bremsstrahlung lung findings and was a vast
improvement from the original 26%, objectively affirming
technical success and complete lung protection by hepatic
vein balloon occlusion. The patient’s lung mass, measured
by CT densitovolumetry, was 0.85 kg (7). DLung was therefore
503 (0.017/0.85)5 approximately 1 Gy. Clinically, the patient
did not develop any respiratory symptoms, and a follow-up
MRI scan 2 mo later did not show any evidence of pneumo-
nitis on the routinely acquired high resolution gradient-
recalled echo (GRE) T1 and half Fourier single-shot turbo
spin-echo (HASTE) T2 sequences, clinically validating our
lung protection methods and calculations. Hepatic vein bal-
loon occlusion had also improved the tumor mean absorbed
dose from an initial 88 Gy simulated by 99mTc-MAA predic-
tive dosimetry to a final 101 Gy verified by 90Y PET/CT
(Fig. 2D) (6). Four-month follow-up MRI showed a mild
size reduction of the tumor mass, clinically consistent with
the 90Y PET/CT absorbed dose verification.

DISCUSSION

This technical report demonstrates 2 concepts: first, the true
lung absorbed dose may be indirectly quantified by 90Y PET/CT,
and second, complete lung protection by hepatic vein balloon

FIGURE 1. (A) CT coronal view shows a large inoperable hepa-
tocellular carcinoma. (B) Planar liver–lung imaging showed a high
lung shunt fraction of 26% estimated by 99mTc-MAA. (C) Fluoros-
copy of right and middle hepatic vein balloon occlusion depicts
contrast injection within the middle hepatic vein to visually
confirm complete occlusion. (D) Fluoroscopy of hepatic vein
occlusion balloons in their final inflated positions prior to radiomi-
crosphere infusion.
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occlusion is possible. A recent comprehensive review by
Kappadath et al. highlighted the historical pitfalls and limita-
tions in our current methods of lung radiation planning for
radioembolization (1). These problems with lung dosimetry

are attributable to a lack of standardized
methods for calculating the lung shunt
fraction and lung dosimetry and our
incomplete radiobiologic understanding
of the true lung tolerance to radiomicro-
spheres (1). Furthermore, our current
understanding of an approximately 20-
to 25-Gy lung tolerance for 90Y resin
microspheres is not wholly applicable
to 90Y glass microspheres due to differ-
ences in specific activity and tissue
biodistribution. As we gradually gain
clarity on the true limits of lung toler-
ance, we will further improve lung pre-
dictive dosimetry using normal tissue
complication probability (4).
In clinical practice, accurate lung

dosimetry is important for both prera-
dioembolization predictive dosimetry
and also postradioembolization absorbed
dose verification. During preradioembo-
lization predictive dosimetry, a common
strategy to overcome tumor absorbed
dose heterogeneity is to deliberately esc-
alate the prescribed activity up to the
limits of normal tissue safety tolerance
(9). The lung is often the activity-limit-
ing critical organ, and therefore clear
knowledge of the true lung tolerance
limit is vital to avoid significant radio-
microsphere pneumonitis (4). Our me-

thod of indirect lung absorbed dose verification could enable us
to describe the true lung shunt fraction of different tumor types
and establish the true limits of lung tolerance for radiobiologi-
cally distinct radiomicrosphere devices.
After radioembolization, lung absorbed dose verificationmay

be clinically important depending on the treatment strategy. Our
case of lung protection by hepatic vein balloon occlusion proved
to be technically successful; therefore, no further action was
required. However, if the lung absorbed dose was unexpectedly
found to be dangerously high, immediate action can be initiated
to mitigate the risk of developing severe pneumonitis in the
ensuingweeks. Suchmitigativemeasuresmay include corticoste-
roids, advice on respiratory symptoms, and close outpatient respi-
ratory surveillance in the weeks after radioembolization.
Hepatic vein balloon occlusion is an established technique

that may be deployed in situations of high lung shunting (8).
However, objective proof of technically successful hepatic
vein balloon occlusion expressed in terms of a measured abso-
lute reduction in lung activity, lung shunt fraction, or lung
absorbed dose has not been described. This report shows that
complete lung protection is possible by hepatic vein balloon
occlusion, meaning that nearly all injected radiomicrospheres
can be retained within the liver to maximize the tumor
absorbed dose and avoid unnecessary lung irradiation. This is
especially important for hepatocellular carcinoma where the

FIGURE 2. (A) Bremsstrahlung planar scintigraphy does not show any visually significant
lung activity, a qualitative indication of successful lung protection. (B) 90Y PET/CT with PET
isocontour threshold 2% to encompass all activity within planning target volumes. Lungs
were outside the PET field of view. Left liver lobe was spared from radioembolization. (C)
90Y PET/CT of delivery apparatus with PET isocontour threshold 1% to encompass all resid-
ual activity. (D) 90Y PET/CT with PET isocontour threshold 7% to quantify tumor activity.

KEY POINTS

QUESTION: How do we verify the true lung absorbed
dose after radioembolization?

PERTINENT FINDINGS: We devised a simple method to
indirectly calculate the true lung absorbed dose using
postradioembolization 90Y PET/CT. By this method, we
showed that hepatic vein balloon occlusion could achieve
complete lung protection from hepatopulmonary shunting
of radiomicrospheres.

IMPLICATIONS FORPATIENTCARE: Postradioemboliza-
tion indirect lung absorbed dose verification is feasible and
may benefit patients in terms of mitigating lung radiotoxicity,
safety of repeated radioembolization, and research to better
define the true limits of lung radiomicrosphere tolerance.
By proving that complete lung protection was possible using
hepatic vein balloon occlusion, we suggest a possible new
paradigm of massive activity radioembolization to benefit
radiomicrosphere lobectomy and segmentectomy.
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lung shunt fraction is typically higher than liver metastases,
which may preclude safe or effective radioembolization.
Complete lung protection renders the lung shunt fraction less
relevant, allowing massive activities to be infused for radiomi-
crosphere lobectomy or segmentectomy. With complete lung
protection, repeated radioembolization would also be safer
because the cumulative lung absorbed dose would be low.
The main dosimetric limitation of our method of indirect

quantification is that it can obtain only the true lung mean
absorbed dose, to be superseded in the future by lung dose–
volume histograms (4,9). However, the true lung dose–volume
histogram will remain elusive until 90Y PET/CT further
improves in acquisition speed, field of view (e.g., total-body
PET scanners), and quantitative accuracy to permit direct lung
imaging in the routine clinical setting. There were also several
technical assumptions in this work. First, we assumed 90Y
PET to be quantitatively accurate. Second, we assumed that
our visual method of PET isocontour thresholding was reliable
to encompass all true 90Y activity, and that all excluded activ-
ity was negligible. Third, we assumed that background noise
artifacts had negligible effect on clinical dosimetry. However,
we felt that these assumptions were reasonable given our prior
validation work and years of experience with 90Y PET (2,3,5).

CONCLUSION

Indirect lung absorbed dose verification by 90Y PET/CT is
feasible and could improve clinical management and our
knowledge of lung safety thresholds. Complete lung protection
by hepatic vein balloon occlusion is possible, suggesting a

new paradigm where the lung shunt fraction is less relevant
and permits massive activity radioembolization for radiomi-
crosphere lobectomy or segmentectomy. Further research is
needed to explore these new concepts.
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Stability Matters: Radiochemical Stability of Therapeutic
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Labeling radiopharmaceuticals and testing the quality of the
labeled product before injecting it into patients are standard oper-
ating procedures in the nuclear medicine department. There is a
different shelf life for each labeled product, which determines how
long a product can maintain in vitro stability before it needs to be
discarded. 177Lu is a radioactive isotope that is increasingly being
accepted into the treatment paradigm for palliation of advanced-
stage tumors, including metastatic castration-resistant prostate
cancer (mCRPC) and neuroendocrine tumors (NETs). In our insti-
tution, synthesis of 177Lu with prostate-specific membrane anti-
gen imaging and therapy (PSMA I&T) for palliation of mCRPC is
performed on an automated synthesis system. Methods: After
each synthesis, the final product quality was evaluated by high-
performance liquid chromatography (HPLC) and instant thin-layer
chromatography (ITLC) at 3 different time points: 0, 24, and 48 h.
Between February 2020 and October 2020, the quality of 35
batches of 177Lu-PSMA I&T was evaluated. Results: The average
radiochemical purity of ITLC-silica gel was found to be greater
than 99% (99.70%60.05%), and HPLC was greater than 98%
(98.60%60.05%). Conclusion: Our findings demonstrate that
synthesis of 177Lu-PSMA I&T with an automated synthesis system
can remain stable for 48 h after labeling.

Key Words: quality assurance; radiochemistry; radionuclide therapy;
high-performance liquid chromatography (HPLC); instant thin-layer
chromatography (ITLC); lutetium-177 (Lu177); prostate-specific mem-
brane antigen image and therapy (PSMA)
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Patients with metastatic castration-resistant prostate can-
cer have disease progression despite using maximum andro-
gen blockade, as evidenced by a low testosterone level (1). It
is therefore an advanced, and usually end-stage, form of pros-
tate cancer. Prostate-specific membrane antigen (PSMA) is a
type II transmembrane glycoprotein with enzymatic proper-
ties that is anchored in the cell membrane of prostate epithe-
lial cells and is overexpressed by prostate cancer cells (2). As
a result, PSMA can be used as a biomarker for prostate can-
cer. For peptide receptor radionuclide therapy, PSMA

peptides can be radiolabeled with the b-emitter radioisotopes
90Y and 177Lu (PRRT). PSMA I&T, PSMA-617, and J591
are 3 analogs frequently used in therapy (2). Because of its
favorable physical characteristics (half-life [t1/2]5 6.73 d;
mean energy of b-particle [Emax]5 0.497 MeV), 177Lu has
been identified as one of the most promising radionuclides
for therapeutic applications (3). The b-particle emitted by
177Lu has a short pathlength of 1.5 mm, allowing it to deliver
effective tumor radiation while causing minimal damage
to surrounding normal tissues. The use of the 2 primary
g-energies of 113 and 208 keV, respectively, allows for the
use of SPECT imaging after treatment (4). The aim of this work
was to evaluate the stability of 177Lu-PSMA I&T using the
high-performance liquid chromatography (HPLC) and instant
thin-layer chromatography (ITLC) methods. This evaluation
will assist in the understanding of the shelf life of the labeled
product, whichmight be helpful for logistic purposes.

MATERIALS AND METHODS

The labeling of lutetium trichloride (177LuCl3) and peptide
(PSMA I&T; 40 mg of ascorbic acid and 10 mg of sodium hydrox-
ide) was prepared with a fully automated radiopharmaceutical syn-
thesis device using Modular-Lab Pharm Tracer (Eckert & Ziegler).
PSMA I&T was labeled with 177Lu using good manufacturing
practice–grade disposable cassettes and reagent kits supplied by
ABX Advanced Biochemical Compounds (Fig. 1). Labeling of
177Lu-PSMA I&T was performed per the ABX and Eckert &
Ziegler synthesis instructions, with the help of a pressure-based
cassette (Eckert & Ziegler). The non–carrier-added 177Lucl3 was
supplied by ANSTO and ITG (Isotope Technologies Garching
GmbH). Radiation quantity was procured on the basis of the num-
ber of patients treated per cycle. The required dose for 1 patient was
usually 7 GBq, based on the estimated synthesis yield of 80%.
ABX supplied the accessory chemical, including sodium hydroxi-
de–ascorbic acid and 50 mL of sodium chloride (saline) along with
0.55 mmol filters, long needles, and vent needles. PSMA I&T was
supplied by Huwai Chem in a 1-mg vial, which was fractionated
into 200 mg and stored in the freezer. The required amount of
PSMA I&T (200 mg/5 GBq) was reconstituted with 1.5 mL of
sodium ascorbate (0.57 M) to adjust the pH to 4.56 0.1. Labeling
was performed using a computer-based automated system (Modu-
lar-Lab Eazy; Eckert & Ziegler). All production cassettes were sup-
plied by vendors and were made for a single use only.
The shelf life of prepared 177Lu-PSMA I&T was established on

the basis of the evaluation of radiochemical purity (RCP) by HPLC
and ITLC-silica gel (ITLC-SG) (5).

Received Dec. 10, 2021; revision accepted Apr. 8, 2022.
For correspondence or reprints, contact Rudresh Chandershekar

(rchandrashekar@radiology.co.nz).
Published online Jun. 14, 2022.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

244 JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY % Vol. 50 % No. 3 % September 2022



HPLC was used for radiochemical anal-
yses and purification of the 177Lu-labeled
PSMA I&T conjugates. A dual-pump HPLC
unit with a C18 reversed-phase column
(253 0.46 cm) (Knauer) purified the labeled
conjugates. Mixtures of 1% trifluoroacetic
acid, Ultrapure (Sigma-Aldrich) water (sol-
vent A) and and 0.1% trifluoroacetic acid
and acetonitrile (solvent B) were used as the
mobile phase (6). The following gradient
elution technique was adopted for the
separation: 0–3min—A, 100% and B,
0%; 3–10 min—A, 50% and B, 50%;
10–15 min—A, 0% and B, 100%. HPLC
analysis showed that the fast eluting
compound was hydrophilic 177Lu cation
(1.0min), whereas 177Lu-PSMA I&T with a
high molecular weight was eluted afterFIGURE 1. Modular-Lab Pharm cassettes supplied by Eckert and Ziegler.

TABLE 1
HPLC Results at Various Times

Batch
no.

HPLC purity
result at 0 h

HPLC purity
result at 24 h

HPLC purity
result at 48 h

1 99.78 99.7 99.7
2 99.75 99.87 99.75
3 99.56 99.5 99.65
4 99.89 99.8 99.89
5 99.91 99.91 99.95
6 99.92 99.92 99.92
7 99.98 99.98 99.98
8 99.87 99.87 99.87
9 99.76 99.76 99.76
10 99.56 99.56 99.56
11 99.6 99.6 99.75
12 99.76 99.76 99.76
13 99.8 99.8 99.8
14 99.45 99.45 99.45
15 99.13 99.13 99.13
16 99.35 99.35 99.35
17 99.56 99.56 99.56
18 99.87 99.87 99.87
19 99.74 99.74 99.74
20 99.15 99.15 99.15
21 99.3 99.3 99.3
22 98.9 98.9 98.9
23 99.56 99.56 99.56
24 99.45 99.45 99.45
25 99.57 99.57 99.6
26 99.45 99.45 99.55
27 99.87 99.87 99.77
28 99.67 99.7 99.67
29 99.78 99.78 99.78
30 99.55 99.55 99.55
31 99.65 99.65 99.75
32 99.15 99.2 99.15
33 99.45 99.45 99.45
34 99.5 99.65 99.5
35 99.75 99.75 99.7

TABLE 2
ITLC-SG Results at Various Times

Batch
no.

TLC purity
result at 0 h

TLLC purity
result at 24 h

TLC purity
result at 48 h

1 99.70 99.7 99.7
2 99.65 99.87 99.75
3 99.76 99.5 99.65
4 99.95 99.8 99.89
5 99.97 99.91 99.95
6 99.95 99.92 99.92
7 99.98 99.98 99.98
8 99.97 99.87 99.87
9 99.98 99.76 99.76
10 99.66 99.56 99.56
11 99.60 99.6 99.75
12 99.76 99.76 99.76
13 99.80 99.8 99.8
14 98.67 99.45 99.45
15 98.76 99.13 99.13
16 99.76 99.35 99.35
17 99.56 99.56 99.56
18 99.87 99.87 99.87
19 99.65 99.74 99.74
20 99.15 99.15 99.15
21 99.35 99.3 99.3
22 98.91 98.9 98.9
23 99.65 99.56 99.56
24 99.45 99.45 99.45
25 99.57 99.57 99.6
26 99.45 99.45 99.55
27 99.77 99.87 99.77
28 99.67 99.7 99.67
29 99.78 99.78 99.77
30 99.55 99.55 99.55
31 99.65 99.65 99.75
32 99.25 99.2 99.45
33 99.45 99.45 99.45
34 99.65 99.65 99.55
35 99.75 99.75 99.67
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8 min. The typical retention time of radiolabeled PSMA under the
above conditions is approximately 500 s (8–10 min).
The ITLC-SG method was applied to check the RCP of the

radiolabeled complex. The principle of the ITLC-SG analytic
method is that a mobile phase moves along a stationary phase due
to capillary forces. Therefore, depending on the distribution of
components between the stationary and mobile phase, a radioac-
tive sample spotted in the adsorbent will migrate with different
velocities, and thus impurities are separated. The study was per-
formed using a 10-cm-long Whatman 3MM chromatography
paper’s stationary phase. For this study, 5 mL of the test solution
was spotted at 1.5 cm from the lower end of the paper strips,
developed in 10% ammonium acetate in methanol as mobile
phases (30:70 vol/vol). After each synthesis, the given amount of
radiolabeled complex (#10 MBq) was kept at room temperature
for 48 h while being checked by HPLC and ITLC-SG at specified
time intervals of 0, 24, and 48 h after preparation (Tables 1 and 2).

RESULTS

Thirty-five batches of 177Lu-labeled PSMA I&T were
completed between February 2020 and October 2020. The
average RCP of ITLC-SG was greater than 99 percent
(99.706 0.05 percent), and HPLC was greater than 98%

(98.60%6 0.05%) at room temperature at both 24 and 48 h
after synthesis, which was consistent with the various con-
centrations of the 177Lu-PSMA I&T (Supplemental Table 1
[available at http://jnm.snmjournals.org]; Figs. 2–4).

DISCUSSION

Radiopharmaceuticals used for diagnosis and therapeutic
purposes are required to have an RCP of greater than 95%,
and the length of time a radiopharmaceutical remains at this
RCP demonstrates the shelf life of the product. Longer sta-
bility allows the radiopharmaceutical to be transportable to
distant places, especially in the current COVID-19 environ-
ment where traveling is a complex procedure for the
patients. The current study found that labeled 177Lu-PSMA
I&T stays stable for up to 48 h, which justifies the manufac-
tured product and the influential role of applied quenchers.
Both HPLC and ITLC-SG were found to agree with final
product stability. In our formulation, we applied sodium
ascorbate as a quencher with a concentration of 2 mg/mL.
All the results have been evaluated following the suggested
methods by Eckert & Ziegler Eurotope’s Modular-Lab
Pharm Tracer.

CONCLUSION

Our study demonstrates that 177Lu-PSMA I&T, using the
automated synthesis of Eckert & Ziegler Eurotope’s Modu-
lar-Lab Pharm Tracer, can remain stable for 48 h. This
longer stability suggests it is feasible for prelabeled 177Lu-
PSMA I&T to be supplied from a source location to distant
satellite clinics, potentially improving access to PSMA-
directed radioligand therapy for palliation treatment meta-
static castration-resistant prostate cancer.
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FIGURE 2. A line graph showing HPLC quality control result
comparison at 0, 24, and 48 h.

FIGURE 3. A line graph showing ITLC-SG quality control result
comparison at 0, 24, and 48 h.

FIGURE 4. A line graph showing result of HPLC and ITLC-SG
at 0 and 48 h.
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KEY POINTS

QUESTION: Is the 177Lu-PSMA I&T stable enough to allow
it to be transported?

PERTINENT FINDINGS: 177Lu labeled with PSMA I&T
was found to be stable for up to 48 h in our study. This-
finding is encouraging because it suggests that labeled
products can be transported from one location to
another.

IMPLICATIONS FOR PATIENT CARE: The current finding
is encouraging because it suggests that the 177Lu-PSMA
I&T has a long enough shelf life. In addition, it opens the
door to the possibility of patients receiving treatment with-
out having to travel away from their home locations.

REFERENCES

1. Calopedos RJS, Chalasani V, Asher R, Emmett L, Woo HH. Lutetium-177-labelled
anti-prostate-specific membrane antigen antibody and ligands for the treatment of
metastatic castrate-resistant prostate cancer: a systematic review and meta-analysis.
Prostate Cancer Prostatic Dis. 2017;20:352–360.

2. von Eyben FE, Roviello G, Kiljunen T, et al. Third-line treatment and 177Lu-PSMA
radioligand therapy of metastatic castration-resistant prostate cancer: a systematic
review. Eur J Nucl Med Mol Imaging. 2018;45:496–508.

3. Yadav MP, Ballal S, Sahoo RK, Dwivedi SN, Bal C. Radioligand therapy with
177Lu-PSMA for metastatic castration-resistant prostate cancer: a systematic review
and meta-analysis. AJR. 2019;213:275–285.

4. Afshar-Oromieh A, Babich JW, Kratochwil C, et al. The rise of PSMA ligands for
diagnosis and therapy of prostate cancer. J Nucl Med. 2016;57(suppl 3):79S–89S.

5. Hofman MS, Violet J, Hicks RJ, et al. [177Lu]-PSMA-617 radionuclide treatment in
patients with metastatic castration-resistant prostate cancer (LuPSMA trial): a sin-
gle-centre, single-arm, phase 2 study. Lancet Oncol. 2018;19:825–833.
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I M A G I N G

Discordance Between Histopathologic Grading and
Dual-Tracer PET/CT Findings in Metastatic NETs and
Outcome of 177Lu-DOTATATE PRRT: Does In Vivo
Molecular PET Perform Better from the Viewpoint of
Prediction of Tumor Biology?

Aadil Adnan1,2 and Sandip Basu1,2

1Radiation Medicine Centre, Bhabha Atomic Research Centre, Tata Memorial Hospital, Mumbai, India; and 2Homi Bhabha National
Institute, Mumbai, India

Discordance between histopathologic grading and dual-tracer PET/
CT (68Ga-DOTATATE and 18F-FDG) findings in neuroendocrine
tumors (NETs), though not typical, can be encountered in real-world
scenarios. The aim of this study was to assess patients with discor-
dance between World Health Organization (WHO) 2017 grade–
predicted molecular PET/CT imaging and the actual dual-tracer
PET/CT findings (by exploring their histopathologic, immunohis-
tochemical, and molecular imaging characteristics), with a view
toward identifying the prognostic determinants affecting outcome in
a peptide receptor radionuclide therapy setup. Methods: Thirty-six
patients with histopathologically proven inoperable, locally
advanced or metastatic NETs, referred for peptide receptor
radionuclide therapy, were included in this study. The cohort
was divided into 2 broad population groups: those with discordance
(between WHO 2017 grade–predicted molecular imaging and the
dual-tracer PET/CT findings) and control (showing both 18F-FDG and
68Ga-DOTATATE uptake). The cohort was divided on the basis of
dual-tracer PET/CT into 3 groups: metabolically inactive (non–18F-
FDG-avid) and somatostatin receptor (SSTR)–expressing tumors,
metabolically active (18F-FDG-avid) and non–68Ga-DOTATATE-
concentrating (non–SSTR-expressing) tumors, and matched
imaging characteristics with the WHO 2017 grading system
(showing both 18F-FDG– and 68Ga-DOTATATE–concentrating
disease) for statistical analysis. Descriptive statistics were used
to analyze categoric data; multivariate analysis was used to
assess the correlation between different variables with progres-
sion-free survival (PFS) and overall survival (OS). Kaplan–Meier
curves were used for survival analysis to calculate median sur-
vival and to analyze survival on the basis of WHO 2017 grading
and dual-tracer PET. Cox proportional hazards regression analy-
sis was used to determine predictors of survival (OS and PFS).
Results: Of the 36-patient cohort, 24 (66.7%) showed discor-
dance and 12 (33.3%) were in the control group. Among those
showing discordance: 14 (38.9%) had metabolically inactive and
SSTR-expressing disease and the remaining 10 (27.8%) had
18F-FDG–concentrating and non–SSTR-expressing disease. Among
those in the control group, 12 (33.3%) had intermediate-grade

NETs and showed matched (68Ga-DOTATATE– and 18F-FDG–con-
centrating lesions) disease. Multivariate analysis in patients with dis-
cordant findings showed a significant correlation of dual-tracer PET
with OS, whereas no significant correlation could be established
betweenWHOgrade andOS in the discordant subgroups. No signif-
icant correlation could be appreciated between PFS and either dual-
tracer PET or WHO grading. The Kaplan–Meier analysis and Cox
analysis showed dual-tracer PET/CT imaging to be a significant
prognostic determinant and predictor of outcome, respectively.Con-
clusion: In NET patients with discordance between the 2 parame-
ters, dual-tracer PET/CT with 18F-FDG and 68Ga-DOTATATE
performed better than WHO grading, differentiation status, and
immunohistochemistry in prognosticating and predicting outcome.

Key Words: neuroendocrine neoplasm; histopathologic grading;
dual-tracer PET/CT; 68Ga-DOTATATE; 177Lu-DOTATATE; peptide
receptor radionuclide therapy

J Nucl Med Technol 2022; 50:248–255
DOI: 10.2967/jnmt.121.261998

Neuroendocrine neoplasms (NENs) are a heterogeneous
group of widely distributed tumors comprising both neural
and endocrine components (1). The neural component is
based on identification of dense core granules, and the endo-
crine component refers to synthesis and secretion of mono-
amines. Histopathologic grading is considered to be the most
important prognostic factor so far and helps in devising tai-
lored therapeutic strategies for patients. However, confusion
and enigma have always surrounded this approach, as outliers
are quite noticeable in the day-to-day scenario.
Controversy has surrounded the entity since as early as the

time that the term carcinoid (carcinoma-like) (2) was intro-
duced by Oberndorfer at the start of the 20th century, because
of the benign behavior of small-bowel tumors comprising
argentaffin-positive argyrophilic cells (3). This term was criti-
cized because of confusion regarding it and diagnostic irregu-
larities and was regarded to be a misnomer, as these tumors
displayed varying degrees of malignant potential (4–6). Later,
a plethora of terms referring to neuroendocrine tumors (NETs)
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was used, such as APUDoma, argentaffinoma, enteroendocrine
tumors, tumors of diffuse endocrine system, and argyrophilic
cell carcinoma. (7). In 1928, Masson characterized carcinoids
as NETs on the basis of amine uptake and decarboxylation
properties (8), whereas in 1963, Williams and Sandler classi-
fied them according to embryonic divisions of the digestive
tract (5), and in 1972, Arrigoni et al. introduced the concept
of typical and atypical based on histopathologic characteris-
tics (9). In 1980, the World Health Organization (WHO)
applied the term carcinoid to describe all NETs except pul-
monary NETs (10); however, this usage led to more discord
between pathologists and clinicians (11,12). In 1999, the
Travis–WHO classification divided pulmonary and thymic
NETs into typical carcinoid, atypical carcinoid, and large
cell and small cell neuroendocrine carcinomas (NECs)
(13–16). In 2000 and 2004, WHO revised the definition of
gastroenteropancreatic and pulmonary/mediastinal NETs to
reflect differentiation and mitotic index/necrosis, respec-
tively (15,16). The WHO 2010 classification redefined the
entire group of tumors as NENs and subdivided them
according to proliferative index (Ki-67/MIB-1) and mitotic
counts (17,18).
The 2010 WHO classification categorized NENs into 3

grades, with grades 1 and 2 referring to well-differentiated
NETs and grade 3 (G3) referring to poorly differentiated
NECs (17,18). In general, a well-differentiated NEN com-
prises cells showing minimal to moderate atypia, lacks
necrosis, and expresses general markers of neuroendocrine
differentiation (diffuse and intense synaptophysin and chro-
mogranin A), whereas a poorly differentiated NEN com-
prises highly atypical small or large cells expressing faint
neuroendocrine differentiation markers. In cases of discor-
dance between differentiation and the proliferative index or
when tumors do not concur with the predicted course, the
National Comprehensive Cancer Network recommends that
clinical judgment should trump the grading system (19). In
cases of discrepancy between the proliferative and mitotic
indices, the higher grade should prevail.
The 2010 WHO grading system was flawed in addressing

the contrast between grade and differentiation. Although
grade refers to the aggressiveness of tumor cells in terms of
their potential for rapid growth and spread, differentiation is
the morphologic resemblance of tumor cells to the islets
of Langerhans (20,21). Hence, it was possible that well-
differentiated NETs could be technically graded as G3 but
might not be sensitive to the chemotherapy regimen used in
poorly differentiated NECs (G3 NEC) (21). These well-
differentiated NETs, which are technically classified as G3
NEC (on the basis of the proliferation index [WHO 2010]),
may not be sensitive to the chemotherapy regimen indicated
for G3 NECs. Interestingly, if an adequate number of patho-
logic specimens is available for an accurate mitotic count,
most G3 NETs contain a proportion of cells with a mitotic
rate of fewer than 20 per 10 high-power fields, and regions
of a still lower grade may be present elsewhere in the tumor
focus (20), hence rendering proliferation index and mitotic

counts to be focal rather than reflective of the overall tumor
composition. Furthermore, the genomic composition of G3
NET resembles that of low-grade NET (i.e., MEN1, DAXX,
and ATRX mutation) and differs distinctly from that of
poorly differentiated NEC (i.e., p53 and RB1 mutation)
(22). All these issues led to a revised WHO classification of
NETs in 2017, which, along with its comparison to the 2010
WHO classification system, is detailed in Table 1 (23).
Furthermore, studies evaluating PET using 18F-FDG and

68Ga-DOTATATE showed a relatively lower 18F-FDG con-
centration than did 68Ga-DOTATATE in patients with G3
NEC—a finding contrary to that theoretically anticipated for
G3 NEC on the basis of WHO 2010 (24). Receptor-targeted
molecular imaging with PET/CT using 18F-FDG and 68Ga-
DOTATATE provides an overall, semiquantitative assessment
of tumor biology and burden. Hence, this use of dual tracers
may potentially score over current conventional classification
and grading systems, which rely mainly on focal needle sam-
pling of the most accessible lesion (primary or metastatic) to
guide the management strategy. The present study tried to
evaluate the plausibility of this dual-tracer concept.

MATERIALS AND METHODS

Thirty-six patients (24 men [66.7%] and 12 women [33.3%])
with histopathologically proven NETs who had undergone peptide
receptor radionuclide therapy (PRRT) at our center were retro-
spectively included in the study and their records analyzed. The
median age for the cohort was 50 y (range, 25–66 y). The referral
for PRRT was due to metastatic or inoperable locally advanced
disease progressing on prior therapy (octreotide therapy or chemo-
therapy). Table 2 provides an overview of patient demographics.
The study was approved by our institutional scientific and medical

ethics committee. The requirement to obtain informed consent was

TABLE 1
WHO NET Classification: 2010 vs. 2017 (23)

WHO classification
Ki-67
index

Mitoses/
10 HPFs

2010
Well-differentiated NENs

NET G1 ,3 ,2
NET G2 3–20 2–20

Poorly differentiated NENs
NEC G3 (small cell

or large cell)
.20 .20

MANEC
2017
Well-differentiated NENs

NET G1 ,3 ,2
NET G2 3–20 2–20
NET G3 .20 .20

Poorly differentiated NENs
NEC G3 .20 .20
Small cell type
Large cell type
MiNEN

HPF 5 high-power field.
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waived because these patients were referred for PRRT, and the
18F-FDG and 68Ga-DOTATATE scans were done as a part of the
routine pretherapy workup. The patients were categorized on the basis
of the current 2017 WHO classification. The cohort was divided into
2 broad groups: those with discordance (between WHO 2017 grade–
predicted dual-tracer PET/CT findings and the actual dual-tracer PET/
CT findings) and a control group (showing both 18F-FDG and
68Ga-DOTATATE uptake). The cohort was divided on the basis of
dual-tracer PET into metabolically inactive (non–18F-FDG-avid) and
somatostatin receptor (SSTR)–expressing, metabolically active (18F-
FDG–avid) and non–SSTR-expressing, and matched (showing both
metabolic activity and SSTR expression) and according to the WHO
2017 grading system for statistical analysis. An SUVmax of 2.5 on
18F-FDG PET/CT was standardized to an SUVmax of 9.0 on 68Ga-
DOTATATE PET/CT. The inclusion criteria were histopathologically
proven NET/NEC and discordance between histopathologic (WHO
2017) grade–predicted dual-tracer PET and actual dual-tracer PET
findings.
All statistical analyses were performed by SPSS software, version

23.0 (SPSS Inc.). Descriptive statistics were used to analyze cate-
goric data. Multivariate analysis was used to evaluate the correlation
of different variables with progression-free survival (PFS) and over-
all survival (OS). The Kaplan–Meier product limit method was used
to calculate median survival and to analyze survival on the basis of
WHO 2017 grade and dual-tracer PET. The variables dual-tracer
PET and WHO 2017 grade determining OS and PFS were compared
using the log-rank test. Cox proportional hazards regression analysis
was used to identify predictors of OS and PFS. Patients who were

alive or with nonprogressive disease (for OS and PFS, respectively)
at the time of analysis or last contact were censored. A 2-tailed
P value of less than 0.05 was considered statistically significant, and
hazard ratios with 95% CIs were determined.

RESULTS

The pancreas was the most commonly involved pri-
mary site (12 patients, 33.3%), followed by unknown primary
(7 patients, 19.4%), rectum (5 patients, 13.9%), small bowel
(4 patients, 11.1%), lungs (3 patients, 8.3%), mediastinum
(2 patients, 5.6%), and stomach, gallbladder, and skin appen-
dages (Merkel cell carcinoma), each with a single patient
(2.8%). According to the 2017 WHO grading, 15 patients
(41.7%) had grade 2 (G2) NET, followed by 7 patients
(19.4%) each with grade 1 (G1) NET, G3 NET, and G3
NEC. Twenty-four patients (66.7%) were in the discordance
group, and 12 (33.3%) were in the control group. In the dis-
cordance group, 14 patients (38.9%) had metabolically inac-
tive and SSTR-expressing disease, and the remaining 10
(27.8%) had metabolically active and non–SSTR-expressing
disease. In the control group, all 12 patients (33.3%) and
intermediate-grade NETs and showed matched (metaboli-
cally active and SSTR-expressing) disease.
Twenty-seven patients (75%) had a well-differentiated

histology, 7 (19.4%) had a poorly differentiated histology,
and in 2 (5.6%) the histology was not available. Thirty patients
(83.3%) were synaptophysin-positive, and in remaining
6 (16.7%) the data were unavailable. Twenty-six patients
(72.2%) were positive for chromogranin A, 3 were negative
(8.3%), and in remaining 7 (19.4%) the data were unavail-
able. However, no definitive pattern could be established in
chromogranin A–negative patients. Similarly, no definitive
trend or pattern was appreciated between epithelial or other
immunohistochemistry (IHC) markers and other variables, as
possibly could be due in part to inconsistent selection of IHC
markers in patients and hence lack of uniformity (Table 3).

TABLE 2
Patient Demographics

Demographic Data

Total patients 36 (100%)
Sex

Male 24 (67%)
Female 12 (33%)

Age (y)
Median 50
Range 25–66

Site of primary
Pancreas 12 (33.3%)
Unknown 7 (19.4%)
Rectum 5 (13.9%)
Small bowel 4 (11.1%)
Lung 3 (8.3%)
Mediastinum 2 (5.6%)
Stomach 1 (2.8%)
Gallbladder 1 (2.8%)
Skin appendages (Merkel cell carcinoma) 1 (2.8%)

WHO grade (2017 classification)
G1 NET 7 (19.4%)
G2 NET 15 (41.7%)
G3 NET 7 (19.4%)
G3 NEC 7 (19.4%)

Differentiation status
Well-differentiated 27 (75.0%)
Poorly differentiated 7 (19.4%)
Not known 2 (5.6%)

Data are number and percentage, except for age.

TABLE 3
Histopathologic Characteristics

Characteristic Data

Synaptophysin (IHC)
Positive 30 (83.3%)
Negative 6 (16.7%)

Chromogranin A (IHC)
Positive 26 (72.2%)
Negative 3 (8.3%)
Not known 7 (19.4%)

Epithelial markers (AE1/AE3; IHC)
Positive 11 (30.6%)
Negative 2 (5.6%)
Not known 23 (63.9%)

Other IHC markers (ATRX, cytokeratin, CD56,
CK7, CK19, CK20, and CDX2)
Positive 10 (27.8%)
Not known 26 (72.2%)

Data are number and percentage.
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Of the 24 patients with discordant NET (in terms of
WHO grade–predicted and actual dual-tracer PET findings),
7 (#30%) progressed (2/14 [14.3%] with metabolically
inactive and SSTR-expressing disease and 5/10 [50%] with
metabolically active and non–SSTR-expressing disease)
and 8 (#33.3%) succumbed to the disease (1/14 [7.1%]
with metabolically inactive and SSTR-expressing disease
and 7/10 [70%] with metabolically active and non–SSTR-
expressing disease). Of the 12 control patients with
matched disease, 3 (25%) progressed and 5 (41.7%)
died. In the entire cohort, the median cumulative PFS
was 83 mo (82.9 mo for metabolically inactive and
SSTR-expressing and 49.8 mo for metabolically active
and non–SSTR-expressing) and OS was 118 mo (90 mo
for metabolically inactive and SSTR-expressing and 61.2mo
for metabolically active and non–SSTR-expressing). Catego-
rization based on WHO 2017 grading did not yield such
trends and results (Figs. 1 and 2). The dual-tracer PET/CT
characteristics of the patient population has been detailed in
Table 4.
On multivariate analysis, the only significant correlation

was between dual-tracer PET and OS (P 5 0.01); however,
no significant correlation was flagged between any of the
variables and PFS in this study.

For PFS and OS, dual-tracer PET and WHO 2017 grading
were compared by Kaplan–Meier analysis and plots (Figs. 1
and 2). A significant difference was noticed between the
Kaplan–Meier plots when categorization was based on dual-
tracer PET (P 5 0.05 for PFS and P 5 0.02 for OS; log rank
test) versus WHO 2017 grading (P 5 0.39 for PFS and 0.67
for OS; log rank test). Cox analysis was used to analyze
dual-tracer PET versus WHO 2017 grading as a predictor of
PFS and OS and showed dual-tracer imaging to be an inde-
pendent predictive prognostic variable (PFS: hazard ratio,
0.23 [95% CI, 0.31–1.67; P 5 0.03]; OS: hazard ratio, 0.027
[95% CI, 0.002–0.35; P 5 0.005]). No significant statistics
could be achieved for WHO 2017 grading (PFS: hazard ratio,
0.49 [95% CI, 0.061–3.861; P 5 0.5]; OS: hazard ratio,
0.301 [95% CI, 0.3–3.013; P 5 0.31]).
A smaller substudy was done categorizing patients on the

basis of 68Ga-DOTATATE uptake (Krenning score). Two
patients (n 5 2) with a Krenning score of 1 were denied
PRRT. Of 5 patients with a Krenning score of 2, 2 received a
single cycle of PRRT and the remaining 3 received 2–3 cycles
(with the first cycle given mainly on trial or compassionate-
use grounds because there were few available alternatives).
Additional PRRT cycles in Krenning 2 patients were adminis-
tered either because of some initial symptomatic benefit or as
part of a combined chemo-PRRT trial, which in almost all

cases showed—after a third cycle of
PRRT—disease progression, which was
followed by withholding of further
PRRT. Of 7 patients with a Krenning
score of 1 or 2, 5 (71.4%) progressed
and all 7 (100%) succumbed to disease
with an adverse clinical outcome
(marked by a relatively brief OS and
PFS). The cohort with a Krenning score
of 3 or 4 comprised 29 patients (80.6%),
of whom 10 (27.8%) and 19 (52.8%)
had a Krenning score of 3 and 4,
respectively. Of these 29 patients, 5
(17.2%) progressed and 6 (20.7%)
died. Hence, a higher SSTR expres-
sion was associated with a favorable
outcome and vice versa.

DISCUSSION

The WHO 2010 grading system was
revised in 2017 to classify NETs with a
Ki-67 of more than 20% as well differ-
entiated and NECs with a Ki-67 of
more than 20% as poorly differentiated.
(Earlier in 2010 grading, all NETs with
Ki-67 . 20% were considered NEC.)
Ideally, grade I NETs should have
high 68Ga-DOTATATE uptake and
low 18F-FDG uptake, and grade III
NETs and NECs should have low

FIGURE 1. (A) Kaplan–Meier curves for PFS on basis of dual-tracer PET. (B) Kaplan–
Meier curves for PFS on basis of 2017 WHO grading system. (C) Cox proportional haz-
ards survival curves for PFS on basis of dual-tracer PET. (D) Cox proportional hazards
survival curves for PFS on basis of 2017 WHO grading system. Kaplan–Meier and Cox
curves showed significantly better PFS for metabolically inactive and SSTR-expressing
group than for metabolically active and non–SSTR-expressing group when cohort was
analyzed on basis of dual-tracer PET. Analysis based on 2017 WHO grading system did
not yield any significant difference. Cum5 cumulative.
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68Ga-DOTATATE uptake and high 18F-FDG uptake.
But our clinical experience has shown obvious outliers
with high 18F-FDG uptake and low 68Ga-DOTATATE
uptake in grade I NETs and vice versa (high 68Ga-

DOTATATE uptake and low 18F-
FDG uptake in grade III NETs and
NECs). Grade II NETs have shown
mixed uptake. Usually, histopatho-
logic grading serves as an excellent
prognostic marker, and in most cases,
the functional imaging findings are in
concordance with it. But when there is
discordance, histopathologic grading
may not reflect the exact, overall
tumor biology, as clinically observed
and affirmed by this study.
Here, we specifically evaluated

NETs showing discordance between
actual functional imaging findings
(68Ga-DOTATATE and 18F-FDG) and
imaging findings predicted by 2017
WHO grade. These entities, although
not regularly encountered in normal clin-
ical scenarios, do exist. The study group
comprised patients with contradictory
imaging findings (e.g., 68Ga-DOTATATE–
negative and 18F-FDG–positive find-
ings in grade I well-differentiated
tumors and vice versa). We tried to eval-
uate and explain this paradoxic behavior
of some NETs and whether dual-tracer
PET/CT can aid in therapeutic decision
making and predict the outcome of treat-
ment, especially PRRT. The main objec-

tive of this study was to evaluate the validity of dual-
tracer PET/CT as a prognostic marker in comparison to
other available determinants (e.g., histopathology), espe-
cially in deciding whether PRRT is a therapeutic option and
in predicting its outcome. This concept resonated with the
WHO’s approach in classifying G3 NETs as well differenti-
ated (G3 NET) or poorly differentiated (G3 NEC), exhibit-
ing a stark contrast in their biologic behavior and
response to treatment (particularly chemotherapy) and
ultimately culminating in the current 2017 WHO NET grad-
ing system.
This nuanced difference from the usual and predicted course

may be secondary to high-grade transformation of original
low-grade disease, as well as to overestimation and generaliza-
tion of histopathologic and IHC findings as representative of
the tumor or the overall disease burden, whereas such findings
essentially are—in most if not all cases—a localized and focal
representation covering the extent of only the sampling needle
tip or the tissue specimen biopsied. Vis-!a-vis discordant NETs,
the current database of available articles is relatively deficient,
with only occasional reports, and these are both nascent and
ambiguous in their understanding of the entity. Tang et al., in
their study of the histopathologic, IHC, and genetic constitution
of well-differentiated NETs (25), deduced that mixed grades
do exist within the population of well-differentiated NETs and
are distinguishable from poorly differentiated NECs by their

FIGURE 2. (A) Kaplan–Meier curves for OS on basis of dual-tracer PET. (B) Kaplan–
Meier curves for OS on basis of 2017 WHO grading system. (C) Cox proportional haz-
ards survival curves for OS on basis of dual-tracer PET. (D) Cox proportional hazards
survival curves for OS on basis of 2017 WHO grading system. Kaplan–Meier and Cox
curves showed significantly better OS for metabolically inactive and SSTR-expressing
group than for metabolically active and non–SSTR-expressing group when cohort was
analyzed on basis of dual-tracer PET. Analysis based on 2017 WHO grading system did
not yield any significant difference. Cum5 cumulative.

TABLE 4
Dual-Tracer PET Characteristics

Characteristic Data

Baseline 18F-FDG uptake (SUVmax)
,5 14 (38.9%)
5–10 5 (13.9%)
10–20 10 (27.8%)
.20 7 (19.4%)

Baseline DOTATATE uptake
Krenning 1 2 (5.6%)
Krenning 2 5 (13.9%)
Krenning 3 10 (27.8%)
Krenning 4 19 (52.8%)

Dual-tracer PET
Metabolically inactive and

SSTR-expressing
14 (38.9%)

Metabolically active and
non–SSTR-expressing

10 (27.8%)

Matched (metabolically active
and SSTR-expressing)

12 (33.3%)

Data are number and percentage.
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unique phenotype, proliferative indices, and genotype, either at
the time of diagnosis or afterward at both primary and meta-
static sites. Nu~nez-Valdovinos et al., in a study using the large
Spanish tumor registry (RGETNE [Registro del Grupo Espa-
~nol de Tumores Neuroendocrinos]) (26), inferred that sub-
stantial clinical heterogeneity is observed for both G2 and
G3 NENs and that analysis of the tumor registry suggested
tumor morphology to be a valuable aid in addition to the
proliferation index, to further stratify the clinical outcome
and prognosis in patients with gastroenteropancreatic NENs.
Choe et al., in their review article (22), highlighted that func-
tional imaging—specifically, SSTR scintigraphy (SRS with
68Ga-DOTATATE) and 18F-FDG—may be helpful in distin-
guishing well-differentiated NETs from poorly differentiated
NECs (27), especially in challenging situations with a
discrepancy between imaging features and histology. In
the context of NECs, which do not always show positive
IHC markers (28), or when a tissue sample may not be
representative of the entire tumor or disease burden, func-
tional imaging with dual-tracer PET has a particularly
important role to play (29). Basu et al. (24) also con-
cluded that even in the presence of different proliferative
indices, an inverse correlation in uptake on 68Ga-DOTATATE
and 18F-FDG PET is propitious in 3 instances: cases requir-
ing in vivo depiction of the overall tumor phenotype resulting
from multiple putative and unknown interactions at the cellu-
lar level; cases involving interlesional and intralesional
heterogeneity, rendering histopathology and IHC subject to
possible sampling errors and underrepresentation; and cases
requiring assessment of tumor biology using intermediate
grading indices. Thapa et al. (30) and Zhang et al. (31) showed
that high 18F-FDG uptake was associated with poorer out-
comes in NETs treated with PRRT. However, symptomatic
improvement was observed in most
cases irrespective of grade and 18F-
FDG uptake. High pretherapy 18F-FDG
uptake in both low-grade and high--
grade NETs predicted an inferior out-
come and was associated with disease
progression. Although these studies
emphasize the prognostic implication
of 18F-FDG uptake, the study by
Thapa et al. used the WHO 2010
NET grading system and did not
take into account the value of dual-
tracer PET, and neither study evalu-
ated the discordance between actual
functional imaging findings and his-
topathologic grade–predicted dual-
tracer functional PET findings. The
literature data make clear that both
18F-FDG and 68Ga-DOTATATE up-
take would form determinants of
response and that their relative concen-
trations on PET/CT imaging would be
an important molecular imaging

parameter for such predictions (32–35). In a previously pub-
lished study from our center (36), Sampathirao et al.
investigated the potential role of dual-tracer PET/CT in
detection of the primary site in carcinoma of unknown
primary, and the findings on PET/CT usually correlated
well with the tumor proliferation index; however, a few
outliers were noticed. Some of these outliers may have
been included in the present study, which looked pri-
marily into their outcome viewpoint (clinical response
to PRRT/chemotherapy).
For such clinical situations, imaging using dual tracers has

proved useful, as individual sampling of all lesions will be
almost impossible for obvious practical and ethical reasons.
Dual-tracer 68Ga-DOTATATE and 18F-FDG imaging seems
potentially advantageous and pragmatic for several reasons:
it can provide a noninterventional representation of whole-
body disease burden; it shows relative tracer uptake reflec-
tive of differentiation status and lesion aggressiveness; it can
direct the appropriate treatment strategy; it is effective in
evaluating responses and determining prognoses; and, to a
lesser extent, it can guide toward the diagnosis (Figs. 3 and
4). The present study was unique in that it evaluated a small
and specified entity: discordance between WHO 2017 grade–
predicted dual-tracer PET/CT findings and the actual
dual-tracer PET/CT findings. There were encouraging results
supporting the role of dual-tracer functional imaging in solv-
ing the conundrum surrounding management and prognosis,
and the study was imperative in its concept and approach.
The PFS and OS of the patients with discordance correlated
more closely with the dual-tracer PET findings as opposed to
the 2017 WHO grading system. Furthermore, dual-tracer PET
(as opposed to the 2017 WHO grading) was found to be an
independent prognostic factor for PFS and OS.

FIGURE 3. A 61-y-old man with NET metastatic to liver, mediastinal and abdominal
nodes, and multiple skeletal sites, with unknown primary. Histopathology revealed
poorly differentiated NEC, positive for synaptophysin and chromogranin, and CK19-
positive on IHC. Despite high proliferative index of 25%, 68Ga-DOTATATE PET/CT at
baseline revealed intense SSTR expression in hepatic and skeletal lesions and in
mediastinal, abdominal, and pelvic nodes, whereas 18F-FDG PET/CT showed single
metabolically active pariceliac node. Follow-up 68Ga-DOTATATE PET/CT revealed
partial response, with decrease in size and SSTR expression in almost all lesions,
whereas 18F-FDG PET/CT did not show any abnormal uptake, suggesting complete
metabolic resolution. Despite poorly differentiated G3 NEC (WHO 2017), dual-tracer
PET/CT studies suggested favorable tumor biology, which was adequately clinically
translated. After third PRRT, patient is doing fine, with significant symptomatic and
morphologic improvement.
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The major limitations of the study were its retrospective design,
its lack of a homogeneous histopathology protocol (especially
with respect to IHC markers), and its lack of a standardized
approach to tumor marker evaluation among the referring institu-
tions and hospitals. Another possible limitation was that the cohort
lacked uniformity in disease burden and general condition, which
could affect the duration of OS and PFS in these heavily pre-
treated patients, who had been referred for PRRT at various dis-
ease stages. The fact that genetic mutations and pathways were
not studied might represent a major pitfall that we believe could
be pivotal to discordance. An understanding of such muta-
tions and pathways could potentially lead to a paradigm shift
in our present management of discordant NETs. However,
this study did have some important findings. In evaluating
the novel concept of discordance between WHO 2017 gra-
de–predicted molecular imaging and actual dual-tracer PET/
CT findings, it showed encouraging results in favor of dual-
tracer PET. It highlighted possible pitfalls in histopathologic
grading and its reliability in devising a personalized treatment
strategy. It revealed the need for a well-structured prospective
study recruiting a homogeneous patient cohort. Finally, it
showed that the greatest need in deciphering this medical
conundrum is to perform studies encompassing all possible
determinants, including genomic and proteomic analyses.

CONCLUSION

Dual-tracer PET using 18F-FDG and 68Ga-DOTATATE is a
promising entity in NET management and may perform better
than histopathology in evaluating overall tumor burden and
biology, especially in making clinical decisions and selecting
patients who will benefit from PRRT. The present work indi-
cated that histologic classification alone is not sufficient. On

the one hand, a focal high MIB-1 index
should not preclude a patient from
PRRT (if SSTR PET imaging reveals
high receptor expression), and on the
other hand, a low tumor proliferation
rate at initial diagnosis does not
clearly predict concordant biology in
all lesions. Because a temporal change
in tumor grade (dedifferentiation) is
possible, a workup that includes the
dual-tracer PET/CT features would be
useful and add a scientific basis to the
management strategy. Discordance in
NETs can be multifaceted and com-
plex, for which a continued multidis-
ciplinary approach is the key to gaining
greater insight.
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KEY POINTS

QUESTION: How does the issue of discordance between
histopathologic grading and dual-tracer PET/CT (68Ga-
DOTATATE and 18F-FDG) findings in metastatic NENs
affect routine clinical practice?

PERTINENT FINDINGS: Dual-tracer PET/CT imaging was
shown to be a significant prognostic determinant and
predictor of outcome.

IMPLICATIONS FOR PATIENT CARE: A multifaceted
workup encompassing dual-tracer PET/CT features along with
histopathology would be greatly useful and add scientific basis
to the management strategy.
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18F-FDG PET/CT quantification of whole-body tumor burden in
lymphoma is not routinely performed because of the lack of fast
methods. Although the semiautomatic method is fast, it is not fast
enough to quantify tumor burden in daily clinical practice. Our pur-
pose was to evaluate the performance of convolutional neural net-
work (CNN) software in localizing neoplastic lesions in whole-body
18F-FDG PET/CT images of pediatric lymphoma patients. Meth-
ods: The retrospective image dataset, derived from the data pool
of the International Atomic Energy Agency (coordinated research
project E12017), included 102 baseline staging 18F-FDG PET/CT
studies of pediatric lymphoma patients (mean age, 11 y). The
images were quantified to determine the whole-body tumor burden
(whole-body metabolic tumor volume [wbMTV] and whole-body
total lesion glycolysis [wbTLG]) using semiautomatic software and
CNN-based software. Both were displayed as semiautomatic
wbMTV and wbTLG and as CNN wbMTV and wbTLG. The intra-
class correlation coefficient (ICC) was applied to evaluate concor-
dance between the CNN-based software and the semiautomatic
software. Results: Twenty-six patients were excluded from the
analysis because the software was unable to perform calculations
for them. In the remaining 76 patients, CNN and semiautomatic
wbMTV tumor burden metrics correlated strongly (ICC, 0.993;
95% CI, 0.98920.996; P , 0.0001), as did CNN and semiauto-
matic wbTLG (ICC, 0.999; 95% CI, 0.998–0.999; P , 0.0001).
However, the time spent calculating these metrics was signifi-
cantly (,0.0001) less by CNN (mean, 19 s; range, 11–50 s) than by
the semiautomatic method (mean, 21.6 min; range, 3.2–62.1 min),
especially in patients with advanced disease. Conclusion: Deter-
mining whole-body tumor burden in pediatric lymphoma patients
using CNN is fast and feasible in clinical practice.

Key Words: 18F-FDG PET/CT; whole-body tumor burden; pediatric;
lymphoma
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For pediatric staging and treatment response evaluation
of Hodgkin and non-Hodgkin lymphoma, 18F-FDG PET/CT
is an invaluable tool and an established modality (1–7). Visual
interpretation of 18F-FDG PET/CT studies to assess the extent
of disease can be subjective; therefore, qualitative interpreta-
tion is necessary to provide additional insight, reducing the
subjectivity of visual interpretation (8,9). 18F-FDG PET/CT
whole-body metabolic tumor burden parameters such as
metabolic tumor volume (MTV) and total lesion glycolysis
(TLG) bear a high prognostic value in lymphoma patients,
much greater than SUVs (10–13). However, the prognostic
determination, although easily measured in primary solid
tumors (14–17), has not been applied in daily clinical prac-
tice to patients with widespread lymphoma disease because
calculations are extremely time-consuming.
There is a wide variety of methods to quantify MTV and

TLG, using threshold-based or algorithm-based methods. Spe-
cifically relating to the threshold-based methods, the most
commonly applied is the volume-of-interest (VOI) isocontour
method (15,17,18). Automatic multifocal segmentation quanti-
fication in patients with lymphoma uses VOI isocontour and
has been validated before and proven to be quite fast (19).
Depending on patient tumor burden, the time spent calculating
MTV and TLG could be impractical and still not feasible in
daily clinical practice. The extraction and processing of imag-
ing features from radiologic data, also known as radiomics,
may also link imaging features with patient outcome. How-
ever, radiomics also requires precise tumor ROI delineation,
which is also time-consuming, with delineation variabilities
between observers.
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Computer deep learning and functioning as a neural net-
work have evolved substantially, achieving remarkable suc-
cess in tumor segmentation and diagnosis and ultimately
transforming and optimizing clinical practice (18,20–23),
providing objective and accurate diagnoses in medicine
by building diagnostic models. For example, software
for multimodality imaging using deep convolutional neu-
ral networks (CNNs) automatically localizes and delin-
eates metastases in whole-body 18F-FDG PET/CT scans.
Deep CNN seems capable of correctly localizing and
classifying uptake patterns in 18F-FDG PET/CT images
into foci suggestive and nonsuggestive of cancer. These
extracted features help the semantic interpretation and
may simplify the PET workflow with a 1-click calcula-
tion of whole-body tumor burden (24–26). However, the
clinical applicability of this software has not yet been
fully tested, and unusual features may be identified if
unsupervised by a physician (27,28).
The purpose of this study was to evaluate the performance

of the recently developed CNN software in a clinical setting
in pediatric lymphoma patients.

MATERIALS AND METHODS

This dataset, retrospectively studied, is derived from a subset of
102 baseline staging 18F-FDG PET/CT studies of pediatric lym-
phoma patient images from the data pool of the prospective multicen-
ter research project coordinated by the International Atomic Energy
Agency (coordinated research project E12017).

Research Regulation and Data
Protection
The study protocol was approved by

each center’s Institutional Review Board.
A signed parental consent form was an
inclusion criterion for recruitment, and all
subjects gave such consent. Cases and forms
were anonymized to ensure confidentiality
while sharing data internationally.

Patients
The eligibility criteria consisted of pedi-

atric patients (age , 18 y) with newly
diagnosed Hodgkin lymphoma or non-
Hodgkin lymphoma who underwent a
staging 18F-FDG PET/CT scan. According
to the World Health Organization classifi-
cation criteria, the diagnosis was based on
biopsy with immunohistochemistry (29).
Exclusion criteria consisted of prior radia-
tion therapy and chemotherapy and con-
current HIV infection.
The patient’s clinical characteristics

and tumor stage were evaluated, such
as the age at diagnosis, the final clinical
stage, spleen disease, additional nodal
sites, disease volume, B symptoms, lac-
tate dehydrogenase level, leukocytosis,
erythrocyte sedimentation rate, anemia,

albumin level, bone marrow 18F-FDG uptake, Deauville score,
MTV, and TLG.

18F-FDG PET/CT Imaging and Quantification
All patients underwent staging whole-body 18F-FDG PET/CT,

from the top of the skull to the toes. All scans were obtained
according to standard Society of Nuclear Medicine and Molecular
Imaging or European Association of Nuclear Medicine procedure
guidelines (30).
The whole-body MTV (wbMTV) and whole-body TLG (wbTLG)

metrics were calculated using semiautomatic and CNN software. All
images on both types of software were processed by 2 observers.
Differences in the wbMTV and wbTLG metrics (if any) were recal-
culated to reach consensus. The semiautomatic software was used as
the reference standard to evaluate the CNN software’s performance.
Semiautomatic Quantification of Whole-Body Tumor Bur-

den. The wbMTV and wbTLG metrics were calculated using
semiautomatic multifocal segmentation software (Syngovia VB20;
Siemens Medical Solutions), previously validated for clinical use
(19) using a fixed threshold.
With this software, the whole-body tumor burden metrics (semi-

automatic wbMTV and wbTLG) were obtained. The semiauto-
matic whole-body tumor burden was obtained by choosing the
multifocal segmentation tool that automatically draws a rectangu-
lar VOI around the patient’s entire body on the coronal axis. If
necessary, the VOI is adjusted in the axial and sagittal planes. The
liver is set as the background reference, and then volumes of inter-
est are automatically determined surrounding each lymphoma
lesion with uptake higher than the SUVmean of the liver. A VOI
threshold of 41% of the SUVmax using isocontour drawings was
applied for all automatically delineated lesions. The image and
VOIs were then reviewed to exclude physiologic areas incorrectly

FIGURE 1. Whole-body tumor burden quantification on baseline staging 18F-FDG PET/
CT using semiautomatic software on patient with non-Hodgkin lymphoma. (A) Maximum-
intensity projection shows hypermetabolic lymphoma infiltration in left supraclavicular
and cervical lymph nodes, mediastinal lymph nodes, and extensively in abdominopelvic
lymph nodes; lung nodules; and bone infiltration. (B) For calculation, liver is set as back-
ground reference, and VOIs automatically surround each lymphoma lesion with uptake
higher than SUVmean of liver. VOIs also include physiologic areas incorrectly selected as
cancer to include metastatic foci with relatively low uptake, such as lung nodule metasta-
sis with mild 18F-FDG uptake in right upper lobe.
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selected as cancer (such as brain, kidneys, bladder, and ureters)
and include metastatic foci with relatively low uptake that were
missed by the software (e.g., small lymph nodes). Afterward,
whole-body MTV and TLG calculations were readily available
and displayed as semiautomatic wbMTV and wbTLG (Fig. 1).
CNN Quantification of Whole-Body Tumor Burden. The

wbMTV and wbTLG metrics were calculated using software
based on deep CNN (Syngovia VB50; Siemens Healthineers).
With this software, the whole-body tumor burden metrics (CNN
wbMTV and wbTLG) were obtained.
Computation of the whole-body tumor burden on the CNN soft-

ware was automatically performed by the deep CNN method as
described by Sibille et al. (24). Unlike the semiautomatic software,
the CNN software does not require an initial positioning of a VOI
surrounding the body. The CNN automatically computes the maxi-
mum-intensity-projection 18F-FDG PET image and integrates the
anatomic CT image using an intuitive interface. Afterward, the soft-
ware automatically detects 18F-FDG–avid anatomic landmarks and
discriminates hypermetabolic areas related to the physiologic activity
that will be automatically excluded (Fig. 2) from cancer. Briefly, the
PET VOIs are segmented using a fixed threshold algorithm and eval-
uated by the deep CNN. Whole-body CT examinations are aligned
to an anatomic atlas. Finally, a maximum-intensity projection of the
whole-body 18F-FDG PET/CT is reconstructed, and the lesions are
classified. The deep CNN uses a combination of multiplanar

reconstructions of PET and CT, 18F-FDG PET maximum-intensity
projections, and anatomic atlases to predict the anatomic localization
of 18F-FDG foci and determine whether a focus was suggestive (or
not) for malignancy. The advantage of the CNN algorithm is that it
does not require the initial positioning of a VOI. This specific CNN
software is not yet validated for pediatric patients.
Two forms of analyses were undertaken on the CNN software:

the observer method, in which all VOIs automatically generated
by the multifocal segmentation tool were reviewed (in a masked
manner) by both observers to determine whether the VOIs were
wrongly included or excluded from the results (afterward, values
were calculated and displayed as CNN 1 observer wbMTV and
wbTLG), and the no-observer method, in which the VOIs auto-
matically obtained were accepted and did not undergo a masked
review by each of the observers. The calculations were readily
available and displayed as CNN wbMTV and wbTLG.

Statistical Analysis
The sample was characterized by descriptive analysis, performed

using frequency tables for categoric variables and measures of posi-
tion and dispersion for continuous variables (mean, SD, median,
minimum and maximum).

FIGURE 2. Whole-body tumor burden quantification on staging
18F-FDG PET/CT using CNN. Displayed in red are regions that
software excluded from analysis (regions related to physiologic
uptake: brain, head and neck, heart, intestines, kidneys, and
bladder), and displayed in green are regions that software
included in calculation of whole-body tumor burden. In this
patient, extensive cervical lymph node bulky mass and mediasti-
nal lymph nodes were included.

TABLE 1
Clinical Characteristics of Patients (n 5 102)

Parameter Variable Number Percentage

Sex Female 32 31.4%
Male 70 68.6%

Lymphoma type Hodgkin 80 78.4%
Non-Hodgkin 22 21.6%

Clinical final stage 1 8 7.8%
2 34 33.3%
3 34 33.3%
4 26 25.5%

Spleen Yes 29 28.4%
Disease No 73 71.6%
Extranodal sites 0 67 65.7%

1 15 14.7%
$2 20 19.6%

Disease bulk Bulky 63 61.8%
Nonbulky 39 38.2%

B symptoms Yes 43 43.0%
No 57 57.0%

LDH High 47 52.8%
Normal 42 47.2%

Leukocytosis Yes 32 31.7%
No 69 68.3%

Erythrocyte
sedimentation
rate

Normal 34 52.3%

Elevated 31 47.7%
Anemia Yes 47 47.5%

No 52 52.5%
Albumin Yes 27 37.0%

No 46 63.0%
Bone marrow Diffuse 12 11.9%
18F-FDG Focal 16 15.8%
Uptake Negative 73 72.3%
Event Yes 10 9.8%

No 92 90.2%
Status Alive 101 99.0%

Dead 1 1.0%
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The x2 test or Fisher exact test was used to check associations or
compare proportions, and the Mann–Whitney test was used to com-
pare continuous or orderable measurements between the 2 groups.
Risk factors associated with the event were identified with univari-
ate and multiple Cox regression analyses. The variable selection
process used was stepwise.
To verify the relationship between continuous measurements, the

Spearman correlation coefficient was used ranging from 21 to 1.
To assess agreement between the semiautomatic and CNN soft-

ware, the intraclass correlation coefficient (ICC) was used (values
above 0.7 were considered to indicate substantial agreement). The
Friedman test and the Wilcoxon test for related samples were used
to compare the times. The time was defined as the moment that
the physician began focusing on the task until the moment that the
whole-body tumor burden calculation was completed. The level of
significance was 0.05.

RESULTS

The whole-body tumor burden was quantified using both
types of software in 102 18F-FDG PET/CT baseline scans of
pediatric lymphoma patients. There were 32 (31.4%) girls and
70 (68.6%) boys. The mean age at lymphoma diagnosis was
11.1 6 4.3 y (range, 4.0–18.0 y). Among these, 80 (78.4%)
patients had Hodgkin lymphoma, and 22 (21.6%) had

non-Hodgkin lymphoma. Table 1 displays the clinical
characteristics.

Semiautomatic Calculation of Whole-Body Tumor Burden
The semiautomatic wbMTV and wbTLG were calculated

in all 102 patients. The average time spent on this calcula-
tion was 21.6 min, ranging from 3.2 to 62.1 min. Notably,
in patients with widespread lesions in multiple organs or
confluent with areas of physiologic excretion, the software
took longer to identify and delineate abnormal areas.

CNN-Based Calculation of Tumor Burden
The CNN 1 observer wbMTV and wbTLG were also

calculated in all 102 patients. The average time spent on
this calculation, with the CNN software having the observ-
ers evaluate the images before calculation, was 3.8 min,
ranging from 0.5 to 19.6 min.
On the other hand, CNN wbMTV and wbTLG (i.e., with-

out any observer evaluating the CNN software’s perfor-
mance before calculation) were calculated in 76 of the 102
patients. Twenty-six patients were excluded from the analy-
ses because the software could not perform calculations
because of patient movement or misregistration (n 5 6),
because the software could not recognize small lymph nodes

as diseased (n 5 8), or because there
was widespread brown fat (n 5 3), dif-
fuse bone infiltration (n 5 5), diffuse
homogeneous mild infiltration of the
spleen (n 5 2), or subcutaneous infil-
tration of 18F-FDG at the injection site
(n 5 2) (Fig. 3).
Impressively, the average total time

spent calculating CNN wbMTV and
wbTLG was 19 s, ranging from 11 to
50 s. This total time begins when the
physician begins focusing on the task
and ends at completion of the whole-
body tumor burden calculation. Thus,
the times spent calculating CNN,
CNN 1 observer, and semiautomatic
wbMTV metrics in 76 paired patients
were significantly different (P ,
0.0001). The CNN software alone was
much faster and more precise than
either the semiautomatic or the CNN 1
observer method (Table 2).

Comparison of Semiautomatic and CNN
Tumor Burden Measurements
The CNN 1 observer and semiauto-

matic wbMTV metrics calculated on the
102 patients correlated strongly (ICC,
0.993; 95% CI, 0.989–0.996; P ,
0.0001), as did the CNN 1 observer
and semiautomatic wbTLG metrics
(ICC, 0.999; 95% CI, 0.998–0.999;
P , 0.0001). Among the 76 18F-

FIGURE 3. Baseline staging 18F-FDG PET/CT of patient with Hodgkin lymphoma. (A)
Maximum-intensity projection reveals cervical hypermetabolic bulky mass. (B) Image dis-
played with different whole-body tumor burden quantification methods shows that using
semiautomatic method, VOIs are delineated in cancer lesions and also in physiologic
regions not related to cancer; these regions must be deleted before quantification.
Whole-body tumor burden calculation showed semiautomatic wbMTV of 104 and TLG
of 1,663; time spent calculating these metrics was 5 min. (C) CNN whole-body tumor
burden quantification does not delineate regions nonrelated to cancer and demonstrates
similar metrics: CNN 1 observer wbMTV of 105 and CNN 1 observer wbTLG of 1,671.
Time spent calculating was significantly less (13 s) even though CNN software failed to
delineate spleen, which had to be performed manually.
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FDG PET/CT studies in which the fully automatic CNN
was performed, the CNN 1 observer, CNN, and semiauto-
matic wbMTV metrics also correlated strongly, as did the
CNN 1 observer, CNN, and semiautomatic wbTLG metrics
(Table 3).
Impressively, the correlation between CNN and semiau-

tomatic wbMTV was significantly high (ICC, 0.950; 95%
CI, 0.922–0.968; P , 0.0001), as was CNN and semiauto-
matic wbTLG (ICC, 0.947; 95% CI, 0.917–0.966; P ,
0.0001). Therefore, the CNN software performed equally
well, similar to the semiautomatic tool in which an experi-
enced observer evaluated the images.
More impressive, however, was the fact that the correla-

tion between CNN 1 observer and CNN wbMTV was sig-
nificantly high (ICC, 0.946; 95% CI, 0.912–0.966; P ,
0.0001), as was CNN 1 observer and CNN wbTLG (ICC,
0.952; 95% CI, 0.925–0.969; P , 0.0001). Consequently,
the CNN software performance did not require an observer
to evaluate the images and validate all VOIs.

DISCUSSION

To our knowledge, this was the first study to quantify the
whole-body tumor burden of pediatric lymphoma patients
using CNN and deep learning. Despite the difference in 18F-
FDG biodistribution between children and adults, the CNN-
based software accurately delineated abnormal regions. The
CNN-based software optimized the working time, was
extremely fast, and performed better than the semiquantita-
tive software in calculating whole-body tumor burden.

The CNN-based software allows a review of the VOIs
provided automatically (i.e., VOIs can be added manually or
incorrect ones deleted). Ultimately comparison of the CNN-
based software with and without the observer’s review of
the VOIs rendered the same metrics. However, the time
spent determining the whole-body tumor burden metrics by
the semiautomatic software was longer, because it depends
primarily on the extent of the disease. The semiautomatic
quantification does not allow preselection of VOIs by the
operator before creating the definitive findings and thus does
not distinguish diseased areas from physiologic areas, creat-
ing many VOIs that overload the program.
On the other hand, quantifying the whole-body tumor bur-

den through CNN-based software was significantly faster,
with and without the observer reviewing the VOIs. Impres-
sively, when we compared quantification of the whole-body
tumor burden on the CNN-based software (without observer
interference) with the semiautomatic software and CNN-based
software with observer interference, CNN-based software
without the interference of the observer was significantly
faster and just as precise. CNN-based software took as little
as 20 s to calculate the patient’s entire tumor burden, with-
out the need to review the VOIs (Figs. 4 and 5).
However, there were some limitations. It was not possible

to show whether the measurements predicted by the CNN-
based software could be applied to our patient cohort to predict
prognosis and response evaluation. Most (78.4%) of the
patients had Hodgkin lymphoma, and there were only 2 deaths;
therefore, it was not possible to determine overall survival. A

TABLE 2
Time Spent Quantifying Whole-Body Tumor Burden Metrics on Semiautomatic Software and CNN

Software With and Without Observer Input

Time (s)

Variable n Mean SD Minimum Median Maximum P

Semiautomatic 76 1,301.3 863.5 198.0 1,107.0 3,724.0 ,0.0001
CNN 1 observer 76 221.1 204.4 31.0 155.0 1,176.0
CNN 76 19.6 8.0 11.0 17.0 50.0

TABLE 3
Correlation of Whole-Body Tumor Burden Metrics on Semiautomatic Software and CNN-Based Software With and Without

Observer Input in 76 Patients

Variable Mean SD Min Median Max ICC 95% CI P

MTV 0.960 0.942–0.974 ,0.0001
Semiautomatic 242.8 205.9 4.6 149.0 772.6
CNN 1 observer 254.8 212.8 4.1 178.3 778.3
CNN 234.8 206.9 11.7 147.6 784.4

TLG 0.963 0.947–0.975 ,0.0001
Semiautomatic 1,626.4 1,674.6 50.0 894.7 6,963.1
CNN 1 observer 1,647.3 1,685.8 50.1 902.1 5,963.4
CNN 1,647.7 1,811.2 31.0 871.3 8,218.6

Min 5 minimum; Max 5 maximum; ICC 5 intraclass correlation coefficient.
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larger number of patients with
events are required to determine
whether the measurements predicted by
CNN-based software can predict prog-
nosis. Another limitation is that 25%
of the patients were excluded from
analyses because the CNN-based soft-
ware could not recognize areas of meta-
bolically active disease and could not
perform calculation. In such situations,
these patients had to be excluded
because there was no ability to compare
CNN quantification with manual or
semiautomatic quantification. The CNN
software we tested was not initially
designed or validated to quantify spe-
cifically pediatric patients but, even
so, performed quite well. These exclu-
sions were caused by either the wrong
lesion being segmented or lesions
being missed. For example, small
lymph nodes with mild 18F-FDG
uptake were excluded; extensive brown
fat was erroneously included as lym-
phomatous infiltration; extensive dif-
fuse bone marrow infiltration (5/12
patients) was missed; and radiopharma-
ceutical extravasation sites and bladder
catheter were erroneously included.
Most likely, with further CNN and
deep-learning development and specific
training in pediatric patients regarding
differentiation of normal biodistribution
from cancer tissue, failure rates will
decrease.
CNN-based software with CNN and

deep learning still requires the input
of the observer (26–28). In 25% of
the patients, CNN could not depict the
correct neoplastic tissue or added non-
neoplastic tissue; thus, quantification
had to be excluded because the soft-
ware was not performing the calcula-
tions. Therefore, errors and failure to
detect proper tissue will occur even in
CNN and DL software, arguing in favor
of the observer input. Most likely, the
largest errors may be associated with
unsupervised quantification.

CONCLUSION

CNN-based quantification of whole-
body tumor burden in pediatric lym-
phoma patients is an emerging field.
Determination of whole-body tumor

FIGURE 4. Baseline staging 18F-FDG PET/CT of Hodgkin lymphoma. (A) Maximum-
intensity projection reveals mediastinal hypermetabolic bulky mass and extensive infiltra-
tion of cervical lymph nodes, abdominal lymph nodes, and spleen. (B) Semiautomatic
quantification reveals semiautomatic wbMTV of 548 and semiautomatic wbTLG of 5,238;
time spent calculating was 15 min. (C) CNN whole-body tumor burden quantification
demonstrates similar metrics: CNN wbMTV of 570 and CNN wbTLG of 5,213, but time
spent calculating was significantly less (14 s). CNN software excludes focal areas of
physiologic uptake such as right ureter and includes areas of mild uptake such as left hilar
lymph node.

FIGURE 5. 18F-FDG PET/CT of patient with Hodgkin lymphoma. (A) Maximum-intensity
projection reveals mediastinal hypermetabolic bulky mass and cervical, axillary, and
inguinal nodes. (B) Semiautomatic VB20 whole-body tumor burden quantification reveals
MTV of 194 and TLG of 1,007; time spent calculating these metrics was 30 min because
of extent of lesions and need to exclude multiple areas of physiologic uptake. (C) CNN
whole-body tumor burden quantification demonstrates similar metrics: MTV of 200 and
TLG of 968. However, time spent calculating was significantly less (36 s). CNN software
excludes physiologic areas with high uptake such as heart and includes lymph nodes
with less uptake adjacent to heart.
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burden using CNN-based software is extremely fast and fea-
sible in clinical practice in pediatric lymphoma patients. CNN-
based software requires CNN and deep-learning development
and specific training in pediatric patients, as well as the input of
the observer to minimize failure rates. Tumor burden should be
evaluated in most if not all tumors and age groups for therapy
purposes.

DISCLOSURE

The whole-body metrics were calculated using a loaned
Siemens device equipped with a software based on deep
CNN (Syngovia VB50).
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KEY POINTS

QUESTION: Will the use of CNN promote fast and reliable
quantification data regarding whole-body metabolic tumor
burden in 18F-FDG PET/CT pediatric lymphoma patients?

PERTINENT FINDINGS: Quantification of whole-body
metabolic tumor burden using CNN correlates strongly
with semiautomatic quantification (ICC, 0.993; 95% CI,
0.98920.996; P , 0.0001).

IMPLICATIONS FOR PATIENT CARE: In addition to
reliable data, implementation of CNN quantification tools
in clinical practice may be able to quickly and accurately
deliver prognostic information for better patient
management.
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Reducing Radiation Exposure from PET Patients
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This study measured the typical emitted radiation rate from the
urinary bladder of PET patients after their scan and investigated
simple methods for reducing the emitted radiation before dis-
charge. Methods: The study included 83 patients (63 18F-FDG
and 20 18F-NaF patients). Emitted radiation from the patients’ uri-
nary bladder was measured with an ionization survey meter at a
1-m distance, presuming the urinary bladder to be the primary
source of radiation. The measurements were taken at different
time points after PET image acquisition: immediate (prevoid 1),
voided (postvoid 1), after waiting 30 min in the uptake room
while drinking 500 mL of water (prevoid 2), and voided again (post-
void 2). Results: For 18F-FDG patients, the reduction of emitted
radiation due to drinking water and voiding alone from prevoid 1 to
decay-corrected postvoid 2 was an average of 22.49% 6 7.48%
(13.65 6 3.42 mSv/h to 10.48 6 2.37 mSv/h, P , 0.001). For
18F-NaF patients, the reduction was an average of 25.80% 6
10.03% (9.83 6 2.01 mSv/h to 7.23 6 1.49 mSv/h, P , 0.001).
Conclusion: In addition to the physical decay of the radio-
tracers, using the biologic clearance properties resulted in a
significant decrease of the emitted radiation in this study. Imple-
menting additional water consumption to facilitate voiding
with 30 min of wait time before discharging certain 18F-FDG and
18F-NaF patients who need to be in close contact with others,
such as elderly, caregivers, and inpatients, might facilitate low-
ering their emitted radiation by an average of 22%–25% due to
voiding, not counting in the physical decay that should add an
additional 17% reduction.

KeyWords: PET/CT; public safety; radiation exposure; ALARA

J Nucl Med Technol 2022; 50:263–268
DOI: 10.2967/jnmt.121.263223

PET imaging procedures have increased in the past few
decades. The increased use of PET is attributed to multiple
factors, including awareness of referring physicians and the
emergence of a variety of tracers with numerous clinical
applications (1). Further, the clinical indications of PET have
expanded beyond oncology to include infection, inflammation,
cardiovascular, brain and skeletal imaging. The first approved
PET radiotracers by the U.S. Food and Drug Administration

(FDA) and most widely used were 18F-FDG (18F-FDG) and
18F-sodium fluoride (18F-NaF) (2). Recently, the FDA has
approved more PET radiotracers that are being used in clinical
practice: 13N-ammonia in 2007, 18F-florbetapir in 2012,
18F-flutemetamol in 2013, 18F-florbetaben in 2014, 18F-fluci-
clovine in 2016, 68Ga-DOTATATE in 2016, 68Ga-DOTATOC
in 2019, 18F-fluorodopa in 2019, 64Cu-DOTATATE in 2020,
18F-fluoroestradiol in 2020, and 68Ga-PSMA in 2020. Cur-
rently, there are additional PET radiotracers that are being
evaluated in clinical trials and as investigational new drugs.
With the recent development of these PET radiotracers,

there has been more attention given to the radiation exposure
from PET patients after being discharged. Although radiation
from medical use and nuclear medicine is overall safe (3,4),
lowering radiation exposure from the patients to their care-
givers or contacts is desirable. This is particularly important in
special patient groups such as inpatients, who immediately
return to their wards after imaging, and also for patients who
require special assistance from a caregiver. There are a couple
of studies that measured the emitted radiation from patients
undergoing 68Ga-DOTATOC, 18F-fluorodopa, 18F-FDG, and
18F-fluciclovine scans (3,5).
Because most diagnostic studies before PET popularity

were performed using 99mTc-labeled radiotracers, the dis-
charge criteria for these studies are well-defined as there is
minimal radiation exposure from the patients due to the
140 keV g-emission and a 6-h half-life of a 99mTc radionu-
clide. On the other hand, PET radionuclides emit two 511-
keV photons simultaneously, which are capable of more
ionizing damage to their surroundings in comparison to
99mTc radionuclides. Therefore, both types of radiotracers
cannot be treated equally and separate guidelines should be
implemented for PET radiotracers. To date, however, there
are no mandated release criteria for discharge of PET
patients after completion of their scan.
Published articles have stated that most of the patients who

underwent 18F-FDG scanning had emitted radiation exceeding
or close to 20mSv/h at the time of discharge (3–7). Muzaffar
et al. stated that 97% of these patients had dropped the radiation
exposure to below 20 mSv/h using simple interventions such as
waiting half an hour after scanning and voiding before being
discharged (5). This was, however, not the case with 18F-fluci-
clovine patients: only 25% of the patients had a drop of radia-
tion exposure below 20mSv/h after the same interventions.
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This observation is mainly because the imaging protocol and
the biodistribution of 18F-fluciclovine are significantly different
from those of 18F-FDG (5).
The objectives of this project were to determine the typi-

cal emitted radiation rate from the urinary bladder region of
PET patients after the completion of 18F-FDG or 18F-NaF
PET scans and to further investigate and validate the impor-
tance of simple interventions in an attempt to reduce the
emitted radiation. These simple interventions may help in
lowering the potential radiation exposure to close contacts
without compromising the quality of images and at no addi-
tional cost.

MATERIALS AND METHODS

Patients undergoing PET scans in the nuclear medicine depart-
ment for various clinical indications were asked to volunteer for
this study. The study protocol was approved by the Kuwait Uni-
versity, Faculty of Medicine Ethical Review Committee as well as
the Ministry of Health Ethical Review Committee. All the subjects
signed a written informed consent form to participate in this study.
A total of 83 eligible patients consented to participate in the study.

The study included patients undergoing PET scans using 18F-FDG
or 18F-NaF. Patients who were bedridden, on kidney dialysis, with
urine catheters, and under the age of 18 y were excluded from the
study.
There were 63 patients (35 men and 28 women; mean age,

54.27 6 15.14 y) who received a weight-based 18F-FDG dose of
5.18 MBq/kg ([0.14 mCi/kg]; range, 185–352 MBq [5–9.5 mCi])
(Table 1). After injection, the patients had an approximately
60-min uptake time followed by a whole-body PET/CT acquisition
of about 15–20 min (Gemini TF 64 slice PET/CT; Philips). Each
patient’s equivalent dose rate was then measured with an ioniza-
tion survey meter (GM Detector, model IA-V2; International Med-
com) at 1 m immediately after the completion of the PET scan. On
the basis of the institutional guidelines, the ionization survey meter
is calibrated every 6 mo. For distance consistency, 2 tape marks
were placed on the floor of the uptake rooms at a 1-m distance.
Patients were asked to stand by one of the tape marks on the floor
with the technologist on the other tape mark. Presuming the urinary
bladder is the primary source of activity emitted from the patient, the
radiation emissions from the urinary bladder were recorded. The
bladder was assumed to be in its normal location in the pelvis.

The survey meter was held by the technologist at the height of the
patient’s urinary bladder. The measurements were recorded after the
radiation reading became steady on the ionization survey meter.
After the initial radiation measurement (prevoid 1), the patients were
then asked to void, and another measurement (postvoid 1) was
recorded. Then the patients were given 500 mL of water to drink
while waiting for 30 min in the uptake room and instructed not to
void during this period. As per the study protocol, the patients waited
in their individual uptake rooms and did not come into contact with
anyone during this time. Additional measurements were recorded
after the 30-min wait (prevoid 2), and finally, the patients were asked
to void again for a last measurement (postvoid 2) before being dis-
charged from the department. The average stay of the patients in the
department during this study was 139 6 16 min (range, 86–177 min)
from the time of 18F-FDG administration until the time of the post-
void 2 measurement.
For 18F-NaF, 20 patients (8 men and 12 women; mean age,

57.55 6 18.69 y) were eligible and agreed to participate in this
study (Table 1). These patients received a weight-based dose of
5.18 MBq/kg ([0.14 mCi/kg] range, 186–376 MBq [5.02–10.17
mCi]). The emitted radiation was measured in a manner similar to
that for 18F-FDG patients. The average stay of the patients in the
department during this study was 168 6 15 min (range, 140–191
min) from the time of 18F-NaF administration until the time of the
postvoid 2 measurement.

Statistical Analysis
The IBM Statistical Package for Social Sciences (version 23;

SPSS-Inc.) was used to perform all statistical analyses. Group sta-
tistics, providing basic information about group comparisons,
including the sample size (n), mean, and SD, were calculated and
presented as mean 6 SD. The independent-samples t test was con-
ducted to compare the means between groups to determine statisti-
cal significance.
The data were analyzed on the basis of different categories,

including sex, body mass index (BMI), and age. In the sex cate-
gory, there were 35 men and 28 women for the 18F-FDG group
and 8 men and 12 women in the 18F-NaF group. In the BMI cate-
gory, the patients were grouped according to World Health Orga-
nization classifications: a normal group, from 18.5 to 24.9; an
overweight group, from 25 to 29.9; and an obese group, with a
BMI of 30.0 and higher (8). There were 13 normal, 22 overweight,
and 28 obese 18F-FDG patients, and there were 5 normal, 5 over-
weight, and 10 obese 18F-NaF patients. The age category included

TABLE 1
Patient Demographic Data

Tracer Study group No. of patients Age (y) BMI Dose (MBq)

18F-FDG Male 35 Range, 27–77 Range, 19.31–43.04 Range, 188–337
Mean, 54.63 6 14.95 Mean, 28.99 6 5.39 Mean, 284 6 35

Female 28 Range, 21–81 Range, 17.58–39.91 Range, 185–352
Mean, 53.82 6 15.37 Mean, 29.80 6 4.86 Mean, 278 6 77

All 63 Range, 21–81 Range, 17.58–43.04 Range, 185–352
Mean, 54.27 6 15.14 Mean, 29.33 6 5.19 Mean, 281 6 37

18F-NaF Male 8 Range, 22–81 Range, 21.55–34.55 Range, 224–376
Mean, 63 6 20.84 Mean, 28.34 6 4.87 Mean, 289 6 50

Female 12 Range, 23–78 Range, 20.09–39.84 Range, 186–369
Mean, 53.92 6 16.11 Mean, 29.66 6 5.39 Mean, 261 6 51

All 20 Range, 22–81 Range, 20.09–39.84 Range, 186–376
Mean, 57.55 6 18.69 Mean, 29.25 6 5.26 Mean, 272 6 53
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a youth group of 18–24 y old, an adult group of 25–64 y old, and
a senior group of 65 y and older. For the 18F-FDG patients, there
were 2 in the youth group, 41 in the adult group, and 20 in the
senior group. For the 18F-NaF patients, there were 2 in the youth
group, 8 in the adult group, and 10 in the senior group.

RESULTS
18F-FDG Patients
For 18F-FDG patients, the average decrease of emitted

radiation rate from prevoid 1 to postvoid 1 was 10.05% 6
6.54% (13.69 6 3.42 mSv/h to 12.16 6 2.74 mSv/h, P 5
0.008) as illustrated in Figure 1. The average decrease
from prevoid 2 to postvoid 2 was 12.08% 6 6.02%
(9.87 6 2.18 mSv/h to 8.67 6 1.96 mSv/h, P 5 0.001).
The average reduction of emitted radiation due to drinking
water and voiding from prevoid 1 to decay-corrected postvoid
2 was 22.49% 6 7.48% (13.65 6 3.42 mSv/h to 10.48 6
2.37 mSv/h, P, 0.001).
In the sex category, the difference in the overall reduction

of the emitted radiation between the men and women was
not statistically significant (Fig. 2). In the BMI category, the
difference in an overall reduction of the emitted radiation
between the normal, overweight, and obese patient groups
was not statistically significant (Fig. 2). For the grouping
based on age, the difference in overall reduction of the emit-
ted radiation between the youth, adult, and senior groups
was not statistically significant (Fig. 2).

18F-NaF Patients
For 18F-NaF patients, the average decrease of emitted

radiation rate from prevoid 1 to postvoid 1 was 13.33% 6
11.26% (9.83 6 2.01 mSv/h to 8.32 6 1.63 mSv/h, P 5
0.011) as illustrated in Figure 3. The average decrease from
prevoid 2 to postvoid 2 was 15.64% 6 8.17% (7.08 6
1.58 mSv/h to 5.98 6 1.24 mSv/h, P 5 0.012). The average
reduction of emitted radiation rate due to drinking water and
voiding from prevoid 1 to decay-corrected postvoid 2 was
25.80% 6 10.03% (9.836 2.01 mSv/h to 7.236 1.49 mSv/h,
P, 0.001).

In the sex category, the difference in the overall reduction
of the emitted radiation between the men and women was
not statistically significant (Fig. 4). In the BMI category,
the difference in an overall reduction of the emitted radia-
tion between the normal, overweight, and obese patient
groups was not statistically significant (Fig. 4). For the cate-
gory based on age, the overall reduction in the emitted radi-
ation between the youth, adult, and senior patient groups
was not statistically significant (Fig. 4).

DISCUSSION

Nuclear medicine departments routinely perform both diag-
nostic and therapeutic procedures using a variety of radionu-
clides with different types and energies of emitted radiations.
Most performed procedures in nuclear medicine are diagnostic
radionuclide imaging. Extensive work has been undertaken for
the reduction of radiation exposure to patients and nuclear
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medicine staff (9–13). It has been well reported that patient
radiation exposure from nuclear medicine is overall safe
and might be beneficial in some cases (3,4). Consequently,
nuclear medicine practice incorporates important principles
for the reduction of the radiation dose, such as As Low As
Reasonably Achievable (ALARA) principle. The nuclear
medicine staff are trained to handle all types of radioactivity,
keeping in mind the time, distance, and shielding principles
to minimize radiation exposure. In addition, the radiation
exposure of the nuclear medicine staff is continuously moni-
tored to ensure that the allowed radiation dose limits are not
exceeded.
Unlike the radiation exposure to patients and nuclear medi-

cine staff, the radiation exposure from the PET patients at the
time of discharge has not been extensively addressed. The
goal of our study was to determine the typical emitted radia-
tion rate from the urinary bladder region of patients after the
completion of 18F-FDG or 18F-NaF PET scans and to evaluate
simple, noninvasive interventions aimed at reducing radiation
exposure to close contacts and caregivers from the discharged
PET patients using both the physical half-life and the biologic
half-life. The physical half-life is the time during which an ini-
tial activity of a radionuclide is reduced to one half by physical
decay (14). Biologic half-life is the time by which one half of
the administered dose is eliminated via biologic processes
such as urinary and fecal excretion (14). Effective half-life is
calculated on the basis of both the physical half-life and the
biologic half-life for each radiotracer. It is defined as the time
required for an initial administered dose to be reduced to one
half due to both the physical decay and the biologic elimina-
tion of the radiotracer (14).
The 2 PET tracers investigated in this study are elimi-

nated via the kidneys, with the urinary bladder being the

organ with the highest radiation-absorbed dose (15–19).
However, each radiotracer has a different biologic half-life.
About 21% of 18F-FDG is cleared in urine approximately
2 h after administration (15). For 18F-NaF, about 20% is
cleared in urine within the first 2 h (16,17). Both 18F-FDG
and 18F-NaF are labeled with the same radionuclide, that is,
18F, which has a physical half-life of 110 min. The shorter
physical and biologic half-lives of PET radiotracers allow for
faster elimination, and hence presumably implementing sim-
ple interventions based on these properties before patient dis-
charge may be potentially advantageous. Having the patient
wait for a certain period of time before being discharged is
based on the decay property of the radionuclide. As for void-
ing, the concept of biologic half-life is important, and this is
achieved by ensuring that the patient is well hydrated during
the uptake time and before discharge.
Our data show that a simple precautionary measure of mak-

ing the patients void before discharge reduces the emitted
radiation by a mean of about 10% for 18F-FDG and 13% for
18F-NaF. Waiting an additional 30 min while drinking water
resulted in an additional reduction of the emitted radiation
by 12% and 16% for 18F-FDG and 18F-NaF, respectively,
because of revoiding. From another perspective, a 30-min
exposure dose at a 1-m distance would be around 6.83 and
4.92 mSv from 18F-FDG and 18F-NaF patients, respectively,
at the standard time of discharge. This radiation exposure
dose would drop to 4.33 and 2.99mSv from 18F-FDG and
18F-NaF patients, respectively, after the simple steps out-
lined in this study. This decrease might be of benefit in
patients who need to be in close contact with a caregiver.
These include elderly patients and young patients as well
as their mothers, particularly mothers who are nursing or
have young children who would not comply with the
instruction to maintain a safe distance. Also, there are
other patients who do not have the luxury of separate
rooms or bathrooms in their homes, and they may benefit
from the extra time in the department before discharge.
This might also be beneficial for inpatients who will be
returning back to the ward immediately after completing
the scan and potentially exposing other patients and nurs-
ing staff to unnecessary radiation.
A previously published article by Muzaffar et al. aimed

at introducing simple methods to reduce radiation exposure
rates to the public from 18F-FDG PET/CT patients (5).
They used 18F-FDG doses of 370–740 MBq (10–20 mCi),
and our patients were injected with 18F-FDG doses of
185–352 MBq (5–9.5 mCi). Muzaffar et al. reported that
about 75% of their patients leave the imaging facility with
emitted radiation exceeding 20 mSv/h (2 mR/h) (3). Only
3% of our patients would have left the department with
emitted radiation exceeding 20 mSv/h because they were
injected with lower doses than the patients in the study by
Muzaffar et al. Our data also showed that the overall emit-
ted radiation reduction from both 18F-FDG and 18F-NaF
was not affected by the patients’ sex, BMI or age, as the
P values showed no statistical significance.
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Patient preparation before the scan may play an important
role in decreasing the radiation dose. Good hydration and
voiding have always been advised and recommended before,
during, and after the scan in the patients’ instructions but are
not usually reenforced (20–23). This is mainly recommended
to accelerate the clearance of the background blood-pool
activity to improve the image quality and decrease the radia-
tion dose to the patient (20–23). In addition to these benefits,
based on our decay-corrected data, the biologic clearance per-
mitted the decrease of emitted radiation of an average of
22.49% for 18F-FDG, which is equivalent to 40 min of 18F
decay time, and 25.80% for 18F-NaF, which is equivalent to
47 min of 18F decay time. Therefore, good hydration assisted
in significantly decreasing the emitted radiation from the
patients to their close contacts.
The decay property of 18F will always result in a reduc-

tion of 17% of the emitted radiation from the patients
when they wait 30 min. However, the drop of radiation
due to decay cannot be measured accurately from our
collected data because the radiotracer is continuously cir-
culating in the patients’ body between postvoid 1 and pre-
void 2 measurements as accumulation of the radiotracer is
taking place in the urinary bladder. Therefore, this value
was not calculated from our data as it is not feasible.
During this study, none of the staff was exposed to addi-

tional radiation since the department has shielded uptake
rooms in the PET suite. Each patient stayed comfortably in
their individual uptake room without exposing any of the
nuclear medicine staff to additional radiation. We can accom-
modate the use of these rooms even if there is a busy sched-
ule. However, the logistics vary from one hospital to another
and this is outside the scope of this article.
The lower-than-expected number of patients was a limita-

tion, as most of the eligible patients did not consent to be a
part of this study. In addition, the renal function tests of
most patients were not available due to logistical issues.
Therefore, it was not feasible to study the relationship
between renal function and its effect on emitted radiation
rates. Also, using a whole-body radiation counter would
have provided a more accurate measurement, but unfortu-
nately, this was not available in our institution. However,
on the basis of the collected data from the 2 different PET
tracers, it was obvious that using both physical decay and
biologic elimination properties had a significant impact on
lowering the emitted radiation from the patients. There
should not be major logistical issues to implement these
steps at the nuclear medicine department since it will be
based on individual cases.

CONCLUSION

With the increasing use of PET in clinical practice and
the approval of new PET radiotracers, the emitted radiation
from the discharged PET patients has been of interest.
Use of the biologic half-life properties of radiotracers

demonstrated a significant impact on lowering the emitted
radiation rate from PET patients. Requesting the patient
to consume additional water after the completion of the
scan will facilitate voiding with 30 min of wait time
before being discharged, which will be of benefit to cer-
tain PET patients such as the elderly, caregivers, and
inpatients who need to be in close contact with others. In
addition to the possible reduction of emitted radiation
rates an average of 22%–25% due to voiding, there is an
additional 17% reduction due to decay of the radioactivity
during this time.
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KEY POINTS

QUESTION: Will undertaking simple steps with the PET
patients before their discharge from the department
significantly reduce the emitted radiation to their close
contacts?

PERTINENT FINDINGS: In a prospective study of patients
undergoing PET scans, the emitted radiation from their
urinary bladders were measured after completing the
exam (prevoid 1), voiding (postvoid 1), waiting 30 min while
drinking water (prevoid 2), and voiding again (postvoid 2).
Overall, voiding in this study resulted in an average
decrease of emitted radiation rate of 22.49% for 18F-FDG
and 25.80% for 18F-NaF, in addition to a fixed 17%
decrease from the physical decay of 18F radiotracers after
30 min of wait time.

IMPLICATIONS FOR PATIENT CARE: Following simple
steps after the completion of the PET scan will significantly
decrease the emitted radiation from the PET patients to
their close contacts.
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Radiation Dose to Medical Staff from Administering
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The number of radioligand therapy applications for metastatic
castration-resistant prostate cancer has been continuously rising
in most nuclear medicine departments in Iran, but to our knowl-
edge, no one has studied the dose to staff who perform treatment
procedures. The current study aimed to determine the external
radiation dose received by staff who, using or not using a lead
shield, treat patients with 177Lu-prostate-specific membrane anti-
gen therapy. Methods: This study used a personal thermolumi-
nescent digital survey meter to measure dose rates to staff at
various distances from patients and determined the average time
spent by staff at these distances. The deep-dose equivalent to
staff was obtained. Results: The measured deep-dose equivalent
to staff per patient was within the range of 1.8–5.2 mSv using a
2-mm lead shield and 3.3–8.1 mSv not using the shield. The shield
markedly reduced the external dose to staff.Conclusion: The skill
and accuracy of staff, and the speed with which they act, can
directly affect their received dose.

Key Words: nuclear medicine; 177Lu-PSMA-DKFZ-617; dose rate;
prostate cancer; mean doses
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Recently, radioligand therapy targeted at the prostate-
specific membrane antigen (PSMA) was introduced, and such
therapy with 177Lu-PSMA-DKFZ-617 has shown promise for
castration-resistant prostate cancer. The physical half-life of
177Lu is estimated at 6.73 d. 177Lu emits 2 types of radiation,
namely b-rays (maximum energy, 0.498 MeV) and g-rays
(113 keV with 6% abundance and 208 keV with 11% abun-
dance) (1–3). These g-rays allow scintigraphy and subsequent
dosimetry to be performed with the same therapeutic com-
pounds. Because of the g-rays of 177Lu, radiation protection
can become an issue (4).
The aim of radionuclide therapy is to deliver an effective

absorbed dose to tumor cells while protecting critical organs
from an excessive radiation dose. Meanwhile, unnecessary

radiation doses to family members, the medical team, and the
general public must be avoided. In particular, nuclear medi-
cine technologists come into close proximity to radiation
sources when targeted therapy such as 177Lu-PSMA-DKFZ-
617 is used, receiving radiation doses while preparing and
administering the radioligand, positioning the treated patient
on the scanner bed, controlling the patient during data acquisi-
tion, transferring the patient from the bed, and escorting the
patient to the department (5). Thus, nuclear medicine societies
have introduced several protective recommendations for tar-
geted therapy, and various reports on methods of reducing the
dose received by patients and staff have been published in
some national and international journals (6).
Many investigators have measured the average external

dose rates to staff, using pocket electronic and thermolumi-
nescent dosimeters to record the total dose per study (7,8).
There are two ways to directly determine the external radia-
tion dose to staff per procedure: the first is based on accu-
rate measurement of the dose rate at set distances from the
patient and less accurate evaluation of the time spent by the
operator at these distances, and the second is based on
direct reading of an electronic dosimeter used by the staff
during the procedure. The first tactic is a rough approxima-
tion of dose rate measurements but is more general and
directly compares dose rates between different sets of pub-
lished data (9).
The primary aim of this study was to determine the mean

external dose to staff administering 177Lu-PSMA-DKFZ-617
therapy while using or not using a lead shield and while at dif-
ferent distances from the patient. A secondary aim was to
determine the annual dose to staff administering this therapy.

MATERIALS AND METHODS

The study was authorized by the hospital ethics committee and
was performed in accordance with the Declaration of Helsinki. All
patients gave written informed consent. The inclusion criteria were
an age of more than 55 y, the presence of metastatic castration-resis-
tant prostate cancer, and treatment with 177Lu-PSMA-DKFZ-617. In
total, 45 patients were enrolled from March 2019 to March 2020
(mean age, 66.2 y; range, 55–80 y) and were admitted to the Nuclear
Medicine Department of Shohadaye Tajrish Hospital in Tehran,
Iran. Demographic information on the staff is presented in Table 1.
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Four patients were treated on each therapy day in a 4-bed isolation
room in the hospital’s day-procedure unit. The beds were located in
the 4 corners of the room, which had an area of about 30 m2 and was
shielded with lead (1.6 cm thick and 2 m high in the walls; 0.8 cm
thick in the door) so that the patients could be isolated after the admin-
istration. The distance between beds was 2m, and a mobile lead shield
(2mm thick) was placed between beds. The injection was prepared in
a separate dedicated room. All patients were separately measured for
dose rate in the lead-shielded room at specified intervals.
The study was performed using a digital survey meter (FH

40G-L10; Thermo Fisher), which was calibrated by a secondary
standard dosimetry laboratory. This type of personal thermolumi-
nescent dosimeter was chosen because it is capable of measuring
photons in the range of 10 nSv/h–100 mSv/h and has a range of
energy response of 30 keV–4.4 MeV; the dosimeters were dedi-
cated to the 177Lu-PSMA-DKFZ-617 therapy procedures.
The patients were treated with a mean of 5.5 6 1.1 GBq (range,

3.7–7.4 GBq) of 177Lu-PSMA-DKFZ-617. The dose rate at chest
level was then measured at distances of 0, 0.25, 0.5, 1, and 2m
from the patients (10), once with and once without a 2-mm lead
shield, after 0, 1, 2, 3, 4, 5, 6, 18, 24, and 36 h. The staff also
recorded the mean time spent at each distance. Doses were mea-
sured as mSv/h and were converted to mSv/GBq"h according to
the amount of radiopharmaceutical injected. Time (seconds) and
relative dose rates were multiplied by each other. Finally, the
mean (6SD) external doses to staff were calculated.
We routinely administer 177Lu-PSMA-DKFZ-617 treatment on an

outpatient basis. The dose limit recommended by European guidelines
for the discharge of patients after 131I therapy and by African guide-
lines on 177Lu-PSMA-DKFZ-617 was set as the basis for discharge

(20 mSv/h within 1 m) (11–15). From Equation 1, one can estimate
the cumulative dose, E, to a caregiver standing a specified distance
away from the patient for an unlimited time (t), assuming that only
physical decay occurs. We assumed a distance, D0, of 1 m and set an
initial dose rate reading of 20 mSv/h at this distance. The half-life,
t1/2, of

177Lu is 6.7 d. The calculation found E to be 4.6 mSv (16):

E5

ð1
0
D03e

2ln ð2Þ3 t
t1=2 dt: Eq. 1

Data processing, data fitting, and the statistical analysis were per-
formed using Excel (Microsoft Office Professional Plus, version
2013) and SPSS (version 16.0, IBM Corp.). The Kolmogorov–Smir-
nov method was used to investigate the normal distribution of data.
A P value of 0.05 or less was assumed to indicate statistical sig-
nificance. Data are presented as the mean and SD unless stated
otherwise.

RESULTS

The mean dose rates at various distances and time intervals
are presented in Table 2. The dose rate gradually decreased as
activity was excreted from the body. Differences in injectable
activity, tumor uptake, and renal function had a great impact
on the rate of clearance. Because most patients did not start to
urinate until about 1 h after infusion, the initial readings were
the highest: 47.5 6 2.0mSv/(h"GBq) (range, 40.0–58.0mSv/
[h"GBq]) at 0.25m, 21.56 1.2mSv/(h"GBq) (range, 18.5–24.5
mSv/[h"GBq]) at 0.5 m, and 7.1 6 0.3 mSv/(h"GBq) (range,
5.5–8.3mSv/[h"GBq]) at 1m. The dose rate 1m from the
patient decreased exponentially with time after infusion. The

TABLE 1
Demographic Information on Staff

Staff Female (n) Male (n) Distance

Technologist in charge of injection 4 4 0 m (injecting radiopharmaceutical)
Technologist in charge of imaging 4 4 0.25 m (positioning patient);1 m (presenting information to patient)
Nurse 2 2 2 m (monitoring treatment process)
Physicist 2 2 2 m (providing protection guidelines)
Physician 3 1 0.25 m (checking patient’s vital signs)

TABLE 2
Mean Dose Rates (mSv/[h"GBq]) and Related SDs at Various Distances from Patient and Various Times

Distance (m)

Time (h) 0 0.25 0.5 1 2

0 78.6 6 5.0 (72.7–87.5) 47.5 6 2.0 (40.0–58.0) 21.5 6 1.2 (18.5–24.5) 7.1 6 0.3 (5.5–8.3) 5.4 6 0.5 (4.4–7.2)
1 70.3 6 3.0 (63.6–78.1) 36.3 6 3.1 (32.0–44.6) 19.1 6 1.5 (16.8–21.3) 6.0 6 0.5 (4.4–6.6) 3.6 6 0.4 (2.8–4.5)
2 53.0 6 3.4 (55.0–44.9) 32.3 6 1.1 (24.3–34.4) 16.5 6 1.1 (12.4–18.4) 5.1 6 0.6 (3.4–5.5) 2.6 6 0.3 (2.0–3.1)
3 44.5 6 3.0 (35.7–47.3) 24.3 6 1.2 (18.8–27.9) 12.6 6 1.3 (7.7–14.4) 4.2 6 0.2 (2.7–4.7) 2.3 6 0.2 (1.6–2.7)
4 34.4 6 1.5 (29.9–39.5) 17.2 6 1.6 (14.6–19.7) 8.5 6 1.7 (6.5–10.8) 3.2 6 0.3 (2.4–3.9) 1.8 6 0.2 (1.4–2.4)
5 24.2 6 1.5 (19.0–27.3) 13.3 6 0.9 (10.9–14.9) 6.1 6 0.3 (5.5–7.6) 2.8 6 0.2 (1.9–3.2) 1.3 6 0.3 (0.8–1.8)
6 22.2 6 1.3 (17.0–25.5) 11.5 6 0.5 (8.8–14.0) 5.5 6 0.2 (5.0–7.0) 2.2 6 0.3 (1.2–3.0) 1.0 6 0.5 (0.5–1.5)
18 17.5 6 1.1 (15.2–20.4) 10.5 6 0.7 (7.9–11.9) 5.0 6 0.4 (3.7–5.9) 1.4 6 0.3 (0.9–1.7) 0.8 6 0.2 (0.3–1.0)
24 13.5 6 1.3 (12.4–16.2) 6.5 6 1.1 (5.9–8.0) 3.1 6 0.2 (2.9–3.5) 1.0 6 0.04 (0.5–1.4) 0.5 6 0.02 (0.3–0.8)
36 10.0 6 1.1 (8.4–13.3) 4.5 6 1.0 (3.8–6.0) 2.3 6 0.3 (1.8–3.0) 0.6 6 0.03 (0.3–1.0) 0.3 6 0.03 (0.1–0.8)

Data are mean 6 SD.
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average dose rate at this distance at 4–5 h was considered safe,
as it was below the release limit required by our department
(20 mSv/h).
Table 3 shows the per-patient dose to staff while using or

not using the lead shield, and Table 4 shows the estimated
mean annual dose to staff while using or not using the lead
shield. The mean annual dose was calculated both for
patients included in the study and for patients excluded and
was determined using the data in Table 3 and the annual
numbers of cases in the nuclear medicine laboratory. Table 5
shows the mean annual dose to staff as measured using the
personal thermoluminescent dosimeters. The calculations are
based on the number of treatment sessions in a year, with the
assumption that nuclear medicine staff participated in all such
sessions.
Annual mean doses differed among staff in different job

positions, with nurses receiving the highest minimum dose,
at 3.8mSv (Table 5), and a dose of 2.3mSv (Table 4) while
shielded. Technologists in charge of the injection and in
charge of imaging received doses of 2.2 and 1.5mSv, respec-
tively, while shielded and 3.4 and 2.6mSv, respectively,
while not shielded (Table 4). Physicians and physicists
received the lowest doses: 1.0 and 1.2mSv, respectively,
while shielded and 1.8 and 2.1mSv, respectively, while not
shielded (Table 4).

DISCUSSION

177Lu-PSMA-DKFZ-617 therapy of castration-resistant pros-
tate cancer has been practiced at a few specialized centers around
the world. Essential criteria for incorporating any new cancer
therapy, including targeted therapy, are safety, efficacy, regular-
ity, practicality, and affordability (7,8). If such therapy requires
an extended stay in the hospital, patients may have extra costs
to bear and face the possibility of acquiring a nosocomial
infection. Also, patients may experience emotional distur-
bance due to the isolation such therapy requires. Our findings
demonstrated that 177Lu-PSMA-DKFZ-617 is safe to apply as
an outpatient protocol, since the external dose rate decreases
below the 20mSv/h threshold after approximately 4–5 h.
In a study by Demir et al. (7), patients could be discharged

from the hospital when the dose rate fell below the determined
threshold of 30mSv/h after approximately 4–5h. A similar
study was performed by Calais et al. (17); patients reached the
1-m release limit of 25mSv/h at a mean of 2.3 h, and all were
released within 6 h. Differences in results among various stud-
ies may be due to differences in injected activity, biologic
uptake, and radiopharmaceutical clearance.
In our study, the highest dose was received by nurses (with-

out shielding, 8.1mSv per patient), who routinely entered the
isolation room at the beginning of infusion to meet the
patients’ needs and observe them. The 177Lu-PSMA-DKFZ-
617 therapy was scheduled for the same time each day, with
the same nurse generally being present. Our department per-
forms around 300 sessions of 177Lu-PSMA-DKFZ-617 ther-
apy per year (45 patients treated 3–6 times at an interval of
8–12 wk).
In comparison to physicists and physicians, technologists in

charge of injection received a high radiation dose (7.6mSv
per patient), as predicted, because they spend long hours pre-
paring the 177Lu-PSMA-DKFZ-617 activity and stay close to
the bedside during the infusion. Technologists in charge of
imaging also received a considerable total dose (4mSv per
patient), because they accompany patients to the scintigraphy
room, position them on the bed, and thus also spend signifi-
cant time near them. Because technologists in charge of injec-
tion received a higher dose than those in charge of imaging,

TABLE 3
Total Dose to Staff per Patient

Without lead shield With lead shield

Staff
Minimum per
patient (mSv)

Maximum per
patient (mSv) Mean 6 SD

Minimum per
patient (mSv)

Maximum per
patient (mSv) Mean 6 SD P

Technologist in charge
of injection

6.5 8.6 7.6 6 1.1 4.0 5.2 4.8 6 0.9 #0.05

Technologist in charge
of imaging

3.7 5.0 4.0 6 0.5 2.1 3.0 2.4 6 0.3 #0.05

Physician 3.0 3.6 3.3 6 0.3 1.6 2.1 1.8 6 0.4 ,0.05
Physicist 3.2 4.2 3.5 6 0.5 1.7 2.5 2.2 6 0.3 ,0.05
Nurse 7.4 9.2 8.1 6 0.8 4.2 5.7 5.2 6 0.3 #0.05

TABLE 4
Estimated Mean Annual Dose to Staff With and

Without Shielding

Staff
With lead

shield (mSv)
Without lead
shield (mSv)

Technologist in charge
of injection

2.2 3.4

Technologist in charge
of imaging

1.5 2.6

Physician 1.0 1.8
Physicist 1.2 2.1
Nurse 2.3 3.8
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rotation of these two type of duties is recommended. Unlike
nurses and technologists, physicians had a confined role dur-
ing the therapy; their role in medical supervision required
only sporadic attendance in the treatment room, resulting in a
total dose of 3.3mSv per patient. Lastly, physicists received a
relatively low dose of 3.5mSv per patient, resulting from their
entering the isolation room to measure the dose rate.
Generally, our results were close to those of Demir et al.

(7), who showed that the mean radiation doses to nurses
and radiopharmacists were 6.0 and 4.0mSv/patient, respec-
tively, whereas physicists and physicians received 2.0mSv/
patient. That work analyzed the dose rate for 23 patients
treated with 7,400MBq of 177Lu-PSMA-DKFZ-617, and
the total dose to the medical team was estimated by an elec-
tronic personal dosimeter. The estimated values from the
study of Demir et al. are presented in Table 6 for compari-
son to our study. Differences in the results may be due to
differences in experience, skill, time between examination
and injection, and promptness of staff.
Some treatment centers may choose to hospitalize patients

to monitor their condition or facilitate further medical
examinations. If 4 patients were treated on each therapy day
in the 4-bed isolation room, the nurse, who spent up to 4 h
attending the 4 patients after infusion, received a mean dose
of 26–53mSv. This wide range reflects differences in nurs-
ing requirements, tumor burden in each patient group, and
behavior of the individual nurse. Although patient privacy
may be somewhat compromised in this situation, the ability
of both patients and their caregivers (usually a family mem-
ber or friend) to talk to fellow patients, share their individual
experiences, and gain mutual support is, in itself, a valuable
therapy for this rare disease, for which authoritative, first-
hand patient information is relatively scarce.

Although no measured radiation dose to medical staff ex-
ceeded the allowed limit (20mSv/y), it is recommended that a
protocol be proposed to minimize staff exposure. This protocol
would include improving work procedures, minimizing close
contact with patients, and using equipment and shielding when
contact is unavoidable. Table 3 indicates that a 2-mm lead
shield decreased the dose to physicists, physicians, nurses, and
nuclear medicine technologists significantly—by approximate-
ly 2 times. Tables 3 and 4 show that even without a rotation of
the workforce, and even with a significant increase in the num-
ber of patients, the annual dose to individual staff would not
reach the annual limit (20mSv/y) defined by the International
Commission on Radiological Protection. Annual doses as indi-
cated by thermoluminescent dosimeters agreed with the esti-
mated mean annual doses, except for technologists in charge of
injection. The lack of agreement regarding the injecting tech-
nologists may have occurred because, in the same shift, these
staff administered both therapeutic 177Lu-PSMA-DKFZ-617
and diagnostic radiopharmaceuticals. The doses may therefore
have appeared lower than they really were.
Various studies have determined the dose reductions to

nuclear medicine staff when lead shields and aprons are worn
(18–20). He et al. (21) studied the effect of lead aprons on
reducing the dose from 57Co, 33Ba, 137Cs, 99mTc, and 131I
radionuclides and found that the effect was greatest for radio-
pharmaceuticals that emit g-rays of less than 140keV. Further-
more, Bayram et al. (10) showed that a 2-mm lead shield could
reduce the external radiation dose to staff performing various
diagnostic tests. If a shield thicker than 2mm were to be
used, the dose could be lowered even further. We emphasize
that regardless of job position, staff should consider the use
of protective equipment. Additionally, reducing the exposure
time and increasing the distance from the radiation source

TABLE 5
Mean Annual Dose to Staff as Measured with Thermoluminescent Dosimeters

Staff Maximum (mSv) Minimum (mSv) Mean without lead shield (mSv)

Technologist in charge of injection 4.9 3.6 4.6
Technologist in charge of imaging 3.5 2.4 3.1
Physician 1.8 1.3 1.6
Physicist 2.2 1.6 1.9
Nurse 4.8 3.8 4.3

TABLE 6
Comparison of Mean Dose (mSv per patient) from Current Study and from Another International Study

Staff Demire et al. (7) Current study without lead shield Current study with lead shield

Radiopharmacist 4.0 7.6 6 1.1 4.8 6 0.9
Physicist 2.0 4.0 6 0.5 2.4 6 0.3
Physician 2.0 3.3 6 0.3 1.8 6 0.4
Technologist 3.0 3.5 6 0.5 2.2 6 0.3
Nurse 6.0 8.1 6 0.8 5.2 6 0.3

6SD is also shown for current study.
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are advisable when working with positron nuclides and other
high-energy g-ray sources.
One limitation of this study was the low number of patients,

and another is that we did not use lead shielding of varying
thicknesses (,2mm or.2mm). In addition, the sensitivity of
measurement and imaging devices decreases over time; there-
fore, a larger quantity of radioactive material must be adminis-
tered to obtain sufficient counts for a quality image. Because
administering a larger quantity to patients also increases the
dose to staff, the devices must be subjected to a regular quality
control program. Provided that such safety precautions are
undertaken, our data showed that 177Lu-PSMA-DKFZ-617
therapy for prostate cancer is safe and tolerable and that exter-
nal radiation doses to medical staff were within the allowable
limits.

CONCLUSION

A 2-mm lead barrier reduced the dose to staff for the
therapeutic procedures performed in this study. Thus, it is
recommended that this protective device be used at all treat-
ment stages. No measured radiation doses to staff exceeded
the annual limit of 20mSv/y.
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KEY POINTS

QUESTION: What is the radiation dose to staff from
administering radioligand therapy for metastatic
castration-resistant prostate cancer?

PERTINENT FINDINGS: The amount of radiation dose to
staff from treatment of patients with 177Lu-PSMA-DKFZ-
617 was within the allowable range. The results were
statistically significant.

IMPLICATIONS FOR PATIENT CARE: Lead protection
can reduce the radiation dose to staff. This finding under-
scores the need for staff to consider use of shielding.
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B R I E F C O M M U N I C A T I O N

Risk of Radiation Exposure to Clinical Staff from
Paracenteses of Large-Volume Chylous Ascites After
177Lu-DOTATATE Infusion

Sameer Tipnis, William J. Rieter, Vladimir Henderson-Suite, and Leonie Gordon

Department of Radiology, Medical University of South Carolina, Charleston, South Carolina

177Lu-DOTATATE has gained wide clinical acceptance for the
treatment of advanced gastroenteropancreatic neuroendocrine
tumors; however, little is known regarding its accumulation in
ascites. As such, clinical staff performing paracenteses shortly
after a treatment dose may be concerned about their potential
radiation exposure or the risk of contamination. Methods: In this
report, therapeutic paracenteses were performed on a patient
with metastatic intestinal carcinoid complicated by recurrent chy-
lous ascites at various time intervals after a standard 7.4 GBq
dose of 177Lu-DOTATATE. Samples of the fluid were analyzed in a
scintillation counter to estimate the concentration of radioactivity.
Results: The concentration of activity in the ascitic fluid obtained
3 d after an infusion was exceptionally low (175.36 25.9 Bq/mL).
Conclusion: Our findings suggest that paracenteses conducted
as soon as 3 d after a standard dose of 177Lu-DOTATATE pose
little to no risk in terms of radiation safety to staff performing the
procedure.

Key Words: 177Lu-DOTATATE; Lutathera; ascites; paracentesis; radi-
ation safety
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Gastroenteropancreatic neuroendocrine tumors (GEP-
NETs) are generally considered an indolent class of neo-
plasms and tend to present in advanced stages of disease that
respond poorly to conventional chemotherapies (1). Many
GEP-NETs are initially diagnosed after nonspecific signs or
symptoms related to tumor mass effect, invasion, or distant
metastases present themselves. Several of the most common
signs and symptoms include abdominal pain, weight loss,
bloating, nausea, diarrhea, and jaundice. In rare incidences,
patients with GEP-NETs may develop chylous ascites, which
can occur either as a result of the obstruction of a lymph
node by tumor invasion or fibrosis or by the impaired flow of
lymph due to fibrosis of the lymphatic ducts in the surround-
ing tissues (2–5). Regardless of the cause, chylous ascites has

been associated with more aggressive forms of the disease, as
well as poorer outcomes, and often leads to additional chal-
lenges related to patient management (2,3).
Since its approval by the Food and Drug Administration in

January 2018, 177Lu-DOTATATE has become a popular sec-
ond-line treatment option in the management of advanced,
well-differentiated somatostatin receptor–positive GEP-NETs
that have progressed on conventional octreotide therapy (6,7).
The typical therapeutic regimen includes 4 7.4-GBq doses of
177Lu-DOTATATE administered via infusion 8 wk apart. As
is the case with most nuclear medicine procedures, clinical
staff may be apprehensive about conducting interventional pro-
cedures shortly after the administration of 177Lu-DOTATATE
because of fear of radiation exposure or contamination. This is
particularly true of invasive procedures, such as paracenteses
or thoracenteses, for which the potential of contamination is
increased. Staff concern is complicated given that little is
known about how much radioactive material accumulates
within these fluids. Herein, we report on our experience per-
forming paracenteses in a patient with metastatic ileocecal
carcinoid complicated by recurrent chylous ascites after the
standard 7.4-GBq treatment dose of 177Lu-DOTATATE as
well as provide estimates of the concentration of radioactiv-
ity in the fluid. These data should serve to reassure clinical
staff performing paracenteses of the extremely low radiation
exposure during the procedure.

MATERIALS AND METHODS

Case History
A 59 y old with a history of an ileocecal carcinoid tumor status

after resection with metastatic somatostatin receptor–positive mesen-
teric and retroperitoneal adenopathy was referred to our nuclear medi-
cine department for 177Lu-DOTATATE therapy (Fig. 1). The patient
was previously treated with long-acting octreotide, and subsequently
everolimus, both of which were terminated due to associated side
effects and progression of disease. Several weeks before initiating
therapy with 177Lu-DOTATATE, the patient began developing recur-
rent chylous ascites that required the therapeutic drainage of greater
than 7 L of fluid every 3–4 d. A multidisciplinary team consisting
of oncology, nuclear medicine, medical physics, and radiology staff
performing the paracenteses discussed the case and agreed to pro-
ceed with the treatment as well as the as-needed therapeutic para-
centeses, out of medical necessity. Although attempts were made
to postpone the routine scheduled paracentesis immediately after
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the 177Lu-DOTATATE infusion, the patient required it after 3 d
because of worsening abdominal discomfort. This occurrence
prompted us to investigate the potential risk of radiation exposure
to the clinical staff performing the procedure. Because of the lim-
ited number of subjects, our institutional review board deemed it
unnecessary to submit this case for approval, and the requirement
for informed consent was waived.

Infusion Protocol
177Lu-DOTATATE was administered using the standard infusion

protocol (6,7). Briefly, the patient was premedicated with an antie-
metic 30 min before initiating the infusion of an amino acid solution
containing L-arginine and L-lysine. The amino acid infusion was
started 30 min before, and continued during and 3 h after the 177Lu-
DOTATATE infusion, and was infused at a rate of 250 mL/h. The
7.4-GBq dose of 177Lu-DOTATATE was infused over 20–30 min.
The patient was instructed to void frequently over the course of their
treatment to reduce the radiation dose to their kidneys and bladder.
Before the patient left the nuclear medicine suite, 30 mg of subcuta-
neous long-acting octreotide was administered.

Paracentesis and Fluid Analysis
Fluid samples from paracenteses performed at various intervals

after each of the first 3 doses of 177Lu-DOTATATE were collected
and analyzed using a standard protocol. Samples were always col-
lected during paracenteses performed 3 and 10 d after the treatment
doses; however, samples could not always be obtained during para-
centeses performed 7, 13, and 20 d after the treatment doses due to
logistical factors.
Large-volume paracenteses were performed in the radiology

department under ultrasound guidance. A 50-mL sample of the
drained fluid was transported to the radiation safety department
where it was interrogated with a NaI(Tl)-based survey meter
(Exploranium miniSpec GR-130; Exploranium G.S. Limited). The
scan revealed 2 peaks, at 208 and 113 keV, matching the expected
g-peaks of 177Lu (Table 1). Subsequently, 0.5-mL aliquots (n 5 5
after the first treatment dose and n 5 10 after the second and third

treatment doses) were drawn and mixed
with 7 mL of liquid scintillation cocktail
fluid (Insta-fluor Plus; Perkin Elmer) in a
standard 20-mL glass vial. A blank sam-
ple with no peritoneal fluid was also pre-
pared. All samples were scanned in a liq-
uid scintillation counter (Guardian1414;
Perkin Elmer) using an open energy win-
dow (channel 5-1024).

RESULTS

Table 2 shows the results of the liq-
uid scintillation counter measurements
of the fluid samples obtained at vari-
ous intervals after the first 3 treatment
doses. The mean activity concentration
3 d after a treatment dose was 175.3 6
25.9Bq/mL. The maximum activity
within a total volume of drained fluid
was estimated to be 1.42 MBq in 7.3L,
which was collected on day 3 after the
first treatment dose. The residual activ-

ity fell rapidly after day 3, as can be seen from the subse-
quent measurements. Figure 2 is a graphical presentation of
the data in Table 2. An exponential curve fit to the data
yielded an effective half-life in the fluid of 2.9 d.

DISCUSSION

For patients who must undergo paracentesis within a few
days of a 177Lu-DOTATATE infusion, the issue of radiation
safety to clinical staff can pose a tricky problem. However,
the data presented here suggest that as soon as 3 d after an
infusion, the concentration of activity in the peritoneal
fluid is exceptionally low, on the order of approximately
175 Bq/mL. Given the low concentration of activity, the
drained fluid can be safely disposed of via the usual bio-
waste channel. Moreover, the estimated activity implies
that the associated radiation exposure to the clinical staff
is negligible, and they should be able to safely conduct
the procedure without the fear of high radiation exposure
from the patient or contamination from the fluid. Normal

FIGURE 1. A 59 y old with metastatic ileocecal carcinoid tumor. (A) Anterior 68Ga-
DOTATATE PET maximum-intensity-projection image showing intense somatostatin
receptor avidity greater than that of the liver within a conglomerate of central abdominal
lymph nodes. Axial contrast-enhanced CT images of abdomen with fused PET/CT
images at same level illustrating examples of retroperitoneal (B and C) and central mesen-
teric lymph nodes (D and E) (arrows) that showed somatostatin receptor positivity on
PET/CT. Scale bars5 SUVmax 5 14.

TABLE 1
Principal Emissions for 177Lu and Their Relative

Intensities (Those . 1%)

Radiation Energy (keV) I (%)

b2 176.5 12.2
b2 384.9 9.1
b2 497.8 78.6
g 112.9 6.4
g 208.4 11.0

I (%) 5 intensity percentage.
Half-life of 177Lu 5 6.7 D.
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precautions to avoid contamination, such as the use of
gloves, gowns, and masks, should be sufficient for protec-
tion during the procedure.
The results of this case also suggest that the concentration

of activity within the peritoneal fluid may follow a trend
similar to that of the terminal blood activity of 177Lu-
DOTATATE. Pharmacokinetic analyses have shown that
the radiopharmaceutical rapidly clears from circulation with
a mean effective half-life in blood of 0.31 6 0.13 h (8,9).
After most of the injected activity distributes to somato-
statin receptor type 2– expressing cells or undergoes renal
excretion, its terminal half-life in blood is estimated to be
71 6 28 h (6). In our case, the concentration of activity
within the ascites had an estimated effective half-life of 2.9 d,
which is similar to its terminal half-life in blood. These find-
ings suggest there is likely a pseudoequilibrium that exists
between the concentration of radiopharmaceutical circulating

in the blood pool and the concentration that accumulates in
the ascites, which is skewed heavily toward the blood pool.
Moreover, biodistribution studies have shown that less than 1
percentage of the injected activity remains in the blood pool
after 24 h (8), and thus it is expected that minimal activity
should be present within the ascites when a paracentesis is
performed after 3 d.
Several limitations of this case should be noted. First, the

results are based on our experience with a single patient, in
part because chylous ascites is an incredibly rare complica-
tion of metastatic neuroendocrine tumors, specifically carci-
noid. Second, due to the small sample size, we could not
assess how the composition of peritoneal fluid or its rate of
accumulation might affect the concentration of activity in
the fluid. Last, we did not perform direct measurements of
the radiation exposure to clinical staff performing the para-
centeses. Rather, our inference that the radiation exposure

is extremely low so as to be inconse-
quential is based on the measured radio-
activity in the ascitic fluid. To this end,
we have shown that minimal activity is
present within the fluid even in a case
of rapidly accumulating large-volume
chylous ascites, which should be appli-
cable to less severe cases of ascites.

CONCLUSION

Paracenteses conducted on patients
as soon as 3 d after a standard dose of
177Lu-DOTATATE likely pose little to
no risk in terms of radiation safety to
the staff performing the procedure.
The peritoneal fluid likely retains min-
imal levels of radioactivity and thus
can be safely disposed in the usual
stream of medical waste.

DISCLOSURE

No potential conflict of interest rele-
vant to this article was reported.

TABLE 2
Mean Activity Concentration Based on Liquid Scintillation Measurements of Ascitic Fluid Samples Obtained at Various

Intervals After Treatment Doses of 177Lu-DOTATATE

Postinfusion day

Activity concentration (Bq/mL)

Treatment 1 (n 5 5) Treatment 2 (n 5 10) Treatment 3 (n 5 10) Mean

3 194.3 6 15.5 190.2 6 17.8 141.3 6 10.7 175.3 6 25.9
7 — — 59.6 6 5.6 59.6 6 5.6
10 22.2 6 2.2 24.80 6 3.3 29.6 6 2.6 25.5 6 4.8
13 — 11.1 6 2.6 13.7 6 1.5 12.4 6 3.0
20 — 3.0 6 0.4 — 3.0 6 0.4

FIGURE 2. Plot of 177Lu activity concentration in ascitic fluid as function of time.
Estimated effective half-life in ascitic fluid is 2.9 d.
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KEY POINTS

QUESTION: What is the risk of radiation exposure to staff
from ascitic fluid collected during large-volume paracenteses
in a patient who has recently been treated with
177Lu-DOTATATE?

PERTINENT FINDINGS: The results of this single case
suggest that the concentration of activity in the ascites as
soon as 3 d after a standard dose of 177Lu-DOTATATE is
likely negligible at approximately 175 Bq/mL.

IMPLICATIONS FOR PATIENT CARE: Clinical staff
performing paracenteses in a patient receiving
177Lu-DOTATATE therapy should feel comfortable
knowing that the potential risk of radiation exposure and
contamination is likely very low.
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68Ga-pentixafor PET/CT imaging allows noninvasive assessment
of C-X-C chemokine receptor type 4 (CXCR4) expression in various
malignancies, but its use in rare lung cancer variants has not been
reported. Methods: 68Ga-pentixafor PET/CT imaging was per-
formed on 6 patients (3 men, 3 women; mean age, 57.0 6 16.8 y)
with suspected lung masses. Whole-body PET/CT images were
acquired 1 h after intravenous injection of 148.0–185.0 MBq of the
tracer. PET/CT images were reconstructed and analyzed. The
image findings were correlated with histopathologic and quantita-
tive (CXCR4) fluorescence-activated cell sorting analysis. Results:
Histopathologic diagnosis of hemangioendothelioma, sarcomatoid
carcinoma, and hemangiopericytoma was confirmed in 1 patient
each. Lung metastasis was diagnosed in the remaining 3 of 6
patients with primary sarcoma (n5 1), renal cell carcinoma (n5 1),
and unknown primary (n5 1). Increased uptake in the primary lung
mass, with an SUVmax of 3.0, 6.34, and 13.0, was noted in the
hemangiopericytoma, sarcomatoid carcinoma and hemangioen-
dothelioma cases, respectively. The mean SUVmax, mean fluores-
cence intensity, and percentage of stained cells were highest in
hemangioendothelioma. Among 3 patients with lung metastases,
the highest SUVmax, 9.5, was in the primary sarcoma patient.
Conclusion: 68Ga-pentixafor selectively targets the in vivo
whole-body disease burden of CXCR4 receptors. This approach
thus holds promise for developing suitable radiotheranostics for
lung cancers expressing these targets.

Key Words: [68Ga]pentixafor; PET/CT imaging; CXCR4 receptors;
lung cancer; rare variants; metastasis
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Despite ever-evolving research and advances in diag-
nostic and treatment strategies, lung carcinoma remains the
most lethal type of cancer worldwide (1). The diagnostic
work-up in suspected lung tumors involves tissue diagnosis,

including histopathology and immunohistochemistry analysis
and imaging. A presumptive differentiation between small cell
lung cancer (SCLC) and non–small cell lung cancer (NSCLC)
can be made on the basis of clinical presentation and radio-
logic findings (2). Functional tumor imaging using 18F-FDG
PET/CT offers complementary information by assessing tumor
burden and helps in staging (3). However, noninvasive PET/
CT imaging of receptor expression and the heterogeneity of
specific receptors can provide complementary information (4).
There is evidence that SCLC and NSCLC display C-X-C

chemokine receptor type 4 (CXCR4) overexpression, which
is associated with high tumor aggressiveness, metastasis, and
recurrence (5). CXCR4 expression is analyzed using immuno-
histochemistry and fluorescence-activated cell sorting (FACS)
analysis of biopsy samples (6). Noninvasive imaging using
high-throughput PET probes targeting CXCR4 receptors may
provide important diagnostic or prognostic information on
such patients (7).
Few studies have described the feasibility of radiolabeling a

cyclic pentapeptide (pentixafor) with 68Ga, and the recent use
of 68Ga-pentixafor has yielded encouraging preclinical and
clinical results for in vivo imaging of CXCR4 expression in
solid tumors as well as in hematologic malignancies (8–10).
The use of 68Ga-pentixafor PET/CT imaging for selective tar-
geting of CXCR4 receptors has made much progress in hema-
tologic malignancies, whereas its role in solid tumors has been
seldom reported (11–13).
Because there are more than 30 human malignancies

known to overexpress CXCR4 receptors, the imaging applica-
tions of 68Ga-pentixafor PET/CT for targeting these receptors
are fast expanding in other malignancies. It has recently been
reported that 68Ga-pentixafor PET/CT shows high tumor
uptake in patients with lung cancer (SCLC and NSCLC),
glioblastoma multiforme, and multiple myeloma. This tracer
exhibited strong affinity and specificity for the in vivo locali-
zation and imaging of CXCR4 receptors in these malignan-
cies (11,14–16).
In this study, we investigated—for the first time, to our

knowledge—the diagnostic utility of 68Ga-pentixafor PET/CT
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imaging in a few cases of rare lung cancer variants and in
lung metastasis cases with distant primaries.

MATERIALS AND METHODS

Six patients (3 men, 3 women; mean age, 57.00 6 16.80 y; range,
33–73 y) with clinically and radiologically suspected lung cancer
were recruited prospectively for the study. Written informed consent
was obtained from all participants. The protocol was approved by the
Institute Ethics Committee as the doctoral thesis of the first author.
All patients underwent 68Ga-pentixafor PET/CT, bronchoscopic or
PET/CT-guided lung biopsy, routine histopathology, immunohisto-
chemistry, and quantitative CXCR4 receptor analysis by FACS.

68Ga-Pentixafor PET/CT Data Acquisition and Analysis
Briefly, 148.0–185.0 MBq of 68Ga-pentixafor were injected intra-

venously. Whole-body PET (Discovery; GE Healthcare) and con-
trast-enhanced CT (using standard CT acquisition parameters) were
performed consecutively 1 h after tracer administration. The PET
was performed at a rate of 3 min/frame (7–8 frames) from the base
of the skull to the proximal thighs. Attenuation-corrected PET images
were reconstructed iteratively using ordered-subset expectation
maximization. The reconstructed images were projected in 3 planes
(cross-sectional, coronal, and sagittal) and used for visual and
quantitative (SUVmax) analysis.

FACS Analysis
In FACS analysis, the freshly biopsied lung sample was proc-

essed, and 5.0 mL of fluorescein isothiocyanate–labeled CD184
(BD Pharmingen) was used to further label the CXCR4-positive
tumor cells in the tissue suspension. A flow cytometer (FACS Cali-
bur; BD) was used to analyze the stained and unstained cell popula-
tion, and the results were expressed as mean fluorescence intensity
(MFI) and percentage of CXCR4-positive stained cells.
The 68Ga-pentixafor PET/CT image findings (SUVmax) were com-

pared with histopathology and with the quantitative parameters of the
FACS assay—that is, the MFI and the percentage of stained cells.

RESULTS

The results of histopathology, FACS, and 68Ga-pentixafor
PET are presented in Table 1. High uptake was noted in all
lung lesions. In 3 patients (patients 1–3), rare primary lung
pathologies were identified. The highest SUVmax, 13.04, with
the highest corresponding MFI, 682.0, was noted in the patient
(patient 2) with histopathologic evidence of hemangioendothe-
lioma (Fig. 1). The SUVmax and MFI were 6.34 and 110.5,
respectively, in patient 1 (sarcomatoid carcinoma) and 3.0 and

27.90, respectively, in patient 3 (hemangiopericytoma). The
corresponding SUVmax and MFI were 9.5 and 191.20, respec-
tively, in a case of secondary lung metastasis from sarcoma
(patient 4), 6.0 and 62.0, respectively, in a case of renal cell
carcinoma (patient 5), and 7.5 and 216.0, respectively, in a
case of unknown primary (patient 6). The results of 68Ga-
pentixafor PET/CT, FACS, and histopathologic analysis for
patient 4 are presented in Figure 2.
Pearson correlation analysis indicated a significant correla-

tion between SUVmax and MFI (r 5 0.90), between SUVmax

and percentage of stained cells (r 5 0.79), and between MFI
and percentage of stained cells (r5 0.72).

DISCUSSION

In the present study, 68Ga-pentixafor PET/CT imaging
demonstrated high uptake (SUVmax, 13.0; MFI, 682.0) in
hemangioendothelioma. The SUVmax in the other 2 patholo-
gies—that is, sarcomatoid carcinoma and hemangiopericy-
toma—varied as a function of MFI. Interestingly, among
the 3 cases of lung metastases, the highest SUVmax, 9.5
(MFI, 191.0), was seen in the lung metastasis with sarcoma
as the primary disease. These findings presented a positive
correlation (r 5 0.90) between 68Ga-pentixafor uptake and
CXCR4 receptor expression and density, which in turn indi-
cated the high specificity of the tracer for these receptors.
Likewise, SUVmax also correlated (r 5 0.79) with the per-
centage of stained cells.
To our knowledge, we were the first to report the normal

biodistribution of 68Ga-pentixafor in a healthy volunteer;
the highest SUVmean and SUVmax were in the urinary blad-
der (146.0 and 239.0, respectively) and spleen (6.80 and
10.10, respectively), followed by the kidneys (4.99 and
20.55, respectively) (17). Variable physiologic uptake of
68Ga-pentixafor was seen in the spleen in different imaging
studies and was found to have an association with stage of
disease and clinical outcome, as reported in a study on 145
solid-tumor patients (18). A positive correlation was found
between 68Ga-pentixafor splenic uptake and platelet or leu-
kocyte counts in lung cancer and neuroendocrine tumors,
suggesting that splenic uptake might play a role in systemic
immunity or inflammation (18).

TABLE 1
Findings in 6 Patients with Rare Lung Tumors and Metastatic Lung Disease

FACS analysis

Patient
no. Age (y) Sex Histopathology

68Ga-pentixafor
PET SUVmax MFI

CXCR-positive
tumor cells (%)

1 73 F Sarcomatoid carcinoma (primary tumor) 6.34 110.50 2.70
2 33 F Hemangioendothelioma (primary tumor) 13.0 682.0 73.60
3 68 M Hemangiopericytoma (primary tumor) 3.0 27.90 2.50
4 70 F Lung metastasis (primary sarcoma) 9.5 191.20 45.2
5 40 M Lung metastasis (primary renal cell carcinoma) 6.0 62.0 47.0
6 58 M Lung metastasis (unknown primary) 7.5 216.6 59.2
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We previously reported that uptake of 68Ga-pentixafor in
SCLC patients was higher than in NCSLC and other lung
cancer variants and that the uptake varied as a function of
CXCR4 receptor density (11,14). However, the pattern of
uptake and the in vivo evidence of CXCR4 expression in rare
lung malignancies have not been studied before.

68Ga-pentixafor PET tracer was
shown to have excellent affinity for
CXCR4 receptors in preclinical and
clinical studies (19,20). According to
the available literature, noninvasive
imaging of CXCR4 expression in
SCLC is feasible, and 68Ga-pentixafor
as a novel PET tracer might serve as a
readout for confirming the CXCR4 ex-
pression (20). Watts et al. reported that
68Ga-pentixafor uptake denoting CXCR4
expression is higher in SCLC than
NSCLC patients (11,14). Evaluation of
CXCR4 expression is a prerequisite for
potential CXCR4-directed radiothera-
pies and chemotherapies in lung cancer
and especially in SCLC, which has
higher CXCR4 expression compared
with all other variants of lung cancer.
The reports on CXCR4 expression in

rare lung tumors included in this study
are not available. However, the role of
overexpression of CXCR4 receptors in

tumor growth and progression in sarcoma and renal cell carci-
noma primaries and inmetastasis to lungs has been demonstrated
(21,22). 68Ga-pentixafor PET imaging may thus be expanded
beyond SCLC and NSCLC to unravel the CXCR4 receptor den-
sity and to understand the process of metastatic spread and the
intra- or interindividual heterogeneity of these tumors (23). In a

recent study, an urgent clinical need to
develop novel therapeutics for devas-
tating NSCLC disease targeting the
CXCR4/CXCL12 axis has been advo-
cated (24). The study has further stressed
that this is the time to move forward and
attempt to incorporate CXCR4 inhibi-
tors into novel immune-based therapeu-
tic protocols for lung cancer.

CONCLUSION

68Ga-pentixafor selectively targets
and accurately maps the in vivo whole-
body disease burden of CXCR4 recep-
tors, a task that is not possible by tissue
sampling methods. This technique thus
holds great promise for translating this
approach by labeling the vector with a-
or b-emitters to a therapeutic scenario
in such aggressive lung cancer variants
having limited treatment options.
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FIGURE 2. A 70-y-old woman (patient 4) with secondary lung cancer disease. (A) 68Ga-
pentixafor PET/CT maximum-intensity projection showing increased uptake in lung and in
multiple sarcomatoid lesions. (B, D, and F) Cross-sectional PET/CT image showing
increased (SUVmax, 9.5) uptake in metastatic lung lesion (B), in posterior subcutaneous
lesions and left lateral aspect of scalp (SUVmax, 4.6) (D), and in lytic expansile lesion with
soft-tissue component involving lateral aspect of fifth rib (SUVmax, 5.4) (F). (C) FACS analy-
sis using CD184-PE showing stained CXCR4-positive tumor cells in scatterplots. (E) Photo-
micrograph with histopathologic disease evidence (hematoxylin and eosin,340).

FIGURE 1. A 73-y-old woman (patient 2) with primary lung hemangioendothelioma. (A,
B, and D) 68Ga-pentixafor PET/CT maximum-intensity projection (A) and cross-sectional
PET/CT image (B) showing increased uptake (SUVmax, 13.0), with corresponding CT
image (D). (C, E, and F) FACS analysis using CD184-PE showing stained CXCR4-positive
tumor cells in scatterplots (C), photomicrograph with histopathologic disease evidence
showing epithelioid tumor cells (hematoxylin and eosin, 340) (E) and immunohistochem-
istry staining with CD31 showing diffuse membranous positivity (F).
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KEY POINTS

QUESTION: Can the in vivo expression of CXCR4
receptors be shown in rare lung cancers noninvasively by
68Ga-pentixafor PET/CT?

PERTINENT FINDINGS: 68Ga-pentixafor PET/CT
detected the presence of CXCR4 receptors in rare lung
cancers and metastases. The uptake varied as a function
of receptor density, showing high specificity for in vivo
imaging of CXCR4 receptor disease burden in lung
cancers.

IMPLICATIONS FOR PATIENT CARE: This technique
holds great promise for translating this approach by
labeling the vector with a- or b-emitters for therapeutic
applications in aggressive lung cancer variants having
limited treatment options.
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18F-DCFPyL PET/CT in Metastatic Renal Cell Carcinoma
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Targeted molecular imaging with PET uses chemical ligands that
are peptides specifically targeting a receptor of interest. Prostate-
specific membrane antigen (PSMA) is substantially upregulated in
prostate cancer but is also expressed in the neovascular tissue
of several malignancies, including renal cell carcinoma (RCC).
Radiolabeled peptide targets for PSMA may be helpful in detect-
ing metastatic RCC lesions. We present a case of incidental
detection of RCC metastatic disease with PSMA-targeted PET,
and we explore potential use for deliberate evaluation of RCCwith
PSMA-targeted tracers.

KeyWords: 18F-PSR; PET/CT; RCC;metastases
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Targeted molecular imaging has a foundation in the rec-
eptor principle. An important cell surface receptor is the
class II membrane glycoprotein prostate-specific membrane
antigen (PSMA). PSMA is the glutamate carboxypeptidase
II enzyme that catalyzes N-acetylaspartylglutamate into glu-
tamate and N-acetylaspartate. PSMA is weakly expressed
on normal prostate cells but substantially upregulated in
prostate cancer, particularly those of higher grade (1,2). It is
well known that PSMA is also expressed in the neovascular
tissue of several malignancies, including renal cell carci-
noma (RCC) (1–3). PSMA is also expressed in a range of
normal tissues, including the salivary glands, brain, intes-
tines, and proximal renal tubules (3).
For PSMA radiotracers, PSMA itself is the receptor target,

not the peptide. Thus, a numeric suffix generally identifies
the specific peptide. PSMA-617, PSMA-11, PSMA-1007,
and PSMA-I&T are commonly used. These all share the iden-
tical Lys-urea-Glu active portion of the peptide that binds to
the receptor. 68Ga-PSMA PET/CT imaging provides a high
tumor-to-background ratio and so has become increasingly
important in the detection and localization of prostate cancer.
68Ga is conveniently available via a 68Ge/68Ga generator,
which typically services a department for 6–12 mo before
renewal. 18F-PSMA takes advantage of the longer half-life of
110 min and direct labeling (or Al-F chelation). 18F-PSMA is

accessible to those without the workload to justify a 68Ga
generator and those without an onsite cyclotron. Two ver-
sions are most widely reported in the literature: 18F-DCFPyL
and 18F-PSMA-1007. 18F-PSMA-1007 has been reported
to have less urinary excretion and bladder visualization
than 68Ga-PSMA-11 and therefore to be more useful in
imaging the prostate bed (4,5). 2-(3-{1-carboxy-5-[(6-18F-
fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-pentanedioic
acid (18F-DCFPyL), or dichlorofluorescein (DCF) pyrrolysine
(PyL), is widely referred to as PSR (prostate-specific radio-
pharmaceutical). PSR has been reported to have less liver
accumulation, which may be helpful in detecting liver metas-
tases, although a higher distribution of dose to the kidneys
and lacrimal glands was also noted (6). Importantly, 18F-PSR
has been reported to have a higher accumulation than other
PSMA probes in disease with a lower level of prostate-
specific antigen (6).

CASE

A 70-y-old woman presented with hematuria. Twenty years
previously, she had undergone laparoscopic left nephrectomy
for clear cell RCC. She was found to have a bladder mass on
imaging. The patient underwent a cystoscopic surgical resec-
tion of the bladder mass, and histopathologic examination
confirmed metastatic clear cell RCC. The patient was referred
for staging 18F-PSR PET/CT. 18F-PSR (275 MBq) was admin-
istered intravenously, with whole-body PET (vertex to thighs)
and low-dose CT performed 90 min after administration.
The 18F-PSR PET/CT findings revealed no residual dis-

ease in the pelvis or abdomen (Fig. 1). However, a focus of
uptake (SUVmax, 7.0) that exhibited a photopenic core was
seen in the left parietal lobe, and a mild focus (SUVmax,
2.3) was seen in the right occipital lobe. There was also
uptake (SUVmax, 6.2) associated with a large (4.2 3 4.7 3
5.7 cm) soft-tissue-density mass extending from the inferior
pole of the right thyroid lobe distally into the high mediasti-
num; uptake associated with the mediastinal lymph nodes,
including the right paratracheal (SUVmax, 4.9), prevascular
(SUVmax, 6.7), and subcarinal (SUVmax, 5.1) regions; and
uptake (SUVmax, 6.7) associated with the left hilar node.
Physiologic uptake was noted in the left parotid and bilat-
eral submandibular glands, whereas the right parotid gland
was absent (confirmed on coregistered CT).
The 18F-PSR PET/CT findings were suggestive of moder-

ately 18F-PSR–avid cerebral metastases involving the left
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parietal and right occipital lobes, as well as of lymph nodal
metastases involving the mediastinal and the left hilar nodes
(Fig. 2). The moderately 18F-PSR–avid right thyroid mass
might have represented thyroid malignancy or further meta-
static disease (Fig. 3). The patient had no symptoms of
either brain metastases or mediastinal or hilar node metasta-
ses. Follow-up MRI confirmed 2 brain metastases correlating
with the PET/CT. The patient underwent surgical resection
of the brain metastases, and histopathologic examination
confirmed metastatic clear cell RCC. She then received

stereotactic radiosurgery to the sur-
gery bed. A CT scan 2mo later
showed progression in the mediastinal
nodes and thyroid, whereas MRI brain
showed resolution of the brain metas-
tases. The patient started receiving
systemic therapy using lenvatinib and
pembrolizumab plus a CTLA4 anti-
body, in a clinical trial. The patient
recalled undergoing thyroid surgery
some 30 years previously for a hem-
orrhagic cyst, but no details could be
provided.

DISCUSSION

RCC is the most common primary
malignancy of the kidney, with as many
as 35% of patients presenting with met-
astatic disease at the time of diagnosis

(7). Clear cell RCC represents 75% of cases and has been
targeted with PSMA imaging because of the high level of
neovascularity and high degree of PSMA expression (7). Ana-
tomic characterization (radiography, CT, and MRI) of meta-
static RCC and molecular characterization with 18F-FDG PET
are suboptimal because of their nonspecific nature, which has
further increased interest in PSMA imaging (7). PSMA is par-
ticularly helpful in detecting small metastatic lesions, although
study sizes have been small. For example, one of the larger
studies included 22 RCC patients, 20 with clear cell RCC, and
showed that patient management was changed from the initial
CT staging in 13 of 20 patients using 68Ga-PSMA (8). Using
18F-PSR, Rowe et al. (9) evaluated 5 clear cell RCC patients

A B C D

FIGURE 1. Representative coronal slices of 18F-PSR PET scan. (A) Physiologic
18F-PSR uptake in left parotid and bilateral submandibular glands, but absence (arrow)
of right parotid gland. (B) Focal accumulation (arrow) of 18F-PSR in left parietal lobe. (C)
18F-PSR uptake (arrow) associated with mediastinal lymph nodes. (D) 18F-PSR uptake
(arrow) associated with left hilar node.

FIGURE 2. 18F-PSR PET scan with transaxial slices through
head demonstrating left parietal (top) and right occipital (bottom)
cerebral metastases.

FIGURE 3. Transaxial (top) and coronal (bottom) slices of 18F-
PSR PET (left) with low-dose CT coregistration (right) in the right
thyroid lesion.
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with 18 lesions characterized by conventional imaging and 28
on 18F-PSR PET.
Brain metastases are present in 6.5% of RCC patients at

the time of diagnosis (10), although reports range from 4% to
48% (11). Brain metastases are asymptomatic in patients with
known RCC metastases in as many as 33% of cases (11).
The presence of brain metastases is an indicator of poor prog-
nosis (12). Given PSMA expression in RCC metastases, the
detection of brain metastases in this patient was unexpected
but not surprising.
Under normal conditions, both the lacrimal glands and the

salivary glands accumulate PSMA-targeted radiopharmaceuti-
cals at a high level (13,14). Indeed, decreased uptake of
PSMA-targeted radiopharmaceuticals is a marker for abnor-
mality, including inflammatory conditions (14). In this
patient, despite normal 18F-PSR uptake in the salivary glands,
the right parotid salivary gland had an absence of uptake.
Careful review of the low-dose nondiagnostic CT (Fig. 4)
suggests absence of the right parotid gland, with replacement
by fat tissue. This may reflect the patient’s vague history of
previous surgery associated with a hemorrhagic cyst, which
was reported by the patient as thyroid gland but may have
been salivary gland and mistakenly recalled as thyroid.
Among 12 published articles reporting an incidental accu-

mulation of PSMA-targeted radiopharmaceuticals in the
thyroid, 6 of 23 cases were malignant and 17 of 23 were
benign (15). Sager et al. (16) reported 2 incidental cases of
68Ga-PSMA uptake in the thyroid: the first with extensive
accumulation associated with follicular thyroid carcinoma
and the second with mild focal accumulation in a thyroid
nodule. 68Ga-PSMA imaging was suggested to be of poten-
tial value in distinguishing follicular thyroid lesions, and at
a minimum it is important to be aware of potential thyroid
incidentalomas to avoid misinterpretation. Verburg et al.
(17) and Santhanam et al. (18) have suggested—for anti-
PSMA and PSR, respectively—that PSMA expression
offered a potential novel theranostic pair for advanced dif-
ferentiated thyroid cancer in patients with negative radioio-
dine imaging results or 131I resistance.

Although PSMA-targeting PET trac-
ers are well established in prostate
cancer, they have recently been reported
to change management in 42% of
RCC patients (19). Physiologic uptake
in the parenchyma renders PSMA-
targeted tracers less than ideal for pri-
mary RCC, yet they may be useful
for detecting metastatic disease (20).

CONCLUSION

PSMA-targeting PET tracers provide
a useful tool for both incidental and
deliberate detection of metastatic RCC
and may be particularly useful in the

evaluation of small lesions and those in the brain. Further
clinical evaluation is recommended to explore efficacy and
the potential for theranostic-pair approaches to patient man-
agement. The availability and affordability of 18F-PSR pro-
vide access to PSMA-targeted PET imaging at sites without a
68Ge/68Ga generator or onsite cyclotron.

DISCLOSURE

No potential conflict of interest relevant to this article
was reported.

KEY POINTS

QUESTION: Is 18F-PSR useful in the evaluation of RCC metastatic
disease?

PERTINENT FINDINGS: The recently Food and Drug Administration–
approved 18F-PSR has value for detecting metastatic RCC.

IMPLICATIONS FOR PATIENT CARE: Although 18F-PSR is
valuable in the armamentarium for evaluation of prostate can-
cer, it also has a potential role to play in RCC and other meta-
static diseases that exhibit overexpression of prostate-specific
antigen.

REFERENCES

1. Bravaccini S, Puccetti M, Bocchini M, et al. PSMA expression: a potential ally for
the pathologist in prostate cancer diagnosis. Sci Rep. 2018;8:4254.

2. Ha H, Kwon H, Lim T, Jang J, Park SK, Byun Y. Inhibitors of prostate-specific
membrane antigen in the diagnosis and therapy of metastatic prostate cancer: a
review of patent literature. Expert Opin Ther Pat. 2021;31:525–547.

3. Pozzessere C, Bassanelli M, Ceribelli A, et al. Renal cell carcinoma: the oncologist
asks, can PSMA PET/CT answer? Curr Urol Rep. 2019;20:68.

4. Ilhan H, la Foug!ere C, Krause BJ. PSMA-based theranostics in prostate cancer.
Urologe A. 2020;59:617–625.

5. Kesch C, Kratochwil C, Mier W, Klaus K, Giesel FL. Gallium-68 or fluorine-18
for prostate cancer imaging? J Nucl Med. 2017;58:687–688.

6. Werner RA, Derlin T, Lapa C, et al. 18F-labeled, PSMA-targeted radiotracers:
leveraging the advantages of radiofluorination for prostate cancer molecular imag-
ing. Theranostics. 2020;10:1–16.

7. Yin Y, Campbell S, Markowski M, et al. Inconsistent detection of sites of meta-
static non-clear cell renal carcinoma with PSMA-targeted 18F-DCFPyL PET/CT.
Mol Imaging Biol. 2019;21:567–573.

FIGURE 4. Transaxial head slices with CT (left) and 18F-PSR PET (right) with low-dose
CT coregistration (middle) indicating the absence of accumulation (arrow) in the right
parotid salivary gland.

284 JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY % Vol. 50 % No. 3 % September 2022



8. Siva S, Callahan J, Pryor D, et al. Utility of 68Ga prostate specific membrane anti-
gen positron emission tomography in diagnosis and response assessment of recur-
rent renal cell carcinoma. J Med Imaging Radiat Oncol. 2017;61:372–378.

9. Rowe SP, Gorin M, Hammers H, et al. Imaging of metastatic clear cell renal carcinoma
with PSMA-targeted 18F-DCFPyL PET/CT. Ann Nucl Med. 2015;29:877–882.

10. Ke ZB, Chen S, Chen Y, et al. Risk factors for brain metastases in patients with
renal cell carcinoma. BioMed Res Int. 2020;2020:6836234.

11. Remon J, Lianes P, Mart$ınez S. Brain metastases from renal cell carcinoma: should
we change the current standard? Cancer Treat Rev. 2012;38:249–257.

12. Dudani S, de Velasco G, Wells JC, et al. Evaluation of clear cell, papillary, and
chromophobe renal cell carcinoma sites and association with survival. JAMA Netw
Open. 2021;4:e2021869.

13. van Kalmthout LW, Lam M, de Keizer B, et al. Impact of external cooling with
icepacks on 68Ga-PSMA uptake in salivary glands. EJNMMI Res. 2018;8:56.

14. Rupp NJ, Umbricht CA, Pizzuto DA, et al. First clinicopathological evidence of a
non PSMA-related uptake mechanism for 68Ga-PSMA-11 in salivary glands.
J Nucl Med. 2019;60:1270–1276.

15. Bertagna F, Albano D, Giovanella L, et al. 68Ga-PSMA PET thyroid incidentalo-
mas. Hormones (Athens). 2019;18:145–149.

16. Sager S, Vatankulu B, Uslu L, S€onmezoglu K. Incidental detection of follicular
thyroid carcinoma in 68Ga-PSMA PET/CT imaging. J Nucl Med Technol. 2016;44:
199–200.

17. Verburg FA, Krohn T, Heinzel A, Mottaghy FM, Behrendt FF. First evidence of
PSMA expression in differentiated thyroid cancer using [68Ga]PSMA-HBED-CC
PET/CT. Eur J Nucl Med Mol Imaging. 2015;42:1622–1623.

18. Santhanam P, Russell J, Rooper LM, et al. The prostate-specific membrane antigen
(PSMA)-targeted radiotracer 18F-DCFPyL detects tumor neovasculature in meta-
static, advanced, radioiodine-refractory, differentiated thyroid cancer. Med Oncol.
2020;37:98.

19. Raveenthiran S, Esler R, Yaxley J, Kyle S. The use of 68Ga-PET/CT PSMA in the
staging of primary and suspected recurrent renal cell carcinoma. Eur J Nucl Med
Mol Imaging. 2019;46:2280–2288.

20. Lindenberg L, Mena E, Choyke P, Bouchelouche K. PET imaging in renal cancer.
Curr Opin Oncol. 2019;31:216–221.

18F-DCFPYL IN METASTATIC RCC % Currie et al. 285



T E A C H I N G C A S E S T U D Y

PET/CT of Delayed Uterine Leiomyoma Metastasizing to
Lung and Femur

Kenneth N. Huynh and Ba D. Nguyen

Department of Radiology, Mayo Clinic Arizona

Benign metastasizing leiomyomas are benign disseminated extra-
uterine tumors in patients with prior history of uterine leiomyomas
and may occur years after hysterectomy. The lung is mostly af-
fected, with a less common occurrence in the brain, heart, spine,
retroperitoneum, and bone. We present the role of 18F-FDG
PET/CT in the metabolic staging and postsurgical monitoring of a
patient with lung and femoral involvement.

KeyWords: uterine leiomyoma; metastasis; thorax; femur; PET
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A case of pulmonary and osseous benign metastasizing
leiomyoma is presented with 18F-FDG PET/CT imaging.

CASE REPORT

A 76-y-old woman had a 6-mo history of right hip pain
with MRI detection of a right femoral diaphyseal intramedul-
lary lesion. Further CT imaging showed
a left hemithoracic mass with chest wall
and rib invasion. Contemporary 18F-FDG
PET/CT (Fig. 1) showed borderline hyper-
metabolic left lung mass (SUV, 4.2) and
right femoral lesion (SUV, 3.4). Subse-
quent CT-guided biopsy of both lesions
showed spindle cell features considered
as synchronous metastatic smooth cell
neoplasm, with immunostains positive
for desmin, estrogen receptor, and pro-
gesterone receptor and negative for pan-
cytokeratin, CK5/6, S100, CD117, and
CD10. Her clinical history was remark-
able for a total abdominal hysterectomy
and bilateral salpingo-oophorectomy for
uterine leiomyoma 15 y before the pre-
sent event. These lesions were consistent
with benign metastasizing leiomyoma

(Fig. 2). The patient underwent the left thoracic and right femo-
ral tumor resection with right hip arthroplasty. No residual
or recurrent tumor was detected during the subsequent 6-y
PET/CT surveillance.

DISCUSSION

Benign metastasizing leiomyoma (BML) is a rare disease
characterized by histologically benign extrauterine smooth
cell metastatic tumors in patients with prior history of uter-
ine leiomyomas. BML may occur years after hysterectomy
for benign uterine leiomyomas; however, few cases have
been reported in women without previous uterine surgery
(1). The lung is the site most affected, with rare involvement
of the brain, heart, spine, retroperitoneum, and bone (1–3).
Although several theories detail the route of metastasis, the
etiology and pathogenesis of BML still remain unclear. A
few theories suggest a metaplastic process or hematologic
spread of uterine leiomyomatous tissue at the time of hyster-
ectomy (1). Even though MR and CT depicted well the
femoral and chest tumors in our patient, 18F-FDG PET/CT

provided the metabolic characteristics of these lesions, the
whole-body assessment for potential additional lesions/metas-
tasis, and the postsurgical surveillance of BML. Leiomyosar-
comas are 18F-FDG–avid, whereas BML typically lacks tracer

FIGURE 1. Anterior PET maximum-intensity-projection image shows the borderline
hypermetabolic lesions of left thorax and right proximal femur (A, arrows). (B–G) Corre-
sponding axial, sagittal, and coronal fused PET/CT of the mass of lung and chest wall
(B–D, arrows) and of proximal right femur (E–G, bone window, arrows).
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uptake. However, a small proportion of BML may exhibit
mild borderline tracer uptake as seen in our case (2). 18F-FES
(16a-18F-fluoro-17b-estradiol) PET/CT may provide useful
information about BML estrogen receptor expression with
an option for antihormonal therapy (4). Histologically, the
absence of cellular atypia and low mitotic activity favor a
diagnosis of BML. However, low-grade and slow-growing
leiomyosarcoma cannot be totally excluded from the differen-
tial diagnosis even with benign histologic features.

CONCLUSION

BML is of rare occurrence. PET/CT is
a useful functional imaging modality for
a comprehensive evaluation and post-
therapeutic surveillance of this poten-
tially multifocal disease.
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FIGURE 2. Corresponding radiograph of the right femur before resection (A), coronal
contrast-enhanced MR image (B), photograph of surgical specimen (C), and radiograph
of surgical specimen (D) of proximal femoral lesion.
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T E C H N O L O G I S T N E W S

SNMMI TECHNOLOGIST SECTION PRESENTS
AWARDS, ELECTS NEW OFFICERS AT 2022
ANNUAL MEETING

More than 6,700 physicians, technologists, physicists,
scientists, and exhibitors gathered at the Society of Nuclear
Medicine and Molecular Imaging (SNMMI) 2022 Annual
Meeting, held June 11–14 in Vancouver, British Columbia,
Canada. The meeting had more than 130 continuing educa-
tion and scientific sessions and more than 1,000 posters, as
well as sessions on new tracers and applications, emerging
technologies, theranostics and nuclear medicine and molec-
ular imaging in the post-COVID world.
During the meeting, SNMMI Technologist Section

(SNMMI-TS) inducted new officers, who will serve through
June 2023. A number of technologists were also recognized
for their outstanding contributions to nuclear medicine,
molecular imaging, and the society.

2022–2023 SNMMI-TS OFFICERS

SNMMI-TS introduced a new slate
of officers during the Annual Meet-
ing. Krystle W. Glasgow, MIS,
CNMT, NMTCB(CT), NMAA,
FSNMMI-TS, has been elected
as the 2022–23 president for the
SNMMI-TS. Glasgow is a teacher
and clinical coordinator at the Uni-
versity of Alabama at Birmingham
(UAB) in Birmingham, Alabama, and
is currently pursuing her doctorate
degree in health services administration with a concentration
in health informatics at UAB. “We have had great momen-
tum in the past year in bringing in more members to our
great society,” said Glasgow. “As president, I will continue
working to engage with technologists and build excitement
for our field.”
During the meeting, SNMMI-TS

also announced, Dmitry Beyder,
CNMT, MPA, as president-elect.
As SNMMI-TS president-elect,
Beyder will focus on guiding tech-
nologists and the Technologist Sec-
tion out of the COVID-19 pandemic.
He will also work on strengthening
the nuclear medicine technologist
workforce and professional pipe-
line, as well as growing the role of
nuclear medicine technologists in therapeutics, especially
as theranostics continues to advance.
Other elected individuals include:

% Secretary: Amy B. Brady, MAEd, CNMT
% Finance Committee: Lance Burrell, MS, CNMT, PET,

RT(CT)

% Nominating Committee:
" Chair: Dusty York, CNMT, PET, RT(N)(CT)
" Mario DiDea, MS, RT(N)
" Sarah Frye, MBA, CNMT, PET, CCRP
" Rebecca Gallagher, CNMT
" Kathleen Krisak, BS, CNMT, FSNMMI-TS

% Delegate-at-Large:
" Sarah Gibbons, MBA, CNMT, NMTCB(CT)
" Duane Hollier, CNMT, ARRT(N), BS
" Shannon Youngblood, EdD, MSRS, CNMT

% Director-at-Large: Matt McMahon, MS, CNMT, RT(CT)
% Member-at-Large: Meg Keefe, MSA, CNMT
% Specialty Area Representatives

" Cardiology: Jamie Warren, EdD, MBA, BHS, CNMT,
NCT

" Education: Julie Bolin, MS, CNMT
" Emerging Technologies: Lisa Patrick, RT(N), NCT,
CT, PET

" Student: Leila Alsarag

SNMMI-TS FELLOWS

The following four individuals were named SNMMI-TS
Fellows. These are members of SNMMI-TS who have dem-
onstrated leadership and have made a significant contribu-
tion to the profession of nuclear medicine technology at
the national level. SNMMI-TS selects Fellows based on
exemplary contributions in the following areas: participa-
tion in professional activities, education, professional experi-
ence, professional contributions, and civic activities. New
SNMMI-TS Fellows receive a memorial plaque and pin
signifying their Fellow status.

% L. David Wells, CNMT
JNMT Editor (1974–1977)

% Patricia Weigand, CNMT
JNMT Editor (1978–1982)

% Susan Gilbert, CNMT
JNMT Editor (1995–2000)

% Beth A. Harkness, MS
JNMT Editor (2001–2006)

OUTSTANDING JNMT ARTICLES

The Editor’s Choice Awards for the best JNMT articles pub-
lished in 2021 were selected by JNMT editor Kathy S.
Thomas, MHA, CNMT, PET, FSNMMI-TS, and the journal’s
editorial board. Awards include:

% Editors’ Choice Award – 1st Place: Shannon N. Young-
blood, University of Arkansas for Medical Sciences, Little
Rock, Arkansas, and Ochsner Medical Center, Baton
Rouge, Louisiana, for “Bullying in the Nuclear Medicine
Department and During Clinical Nuclear Medicine Edu-
cation.” J Nucl. Med. Technol. 2021; 49:156–163.

Dmitry Beyder

Krystle W. Glasgow
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% Editors’ Choice Award – 2nd Place: Kyohei Okuda,
Daisuke Hasegawa, Takashi Kamiya, Hajime Ichikawa,
Takuro Umeda, Takushi Ohkubo, and Kenta Miwa,
Department of Clinical Radiology, Tottori University
Hospital, Yonago, Japan, for “Multicenter Study of Quanti-
tative SPECT: Reproducibility of 99mTc Quantitation Using
a Conjugated-Gradient Minimization Reconstruction Algo-
rithm.” J Nucl. Med. Technol. 2021; 49:138–142.

% Editors’ Choice Award – 3rd Place: Pietro Paolo de Barros,
Tatiane Sabriela Cagol Camozzato, Tiago Jahn, Fl$avio
Augusto Penna Soares, Let$ıcia Machado da Silva, Jacqueline
de Aguiar Soares, and Marco Antonio Neiva Koslosky, Fede-
ral Institute of Education, Science, and Technology of Santa
Catarina–IFSC, Florian$opolis, Santa Catarina, Brazil, for
“Analysis of Radiometry on Patients Undergoing Radioactive
Iodine Therapy.” J Nucl. Med. Technol. 2021; 49:75–81.

% Editors’ Choice Award – Best Continuing Education
Article: Julie Bolin, Nuclear Medicine Technology Pro-
gram, GateWay Community College, Phoenix, Arizona,
for “Thyroid Follicular Epithelial Cell–Derived Cancer:
New Approaches and Treatment Strategies.” J Nucl. Med.
Technol. 2021; 49:199–208.

% Editors’ Choice Award — Best Educator’s Forum Arti-
cle: George Patchoros and Grace Wenzler, Department of
Engineering, Physics, and Technology, Bronx Community
College, Bronx, New York, for “Satisfying Program-Level
Outcomes by Integrating Primary Literature into the Online
Classroom.” J Nucl. Med. Technol. 2021; 49:170–174.

SNMMI-TS OUTSTANDING TECHNOLOGIST
AWARD

Chloee Wendorf, MHA, CNMT, NMTCB (CT), PET,
NCT, manager of nuclear medicine and PET/CT at the Uni-
versity of California – San Diego Health, received the 2022
SNMMI-TS Outstanding Technologist award. The award
recognizes SNMMI-TS members who have demonstrated
outstanding service and dedication to the field of nuclear
medicine technology.

SNMMI-TS KATHY E. THOMPSON-HUNT OUTSTANDING
EDUCATOR AWARD

Crystal Botkin, PhD, MPH, CNMT, PET, FSNMMI-TS,
was awarded the 2022 SNMMI-TS Kathy E. Thompson-Hunt

Outstanding Educator Award. The award is presented to mem-
bers who have exhibited commitment to advancing the field in
their workplace and through their involvement with the society.

SNMMI-TS ADVOCATE(S)-OF-THE-YEAR AWARD

The 2022 SNMMI-TS Advocate(s)-of-the-Year Award
was presented to Melissa M. Snody, BS, CNMT, nuclear

Outstanding JNMT award winners, from left: Shannon Youngblood, Kyohei Okuda, Pietro Paolo de Barros, Julie Bolin,
George Patchoros, and Grace Wenzler.

Chloee Wendorf (right) receives Outstanding
Technologist Award from 2021–2022 SNMMI-TS
President Dusty York.

Crystal Botkin (right) receives Kathy E.
Thompson-Hunt Outstanding Educator
Award from 2021–2022 SNMMI-TS
President Dusty York.
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medicine PET/CT technologist at Beaumont Health, in
Royal Oak, Michigan, and Janice D. Van Dolsen, BHS,
RT(N), CNMT, manager of nuclear medicine and diagnos-
tic imaging at Doylestown Health in Doylestown, Pennsyl-
vania. This award recognizes an individual or individuals
who have made significant contributions to advancing advo-
cacy efforts at the state and federal level.

SNMMI-TS LIFETIME ACHIEVEMENT AWARD

The 2022 SNMMI-TS Lifetime Achievement Award was
presented to Sal Martino, EdD, RT(R), FASRT, CAE,
CEO and executive director of the American Society of
Radiologic Technologists in Albuquerque, New Mexico,
and Jerry Reid, PhD, CEO of The American Registry of
Radiologic Technologists, based in St. Paul, Minnesota.
This award is reserved for individuals who have made sig-
nificant contributions to the field of nuclear medicine and
the SNMMI-TS and its chapters.

SNMMI-TS PRESIDENTIAL DISTINGUISHED SERVICE
AWARDS

The 2022 Presidential Distinguished Service Award is
given to individuals who made a significant impact dur-
ing the presidential tenure of Dusty York, CNMT, PET,
RT(N)(CT). The individuals being recognized for this award
have shown exceptional leadership and have provided strate-
gic guidance in the areas of education and research. The
SNMMI-TS Presidential Distinguished Service Award was
presented to:

% C. David Gilmore, EdD, CNMT, FSNMMI-TS, associ-
ate professor and program director for nuclear medicine
at Massachusetts College of Pharmacy and Health Scien-
ces, for his outstanding leadership and strategic vision
with the NMT Entry Level Curriculum Revisions.

% Crystal Botkin, PhD, MPH, CNMT, PET, FSNMMI-TS,
associate professor of clinical health sciences at St. Louis
University for her outstanding leadership and strategic vision
with the NMT Entry Level Curriculum Revisions.

% Mary Beth Farrell, EdD, CNMT, FSNMMI-TS, director
of research for the Intersocietal Accreditation Commission,
for outstanding contributions to the PET/CT Oncology
Mini-Books.

% Kathy S. Thomas, MHA, CNMT, PET, FSNMMI-TS,
for outstanding contributions to the PET/CT Oncology
Mini-Books.

% Art Maune, MEd, CNMT, assistant professor at Uni-
versity of Arkansas Medical Sciences, for outstanding
contributions to the Nuclear Medicine Student Registry
Review Course.

% Leesa Ann Ross, MA, CNMT, PET, RT(N),
FSNMMI-TS, for leadership and support in her role as
the nuclear medicine program director at Chattanooga
State Community College.

% Tina Buehner, PhD, CNMT, FSNMMI-TS, medical
science liaison – oncology for GE Healthcare, for out-
standing leadership to the SNMMI-TS and mentorship as
immediate past president.

% Cheryl Rickley, CNMT, FSNMMI-TS, nuclear medi-
cine technologist for TTG Imaging Solutions, for out-
standing contributions to the SNMMI-TS as the chair of
the State TAGs.

% Nikki Wenzel, MBA, CAE, senior director and SNMMI-
TS administrator, for her outstanding contributions on the
SNMMI-TS.

% Rebecca Maxey, SNMMI communications director, for
outstanding contributions to the PET/CT Oncology Mini-
Books.

SNMMI-TS PRESIDENT’S PLAQUE

Dusty York, CNMT, PET, RT(N)(CT), was awarded the
SNMMI-TS president’s plaque and gavel for her service as
2021–2022 SNMMI-TS president. York began her career as
a staff technologist at Memorial Hospital in Chattanooga
and has been in her current position at Chattanooga State
Community College since 2003.
An active member of the SNMMI-TS, York serves on the

SNMMI Board of Directors, House of Delegates and Commit-
tee on Women in Nuclear Medicine as well as the Technologist
Section Executive Board, Educators Committee, Grants and
Awards Committee, and Professional Development and Educa-
tion Fund. In the past she has served on and chaired multiple
committees across the organization, including the Nuclear
Medicine Week Task Force, the Continuing Education Com-
mittee, the International Outreach Task Force, and the local
Organization Task Force, among others.

SNMMI-TS/CARDIOVASCULAR COUNCIL BEST ABSTRACT
AWARD WINNERS

First Place
Sarah A. Frye, MBA, CNMT, PET, CCRP, Saint Louis
University, Saint Louis, Missouri: “Quantitative perfusion
SPECT (QPS) analysis using both male and female normal
databases in an obese male patient: A case study.”

Second Place
Mitsuha Fukami, Kyushu University, Japan: “The application
of compressed sensing reconstruction for myocardial perfusion
image shortens the acquisition time: A simulation study.”

Sal Martino Jerry Reid
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SNMMI-TS/PET CoE Technologist Best PET Abstract Award
Runze Wu, PhD, Tsinghua University, China: “Deep learn-

ing denoising technique enables low-injected-dose whole-body
18F-FDG PET/CT on lymphoma patients - A feasibility study.”

SNMMI-TS/Therapy CoE Technologist Best Therapy
Abstract Award
Crystal Botkin, PhD, MPH, CNMT, PET, FSNMMI-TS,

Saint Louis University, Festus, Missouri: “Administration
of Lutetium 177 PSMA therapy in an outpatient nuclear
medicine department, a technologist’s perspective.”

SNMMI-TS Technologist Poster Awards

First Place
Yuya Shirakawa, Kyorin University Hospital, Japan:
“Digital PET/CT images can be reconstructed more effi-
ciently using a network designed with deep learning.”

Second Place
Noritake Matsuda, Tokushima University, Japan: “Quantitative
evaluation of cardiac amyloidosis with 99mTc-pyrophosphate
scintigraphy.”

Third Place
Takayuki Shibutani, Kanazawa University, Japan: “Image
characteristics of brain perfusion SPECT/CT using a new
multi-focal collimator: Comparison with conventional SPECT
with LEHR collimator.”

Technologist Student Abstract Award Winners

First Place
Jonathon Garrett, Vanderbilt University Medical Center,
Brentwood, Tennessee: “Analysis of prostate cancer imag-
ing agents: F-18 fluciclovine vs. F-18 PSMA.”

Second Place
Kimberly Cornejo, Northwestern Memorial Hospital,
School of Nuclear Medicine, Chicago, Illinois: “A more
clinically relevant assessment of spatial resolution of a
PET-CT system.”

Third Place
Hayley Bergner, University of Oklahoma Health Sciences
Center, Adair, Oklahoma: “Tagging efficiency of radiola-
beled eggs with Technetium 99m macroaggregated albumin
compared to Technetium 99m sulfur colloid for gastric
emptying studies.”

Technologist Student Poster Award Winner
Kori Wright, Student (Non-Credit), Shirley, Indiana:

“The difference in tagging efficiency of unfiltered Tc99m-
sulfur colloid and filtered Tc99m-sulfur colloid to egg
beaters.”

2021–2022 SNMMI-TS President Dusty York
(center) receives SNMMI-TS President’s Plaque
from 2020–2021 SNMMI-TS President Tina
Buehner (left) and 2022–2023 SNMMI-TS
President Krystle Glasgow (right).
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I. EDITORIAL POLICY
The Journal of Nuclear Medicine Technology (JNMT) pub-

lishes material of interest to practitioners and scientists in the fields
of nuclear medicine and molecular imaging. Proffered articles
describing original laboratory or clinical investigations, brief com-
munications, and letters to the editor will be considered for publi-
cation. Occasionally, invited articles, editorials, and invited
perspectives of selected topics will be published. Manuscripts,
including figures and tables, must be original and not under con-
sideration by another publication.

In preparing manuscripts, authors should follow the Recom-
mendations for the Conduct, Reporting, Editing and Publication
of ScholarlyWork inMedical Journals (http://www.icmje.org/ rec-
ommendations/) of the International Committee of Medical Journal
Editors and the specific instructions detailed below. Also, helpful
guidance in conforming to the Recommendations may be found in
Medical Style & Format: An International Manual for Authors,
Editors, and Publishers (Philadelphia, PA: Lippincott Williams
& Wilkins; 1989) and in the AMA Manual of Style (available by
subscription at http://www.amamanualofstyle.com/oso/public/
index.html).

According to the Recommendations, allegation of scientific
misconduct or fraud arises if there is substantial doubt about the
honesty or integrity of the work, either submitted or published.
In the event of allegations of scientific misconduct or fraud,
JNMT follows the Recommendations. When appropriate, JNMT
reserves the right to present the allegations to the author’s institu-
tion or the agency funding the research.

II. MANUSCRIPT SUBMISSION
New manuscripts should be submitted online at https://submit-

jnm.snmjournals.org. For instructions visit https://submit-
jnm.snmjournals.org/submission/submissionhelp.

Inquiries regarding manuscript status and preparation can be
directed to salexand@snmmi.org.

Correspondence about manuscripts should be sent to the
JNMT office:

Kathy S. Thomas, MHA, CNMT, PET, FSNMMI-TS
Journal of Nuclear Medicine Technology
Society of Nuclear Medicine and Molecular Imaging
1850 Samuel Morse Drive
Reston, VA 20190-5316
Phone: 703-326-1185
Fax: 703-708-9018

A. Cover Letter
All manuscripts should be accompanied by a cover letter from the

author responsible for correspondence about the manuscript. The
cover letter should contain a statement that the manuscript has been
seen and approved by all authors. If there are more than 10 authors,
the specific contribution of each author must be substantiated in the
cover letter. The cover letter should inform the editor of potential
overlap with other materials already published or submitted for pub-
lication and should provide a reference to or a copy of this material.
The cover letter should alsodiscloseany conflict of interest—financial
or otherwise—that may directly or indirectly influence the content of
the manuscript submitted. Finally, the cover letter should provide any
additional information that may be helpful to the editor.

B. Authorship, Rights, and Permissions
Each author must have contributed significantly to the submit-

ted work. As recommended by the International Committee of
Medical Journal Editors, all authors must have made substantial
contributions in all 3 of the following categories:
1. Contributing to conception and design, or acquiring data, or ana-
lyzing and interpreting data;

2. Drafting the manuscript, or critically contributing to or revising
the manuscript, or enhancing its intellectual content; and
3. Approving the final content of the manuscript.

Simple participation or collection of data alone does not justify
authorship but should be mentioned in the acknowledgment sec-
tion. Changes in authorship after the first review require a written
request by the corresponding author and a written authorization
from the authors who are to be added or deleted.

If any figures or tables in the manuscript were previously pub-
lished, this should be acknowledged and written permission from
the publisher should be included.

For human studies, approval must be obtained from the institu-
tional review board or equivalent ethics committee and written
informed consent must be obtained from research subjects, unless
this requirement is waived by the institutional review board or
equivalent. For studies in the United States, compliance with the
Health Insurance Portability and Accountability Act is also
required. Authors must also comply with the clinical trial registra-
tion statement from the International Committee of Medical Jour-
nal Editors, and the clinical trial registration number must be
provided.

For any first-in-human study of a new radiopharmaceutical, the
following language should be included in the article to facilitate
allowing others to study the drug under the Radioactive Drug
Research Committee regulations, rather than having to file addi-
tional applications for an investigational new drug or an explor-
atory investigational new drug: “The mean and standard
deviation of the administered mass of [drug] was XX 6 YY lg
(range, AA–ZZ lg). The mean administered activity was XX 6
YY MBq (range, AA–ZZ MBq). There were no adverse or clini-
cally detectable pharmacologic effects in any of the [##] subjects.
No significant changes in vital signs or the results of laboratory
studies or electrocardiograms were observed [if true].”

For animal studies, approval must be obtained from the appro-
priate institutional animal care and use committee for compliance
with the National Institutes of Health for use of laboratory animals
or equivalent.

In compliance with the Copyright Revision Act of 1976, effec-
tive January 1, 1978, the following copyright transfer agreement
must be faxed, e-mailed, or mailed to the JNMT office. (A print-
able version is available at https://tech.snmjournals.org/site/misc/
ifora.xhtml).

Upon acceptance of the article named above by JNMT, all copyright
ownership is transferred to the Society of Nuclear Medicine and Molec-
ular Imaging. We, the undersigned coauthors of this article, have contrib-
uted to (1) data design, analysis, or interpretation; (2) writing or critiquing
drafts of the manuscript; and (3) approval of the final manuscript before
publication.We share in the responsibility for the release of any part or all
of the material contained within the manuscript. We also affirm that the
manuscript has been seen and approved by all authors. The undersigned
warrant that the manuscript (or its essential substance) is new and orig-
inal; has not been published other than as an abstract in any language or
format; and has not been submitted elsewhere for print or electronic pub-
lication consideration.

Wewarrant that themanuscript does not contain anymaterial the pub-
lication of which would violate any copyright or other personal or propri-
etary right of any person or entity. We will obtain and include with the
manuscript written permission from any respective copyright owners
for the use of any textual, illustrative, or tabular materials that have
been previously published or are otherwise copyrighted and owned by
third parties. We agree that it is our responsibility to pay any fees charged
for permissions.

We also warrant that any human and/or animal studies undertaken as
part of the research from which this manuscript was derived are in
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compliance with regulations of our institution(s) and with generally
accepted guidelines governing such work.

We further warrant that we have herein disclosed any and all financial
or other relationships that could be construed as a conflict of interest and
that all sources of financial support for the study have been indicated in
the disclosure.
1. Copyright transfer: The authors hereby transfer all copyrights in and to
the manuscript titled above in all forms and media, now or hereafter
known, to the Society of NuclearMedicine andMolecular Imaging effec-
tive if and when the article is accepted for publication in JNMT.
2. Permission to reprint: The authors retain the following nonexclusive
copyrights, to be exercised only after the article has been published in
final format in the print version of JNMT.
(a) Reprint the article in print collections of the author’s own writing.
(b) Present the article orally in its entirety.
(c) Use the article in theses and/or dissertations.
(d) Reproduce the article for use in courses the author is teaching. (If the

author is employed by an academic institution, that institution may
also reproduce the article for course teaching.)

(e) Distribute photocopies of the article to colleagues, but only for non-
commercial purposes.

(f) Reuse original figures and tables in future works created by the author.
(g) Post a copy of the article on the author’s personal website, departmen-

tal website, and/or the university’s intranet, provided a hyperlink to
the article on the JNMT website is included.

(h) In all the instances under clauses 2a through 2g above, the author will
give proper credit to the original publication in JNMT as follows: This
research was originally published in JNMT. Author(s). Title. J Nucl
Med Technol. Year;vol:pp–pp. # by the Society of Nuclear Medi-
cine and Molecular Imaging, Inc.

3. Publish Ahead of Print policy: The authors understand that if and
when the manuscript is accepted for publication in JNMT, it will be
pre-published online as a Publish Ahead of Print paper. The authors
acknowledge that JNMT’s Publish Ahead of Print papers undergo full
peer review. Ahead of print articles have not been copyedited, nor
have they appeared in a print or online issue of the journal.

Conditions 1–3 in the agreement must be met by all coauthors,
and the agreement must be signed by all coauthors. Designate
“first author” and “corresponding author” in parentheses by their
signatures.

This copyright transfer requirement does not apply to work
prepared by U.S. government employees as part of their official
duties. However, the authors of such work are required to com-
plete section B of the copyright transfer agreement found at
https://tech.snmjournals.org/site/misc/ifora.xhtml.

III. MANUSCRIPT REVIEW, REVISION, AND
RESUBMISSION

Submitted manuscripts are reviewed for originality, signifi-
cance, adequacy of documentation, composition, and adherence
to these guidelines. However, editorial decisions are based not
only on the technical merits of the work but also on factors such
as priority for publication and relevance to the general readership
of JNMT. All manuscripts are judged in relation to other submis-
sions currently under consideration.

Two helpful publications to read before writing a manuscript
are “The Efficacy of Diagnostic Imaging” by Fryback and Thorn-
bury (Med Decis Making. 1991;11:88–94) and “Bias in Research
Studies” by Sica (Radiology. 2006;238:780–789).

At the discretion of the Editors, the manuscript may be returned
rapidly—without external peer review—if deemed not competitive
or outside the scope of JNMT. Rebuttals to rejected manuscripts
are strongly discouraged, and requests for resubmission of rejected
manuscripts are generally not granted without significant

demonstration of errors in the review or decision process. Most
articles are rejected on grounds of insufficient priority or lack of
relevance to JNMT, not data quality or technical issues.

Manuscripts must be written in English. When necessary,
authors should seek the assistance of experienced, English-
speaking medical editors before submission. A medical editor
should review the final draft of the original and any revisions of
the manuscript. Authors will be required to provide revisions of
articles written in substandard English before peer review.

Manuscripts considered suitable for review are evaluated by 2
reviewers. The Editors select the reviewers and make the final
decision on the manuscript. Authors may suggest reviewers for
their manuscripts. Referees who review a manuscript remain
unknown to the authors.

It is unusual for a manuscript to be accepted for publication
without first undergoing a process of revision. Revised manu-
scripts are judged on the adequacy of responses to suggestions
and criticisms made during the initial review. Revision of a man-
uscript does not guarantee acceptance. A revision should be
accompanied by a point-by-point reply to the reviewers’ and edi-
tors’ critiques in which any changes are briefly described. The
authors also should provide justification for not altering the man-
uscript in response to any reviewer comments believed to be inap-
propriate. Red font should be used to indicate all changes within
the manuscript itself, and a clean version of the manuscript should
be provided.

The revised manuscript and accompanying reply must be sub-
mitted to JNMT via the online submission and review website at
https://submit-jnm.snmjournals.org within 30 days of the date of
the editorial decision. If circumstances prevent completing the
revisions by the deadline, please contact Susan Alexander at
703-326-1185 or at salexand@snmmi.org. If the revisions are
not received within 3 months after being requested, the manuscript
may be started on a new review cycle and given a new manuscript
number.

All accepted manuscripts are subject to editing for accuracy,
clarity, and style.

IV. ARTICLE TYPES
Original scientific and methodology articles should contain

no more than 6,000 words. This word limit includes all data: title
page, abstract, text, disclosure, acknowledgments, key points,
references, figure legends, and tables. The goal is to limit original
articles to 8 printed pages. A maximum of 7 figures (maximum of 14
parts in total with no more than 4 parts per figure preferred), 7 tables,
and 40 references is allowed. Abstracts should be structured (see VI.
C. below) and should contain a maximum of 350 words.

Teaching case studies should contain no more than 750 words.
This word limit includes all data: title page, abstract, text, disclo-
sure, acknowledgments, references, figure legends, and tables. A
maximum of 5 figures and 5 references is allowed, and the maxi-
mum number of authors is three. The objective of teaching case
studies is to present images that demonstrate key facts or concepts
in clinical nuclear medicine and molecular imaging. Emphasis is
placed on studies in which imaging has been useful in helping
with the diagnosis. Teaching case studies will be accepted for pub-
lication in JNMT at the discretion of the Editor and may also be
posted on the SNMMI website. Submissions not accepted for pub-
lication in JNMT may be accepted for posting on the SNMMI
website only. Teaching case studies should include a brief,
unstructured abstract followed by 4 sections: an “Introduction”
section briefly describing the point that the article is teaching,
explaining the significance of the article, and summarizing its edu-
cational value; a “Case Report” section describing relevant medi-
cal history, laboratory findings, clinical course, procedures
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performed, and condition at last follow-up; a “Discussion” section
describing any findings, differential diagnosis, and final diagnosis;
and a “Conclusion” section summarizing the take-home teaching
points.

Quality case studies should contain no more than 3,000
words. This word limit includes all data: title page, abstract,
text, disclosure, acknowledgments, references, figure legends,
and tables. A maximum of 4 figures, 2 tables and 20 references
is allowed, and the maximum number of authors is three. The
objective of a quality case study is to present a specific event
that required an in-depth analysis resulting in an operational
assessment, resolution, corrective action, and verification of effec-
tiveness using standard quality assessment tools (e.g., a root cause
analysis using Lean or Six Sigma methodology). The quality case
study should contain a brief, unstructured abstract followed by 4
sections: an introduction (a description of the event, answering
the questions what, how, when, where, and who), a “Quality Ana-
lysis” section (repeatedly asking the question why until a solution
to the error is found), a “Corrective Action” section, and a
“Verification of Effectiveness” section.

Letters should concern previously published material or mat-
ters of general interest and should be brief and to the point. Letters
should be given a title and should also be accompanied by a copy-
right transfer agreement as specified above in Manuscript Submis-
sion. All material is subject to editing. Letters commenting on
previously published articles should be received within 1 year of
the date of the referenced article’s publication. Letters should con-
tain no more than 800 words; this word limit includes all data: title
page, authors and affiliations, the letter itself, and any references.
Letters should contain no figures or tables and no more than 10
references.

V. FORMAT REQUIREMENTS
A. General Requirements

Use a type size of at least 10 points, double spacing every line.
Use the following order for the sections of the manuscript: title
page; abstract; text; financial disclosure; disclaimer, if any;
acknowledgments, if any; references; figures with legends; and
tables. Number all pages consecutively. Do not use automated
word-processing features or embedding for numbering, footnotes,
or endnotes.

B. Title Page
The title page of the manuscript should include the following:

(1) concise and informative title (fewer than 200 characters); (2)
short running title of no more than 40 characters (letters and

spaces) placed at the bottom of the title page and identified; (3)
complete byline, with first name, middle initial, and last name of
each author (a limit of 10 authors is recommended; if there are
more than 10 authors, the specific contribution of each author
must be substantiated in the cover letter); (4) complete affiliation
for each author, with the name of department(s) and institution(s)
to which the work should be attributed; (5) disclaimer, if any; (6)
name, address, telephone number, fax number, and e-mail address
of one author responsible for correspondence about the manuscript
and to whom reprint requests should be directed, or statement that
reprints are not available; (7) name, address, telephone number,
fax number, and e-mail address of the first author, specifying
whether this person is currently in training (e.g., fellow, resident,
or student); and (8) the word count of the manuscript. Financial
support for the work should be noted in a statement on this page
as well as in the disclosure (see section V. K. below).

C. Abstract
A structured abstract must be included with each original sci-

entific manuscript, including brief communications. The abstract
should contain a maximum of 350 words for original scientific
and methodology articles or 150 words for brief communications
and include 4 clearly identifiable elements of content: rationale
(goals of the investigation), methods (description of study sub-
jects, experiments, and observational and analytic techniques),
results (major findings), and principal conclusions. Except for
the rationale, these sections should be preceded by headings
(i.e., Methods, Results, and Conclusion). Three to 5 key words
should also be submitted with the abstract.

A graphical abstract must also be included with each original
scientific manuscript, including brief communications. The graph-
ical abstract, a visual aid to understanding your key findings, is
intended to attract the attention of readers and help them find
articles that interest them. It should be clear, concise, eye-
catching, and easily understood by a typical JNMT reader. It
will be displayed in the online article and online table of contents
and might also be used in promotional media, in the JNMT carou-
sel, or on the JNMT cover if your article is selected to be featured
in that issue. It must comprise a single, simple, original graphic
that is not densely packed with information, has no legend, and
is not a figure from your article. It cannot be a table, be reprinted
from another source, or include any trade names, logos, or images
of trademarked items. Text can be used sparingly but must be in
Arial font large enough to be legible. For ease of comprehension,
it should have a clear start and end, with the information prefera-
bly running from top to bottom or left to right. Build the graphical

Maximum no. of…

Category Article type Topic Total words* Words in abstract References Figures Tables

Uninvited Original research Clinical or basic science 6,000 350 40 7 7
Brief communications Novel data of broad import 2,500 150 20 4 2
Quality case studies Quality improvement 3,000 150 20 4 2
Letters to the editor JNMT articles or general 800 None 10 None None

Invited Perspectives JNMT articles 1,600 None 10 None None
Editorials Variable 1,600 None 10 None None
Continuing education Educational reviews 6,000 350 80 7 7
Teaching case studies Educational cases 750 150 5 5 0
Special Contributions Variable Variable Variable Variable Variable Variable

*Includes all data: title page, abstract, text, disclosure, acknowledgments, references, tables, and figure legends.
Tables must fit on 1 page.
Figures cannot have more than 14 parts combined; no more than 4 parts per figure is preferred.
Additional online data supplements are permitted for all types of articles.
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abstract using the PowerPoint template supplied at http://
jnm.snmjournals.org/ authors, and upload it as a single, high-
quality, full-color .jpg or .png image file, as well as placing it
(labeled as “Graphical Abstract”) at the end of the manuscript file.

D. Text
Describe procedures in sufficient detail to allow other investi-

gators to reproduce the results. Do not use hyperbolic terms or
phrases in the title, abstract, or body of the text. Qualitative claims
as to the superiority (superior, best) or primacy (first, novel,
unique) of an idea or instrument are not acceptable. Do not use
numbered or bulleted lists. Any brand-name or trademarked
instrument, pharmaceutical, or other product mentioned must be
followed by the name of the manufacturer, in parentheses. The
use of generic names is preferred to the use of brand names or
trademarked names. Original scientific and methodology articles
are divided into the following sections:

Introduction
This section should be brief and focused. The final paragraph

should state the hypothesis investigated.
Materials and Methods

This section should include statements about Institutional
Review Board approval, written informed consent, compliance
with the Health Insurance Portability and Accountability Act,
and animal care committee approval, as appropriate. The standard
statement for institutional board approval and consent is the fol-
lowing: “The study has been approved by the institutional review
board [or equivalent], and all subjects signed an informed consent
form [or the need for written informed consent was waived].” The
clinical trial registration number should also be included when
appropriate (http://www.clinicaltrials.gov/). For any first-in-
human study of a new radiopharmaceutical, the mean, standard
deviation, and range of the administered mass of drug and mean
administered activity need to be provided, as well as clinically
detectable pharmacologic effects. The checklist and flow diagram
from one of the following evidencebased statements should be fol-
lowed as appropriate and submitted as supplemental material:
STARD (http://www.stard-statement. org); CONSORT (http://
www.consort-statement.org); PRISMA (http://www.prisma-state-
ment.org/statement.htm); REMARK (http://www.nature.com/
nrclinonc/journal/v2/n8/full/ncponc0252.html). The number and
selection of subjects must be clearly described, as well as the pro-
spective or retrospective nature of the study. Procedures must be
described in enough detail to allow reproducibility by others.
The last paragraph should describe the statistical methods.
Results

The text of this section should not repeat information presented
in the tables and figures. When percentages are given, the ratio of
numerator to denominator should be in parentheses.
Discussion

This section should summarize any advances in knowledge
provided by the results and then discuss their implications in rela-
tion to other studies. Limitations and biases of the study must be
addressed. The direction of future research may be mentioned.
Conclusion

This section should be brief, should summarize the key points
of the paper, and should not introduce new material or references.

E. References
References (not to exceed 40 in an original scientific or meth-

odology article, 20 in a brief communication, 10 in a letter, or 5 in
a teaching case study) should be cited in consecutive numeric
order at first mention in the text and designated by reference num-
ber italicized, in red font, and in parentheses. References

appearing only in a table or figure should be placed at the end
of the reference list.

When listing references, follow the AMA Manual of Style: A
Guide for Authors and Editors (available by subscription at
http://www.amamanualofstyle.com/oso/public/index.html).
Abbreviate journal names according to the journals database avail-
able at PubMed.gov. For journal articles, include the year and vol-
ume number in the citation but not the month or issue number.
“Unpublished observations” and “personal communications”
should not be used as references, although written or oral personal
communications may be noted as such in the text. References cited
as “in press” must have been accepted for publication and not
merely be in preparation or submitted. The author is responsible
for the accuracy of all references and must verify them.

List all authors when 6 or fewer; for 7 or more, list the first 3
followed by “et al.”

Examples of journal articles:
Alawneh JA, Moustafa RR, Marrapu ST, et al. Diffusion
and perfusion correlates of the 18F-MISO PET lesion in
acute stroke: pilot study. Eur J Nucl Med Mol Imaging.
2014;41:736–744.
Fotos JS, Tulchinsky M. Standing prone positioning in estab-
lishing causality between matched ventilation-perfusion
defects and pleural effusion. Clin Nucl Med. September 22,
2014 [Epub ahead of print].
Huang S, Doke A, Zhang Y, Wang X, DeFilippo F, Heston W.
A novel [F-18] aluminum-fluoride labeled PSMA tracer with
minimal background uptake [abstract]. J Nucl Med.
2014;55(suppl 1):499.
Example of a book and book chapter:
Prakash D. Nuclear Medicine: A Guide for Healthcare Profes-
sionals and Patients. New York, NY: Springer; 2014:118, 147.
Heiss W-D, Drzezga A. PET/MR in brain imaging. In: Carrio I,
Ros P, eds. PET/MRI: Methodology and Clinical Applications.
New York, NY: Springer; 2014:109–126.
Example of an Internet reference:
Orange book: approved drug products with therapeutic equiv-
alence evaluations. U.S. Food and Drug Administration website.
http://www.accessdata.fda.gov/scripts/cder/ob/default.cfm.
Updated May 17, 2013. Accessed May 8, 2014.
Example of a package insert:
Cialis [package insert]. Indianapolis, IN: Eli Lilly & Co; 2003.

Authors are encouraged to generate their references using End-
Note (Thomson Scientific). The JNMT Output Style for EndNote
is available at http://endnote.com/downloads/styles.

F. Units of Measurement
All measurements should be listed in Syst!eme Internationale

(SI) units. Non-SI units may be used after the SI units but should
be placed in parentheses. Use becquerels, not curies, as the unit of
activity (1 mCi 5 37 MBq).

G. Abbreviations and Symbols
With the exception of units of measurement, JNMT strongly

discourages the use of abbreviations. Whenever possible, terms
should be spelled out in full rather than being abbreviated. Every
abbreviation, even those that are well known and in common
use, must be defined the first time it is mentioned in the manu-
script; spell out the full term and place the abbreviation, in paren-
theses, after the full term.

H. Tables
Place tables at the end of the manuscript file; do not submit

them as separate files. Do not submit tables as images. Tabbed
or space-separated table text is not allowed; tables should be cre-
ated in Microsoft Word table format or a similar format. The
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number of tables is limited to 7, except in the case of dosimetry
articles, which may exceed that number in lieu of figures. The final
typeset table must fit on a single page.

Tables should be self-explanatory and should supplement, not
duplicate, the text. Each table must be cited in consecutive
numeric order in the text. Number the tables consecutively with
an Arabic numeral after the word “TABLE.” Titles should be
descriptive and brief. Horizontal rules should be placed below
the title and column headings and at the end of the table. Do not
use vertical rules. Give each column a brief heading.

Place explanatory matter in footnotes, not in the title. Use the
following symbols in this sequence: *, †, ‡, §, k, ¶, #, **. In a foot-
note, define all abbreviations in the order in which they appear in
the table and identify statistical measures of variations, such as
standard deviation and standard error of the mean. If data from
another published source are used, obtain written permission
from the publisher, cite the original source in the references, and
include the following credit line in a footnote: “Reprinted with
permission of Ref X.” If data from an unpublished source are
used, obtain permission from the principal investigator and
acknowledge fully.

I. Figures
For online-submission specifications, visit https://submit-jnm.

snmjournals.org/submission/submissionhelp.
Figures should clarify and augment the text and should be

embedded (with their legends) within the text as well as uploaded
as separate files. Because imaging is a major aspect of nuclear
medicine, the selection of sharp, high-quality figures is of para-
mount importance. The author will be required to correct or
replace figures of inferior quality. Each submitted figure should
clearly identify areas of interest with only enough surrounding
area for orientation.

To best convey the quantitative information in nuclear images
and to standardize their display, all PET, SPECT and planar
nuclear images submitted for publication must provide “as much
quantitative information as reasonably achievable” (AQARA) as
described in the summary table below. A full description of the
requirements is published online at: https://jnm.snmjournals.org/
AQARA.

The number of figures submitted should not be excessive for
the length of the manuscript and in no case should exceed 7. These
7 figures may consist of up to 14 separate parts. No more than 4
parts per figure is preferred. Each figure must be numbered and
cited in consecutive numeric order in the text.

If possible, the figures submitted should be the size in
which they will appear when published so that no reduction
is necessary. Figures should be either single-column format
(published width, 8.5 cm; maximum submitted width,
11 cm), mid-size format (published width, 11.4 cm; maximum
submitted width, 14 cm), or double-column format (published
width, 17.4 cm; maximum submitted width, 22 cm). The Arial
font should be used for all figure text, and the size should be
8–12 points. Composite figures should be preassembled, with
each figure part (e.g., A, B, C) lettered in 12-point Helvetica
type in the upper left corner. Cover images should have a sub-
mitted width of 17 cm, and the submitted depth can be no more
than 8.5 cm.

Color figures will be considered for publication if appropriate.
Color files should be supplied in RGB color and should have an
ICC profile applied.

Acceptable resolution for digital figures is 300 dpi. Internet
graphics are not acceptable under most circumstances because
the 72-dpi resolution is too low for satisfactory reproduction.

EXAMPLEFIGURE. Flowchart in single-column format. Note the use
of Arial font and capitalization of only the first word in each line.

AQARA Requirements for Radionuclide-Based Images

Feature Specific requirement

Intensity-scale bar Show for each figure
Indicate unit and upper and lower window settings
Prefer absolute units
Use biologic parameters if available (e.g., rate constants, metabolic rates, binding potential)
If not, use activity concentration (e.g., SUV, Bq/mL, %IA/cm3)

Minimally, include relative units (e.g., percentage of maximum)
Background subtraction Avoid

If unavoidable, clearly indicate in scale bar
Keep bottom of scale bar at “0”
Set subtracted fraction of scale bar to background color

Image display Use same window settings for all figures
Accompany fusion images (SPECT/CT, PET/CT, PET/MR) by corresponding stand-alone SPECT or
PET images

Limit cropping
If cropping is applied, show corresponding uncropped, full-field-of-view image

%IA/cm3 5 percentage of injected activity per cubic centimeter of tissue.
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The file format must be . tiff, .eps, jpeg, .ppt, .doc, .docx, .png, or
.pdf. If the .jpeg file format is used, the images must be of medium
quality or better (quality setting of at least 6). Each figure,
including those in .ppt, .doc, and .pdf formats, must be submitted
as a separate file. Each figure must also be included in the man-
uscript file before its respective legend. Crop and size digital fig-
ures to match figure specifications and to minimize total file size.

All submitted illustrations become the property of the Society
of Nuclear Medicine and Molecular Imaging.

Videos can be published as supplemental data online.

J. Figure Legends
Legends for figures should be concise and should not repeat the

text. Number the legends with an Arabic numeral after the word
“FIGURE.” If a figure has more than one part, describe each part
clearly. Any letter designations or arrows appearing on the figures
should be identified and described fully. Abbreviations used in
each figure should be defined in the legend in alphabetical order.

Besides being submitted as a separate file, each figure should
be inserted before its respective legend in the figure legends sec-
tion of the manuscript file.

Original (not previously published) figures are preferred for
publication in JNMT; however, if figures have been published pre-
viously, authors are responsible for obtaining written permission
from the publisher to reprint. The source of the original material
must be cited in the references and the following credit line in
parentheses included in the legend: “Reprinted with permission
of Ref. X.” All permission letters should be submitted online at
the time of manuscript submission.

K. Disclosure
A statement of disclosure is required for all submissions.

Include in the disclosure any potential conflicts of interest as
reported in the disclosure form of the International Committee
of Medical Journal Editors. For the work under consideration for
publication, these include any payments received from a third
party, such as grants, consulting fees, travel fees, or honoraria.
Also disclose any relevant financial activities outside the submit-
ted work, such as employment, royalties, stock options, or patents.
For industry-sponsored or industry-supported research, authors
who are not employees of or consultants to the industrial entity
must be specified as having control of any data that might present
a conflict of interest for employees or consultants. If no conflicts
exist, this should be specified in the statement.

L. Acknowledgments
Individuals whom the authors wish to thank may be listed in

the acknowledgments. In addition, persons who have contributed
intellectually to the work but do not fulfill conditions 1–3 of the
copyright transfer agreement in section II may be listed.

M. Key Points
Original submissions must include 3 key points just before the

reference list:
KEY POINTS
QUESTION: A one-sentence focused question based on the

study hypothesis or goal.
PERTINENT FINDINGS: One or two sentences on the design

(e.g., clinical trial, cohort study, case-control study, meta-analy-
sis), the primary outcome, and the findings (only basic numbers
and whether they are statistically significant, but not the results
of statistical tests or measures of variance).

IMPLICATIONS FOR PATIENT CARE: One sentence on
how the findings might affect patient outcomes or, for basic sci-
ence, what the translational implications might be.

N. Supplemental Data
All data that are needed to support the central conclusions of

the article must be presented in the manuscript itself. Other data
(e.g., large-scale tabulations) that are integral to the manuscript
and of interest to specialists but not practical to include in the
printed journal can be submitted for online-only publication as
supplemental data. The data may include images with legends,
tables, or videos; supplemental text is discouraged (if some of
the methods have been described in a previous publication, the
manuscript can reference that publication). Each item of supple-
mental data should be given a brief descriptive title and should
be directly referred to in the manuscript (e.g., Supplemental Table
1). Because supplemental data files are placed online unedited, as
submitted by the author, the uploaded files need to be final and
ready for publication. Provide original files rather than .pdfs. Do
not include a title page.

VI. CHECKLIST FOR NEW SUBMISSIONS
___ Is all text in the manuscript double-spaced, including the

references?
___ Does the title page include the title, short running title, and

authors’ names and complete affiliations; complete address,
telephone number, fax number, and e-mail address for the first
author, if different from the corresponding author?

___ Does the paper have a structured abstract and key words?
___ Are the references in consecutive numeric order and in the

correct style?
___ Have the financial disclosure section and key points been

included?
___ Are the figures and tables in consecutive numeric order?
___ Have the figures been included in the manuscript file before

their respective legends, as well as being submitted as sepa-
rate image files of an acceptable format and resolution?

___ Do all PET, SPECT and planar nuclear images follow
AQARA requirements (http://jnm.snmjournals.org/site/misc/
AQARA.xhtml)?

___ Has permission been obtained from the publisher to reprint
previously published figures and tables?

___ Has the copyright transfer agreement been signed by all
authors?

___ Was the study approved by an institutional review board or
equivalent, and has this approval been mentioned in the
“Materials and Methods” section?

___ Did all subjects give written informed consent, or did the
institutional review board waive the need to obtain informed
consent?

___ Was the study approved by an institutional animal care and
use committee or equivalent?

___ Has the clinical trial registration number been provided?
___ Has first-in-human radiopharmaceutical language been

included?
___ Did you follow the checklist and flow diagram from one of

the following evidence-based statements, and did you submit
the checklist as supplemental material: STARD (http://
www.stard-statement.org); CONSORT (http://www.consort-
statement.org); PRISMA (http://www.prisma-statement.org/
statement.htm); REMARK (http://www.nature.com/nrclinonc/
journal/v2/n8/full/ncponc0252.html).
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SNMMI Designated
Radiopharmaceutical
Therapy Centers
of Excellence
SNMMI designated centers meet strict regulatory, training,
qualification, experience, and performance criteria to help
assure patients, their families, referring physicians, and
payors that rigorous procedures are in place and followed,
leading to appropriate patient selection and outcomes
from radiopharmaceutical therapy.

THE FOLLOWING SITES HAVE BEEN DESIGNATED AS SNMMI
RADIOPHARMACEUTICAL THERAPY CENTERS OF EXCELLENCE:

CLINICAL CENTERS OF EXCELLENCE

• Ahmanson Translational Theranostics Division,
David Geffen School of Medicine at UCLA,
UCLA Heath Medical Center

• Dana-Farber /Brigham and Women’s Cancer
Center

• Duke University Health
• Emory University Hospital
• M Health Fairview University of Minnesota

Medical Center - East Bank Hospital
• Mayo Clinic
• MD Anderson Cancer Center

COMPREHENSIVE CENTERS OF EXCELLENCE
• Memorial Sloan Kettering Cancer Center
• Mount Sinai Health System
• SSM Saint Louis University Hospital
• Stanford University - Stanford HealthCare
• The Ohio State University Wexner Medical

Center - The James Hospital and Solove
Research Institute

• University of California, San Francisco
• University of Colorado Anschutz Medical Center
• University of Iowa
• University of Pittsburgh Medical Center (UPMC)

SNMMI is currently accepting applications from centers based
in the United States (its territories) and Canada.

Visit www.snmmi.org/RPTCoE to get started.

• ARA Theranostics Center
• ChristianaCare
• Excel Diagnostics and Nuclear Oncology Center

• Hoag Memorial Hospital Presbyterian
• Kettering Health Main Campus
• Northwestern Memorial Hospital
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