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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

Reimagining the Future

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

During the 2023 Mid-Winter Meeting, the SNMMI-TS
National Council of Representatives and Executive Board
reviewed and approved the new SNMMI-TS Strategic Plan.
Given the drastic changes in the field and within the Tech-
nologist Section over the past 3 years, the new strategic
plan was an emergent need, and through efforts begun last
year, it truly embraces the future.
The SNMMI-TS Executive Board agreed that it is impor-

tant to have one cohesive mission/vision for the SNMMI
and the Technologist Section:

Vision: SNMMI is the leading global organization trans-
forming the science and practice of diagnostic and thera-
peutic nuclear medicine.

Mission: Empowering our members to transform the sci-
ence and practice of precision nuclear medicine for diagno-
sis and therapy to advance patient care.

The “SNMMI-TS Future, Imagined” statement in the
plan adds further context: The SNMMI-TS will be able to
drive change within hospitals, institutions, and academia to
better educate and advocate for the field of nuclear medi-
cine and molecular imaging. Therapy will be practiced in
all hospitals around the country, and as key members of the
care team, nuclear medicine technologists (NMTs) will use
their enhanced expertise in precision medicine to collabo-
ratively improve patient outcomes.

Workforce Pipeline

In 2022, the SNMMI-TS created a Workforce Pipeline
Task Force to investigate and better understand the current
challenges involved in entering the field and how students
are exposed to nuclear medicine as a career pathway during
high school and undergraduate education. Through outreach,
education, and the exchange of knowledge, the SNMMI-TS
hoped to create communication bridges for NMT programs
to work collaboratively with institutions around the country
who need to hire qualified NMTs.
In January 2023, under the vision of Immediate Past Presi-

dent Dusty York, the SNMMI-TS launched a new video
titled “Careers in Nuclear Medicine Technology” that show-
cases the many different opportunities available to NMTs.
The video, which can be found on the new career website at
nmcareers.snmmi.org, serves as the first resource for recruit-
ment into the field. The social media response to the video
launch has been incredible, including 172 views on YouTube
and many views of the teaser video: 3,071 on Instagram

(which makes this SNMMI’s most
watched Instagram reel), 1,805 on
LinkedIn, 269 on Facebook, and
380 on Twitter.
The Workforce Pipeline group is

now organizing a recruitment event
for the 2023 Annual Meeting in Chi-
cago. The half-day session would
bring in high school students and
their parents to learn about nuclear
medicine, take special tours of the
exhibit hall showcasing imaging
equipment and cutting-edge therapies, and meet program
directors. The event will close with a guest speaker focusing
on college admissions counseling and student success coach-
ing. The task force is connecting with individuals in the Chi-
cago area to help with recruiting students and marketing the
event.

Welcome and Congratulations to the SNMMI-TS Leadership
Academy Class of 2023!

For the first time since 2020, SNMMI-TS is pleased to
announce the graduates for the SNMMI-TS Leadership
Academy. The Academy, which took place during the
SNMMI Mid-Winter Meeting, accepts only a limited num-
ber of applicants each year and is considered to be the cor-
nerstone of SNMMI’s governance training for committee
chairs, council and center leadership, and the SNMMI/
SNMMI-TS boards of directors. Participants included Ejda
Bajric (Missouri Valley), Emily Brooks (Central), Sarah
Clements (New England); Michael Dillard (Pacific North-
west), Jose “Freddy” Gonzalez (Southwestern), Jason Joson
(Pacific Southwest), David Kelkis (Mid-Eastern), Jessica
Long (Southeastern), Martha Mar (Southwestern), Elad
Nevo (Greater New York), Erika Padilla-Morales (Northern
California), Alexia Romano (New England), Melissa Snody
(Central), Angela Weiler (Central), and Caitlin Woltering
(Missouri Valley).
With the 2023 graduating class, the SNMMI-TS Leader-

ship Academy has trained more than 200 graduates since its
inception in 2007. We look forward to seeing what leader-
ship positions these future graduates will strive to hold!
Through the efforts of the Professional Development

Task Force, the first Student Leadership Academy will be
held during the 2023 SNMMI Annual Meeting. The one-
day event, scheduled for Saturday, June 24, will mimic the
SNMMI-TS Leadership Academy but will focus on NMT

Krystle W. Glasgow, MIS,
CNMT, NMTCB(CT),
NMAA, FSNMMI-TS
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students entering the workforce for the first time. Students
will have the opportunity to participate in emotional intelli-
gence assessment before the event and will learn key lead-
ership skills to make their NMT transition successful. The
Academy will be open to all NMT students (free to mem-
bers) but will require registration.

Training in Radiopharmaceutical Therapy

A pressing issue for the SNMMI-TS is ensuring NMTs are
appropriately trained in radiopharmaceutical therapy proce-
dures. While the administration of therapies is part of the
scope of practice for NMTs, the continuous approval of
new therapies makes it necessary to ensure they stay up to
date with the most current and cutting-edge information.
The September 2022 issue of the Journal of Nuclear Medi-
cine Technology focused entirely on radiopharmaceutical

therapies—in particular, I-131, Xofigo, Lu-DOTA, Lu-
PSMA, and Azedra—and provided information on patient
selection; clinical, technical, and regulatory considerations;,
protocols; radiation safety; dosimetry; imaging; billing; cod-
ing; and how to make the therapy a success.
In January, the SNMMI-TS debuted “Therapy Thursdays”

to provide you with resources and updates from around the
world in radiopharmaceutical therapy. Watch for additional
information, and be sure to visit “Tools for Technologists”
at www.snmmi.org/therapy. The Molecular Therapy Task
Force is planning a Townhall Meeting in March, where tech-
nologists will be able to ask questions and share information
on how their sites are performing therapies (pitfalls, suc-
cesses, best practices, etc.). Short videos are also being
created at several universities to serve as resources for tech-
nologists.
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E D I T O R ' S P A G E

2023—Looking Forward to a New Normal

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

Editor, JNMT

By the time this editorial is published, the phrase “Happy
New Year!” will be more than a little stale; however, with
any luck, the new year will be happy as the world tentatively
returns to something approaching a new “normal.” For the
nuclear medicine community, the new normal includes an
opportunity to gather once again, either in person or virtu-
ally, to share the latest advances in molecular imaging and
therapeutic procedures at the Mid-Winter Meeting in San
Francisco, California. I hope you had the opportunity to kick
off the new year in a positive way by attending the confer-
ence and catching up with friends and colleagues.
Once again, the continuing education (CE) articles in this

issue offer a diverse selection of topics. The SNMMI Clini-
cal Trials Network continues its series discussing good clini-
cal practices required in clinical research (1). The next CE
offering discusses how V/Q lung imaging, a tried-and-true
procedure in nuclear medicine for decades, can be enhanced
using SPECT or SPECT/CT imaging (2). Finally, an over-
view of many PSMA-directed radiopharmaceutical therapy
clinical trials using a- or b-emitters in prostate cancer is dis-
cussed (3).
The Quality and Practice Management section introduces

a potential role nuclear medicine technologists may have to
assist the radiologist in calculating total metabolic tumor
volume for patients with diffuse large B-cell lymphoma
(DLBCL) (4). Additionally, Blum et al. provide quantitative
data analysis of 2 90Y-microsphere products comparing
exposure rates and special safety considerations (5).
In the United States, radiation safety and protection guide-

lines are commonplace; however, critical data are required in
developing countries to optimize diagnostic reference levels
(DRLs) and radiation protection guidelines in nuclear medicine
imaging, including SPECT, SPECT/CT, and PET/CT. Fayad
et al. discuss Qatar’s work establishing DRLs for administered
activity optimization for nuclear medicine procedures (6).

The scientific manuscripts offer an
assortment of topics, including opti-
mized image quality for 90Y PET
imaging, respiratory gating for lung
lesions, a 99mTc-DMSA biodistribu-
tion issue associated with the quality
of saline used in preparing the radio-
pharmaceutical, and an improved
headrest for PET brain imaging.
The teaching case studies offer a

variety of examples where key facts
or concepts are demonstrated and
were helpful in a specific diagnosis.
As always, I will conclude with my plea for your ideas,

suggestions, or comments to improve JNMT content. But
most importantly, I would also encourage you to consider
sharing your expertise by writing up a research study from
your institution, an interesting case study, or a brief com-
munication discussing a project that resulted in a positive
outcome in your work environment. Don’t know where to
start? Help is available! Contact me at ksthomas0412@
msn.com.
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C O N T I N U I N G E D U C A T I O N

SNMMI Clinical Trial Network Research Series for
Technologists: Application of Good Clinical Practice
to Clinical Research in Medical Imaging

LisaAnn Trembath1, Sarah A. Frye2, Peter J.H. Scott3, and John M. Hoffman4

1Avid Radiopharmaceuticals, Philadelphia, Pennyslvania; 2Department of Clinical Health Sciences, Saint Louis University, St. Louis,
Missouri; 3Department of Radiology, University of Michigan, Ann Arbor, Michigan; and 4Huntsman Cancer Institute and Department
of Radiology and Imaging Sciences, University of Utah School of Medicine, Salt Lake City, Utah

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 March 2026. Your online test will be scored immediately. You may make 3 attempts to pass the test and must answer
80% of the questions correctly to receive 1.0 CEH (Continuing Education Hour) credit. 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.

This article is part of a series developed by the Clinical Trials Net-
work of the Society of Nuclear Medicine and Molecular Imaging to
offer training and information for molecular imaging technologists
and researchers about various aspects of clinical research. This
article covers the topic of good clinical practice and how that
relates to those portions of the Code of Federal Regulations that
govern clinical research in the United States, such as title 21, part
312, and the Common Rule. The purpose of this article is to inform
technologists and researchers about standard roles, documents,
guidance, and processes that are elemental to the conduct of clin-
ical trials and to offer additional resources for learning about these
processes.

KeyWords: good clinical practice; ICHE6; clinical research

J Nucl Med Technol 2023; 51:2–8
DOI: 10.2967/jnmt.122.264778

Participating in sponsored research trials is an exciting
part of being a nuclear medicine or PET imaging technolo-
gist today. As described in an earlier article in this series,
by Jeffers et al. (1), molecular imaging is a key part of the
new-drug discovery paradigm that uses biomarkers and
radiopharmaceutical products to answer critical questions
on the pathway to development and approval of a new ther-
apeutic drug. Nuclear medicine and PET technologists play
a critical role in collecting research data in the form of
patient scans, as well as safety data such as vital signs or
pharmacokinetic data with blood sampling. This article will
highlight aspects of good clinical practice (GCP) and federal
research regulations that molecular imaging researchers and

technologists should be aware of when planning and conduct-
ing research involving human subjects. The paper’s focus is
on drug development and use of molecular imaging as bio-
markers, although the principles discussed are applicable to
any clinical trial setting.

GCP

GCP refers to a prescribed set of quality and ethical stan-
dards for how to plan, conduct, and document research involv-
ing human subjects. Compliance with the standards described
in the GCP framework ensures that the rights, safety, and
well-being of human subjects involved in research are pro-
tected and that the resulting research data are rigorous and
have reliability and integrity.
A document on GCP is published by an organization called

the International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH). The
ICH publishes standards that cover topics in the categories of
quality, safety, and efficacy in clinical trials. The collection
of guidelines in the efficacy category contains 20 subjects,
including topics such as pharmacovigilance, clinical study
reports, dose–response studies, statistical principles, and GCP.
The GCP publication, coded as E6 (an abbreviation for the
sixth report in the efficacy section) in the ICH guidelines,
was revised in 2016 and is officially entitled “Integrated
Addendum to ICH E6(R1): Guideline for Good Clinical
Practice—E6(R2).” At the time of this writing, the ICH has
drafted version R3, which is targeted for adoption in August
2023. The GCP publication and other ICH publications are
easily found online with an internet search and are recom-
mended reading for anyone interested in learning more
about clinical research (2).
The ICH is an international consensus organization in

which the U.S. Food and Drug Administration (FDA), Euro-
pean Medicines Agency, Japan Pharmaceuticals and Medi-
cal Devices Agency, and other drug regulatory authorities

Received Aug. 8, 2022; revision accepted Oct. 27, 2022.
For correspondence or reprints, contact LisaAnn Trembath (latrembath@

gmail.com).
Published online Nov. 9, 2022.
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such as the Departments of Health of Australia, Brazil, China,
Taipei, India, Russia, Singapore, and South Korea all have
permanent representatives (3).
In addition to the international GCP standard, there are

several sections in the Code of Federal Regulations (CFR)
that govern human subject research in the United States and
are aligned with GCP (4). The testing of investigational
new drugs on human subjects is governed by title 21 of the
CFR, part 312 (referred to as 21CFR§312) (5). Radiophar-
maceuticals can also be used without an investigational-
new-drug application in certain cases, such as when they
meet the provisions for use under approval of an institu-
tional radioactive drug research committee as defined in
21CFR§361 (6). Regulations for testing medical devices on
human subjects are found in 21CFR§812 (7). Other types of
research that do not involve an investigational drug or device,
such as behavioral research or clinical trials with U.S. military
personnel, are governed by 45CFR§46 under the Department
of Health and Human Services (8). Protection of human sub-
jects by the creation of institutional review boards (IRBs) and
the informed consent process is found in 21CFR§50 and
§56, respectively (9,10). An overview of the investigational-
new-drug process and regulations can be found in a previous
paper in this series (11).
GCP and federal regulations governing clinical research

are applicable to all human subject research, including stud-
ies that use investigational radiopharmaceuticals for diagno-
sis or treatment, or approved radiopharmaceuticals used for
screening, for monitoring therapy, or as biomarkers of a dis-
ease process. More information about various types of stud-
ies that use radiopharmaceuticals can be found in a previous
paper in this series (1). Data resulting from the use of a
molecular imaging biomarker in a study to investigate a
new therapeutic are subject to levels of scrutiny similar
to those for any other clinical trial data. GCP and federal
research regulations are designed not only to protect patient
privacy and safety but also to ensure that data are col-
lected, documented, and reported with scientific rigor and
quality.

COMMON RULE

Human subject research that is not for registration of a new
drug or device is regulated by federal policy 45CFR§46, sub-
part A, which is known as the Common Rule (12). Subpart B
of the federal policy includes additional protections for preg-
nant women, human fetuses, and neonates; additional protec-
tions are included in subpart C for prisoners and subpart D for
children, both of whom are considered vulnerable populations
(13,14).
More than 15 separate federal agencies have linked

45CFR§46 to their regulations, binding any of their research
efforts in humans to the same regulatory statute. For all par-
ticipating departments and agencies, the Common Rule out-
lines the basic provisions for IRBs, informed consent, and
assurances of compliance (15).

The Department of Health and Human Services website
provides educational videos, frequently asked questions,
and other information about how recent changes in the
Common Rule, effective in 2019, impact academic research
centers (16). As with 21CFR§312, GCP is aligned with the
Common Rule, and regulators expect researchers and staff
to be compliant with both the current regulations and GCP
principles.

KEY ROLES IN CLINICAL RESEARCH

Drug development research that uses molecular imaging for
screening, diagnosis, monitoring of therapy, or as a biomarker
is subject to the rules found in both 21CFR§312 and the GCP
framework, as are the key roles and responsibilities.

Sponsor
The sponsor of a clinical trial is the person or entity that

holds regulatory accountability for conduct of the trial. This is
often, but not always, the same entity as the one that finan-
cially supports the research (e.g., a pharmaceutical company).
Sponsors can be an individual person, pharmaceutical com-
pany, academic institution, government agency, or other orga-
nization. A sponsor initiates and is responsible for a clinical
investigation but does not conduct trial activities unless the
sponsor is a sponsor–investigator. Pharmaceutical sponsors
typically contract with investigators (medical experts on the
disease or condition under study) to conduct the trial. Spon-
sors have clearly defined responsibilities cited in GCP and
21CFR312§50. These responsibilities include selecting quali-
fied investigators and providing them with all the information
they need to conduct the investigation safely and properly;
ensuring that the investigation is properly monitored; ensuring
that the investigation is conducted in accordance with the
investigational plan in the investigational-new-drug applica-
tion, as well as with all protocols therein; maintaining an
effective investigational-new-drug application with respect to
all clinical trials; and promptly informing the FDA and all
participating investigators of significant new adverse effects
or risks (17,18).

Contract Research Organization (CRO)
A CRO is an entity that can be hired by the sponsor to con-

duct various aspects of the trial on the sponsor’s behalf (17).
A sponsor is allowed to transfer, in writing, any or all obliga-
tions described in 21CFR§312. Once the CRO assumes these
obligations, the CRO is subject to the same regulatory over-
sight and action as the sponsor (19). In molecular imaging
trials, it is common for a sponsor to engage an imaging CRO
to work with nuclear medicine departments to obtain protocol-
required scan data. An imaging CRO has personnel with spe-
cialized experience and knowledge in medical imaging, as
well as in how to obtain, transfer, analyze, and archive image
data used in clinical trials. CROs exist that can perform many
functions in a clinical trial, such as laboratory testing, safety
monitoring, statistics, cardiac monitoring, protocol develop-
ment, and study monitoring.
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Investigator
An investigator is an individual who conducts the clinical

trial, or under whose direct supervision the trial activities
are performed, and who is qualified by training and experi-
ence to perform the protocol procedures and ensure the
safety of subjects. The investigator, often referred to as the
principal investigator (PI), is the responsible team leader in
a group of people who are conducting a trial. The PI is
most commonly a medical doctor, but can also be a PhD,
dentist, psychologist, osteopath, or another licensed profes-
sional such as a radiochemist or medical physicist, who is
qualified by training and experience to conduct the research
(17). Other individuals who work on the clinical trial team
are referred to as subinvestigators per 21CFR§312.3 (20).
Although the sponsor holds responsibility for choosing qual-

ified and trained investigators, the PI is responsible for ensur-
ing that the clinical trial is conducted according to the protocol.
The PI is also responsible for protecting the rights, safety, and
welfare of patients in the trial; for obtaining informed consent
from each person who receives the investigational drug; and
for ensuring that any protected health information is handled
in a compliant fashion. The PI is responsible for control of
the investigational drug by keeping adequate records and by
administering the investigational product only to subjects
who are under the PI’s personal supervision (or under the
supervision of a subinvestigator) and who have consented to
participate in the study (17,21). When a nuclear medicine
technologist is responsible for injecting an investigational
radiopharmaceutical, the technologist’s name should be listed
on the delegation-of-authority log, which is described later in
this paper.
Investigators are responsible for preparing and maintaining

accurate case histories (17,22) for all subjects in a clinical trial,
whether the subject is receiving the investigational drug or
serving as a control subject. This case history includes case
report forms (CRFs) (often provided by the sponsor), hospital
and progress notes, source documents, follow-up reports, and
other records. The case history for every individual in the trial
must document that informed consent had been obtained
before any research procedures were performed, including but
not limited to scans or lab tests. If molecular imaging is being
used as a screening procedure for a trial involving an investi-
gational drug, it is imperative that the informed consent be
signed and on file before injection of any radiopharmaceutical
(17,23).

Study Coordinator
The study coordinator, or clinical research coordinator,

works under the direct supervision of the PI at the investiga-
tional site. This role is sometimes referred to as a clinical
coordinator or as a study nurse when applicable. The study
coordinator must be knowledgeable about GCP and research
regulations and typically has some form of health-care train-
ing such as in nursing, radiology, or medical assistance. The
study coordinator can assist with a myriad of administrative,
clinical, regulatory, and documentation duties (24).

There are 2 major professional organizations that support,
educate, and certify clinical research coordinators: the Associ-
ation of Clinical Research Professionals (https://acrpnet.org/)
and the Society of Clinical Research Associates (https://
www.socra.org/). Certification by 1 of these 2 organizations
indicates to an investigator and potential sponsor that an
individual is trained in GCP and research regulations and
has experience in the conduct of clinical trials.

Clinical Research Associate
A clinical research associate, or monitor, is hired by the

sponsor or CRO to ensure that a clinical study is conducted
according to the protocol and that the PI fulfills all responsi-
bilities to the IRB, trial, and patients. Clinical research
associates perform the work of monitoring, but they also
may be involved in protocol writing, site selection, recruit-
ment strategies, medical writing, and more. To monitor a
clinical trial means to work directly with a research site and
PI to oversee the conduct of the trial, ensuring that protocols
are followed and that subjects’ safety and privacy rights are
protected. Monitors compare case report forms against source
documents, ensure that written informed consent is docu-
mented for each subject before any study procedures take
place, enquires about discrepant data points, and reviews the
drug accountability log for omissions or errors, as well as per-
forming other tasks. Monitors also conduct the study-initiation
and close-out visits; provide protocol-specific training for the
PI, subinvestigators, and other staff involved in research; and
confirm that all participants in research activities are trained in
GCP. Remote monitoring, or review of documentation elec-
tronically without travel to the research site, is more common
now because of the impact that the coronavirus disease 2019
pandemic has had on in-person site visits. In a guidance docu-
ment published by the FDA in March 2020 about the impact
of the pandemic on clinical trials, the FDA encouraged spon-
sors to “consider optimizing use of central and remote moni-
toring programs to maintain oversight of clinical sites” (25).

IRB
The IRB is a requisite component for research involving

FDA-regulated clinical studies. The IRB, whose purpose and
makeup are described in 21CFR§50 and §56, is formally
designated to review and monitor biomedical research involv-
ing human subjects (9,10). Additional information about the
IRB can be found in an earlier paper in this series (26).

KEY DOCUMENTS IN CLINICAL TRIALS

Participation in clinical research activities requires knowl-
edge of the key documents used to verify adherence to protocol
procedures and regulations and to ensure the safety of subjects.
The following documents are discussed in this article: protocol,
form FDA 1572, imaging charter/manual, investigator’s
brochure (IB), CRF, source document, informed-consent
form, drug accountability log, and delegation-of-authority log.
Recording of adverse events is also discussed, and additional
resources are provided.
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Protocol
A protocol is a document that describes the objectives,

design, methodology, statistical considerations, and organi-
zation of the trial (1). According to 21CFR§312, a protocol
document must contain the following elements: a statement
of the objectives (often referred to as endpoints) and pur-
pose of the study, and the observations and measurements
to be made to fulfill the objectives of the study; the name
and address and a statement of the qualifications of each inves-
tigator; the name of each subinvestigator working under the
supervision of the PI; the name and address of the research
facilities to be used; the name and address of each reviewing
IRB (in practice, this information is often not included in the
protocol document per se but is part of form FDA 1572,
“Statement of Investigator”); the criteria for patient inclusion
and exclusion and an estimate of the number of patients to be
studied; a description of the design of the study, including the
kind of control group to be used, if any; a description of
methods to be used to minimize bias on the part of subjects,
investigators, and analysts; the method for determining the
doses to be administered, the planned maximum dosage, and
the duration of individual patient exposure to the drug; and a
description of the clinical procedures, laboratory tests, or
other measures to be taken to monitor the effects of the drug
on human subjects and to minimize risk.
The term protocol is commonly used in imaging depart-

ments to describe the dose, injection, scanning, and proces-
sing protocols for an imaging procedure. In clinical research,
especially pharmaceutical research, scanning details are typi-
cally not in the study protocol but are in a separate docu-
ment referred to as an imaging charter or imaging manual.

Form FDA 1572
Form FDA 1572 is a statement that includes a commitment

that the investigator will conduct the study in accordance with
the relevant, current protocols and will make changes to a
protocol only after notifying the sponsor, except when neces-
sary to protect the safety, rights, or welfare of subjects; will
comply with all clinical investigator obligations and other per-
tinent requirements; will personally conduct or supervise the
investigations; will inform any potential subjects that the drugs
are being used for investigational purposes and ensure that the
requirements on informed consent (21CFR§50) and IRB
approval (21CFR§56) are being met; will report to the sponsor
any adverse experiences that occur (21CFR§312.64); has read
and understands the information in the IB, including the poten-
tial risks and side effects of the drug; and will ensure that all
associates, colleagues, and employees assisting with the study
are informed about their obligations in helping the investigator
meet this commitment (27,28).
All nuclear medicine physicians who participate in the trial

by reading images, administering investigational products, or
analyzing data should be listed on form FDA 1572 as subin-
vestigators. Because nuclear medicine technologists can be
such an integral part of collecting research data, some sponsors
require that any technologist who participates in the study be

listed on form FDA 1572 and that training and licensure
be documented and submitted to the sponsor for regulatory
filing. Some sponsors or institutions also require listing of
research nurses or physician assistants who obtain the in-
formed consent.
Additional information about protocol amendments, devia-

tions, and variations; form FDA 1572; and practical advice on
how to maximize compliance with the protocol can be found
in a previous publication (29).

Imaging Charter
An important document for molecular imaging research-

ers and technologists to be aware of is the imaging charter
(sometimes referred to as an imaging manual or technical
manual). This document contains detailed instructions, usu-
ally not provided in the study protocol, that describe how,
when, and with what parameters research subjects should
be imaged to ensure standardization and harmonization of
imaging results. The FDA published a guidance document
in 2018, “Clinical Trial Imaging Endpoint Process Stan-
dards Guidance for Industry,” that suggests what a sponsor
should include in an imaging charter or manual (30). This
guidance document, although written for sponsors of clini-
cal trials, helps molecular imaging researchers and technol-
ogists understand the broad scope of considerations that go
into designing an imaging protocol to test a drug.
Several standards are recommended for inclusion in an

imaging charter. One standard is equipment standardization
and optimization, including vendor-specific equipment and
platforms; equipment technical settings to be used at each
site; the role of technologists in the imaging process; phan-
toms to be used for site qualification and monitoring of qual-
ity; subject preparation, positioning, and comfort measures;
schedules for imaging, off-protocol imaging; imaging risks;
the site qualification process; acquisition quality control and
monitoring; and data storage and transfer. Another standard
is for the imaging drug, such as preparative drugs, contrast
agents, and radiopharmaceutical agents, and a third standard
is for image interpretation, including image display, selection
of images for interpretation, randomization for the central read
process, imaging CRFs, and quality control of display and
interpretation, among others.
For study protocols that implement a central read process

(vs. an interpretation by the nuclear medicine physician at the
research site), the guidance document offers advice on iden-
tifying readers and their background qualifications, training
readers for the protocol, timing reads, and determining the
read process or methodology to be used (30).

IB
The IB, or investigator’s drug brochure, is critical for any

investigator in a clinical trial to read and understand. Per
the GCP guidelines, “The Investigator’s Brochure (IB) is a
compilation of the clinical and nonclinical data on investi-
gational product(s) that are relevant to the study of the pro-
duct(s) in human subjects. Its purpose is to provide the
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investigators and others involved in the trial with the infor-
mation to facilitate their understanding of the rationale for,
and their compliance with, many key features of the proto-
col, such as the dose, dose frequency/interval, methods of
administration[,] and safety monitoring procedures. The IB
also provides insight to support the clinical management of
the study subjects during the course of the clinical trial.”
(17). The IB is updated annually by the sponsor and reissued
to all investigators. It is critical to review the IB for any
changes in the safety profile of the drug. For example, if there
has been a significant increase in side effects or adverse
events, the consent language may require revision (31).

CRF
CRFs and source documents are terms that are often mis-

takenly used interchangeably, but each has a specific pur-
pose, and both are needed. A CRF is a physical document
or an electronic document or repository that contains the
records and results from all observations and clinical proce-
dures that are performed to monitor the effects of the inves-
tigational drug in humans and to fulfill the objectives of the
study. The investigator records all study data onto subject-
specific CRFs and submits them to the sponsor for analysis
of data across subjects and investigational sites. Per GCP,
“data reported on the CRF, that are derived from source
documents, should be consistent with the source documents
or the discrepancies should be explained” (17).

Source Documents
Source documents are the original location of data that is

subsequently recorded into a CRF. The first place that data
are generated is considered the source. Source documents
can be medical records, forms that are filled out by the trial
personnel, or pieces of paper on which data are recorded.
GCP requires that all information on a CRF be verified
from a source document (17). Digital data can be a source
document if they are the first output of data from a test,
such as an electrocardiogram recording or DICOM (Digital
Imaging and Communications in Medicine) headers in a PET
scan (32). One key role of a monitor is to compare data
entries in the CRF with the original data from the source.
When there is a discrepancy, the monitor asks the investigator
to clarify which data are correct. For example, if a CRF states
that the scan start time is 12:07 but the PET scan DICOM
header says the scan started at 12:12, a monitor will flag that
discrepancy. The monitor writes to the investigator to ask
which was the correct start time. In another example, if a
blood pressure measurement was entered into a CRF as
120/80 but the hospital chart notes that it was 122/80, a moni-
tor will ask the investigator for clarification and correction.
This clarification is required even if the discrepancy results in
a measurement that is considered within normal limits and
might not be clinically meaningful to patient care.
Trials using radiopharmaceuticals will often take advan-

tage of the ability to measure radioactivity in samples of
blood or urine. Analog data from a well counter that prints

out a strip of numbers should be annotated with the date,
time, subject identification number, and what sample is
represented by the number (e.g., 5-min plasma). Because
ink from analog printouts is prone to fading over time, it is
recommended that the technologist make a certified copy of
the source document for clarity and accessibility in any
future regulatory inspection.

Informed-Consent Form
The informed-consent form is a protocol-specific docu-

ment that describes to a patient what the study entails, what
procedures will take place, and what the risks of study par-
ticipation are. This document, the required content of which
is defined in 21CFR§50.25, must be signed by patients
before they undergo any study procedures and indicates that
they understand the study and have consented to participate.
An appropriate translation must be provided to nonnative
English speakers if needed, and accommodations must be
made for subjects incapable of giving consent themselves
(e.g., medical power of attorney for dementia patients). The
informed-consent document is reviewed by the IRB to
ensure an adequate explanation of risks (including any
anticipated radiation dose or exposure from the diagnostic
or therapeutic procedures) and potential benefits. For clini-
cal trials in which molecular imaging is part of a therapeutic
study, the informed-consent process is conducted by PIs or
their representatives, and the imaging department will prob-
ably not see it or be involved. For studies in which a radio-
pharmaceutical is the investigational agent, the imaging
staff may be involved in the consent process or be responsi-
ble for ensuring that no study procedures are performed
before the patient signs the informed-consent form. More
information about the importance of the informed-consent
process can be found on the FDA website, which has help-
ful information for patients and a guidance document for
sponsors and researchers (33).

Drug Accountability Log
The investigator is responsible for the control of all inves-

tigational drugs in a study per GCP and 21CFR§312.62. To
facilitate that control, and document how and when each
dose of an investigational product is administered, a drug
accountability log should be used. This log is typically pro-
vided by the sponsor and maintained by the department or
entity that administers the investigational product (e.g., the
dispensing nuclear pharmacy). For therapeutic investigational
drugs, often this is a hospital pharmacy. For studies in which
the radiopharmaceutical is investigational, the imaging depart-
ment may be responsible for tracking receipt, administration,
decay, and disposal each time a subject is administered a
dose. Even though administration of radioactive materials is
carefully documented via dose-ordering systems in a nuclear
medicine department, a drug accountability log for investiga-
tional radiopharmaceuticals is required above and beyond
departmental dose records. At the completion of a clinical
trial or if the investigation is terminated for any reason, the
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investigational product must be either returned to the sponsor
or destroyed. For radiopharmaceuticals, the typical disposition
consists of allowing decay to background levels, discarding
or destroying the nonradioactive vial, and documenting that
disposal. Sometimes a sponsor will request that disposal of
the nonradioactive vial be done in the presence of a clinical
research associate or monitor, in which case vials should be
stored for the length of the trial (17,21).

Delegation-of-Authority Log
Although the PI is ultimately responsible for everything that

happens in a clinical trial, for practical reasons many of the
protocol tasks are delegated to qualified and trained indivi-
duals. GCP advises in section 4.6.2 of the guidance, “If the
investigator/institution retains the services of any individual
or party to perform trial-related duties and functions, the
investigator/institution should ensure this individual or party is
qualified to perform those trial-related duties and functions
and should implement procedures to ensure the integrity of the
trial-related duties and functions performed and any data gen-
erated” (17). To document that the PI has ensured that only
qualified personnel are performing protocol-required tasks, a
delegation-of-authority log is often used even though it is not
specifically required in 21CFR§312. A delegation-of-authority
log maintains a record of which specific tasks and procedures
are delegated by the PI and to whom they are delegated. For
example, the log may state that a named study coordinator is
delegated the responsibility for initiating the informed-consent
process, that a named nurse is delegated the responsibility for
taking vital signs per the protocol, or that a named nuclear
medicine technologist is delegated the responsibility for inject-
ing an investigational radiopharmaceutical. Delegation logs
typically require an individual’s full name in legible print, sig-
nature and initials, job title or role in the study, and dates of
study involvement. The PI’s signature on the delegation log is
an attestation that the PI approves authorization of these indi-
viduals to perform the stated tasks. Updates to the delegation-
of-authority log due to staff departure from or entrance into
the study should be documented and a new signature from the
PI obtained. A good example of a delegation-of-authority log
can be found on the National Center for Complementary and
Integrative Health website (34).

Adverse-Event Reporting
Imaging departments contribute key data to the develop-

ing picture of an investigational drug’s side effects, espe-
cially when the drug is a radiopharmaceutical. Not every
adverse event must be reported, but every adverse event
must be recorded in a source document and CRF for review
and subsequent determination of causality by the sponsor in
conjunction with the PI. Although a detailed discussion of
adverse-reporting definitions and procedures is beyond the
scope of this article, it is recommended that imaging tech-
nologists and researchers have a clear understanding of their
role in monitoring patients for adverse effects, how to docu-
ment them, and when to report them to the sponsor or IRB.

Individuals who are unsure of their role in recording adverse
events in a sponsored trial should reach out to the sponsor or
the sponsor’s representative for clarity. More information on
adverse event reporting in a clinical trial can be found in the
FDA’s draft guidance document “Investigator Responsibilities:
Safety Reporting for Investigational Drugs and Devices—
Guidance for Industry” (35).

CONCLUSION

This article has reviewed GCP definitions and application
of its principles to clinical trials that use molecular imaging,
as well as presenting key roles, documents, and procedures
essential for clinical trial work. Relevant references to the
CFR and additional sources of information have been pro-
vided when applicable.
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Ventilation and perfusion (V/Q) lung scintigraphy has been used
in the assessment of patients with suspected pulmonary embo-
lism for more than 50 y. Advances in imaging technology make
SPECT and SPECT/CT feasible. This article will examine the
application and technical considerations associated with per-
forming 3-dimensional V/Q SPECT and the contribution of a
coacquired CT scan. The literature tends to bemixed and contra-
dictory in terms of appropriate investigation algorithms for pul-
monary embolism. V/Q SPECT and SPECT/CT offer significant
advantages over planar V/Q, with or without the advantages of
Technegas ventilation, and if available should be the preferred
option in the evaluation of patients with suspected pulmonary
embolism.
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Although ventilation and perfusion (V/Q) lung scintigra-
phy has been used in the assessment of patients with sus-
pected pulmonary embolism for more than 50 y, there have
been advances in imaging technology to provide superior
resolution and sensitivity, SPECT techniques, and SPECT/
CT hybrid imaging. Advances in ventilation agents, Techne-
gas (Cyclomedica) in particular, have contributed to assimi-
lation to SPECT and SPECT/CT protocols. Technegas was
developed in Australia in 1984 (1), and Chris McLaren, an
Australian pioneer nuclear medicine technologist, was part of
the team evaluating its original clinical application. Unlike
radioaerosols, Technegas does not redistribute after administra-
tion, a requirement for any prolonged tomographic acquisition
(such as SPECT). McLaren appears to be the first (in 1987) to
recognize the potential not only for performing SPECT V/Q
lung scanning but also for computerized subtraction of SPECT
data to map and quantify potential perfusion defects (2).

His approach highlighted the major issue associated with the
fact that both phases use 99mTc in a single-day protocol and
provided a solution: “A useful spin-off from the subtraction
technique is that ‘true’ perfusion images are obtainable” (2).
This discussion will not examine the broader debate on the

role and application of V/Q imaging or the merits of Techne-
gas; these have been detailed widely elsewhere. The discussion
will explore the application and technical considerations associ-
ated with performing the entire V/Q protocol as 3-dimensional
SPECT imaging and the addition of a coacquired CT scan.
This article aims to both challenge and inform readers on

the role of SPECT and SPECT/CT. The original perspective
for the article focused on the added value of technologic inno-
vation that not only makes planar imaging redundant but also
makes SPECT a requisite. Drawing a comparison to the omis-
sion of SPECT from the armamentarium of myocardial perfu-
sion, skeletal or cerebral perfusion imaging was thought to
highlight the importance of SPECT in lung scanning. Chal-
lenging readers to consider the appropriateness of a clinical
department that performs planar cerebral perfusion imaging,
myocardial perfusion or spine imaging was initially thought
analogous to a department performing only planar lung scan-
ning. Although provocative, the challenge was not intended
to be critical or insulting. Nonetheless, the optics changed
with the realization that there are additional factors that might
influence the decision to use SPECT or SPECT/CT in lung
scanning. Not the least of these factors is the excellent posi-
tive and negative predictive value for planar V/Q. This feature
of V/Q is challenged when single-day, 99mTc-based ventila-
tion and perfusion imaging is undertaken, especially when the
ratio of count rate differences is not met. To further clarify,
an informal poll was posted for 24 h by 2 separate nuclear
medicine technologist groups: one comprising predominantly
members from the United States and another comprising pre-
dominantly Australian members (Table 1). Although not
expected to be quantitatively representative of either popula-
tion, the insights did provide a snapshot with generalizability
of findings. The stark contrast in results, with 67% of respon-
dents from the United States indicating they performed
planar-only studies, compared with just 3% of Australian
sites, is thought to reflect, in part, the greater suitability of
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Technegas for SPECT than 81mKr, 133Xe, or 99mTc aerosol
ventilation studies. As previously outlined (3), Technegas is
considered the preferred ventilation method in more than
60 countries, including Australia, yet has limited adoption in
the United States. Indeed, several additional comments by
U.S. respondents indicated that poor ventilation SPECT is a
barrier whereas omission of the ventilation scan in favor of
CT for patients during the COVID era is a driver for
SPECT/CT. Conversely, the principal discussion among the
Australian respondents was related to advanced SPECT/CT
techniques using breath-hold approaches and justification of
base to apex against radiographer-preferred apex to base pro-
tocols. The impending approval of Technegas by the Food
and Drug Administration in the United States may change
that landscape and, therefore, demands a detailed discussion
of the advances that allow the entire V/Q protocol to move to
3-dimensional SPECT or SPECT/CT imaging.

THE V/Q TEST

Although pulmonary embolism is the principal pathology
of interest in V/Q lung scanning, it is not the only applica-
tion investigated with the V/Q scan. The basic premise in
pulmonary embolism is the mismatch scan, in which a per-
fusion deficit is accompanied by normal ventilation. The
V/Q mismatch, however, can be caused by pathology other
than pulmonary embolism, and not all pulmonary emboli
produce a mismatch (4). Acute pulmonary embolism may
partially resolve (diminishing the perfusion defect) or may
progress to infarction, which produces a matching V/Q defect
(4). Traditionally, the chest radiograph was used to improve
the accuracy of the V/Q scan and to identify those patients
more suited to CT pulmonary angiography (CTPA). The use
of SPECT V/Q independently improves V/Q accuracy and,
when combined with CT, produces coregistration with ana-
tomic detail superior to that of chest radiographs. The possibil-
ity of combining SPECT with CTPA creates an additional
layer of insight that demands attention. The potential redun-
dancy of the chest radiograph and the ventilation scan war-
rant consideration with the emergence of lung V/Q SPECT/
CT and V/Q SPECT/CTPA.
Planar V/Q has several challenges. First, perfusion defects

are segmental or subsegmental, often with overlap of segments

using 2-dimensional planar imaging. As a result, identification
of specific defect localization or segments is difficult (5). Sec-
ond, the overlap of tissues using 2-dimensional images means
that a perfusion defect may have events superimposed from
over- or underlying normally perfused lung tissue. This shine-
through can confound perfusion defect detection and interpre-
tation (5). For example, a small subsegmental defect may have
sufficient superimposed counts to go undetected or the perfu-
sion deficit may be underestimated for a larger defect. Third,
the shine-through of ventilation data in the perfusion data can
also confound perfusion defect detection and interpretation.
The count rate difference between 99mTc-based ventilation and
the subsequent 99mTc-based perfusion study is ideally a mini-
mum of 7 times higher perfusion counts, with 4 times being
an absolute minimum. This is seldom actually confirmed
before imaging or reporting and has the same implications as
anatomic shine-through either globally or, particularly for
aerosol studies that can produce airway deposition at the
branching of the airways, focally. Next, there are variable
approaches to ventilation that directly impact the interpretability
of the studies and the proportion of indeterminate studies. Avail-
ability of Technegas as the preferred method is not universal,
which also influences the lack of universality of interpretation
criteria. Adoption of Technegas could use a same-day protocol
with ventilation followed by perfusion and this protocol comes
with the potential “shine-through” (Fig. 1) issues discussed
above. Alternatively, a two-day protocol with perfusion first
and the ventilation only performed on abnormal perfusion stud-
ies could be adopted. The latter approach has been revisited
during the 2019 coronavirus disease pandemic because of con-
cerns about aerosols and disease transmission. It may also
reduce the radiation dose for some patients (normal perfusion)
and eliminate ventilation shine-through on the perfusion study
but delays confirmatory diagnosis by 24 h in an emergency.

TABLE 1
Summary of Results of 24-Hour Social Media Poll

Conducted August 22, 2022

Imaging type
United States
(%) (n 5 222)

Australia
(%) (n 5 154)

Planar only 66.7 3.2
Planar and SPECT 2.7 1.9
SPECT only with planar

generated from SPECT
11.3 27.3

Planar and SPECT/CT 12.6 3.9
SPECT/CT only with planar

generated from SPECT
5.4 61.1

SPECT/CT only 1.4 2.6

FIGURE 1. Planar V/Q scan with single mismatched perfusion
defect (arrow) suggestive of intermediate probability of pulmonary
embolism. LAO 5 left anterior oblique; LPO 5 left posterior obli-
que; RAP 5 right anterior oblique; RPO5 right posterior oblique.
(Reprinted from (5).)
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Finally, the interpretation criteria generally used are not fit for
the purpose and have largely migrated from probabilistic
approaches to categoric classification.
Despite significant advances in the technology associated

with nuclear medicine imaging, planar V/Q imaging has
not evolved since the mid-1980s despite the application of
advanced technology and associated protocol modifications
to most other long-standing procedures. The arguments against
SPECT V/Q adoption are largely the same confronting the
transition to SPECT and gated SPECT myocardial perfusion.
Transitioning to Technegas might be analogous to displace-
ment of 201Tl by 99mTc-based agents for myocardial perfusion.
The additional time required for acquisition of both planar and
SPECT acquisitions during the learning phase of SPECT adop-
tion is shared between V/Q and myocardial perfusion, although
several authors have shown how to produce adequate pseudo-
planar images from the SPECT data. The invested experience in
planar interpretation and associated new learning are common
reasons to avoid the transition to SPECT previously cited for the
myocardial perfusion SPECT transition. Although transition to
Technegas confronts regulatory hurdles in the United States,
perhaps the only barrier elsewhere to the adoption of SPECT
V/Q is the net benefit given that planar V/Q has high accuracy
and that the incremental benefit of SPECT is much smaller than
that of myocardial perfusion imaging.
Regardless of the 99mTc ventilation method adopted (radio-

aerosol or Technegas) or the imaging approach used (planar
or SPECT), both the ventilation and the administration of
the perfusion radiopharmaceutical should be performed with
the patient supine to minimize the effects of gravitational
gradients. The ventilation count rate should not exceed
1,000–1,500 per second; otherwise, the residual ventilation
counts may reduce the detectability of perfusion defects.
The Rose model associated with image contrast and object
detection determined, mathematically, that human percep-
tion requires a signal-to-noise ratio of at least 5–7 (6). This
conflicts with advice from the Society of Nuclear Medicine
and Molecular Imaging guidelines (7) suggesting that a
count rate of 3–4 times is adequate and that decreased
contrast may lead to increased false-negative studies. With
100 MBq of 99mTc-macroaggregated albumin producing
count rates of 2.3–5.0 per second (decreasing with increas-
ing body mass index), a patient dose of 200–250 MBq of
99mTc-macroaggregated albumin is generally required. When
ventilation has been efficient and produced higher count
rates, a delay before the perfusion administration and acqui-
sition should be used until count rates reduce to 1,000–
1,500 per second. Increasing the administered dose beyond
250MBq imposes not only a higher radiation dose to the patient
but also a greater risk due to increased capillary blockade.

SPECT V/Q

SPECT and the associated 3-dimensional imaging over-
comes many of the challenges of planar imaging. First,
SPECT allows more accurate localization of segmental and

subsegmental perfusion defects. Second, SPECT eliminates
over- and underlying tissues and the associated shine-
through, which enhances defect detection and interpretation.
Third, the ventilation study shine-through can be normalized
and subtracted, and parametric approaches can be used (e.g.,
the V/Q ratio). All 3 of these factors enhance V/Q contrast
and the ability to detect perfusion defects. Importantly,
SPECT can improve the sensitivity, specificity, accuracy,
and reproducibility of the V/Q study compared with planar
imaging and can reduce the proportion of indeterminate
studies (Table 2) (5). SPECT has been reported to increase
detection of segmental perfusion defects by more than 10%
and subsegmental perfusion defects by as much as 80%
(Fig. 2) (8). Indeed, the advantages of SPECT V/Q over pla-
nar V/Q are so well established in the literature that SPECT
V/Q is standard practice in many European and Latin Ameri-
can countries, Canada, and Australia. SPECT V/Q is also the
preferred approach of the European Association of Nuclear
Medicine (9), whereas the Society of Nuclear Medicine and
Molecular Imaging guidelines indicate that, except in
patients with complex comorbidities, planar V/Q remains
preferred in the United States (10). This view reflects lack of
access to a suitable ventilation agent at present and may
change in the future. One should keep in mind, however,
that simultaneous V/Q imaging with continuous tidal breath-
ing using 81mKr for ventilation has been widely reported as
providing high-quality V/Q SPECT studies.
SPECT acquisition protocols should include 120–128

projections using a dual-detector g-camera over 360" with a
1283 128 matrix and high-resolution collimation. The ven-
tilation study is typically 10–12 s per projection (but can be
15–20 s), whereas the higher-count perfusion study is typi-
cally 8–10 s per projection (but can be 12–15 s). For a
single-day V/Q scan, the patient should be positioned
supine with arms hyperextended above the head and an
injection line in place in either arm. On completion of the
ventilation SPECT, without the patient moving, the 99mTc-
macroaggregated albumin should be administered and per-
fusion SPECT commenced. For convenience, protocols can
be established to perform dual SPECT studies using the
same orbit parameters, with the ventilation rotating clock-
wise and then the perfusion simply rotating back counter-
clockwise. The SPECT images should be reconstructed
using an iterative algorithm, typically ordered-subset expec-
tation maximization. The images can be used to produce
planar imaging–equivalent images from the dataset. One
approach is to sum several projections from either side of
the required view (anterior, for example, would be projec-
tion 1 summed with projections 2, 3, 119, and 120) (11).
A better approach is to reproject the SPECT data with an asso-
ciated attenuation map (12). More commonly, however, the
SPECT data provides the insights required and the extracted
planar data are not required or produced. The ordered-subset
expectation maximization parameters depend on the acquisi-
tion parameters and total counts per pixel; however, 8 subsets
and 4 iterations with a low-pass filter are typical, with a 3- to
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4-mm slice thickness. SPECT V/Q data should be displayed
after simultaneous reconstruction as V/Q pairs sequentially for
each projection (Fig. 3). Representative slices can be extracted
to correlate with parametric images (Fig. 4).

SPECT/CT V/Q

The low-dose CT scan acquired with SPECT reduces the
radiation dose to the patient compared with a diagnostic

CT scan. When used in conjunction with V/Q, SPECT pro-
vides attenuation correction, localization, and additional
insight into vascular, parenchymal, and pleural abnormali-
ties (4). For example, low-dose CT provides richer detail
than chest radiography in identifying hypoperfused lung
(Westermark sign), pulmonary artery enlargement (Palla
sign and Fleishner sign), or pulmonary artery tapering
(knuckle sign) that may support a diagnosis of pulmonary
embolism (Fig. 5). Conversely, opacities more consistent

with pathologies that cause a matched
V/Q defect (Fig. 6) and, thus, less likely
to represent pulmonary embolism can
also be identified on low-dose CT (e.g.,
consolidation, bullae, atelectasis, intersti-
tial disease, or space-occupying lesions).
The combination of SPECT/CT in the
evaluation of pulmonary emboli may
reduce the false-positive rate, improv-
ing specificity (4). Although it seems
intuitive that CT may make the ventila-
tion study redundant, evidence suggests
that the ventilation study substantially
improves test specificity over perfusion
SPECT/CT alone (13).
For simple attenuation correction,

low-dose CT parameters might include
120 kVp, 10 mAs per slice, and a pitch
of 1.0–1.5 to produce an additional ra-
diation dose of less than 1 mSv. More
typically and of greater value is a low-
dose CT scan for coregistration and

FIGURE 2. For same patient study as outlined in Figure 1, planar V/Q scan after SPECT
with representative slices demonstrating multiple defects (arrows), indicating more wide-
spread pulmonary emboli. (Reprinted from (5).)

TABLE 2
Characteristics Enhanced by SPECT over Planar Imaging for V/Q Scan

Parameter Planar V/Q SPECT V/Q SPECT/CT CTPA Q/CT Source

Sensitivity 85% 100% — — — 20
76% 97% — — — 8
— 97% 97% 68% 93% 21
— 97% — 86% — 22
— — — 83% — 23

87% 91% 100% — 100% 13
High Very high High Moderate Very high 5,24

Specificity 100% 95% — — — 20
78% 96% — — — 25
85% 91% — — — 8
— 88% 100% 100% 51% 21
— 91% — 98% — 22
— — — 96% — 23

40% 56% 98% — 52% 13
Moderate High Very high Very high Low 5,24

Other findings Uncommon Uncommon Often Often Often 5,24
Radiation dose Low Low High Very high High 5,24
Technical issues Rare Rare Uncommon Often Uncommon 5,24
Availability During hours* During hours* During hours* During and after hours — 5,24
Adverse effects No No No Yes No 5,24

*Availability after hours is possible in some nuclear medicine departments.
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mapping of anatomic information. This low-dose CT scan
produces a higher dose of 2–3 mSv using 80–120 kVp,
20 mAs per slice, a 512 3 512 matrix, and a pitch of 0.8 (14).
Specific parameters and doses will vary depending on the CT
system used. The V/Q SPECT scan alone is typically 2 mSv
(4). A full diagnostic CT scan without contrast medium may
also be performed using 100–140 kVp, 130–200 mAs per
slice, a 512 3 512 matrix, and a pitch of 0.9, producing a
dose of 3–8 mSv (15). Although not feasible for the SPECT
phases, a mid-inspiration breath-hold should be used for the
CT, with imaging adjusted to base to apex rather than the
traditional apex to base to minimize coregistration artifacts.
In the absence of a mid-inspiration breath-hold for the CT
scan, shallow, continuous breathing can be used (4).

SPECT/CT V/Q AND CTPA

It is possible to combine SPECT and CTPA studies using
software fusion, and although this adds insight, it also adds

FIGURE 3. Slice-by-slice V/Q pairs for SPECT data with arrows highlighting mismatch defect typical of pulmonary embolism. (Reprinted
from (26).)

FIGURE 4. Representative slices for ventilation (top), perfusion
(middle), and parametric V:Q ratio images (bottom), with positive
segments for pulmonary embolism denoted by darker shading on
parametric images. (Reprinted with permission of (27).)

V/Q SPECT ! Currie and Bailey 13



radiation exposure and confronts registration errors. Hybrid
technology allows SPECT/CT and SPECT/CTPA to be per-
formed with hardware fusion that overcomes the registra-
tion errors of software fusion (Fig. 7). The value of SPECT/
CTPA is the combination of the highly sensitive perfusion
map with the highly specific angiographic map to enhance

diagnostic efficacy. In most patients,
despite the feasibility of SPECT/CTPA
in a single session, both procedures are
usually neither required nor justified.
CTPA might be performed using

80–120 kVp, 150–200 mAs per slice,
a 512 3 512 matrix, and a pitch of
0.9 with 80 mL of iodine contrast
medium using bolus tracking and a
deep-inspiration breath hold producing
a dose upward of 8–20 mSv (14,16). A
key concern for CTPA is the adverse
effects from the contrast medium, the
risk of nephropathy, and the high radi-
ation dose. These factors preclude jus-
tification of CTPA in premenopausal
women, pregnant women, patients with
renal dysfunction or diabetes, and
patients taking some types of medica-
tions. The breast radiation dose during
CTPA is a significant issue that per-
haps does not get enough attention.
The breast dose from CTPA ranges

from 10 to 70 mSv—equivalent to as many as 25 mammo-
grams or 400 chest radiographs, which substantially increases
the lifetime risk of developing breast cancer (16).
Although adverse reactions to iodinated contrast medium

have been reduced with the introduction of nonionic, low-
osmolality contrast media, there remains a 3% adverse reaction
rate with a 1 in 170,000 fatality rate (17). Acute kidney injury
and contrast-induced nephropathy are of particular concern,
with as many of 3% of contrast administrations resulting in
contrast-induced nephropathy (16). Generally, contrast-induced
nephropathy is evidenced by increased serum creatinine; how-
ever, these effects may not be noted until 2 d after contrast

FIGURE 5. Representative SPECT/CT images of lung ventilation (top) and perfusion
(bottom) demonstrating segmental perfusion defect (arrow in D and F) in left lower lobe
with no CT opacity or matched ventilation defect consistent with pulmonary embolism.
(Reprinted from (3).)

FIGURE 6. Fusion of SPECT and low-dose CT showing opacity
(arrows) on CT corresponding to perfusion defect producing
matching defect consistent with lung metastases. (Reprinted
from (5).)

FIGURE 7. Fused perfusion SPECT and CTPA showing pulmo-
nary emboli (arrows) bilaterally in arteries with associated perfu-
sion defects on SPECT. (Reprinted with permission of (4).)
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administration, peaking at 4 d after the scan and returning to
baseline after 1–3 wk later (18). It is likely that in many
patients with contrast-induced nephropathy, it goes undetected,
and consequently, the incidence is probably underestimated.
Although the risk factors for contrast-induced nephrotoxicity
are well documented (e.g., renal dysfunction, diabetes, and
congestive heart failure), there is a paucity of literature outlin-
ing the longer-term effects of contrast media on renal function
or on the confounding effects of contrast media on medications
that increase the risk of renal toxicity (e.g., the triple whammy
of a concurrent diuretic, angiotensin-converting enzyme inhibi-
tor, or angiotensin receptor blocker and a nonsteroidal antiin-
flammatory drug added to the risk of the contrast medium).
As a general rule, an effective glomerular filtration rate below
30 mL/min/1.73 m2 estimated from serum creatinine levels
is a relative contraindication to contrast medium (17,19).
Contrast-induced nephropathy increases in incidence from
3% in normal renal function (.60 mL/min/1.73 m2) to
12%–27% in renal dysfunction to 50% in diabetic nephropa-
thy (17). Indeed, concurrent use of metformin with chronic
renal insufficiency and intravenous iodinated contrast medium
is associated with a 50% mortality rate (17,19).

CONCLUSION

The literature tends to be mixed and contradictory in terms
of appropriate investigation algorithms for pulmonary embo-
lism. This may reflect political, health, economic, or profes-
sional preference-based factors. The European Association
of Nuclear Medicine provides an evidence-based diagnostic
algorithm that serves as an excellent resource (9). The Soci-
ety of Nuclear Medicine and Molecular Imaging guidelines
(7) require updating to reflect the advances discussed. For the
patient presenting with suspected acute pulmonary embolism,
if V/Q SPECT is available, that is the preferred approach. A
positive scan result should direct treatment for pulmonary
embolism, a negative scan result excludes pulmonary embo-
lism, and a nondiagnostic SPECT result should be followed
up with CTPA. When V/Q SPECT is not available, CTPA or
planar V/Q should be used (9). V/Q SPECT and SPECT/CT
offer significant advantages over planar V/Q with or without
the advantages of Technegas ventilation.
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Prostate-specific membrane antigen (PSMA) theranostics has
been a momentous triumph for nuclear medicine. The recent
approvals of PSMA-targeted imaging agents (68Ga-PSMA-11,
18F-DCFPyL) and radiopharmaceutical therapy (177Lu-PSMA-617)
have paved the way for theranostics as a viable care strategy for
men with metastatic castration-resistant prostate cancer. The
imaging clinical trials OSPREY, CONDOR, and those conducted
at the University of California (Los Angeles and San Francisco), as
well as the randomized phase 3 therapy trial VISION, have been
the fruitful beginnings for PSMA theranostics. There are currently
several ongoing clinical trials to expand the reach of PSMA thera-
nostics to the earlier phases of prostate cancer and to optimize its
utility in combination therapeutic regimens. We provide a brief
narrative review of the many PSMA-directed radiopharmaceutical
therapy clinical trials with the b-emitter 177Lu-PSMA-617 and the
a-emitter 225Ac-PSMA-617 in prostate cancer.

Key Words: prostate; cancer; PET; radiopharmaceutical; therapy;
VISION
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Radiopharmaceutical therapy (RPT) with radiolabeled
agents targeted to the prostate-specific membrane antigen
(PSMA) has provided an effective treatment strategy with
manageable adverse events in men with metastatic castration-
resistant prostate cancer (mCRPC). PSMA RPT is the thera-
peutic arm of the theranostics algorithm in which sufficient
PSMA expression is first documented with imaging in accor-
dance with the concept of precision oncology. The U.S. Food
and Drug Administration approval of 68Ga-PSMA-11 on
December 1, 2020, was based on 2 comparable new-drug
applications submitted by the University of California, Los
Angeles, and the University of California, San Francisco.

The first commercial 18F-labeled PSMA radiotracer, 2-(3-
{1-carboxy-5-[(6-18F-fluoro-pyridine 3-carbonyl)-amino]-pen-
tyl}-ureido)-pentanedioic acid (18F-DCFPyL, also known as
18F-piflufolastat or Pylarify [Lantheus]) was approved on
May 27, 2021. Two kits (Illuccix [Telix Pharmaceuticals] and
Locametz [Novartis]) for the preparation of 68Ga-gozetotide
(68Ga-PSMA-11) were also approved—on December 20,
2021, and March 23, 2022, respectively. The approved indica-
tions are, first, for the imaging evaluation of men with sus-
pected metastasis who are candidates for initial definitive
therapy and, second, for suspected recurrence based on ele-
vated serum prostate-specific antigen (PSA) levels. The Loca-
metz kit is also approved for the selection of patients with
mCRPC for whom the recently approved 177Lu-vipivotide tet-
raxetan (Pluvicto [Novartis]) PSMA RPT is indicated. More-
over, the recent National Comprehensive Cancer Network
guidelines for prostate cancer, version 4-2022, indicated that
both 68Ga-PSMA-11 and 18F-piflufolastat PSMA PET imag-
ing can be used to determine whether patients are eligible to
receive 177Lu-PSMA-617 RPT (1). Similar opinions have
been expressed in a joint consensus statement by the Euro-
pean Association of Urology and the European Association of
Nuclear Medicine (2). Over the past several years, the grow-
ing interest in PSMA RPT has ensured an increasing number
of clinical trials in this clinical space using the b-emitting
radiolabels 177Lu-PSMA-617 and 177Lu-PSMA-I&T (I&T
stands for imaging and therapy) and, more recently, the
a-emitting 225Ac-PSMA-617 (3–6). The aim of this narrative
review is to summarize some of the major PSMA-directed
RPT clinical trials.

LUPSMA

LuPSMA was a prospective single-center, single-arm,
phase 2 clinical trial conducted in Australia that enrolled
30 men with mCRPC and progressive disease, of whom 28
had received chemotherapy (80% docetaxel, 47% cabazi-
taxel) and 25 had received second-generation antiandrogens
(enzalutamide, abiraterone acetate, or both) (7). The men
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were screened with 68Ga-PSMA-11 PET/CT to confirm high
PSMA expression (a lesion SUVmax of at least 1.5 times the
hepatic SUVmean), and no 18F-FDG–positive disease without
sufficient PSMA expression. With these dual imaging crite-
ria, 16% of the patients were excluded. The patients were
also required to have sufficient renal (glomerular filtration
rate . 40 mL/min), hepatic (albumin . 25 g/L), and bone
marrow (hemoglobin . 90 g/L, neutrophils . 1.5 3 109/L,
platelets . 75 3 109/L) function. The primary endpoint of
the trial was PSA response rate according to the Prostate
Cancer Clinical Trials Working Group (PCWG) 2 criteria,
defined as a 50% or more PSA decline from baseline
(PSA50) with confirmation 3–4 wk apart. Treatment toxicity
was assessed according to the Common Terminology Crite-
ria for Adverse Events, version 4.03. A mean 177Lu-PSMA-
617 dose of 7.5 GBq was administered per cycle (range,
4.4–8.7 GBq) for up to 4 cycles at 6-week intervals. The
men received 1 (100%), 2 (93%), 3 (80%), or 4 (47%) ther-
apy cycles. PSA50 was achieved in 57% of patients. The
most common adverse event was grade 1 xerostomia, in
87% of patients, and grade 3–4 thrombocytopenia, in 13%
of patients. There were no treatment-related deaths. The
encouraging results of the LuPSMA trial paved the way for
subsequent randomized controlled trials.

THERAP

TheraP was the first randomized study of 177Lu-PSMA-
617 RPT. It was an Australian multicenter, unmasked, ran-
domized, phase 2 trial in the clinical setting of progressive
mCRPC (prior docetaxel therapy with a rising serum PSA
level according to the PCWG 3 criteria) that compared the
safety and efficacy of Lu-PSMA-617 therapy in 98 men
with the safety and efficacy of cabazitaxel chemotherapy in
85 men (NCT03392428) (8). The eligibility criteria for PET
imaging were PSMA-positive disease with an SUVmax of at
least 20 at a site of disease, an SUVmax of greater than 10 at
all other measurable sites of metastatic disease, and no sites
of metastatic disease with discordant 18F-FDG–positive and
PSMA-negative findings. On the basis of these imaging cri-
teria, 10% and 18% of men were ineligible because of low
metastasis PSMA uptake and discordant 18F-FDG–positive
disease, respectively. The primary endpoint was PSA50.
The secondary endpoints were progression-free survival
(interval from randomization to first evidence of PSA pro-
gression per the PCWG 3 criteria) and radiographic pro-
gression (RECIST 1.1 for CT and PCWG 3 criteria for
bone lesions). 177Lu-PSMA-617 RPT was more effective
than cabazitaxel in terms of PSA50, which was observed in
66% of men in the 177Lu-PSMA-617 group versus 44% in
the cabazitaxel group. There was also less grade 3–4 toxic-
ity in the 177Lu-PSMA-617 group than in the cabazitaxel
group (33% vs. 53%, respectively). Grade 1 or 2 xerostomia
was observed in 61% of the patients in the 177Lu-PSMA-
617 RPT group only. No deaths were attributable to 177Lu-
PSMA-617 RPT. The trial concluded that 177Lu-PSMA-617

may be a viable alternative to cabazitaxel in view of the
enhanced efficacy and decreased toxicity of 177Lu-PSMA-
617 compared with cabazitaxel.

VISION

The multinational, randomized, phase 3 VISION trial was
a pivotal milestone for nuclear medicine. The study design
was similar to that of the ALSYMPCA randomized, phase 3
trial that led to the approval of 223Ra-dichloride (Xofigo
[Bayer]) for men with bone-dominant mCRPC. Men with
mCRPC were randomized 2:1 to receive either 177Lu-PSMA-
11 (7.4 GBq [200 mCi] every 6 wk for 4 cycles, with an addi-
tional 2 cycles for total of 6 cycles at the discretion of treating
physicians in responding patients, plus the best supportive
care or the best standard of care [SOC]) or SOC only
(NCT03511664) (9). The primary outcome measure was
overall survival (OS). The secondary outcome measures were
radiographic progression-free survival (rPFS) and time to first
skeleton-related events. Eligible patients were those who had
progressed on at least one taxane-based chemotherapy (41%
were previously treated with 2 taxane regimens) and one or
more androgen pathway inhibitors (abiraterone acetate, enza-
lutamide, darolutamide, or apalutamide). The best SOC did
not permit additional chemotherapy (e.g., cabazitaxel), immu-
notherapy (e.g., pembrolizumab), or use of investigational
drugs (e.g., olaparib). This decision was reasoned in view of
lack of safety data on combination therapies and potential
imbalance that may occur with variable additional treatments
between the 2 study arms. However, additional androgen dep-
rivation therapy, bone-health–directed therapy, or palliative
radiation therapy were allowed at the discretion of the treating
physician. The screening included imaging with contrast-
enhanced diagnostic CT of the chest, abdomen, and pelvis;
total-body bone scintigraphy; and 68Ga-PSMA-11 PET/CT to
confirm sufficient PSMA expression of at least 1 metastatic
lesion (defined as uptake greater than that of liver paren-
chyma in lesions of any size in any organ system; no SUV
cutoff threshold) and no PSMA-negative lesions (defined as
uptake no higher than that of liver parenchyma in any lymph
node with a short axis of at least 2.5 cm, in any solid-organ
lesion with a short axis of at least 1.0 cm, or in any bone
lesion with a soft-tissue component of at least 1.0 cm in the
short axis). Patients with a superscan pattern on bone scintig-
raphy were excluded. With these imaging selection criteria,
12.6% of patients were excluded after PSMA PET/CT imag-
ing. 18F-FDG PET/CT was not performed. The imaging
eligibility criteria that excluded 18F-FDG PET/CT were an
operational decision to reduce complexity, meet the basic
needs for regulatory approval, avoid potential issues with
reimbursement of 2 PET/CT scans, meet the requirement for
devising a scheme for combined scan interpretation, and pro-
vide reasonable accommodations for patient and physician
acceptance. The trial showed a 4.0-mo OS benefit, a 5.3-mo
rPFS benefit, and a 4.3-mo benefit regarding the time to the
first skeleton-related event with the experimental arm of
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177Lu-PSMA-617 plus best SOC over the best-SOC-only
arm. The incidence of grade 3 or higher adverse events was
higher in the experimental arm than in the control arm
(52.7% vs. 38%, respectively), but quality of life was not
adversely affected. No grade 3 or higher xerostomia was
observed in the experimental arm. The OS benefit with
177Lu-PSMA-617 plus SOC was at par with those previously
reported with other nonradioactive drug regimens in the
mCRPC clinical space. The favorable results of the VISION
trial led to the Food and Drug Administration approval of
Pluvicto on March 23, 2022. Despite the approval, the debate
on the most optimal imaging selection criteria continues, as
does the issue of the potential need for individualized dosime-
try for improved outcome (10–16). Nevertheless, reports indi-
cate a poor outcome in patients with low PSMA expression
or discordant 18F-FDG–avid disease who are considered ineli-
gible for 177Lu-PSMA-617 treatment (17–19).

ENZAP

The goal of the ongoing open-label, randomized, stratified,
2-arm, multicenter, phase 2 EnzaP clinical trial is to investi-
gate the safety and activity of adding 177Lu-PSMA-617 RPT
to enzalutamide (an androgen receptor antagonist) in patients
with mCRPC not previously treated with chemotherapy
(NCT04419402) (20). The trial is recruiting 160 participants
over 12 mo and following them until 150 events occur
(approximately another 18 mo). The randomization is 1:1 to
either enzalutamide alone or enzalutamide plus 177Lu-PSMA-
617 RPT. The enzalutamide dose will be 160 mg per day
orally (until there is no benefit or there is unacceptable toxic-
ity). The 177Lu-PSMA-617 will be given as an intravenous
dose of 7.5 GBq (610%) each for 4 doses on days 15, 57,
113, and 169. 68Ga-PSMA-11 PET/CT is performed at mid
cycle on day 92. Stratification factors will be study site, vol-
ume of disease (.20 vs. ,20 disease sites on 68Ga-PSMA-11
PET/CT), prior treatment with early docetaxel for castration-
sensitive disease, and prior treatment with early abiraterone
acetate (an androgen biosynthesis inhibitor) for castration-
sensitive disease. Imaging exclusion criteria entail measurable
metastatic lesions (.10 mm) that display an SUVmax of less
than 10 on 68Ga-PSMA-11 PET/CT. The primary outcome
measure is PSA PFS. PSA progression is defined as a rise in
PSA by at least 25% and at least 2 ng/mL above the nadir,
which needs to be confirmed by a repeat PSA measurement
3 wk later. There are also several secondary outcome mea-
sures, including rPFS, PSA response rate, and others.

PSMAFORE

The purpose of the ongoing open-label, multicenter, 1:1 ran-
domized, phase 3 PSMAFore clinical trial (NCT04689828) is
to compare 177Lu-PSMA-617 (7.4 GBq intravenously every
6 wk for 6 cycles) versus a change in androgen receptor–
directed therapy in taxane-naïve patients with progressive
mCRPC (21). The best supportive care is allowed in both
study arms. The primary outcome measure is rPFS according

to the PCWG 3–modified RECIST 1.1. OS is a key secondary
endpoint. PSMA expression is confirmed with 68Ga-PSMA-11
PET/CT. The estimated enrollment is 450 participants.

PSMADDITION

PSMAddition (NCT04720157) is an ongoing international,
prospective, open-label, 1:1 randomized, phase 3 trial com-
paring the safety and efficacy of 177Lu-PSMA-617 (7.4 GBq
intravenously every 6 wk for up to 6 cycles) plus SOC versus
SOC alone in men with metastatic castration-sensitive pros-
tate cancer (22). SOC is defined as androgen receptor path-
way inhibitors and androgen deprivation therapy. Docetaxel
is not allowed. Eligible patients are treatment-naïve or mini-
mally treated hormonal therapy candidates with PSMA-
positive disease on 68Ga-PSMA-11 PET/CT. Patients with
rapidly progressing tumors who require chemotherapy are
excluded. The approximate cohort will be 1,126 patients.
rPFS is the primary endpoint.

UPFRONTPSMA

UPFrontPSMA is an ongoing open-label, multicenter Aus-
tralian, 1:1 randomized, phase 2 clinical trial comparing the
efficacy of 177Lu-PSMA-617 (7.5 GBq intravenously every
6 wk for 2 cycles) followed 6 wk later by docetaxel chemo-
therapy (75 mg/m2 every 3 wk for 6 cycles) versus docetaxel
chemotherapy in patients with newly diagnosed high-volume
(4 or more bone metastases with 1 or more bone lesion outside
the axial skeleton, or visceral metastases) metastatic castration-
sensitive prostate cancer (NCT04343885) (23). All patients
also receive continuous androgen-deprivation therapy, and up
to 4 wk of androgen-deprivation therapy are permitted before
commencement of screening. PSMA expression is confirmed
with 68Ga-PSMA-11 PET/CT with no major discordance on
18F-FDG PET/CT (defined as 18F-FDG–positive disease with
minimal PSMA expression in more than 5 sites or more than
50% of total disease volume). The primary endpoint is unde-
tectable PSA (,0.2 ng/mL) at 12 mo. There are also several
secondary and exploratory endpoints. The planned cohort is
140 participants.

SPLASH

SPLASH is an ongoing multicenter, open-label, phase
3 clinical trial evaluating the efficacy of 177Lu-PNT2002
(177Lu-PSMA I&T) in men with progressive mCRPC after
androgen receptor pathway inhibitor therapy (NCT04647526)
(24). In the dosimetry phase, 25 patients will receive up to
4 cycles of 177Lu-PNT2002, 6.8 GBq intravenously, every
8 wk. In the randomization phase, about 390 patients will be
randomized 2:1 to receive either 177Lu-PNT2002 (n 5 260)
or androgen receptor pathway inhibitor therapy (enzalutamide
or abiraterone acetate, with prednisone or dexamethasone;
n 5 130). The primary endpoint is rPFS as assessed by
RECIST 1.1. and PCWG 3 criteria. Crossover of patients pro-
gressing on the androgen receptor pathway inhibitor therapy
arm to the 177Lu-PNT2002 therapy arm is allowed. Sufficient
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PSMA expression is confirmed with PSMA PET/CT. Exclu-
sion criteria include patients with prior cytotoxic chemotherapy
for mCRPC, hepatic metastases 1 cm or larger, central nervous
system metastases, and a superscan on bone scintigraphy.

ECLIPSE

ECLIPSE is an ongoing prospective, multicenter, open-label,
randomized, phase 3 study to compare the safety and efficacy
of 177Lu-PSMA I&T versus hormone therapy in mCRPC
patients (NCT05204927) (25). Approximately 400 patients will
be randomized at a 2:1 ratio to receive either 177Lu-PSMA
I&T or SOC hormone therapy (abiraterone acetate with predni-
sone, or enzalutamide). PSMA expression is confirmed with
either 68Ga-PSMA 11 PET/CT or 18F-DCFPyL PET/CT as
determined by central readers. Exclusion criteria include prior
treatment with radioligand therapy, 223Ra-dichloride therapy
within the past 12 wk, prior chemotherapy, or any other con-
current therapy. The primary outcome measure is rPFS as
assessed by RECIST 1.1 and PCWG 3 criteria. There are
also several secondary outcomes, including OS and PSA50
response rate, among others.

LUTECTOMY

LuTectomy is an ongoing Australian open-label, nonrando-
mized, phase 1/2 trial to assess the dosimetry, efficacy, and
safety of 177Lu-PSMA-617 in men with high-risk (defined as
PSA . 20 ng/mL, International Society of Urological Pathol-
ogy grade group 3–5, clinical stage T2c or higher) localized
or locoregional (N1) prostate cancer before undergoing
radical prostatectomy and pelvic lymph node dissection
(NCT04430192) (26). The first 10 patients will receive
5 GBq of 177Lu-PSMA-617 intravenously for the dosimetry
study. The subsequent 10 patients will receive 2 cycles of
5 GBq of 177Lu-PSMA-617 intravenously, separated by 6 wk.
The primary outcome measure is to determine the absorbed
radiation dose in the prostate and metastatic lymph nodes.
PSMA PET/CT will be performed to confirm high PSMA
expression defined as an SUVmax of more than 20. Patients
with prior prostate radiotherapy or androgen-deprivation ther-
apy, and evidence of metastatic disease involving the bone,
viscera, and lymph nodes above the common iliac bifurcation,
are excluded.

PRINCE

PRINCE is an ongoing Australian phase 1/2 study assessing
the safety and efficacy of the combination of 177Lu-PSMA-
617 (up to 6-week cycles with an initial intravenous dose of
8.5 GBq reduced by 0.5 GBq for each of the subsequent
5 cycles) and the programmed death 1 protein inhibitor pem-
brolizumab (200 mg every 3 wk for up to 35 doses) in
37 mCRPC patients (NCT03658447) (27). Major exclusion
criteria include any prior exposure to immunotherapy drug
regimens, cabazitaxel chemotherapy, and 177Lu-PSMA-617
RPT. The primary outcome measures are PSA50, incidence
of adverse events, and tolerability (defined as time from

treatment commencement to treatment discontinuation due to
toxicity).

LUPARP

LuPARP is an Australian dose-escalation and dose-
expansion phase 1 trial evaluating the safety and tolerability of
the poly(adenosine diphosphate ribose) polymerase (PARP)
inhibitor olaparib in combination with 177Lu-PSMA-617 in
52 mCRPC patients (NCT03874884) (28). Patients will be
administered 177Lu-PSMA-617 (7.4 GBq intravenously every
6 wk) together with olaparib on days 2–15 of each cycle for
total of 4 cycles; a cycle is 42 d. The recommended phase
2 dose of olaparib will be used during the dose expansion part
of the trial. Exclusion criteria include patients with a superscan
pattern on bone scintigraphy, 18F-FDG–positive disease with
low PSMA expression (SUVmax , 10), a history of brain
or leptomeningeal metastases, and prior exposure to 177Lu-
PSMA-617, cabazitaxel, platinum, PARP inhibitors, mitoxan-
trone, or cyclophosphamide. The primary outcome measures
are determination of the dose-limiting toxicity, maximum tol-
erated dose, and recommended phase 2 dose. PSA50 and
rPFS are among several secondary outcome measures.

TATCIST

TATCIST is an oncoming prospective, open-label, single-
arm study to assess the efficacy of PSMA-targeted
a-particle therapy with 225Ac-PSMA I&T in approximately
100 patients with mCRPC (NCT05219500) (29). Eligible
patients include those with progressive disease on taxane
chemotherapy or those who are naïve to or have been treated
previously and progressed with 177Lu-PSMA-617 or 177Lu-
PSMAI& T. All patients will receive 225Ac-PSMA I&T
at an interval of 86 1 wk, with the initial activity of
100 kBq/kg (610%), followed by deescalation to 87 kBq/kg
(610%), 75 kBq/kg (610%), or 50 kBq/kg (610%) in
cases of good response at the discretion of the investigator.
The primary outcome measure is PSA50.

SUMMARY

We have reviewed several major clinical trials that use
PSMA-directed RPT (Table 1). The VISION trial estab-
lished PSMA-directed therapy as a viable treatment strategy
option in men with mCRPC. The other ongoing trials will
hopefully expand the applicability of PSMA-targeted RPT
to earlier phases of prostate cancer and shed light on the
proper sequencing and combination with other treatments to
optimize overall therapeutic efficacy and patient outcome at
acceptable biologic and financial toxicities.
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Peptide Receptor Radionuclide Therapy in Merkel Cell
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Merkel cell carcinoma is a rare, aggressive skin malignancy, also
known as neuroendocrine carcinoma of the skin, with high rates
of recurrence and distant metastasis. In refractorymetastatic Mer-
kel cell carcinoma (mMCC), besides immunotherapy, chemother-
apy, and radiation, peptide receptor radionuclide therapy (PRRT)
may be a viable option since this type of tumor can express
somatostatin receptors. Methods: We performed a comprehen-
sive review of the literature to evaluate the efficacy of PRRT in
mMCC patients. Results: Thirty-seven patients with mMCC
received PRRT (1–5 cycles) with 177Lu- or 90Y-labeled somato-
statin analogs (cumulative activity, 1.5–30 GBq). Radiographic
response was available for 19 of 28 patients who received PRRT
alone. Six (31.6%) of 19 patients showed objective responses,
from partial to complete, and no severe adverse events were
reported. Conclusion: Our analysis supports the use of PRRT in
mMCC with sufficient somatostatin receptor uptake, although the
quality of the available evidence is low. Prospective clinical trials
are already in development and have started accruing in some
parts of the world.

Key Words: PRRT; SSTR; Merkel cell carcinoma; theranostics;
Lu-177

J Nucl Med Technol 2023; 51:22–25
DOI: 10.2967/jnmt.122.264904

Merkel cell carcinoma (MCC) is a rare, aggressive skin
malignancy. The known risk factors for MCC are immunosup-
pression and extensive exposure to ultraviolet light. It usually

occurs in elderly patients (median age, 70 y); typically arises
in the head, neck, or extremities; and is slightly more common
in men. Treatments for MCC vary depending on the stage of
the disease, from complete surgical resection with or without
radiation therapy for localized disease to systemic therapies
(immunotherapy or chemotherapy) for metastatic disease. The
5-y survival rates for patients with metastatic disease have
been approximately 18% (1,2). Although the introduction of
immune checkpoint inhibitors has shown promising results,
with an approximately 50% objective response, about half of
patients with metastatic MCC (mMCC) experience disease
progression or resistance.
At least one third of MCC cases express high levels of

somatostatin receptors (SSTRs) (3,4). In some studies, SSTR
expression has been reported in as many as 80%–100% of
MCC cases (5). There have even been reports of using SSAs
for the treatment of MCC (4). A recent trial of a novel second-
generation SSA (pasireotide) allowed MCC patients to partici-
pate given the SSTR expression (NCT01652547). All this sets
the stage for a new therapeutic option of theranostics/peptide
receptor radionuclide therapy (PRRT) in MCC.

MATERIALS AND METHODS

Data on PRRT in MCC exist only in the form of case reports or
series. A search for articles or abstracts pertaining to “PRRT” and
“MCC” on PubMed, Scopus, and Google Scholar was systemati-
cally performed. Articles or abstracts published up to January 2022
were retrieved. The references of all relevant studies were evalu-
ated as well. We also contacted centers that had previously reported
experience with SSTR imaging or therapy in mMCC patients (the
search strategy and PRISMA flow diagram can be found in Supple-
mental Figs. 1 and 2; supplemental materials are available at http://
jnmt.snmjournals.org) (6–26). Overall, 37 patients with mMCC have
received PRRT with 177Lu- or 90Y-labeled somatostatin analogs
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(DOTATATE/DOTATOC) (Table 1; Supplemental Tables 1 and 2).
Fifteen and 18 patients received 177Lu-DOTATATE and 90Y-
DOTATOC, respectively. Four patients underwent tandem PRRT
with 177Lu and 90Y. The number of PRRT cycles ranged from 1 to
5, with the cumulative activity ranging from 1.5 to 30 GBq. Three
patients received PRRT in combination with chemotherapy, and 4
patients received PRRT with immune checkpoint inhibitors.

RESULTS

Of the 37 patients who received PRRT, 18 were excluded
because response data were unavailable (Supplemental
Tables 1 and 2) or because PRRT had been used in combina-
tion with other active treatments (Supplemental Table 1).
Consequently, radiographic response was available for 19 of
28 patients who received PRRT alone (not in combination
with immunotherapy or chemotherapy). Six (31.6%) of 19
patients showed objective responses, from partial to complete,
and no severe adverse events were reported (Table 1).
The median overall survival from the start of PRRT was 5

and 8 mo in patients receiving PRRT alone and in combina-
tion with other active treatments, respectively (Table 1; Sup-
plemental Table 1). Median overall survival from diagnosis
was 22 mo (Supplemental Table 3; methods for statistical
analyses are described in the supplemental materials). Few
studies addressed the Merkel cell polyomavirus status or
18F-FDG PET findings, whereas most reported the Krenning
score (Supplemental Table 4). No significant difference
was noted between Krenning scores in terms of objective
response to PRRT (P 5 0.86).

DISCUSSION

Because of the small sample size, retrospective nature of
the studies, selection bias, and low quality of the evidence,
we cannot recommend PRRT for mMCC patients. However,
the promising results from the available data lay the foundation
for clinical trials in this space. Despite approval of immune
checkpoint inhibitors, treatment resistance can occur and a fair
proportion do not respond. Five of 7 patients who received
PRRT in combination with immune checkpoint inhibitors or
chemotherapy showed partial to complete responses, indicat-
ing better objective responses in this category than in the
PRRT-alone group. Novel therapies or combinations are
needed to further improve patient outcome. The ongoing
GoTHAM trial (NCT04261855) is one example of a clinical
trial evaluating the immunotherapy avelumab with 177Lu-
DOTATATE in patients with mMCC. The results of this and
other ongoing trials using theranostics might change the man-
agement of mMCC patients soon.

CONCLUSION

Our analysis supports the use of PRRT in mMCC with
sufficient SSTR uptake, although the quality of the avail-
able evidence is low. Prospective studies in terms of clinical
trials are already in development and have started accruing
in some parts of the world.
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KEY POINTS

QUESTION: Is radioligand therapy with 177Lu-DOTATATE
effective and safe in mMCC patients?

PERTINENT FINDINGS: Because of the small sample
size and low-quality evidence, we cannot recommend
PRRT for mMCC patients; however, the available data
show promising results, laying the foundation for clinical
trials in this space.

IMPLICATIONS FOR PATIENT CARE: 177Lu-DOTATATE
may be effective in some mMCC patients with high SSTR
expression.
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Improving 90Y PET Scan Image Quality Through Optimized
Reconstruction Algorithms
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This study aimed to improve the quality of 90Y PET imaging by opti-
mizing the reconstruction algorithm. Methods: We recruited 10
patients with neuroendocrine tumor metastatic to the liver or pri-
mary hepatocellular carcinoma who were qualified for 90Y-labeled
selective internal radiation therapy or peptide receptor radionuclide
therapy. They underwent posttherapeutic PET/CT imaging using 3
different reconstruction parameters: VUE Point HD with a 6.4-mm
filter cutoff, 24 subsets, and 2 iterations (algorithm A); VUE Point
FX with a 6.0-mm filter cutoff, 18 subsets, and 3 iterations using
time of flight (algorithm B); and VUE Point HD (LKYG) with a 5-mm
filter cutoff, 32 subsets, and 1 iteration (algorithm C). The recon-
structed PET/CT images were assessed by 10 nuclear medicine
physicians using 4-point semiqualitative scoring criteria. A P value
of less than 0.05 was considered significant. Results: The median
quality assessment scores for algorithm C were consistently
scored the highest, with algorithms A, B, and C, scoring 3, 2, and
4, respectively. The 90Y PET scans using algorithmCwere deemed
diagnostic 91% of the time. There was a statistically significant dif-
ference in quality assessment scores among the algorithms by the
Kruskal–Wallis rank sum test (x22 5 86.5, P , 0.001), with a mean
rank quality score of 130.03 for algorithm A, 109.76 for algorithm B,
and 211.71 for algorithm C. Subgroup analysis for quality assess-
ment scoring of post–peptide receptor radionuclide therapy imag-
ing alone showed a statistically significant difference between
different scanning algorithms (x22 5 35.35, P , 0.001), with mean
rank quality scores of 45.85 for algorithm A, 50.05 for algorithm B,
and 85.6 for algorithm C. Similar results were observed for quality
assessment scoring of imaging after selective internal radiation
therapy (x22 5 79.90, P, 0.001), with mean ranks of 82.33 for algo-
rithm A, 55.79 for algorithm B, and 133.38 for algorithm C.Conclu-
sion: The new LKYG algorithm that was featured by decreasing
the number of iterations, decreasing the cutoff of the filter thick-
ness, and increasing the number of subsets successfully improved
image quality.

Key Words: reconstruction algorithms; image quality; 90Y PET; SIRT;
PRRT

J Nucl Med Technol 2023; 51:26–31
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Because of its outstanding physical and chemical features,
90Y is one of the most commonly used radionuclides in con-
temporary nuclear medicine as both a diagnostic and a thera-
peutic agent, giving rise to the lauded concept of theranostics
(1). 90Y-based radiopharmaceuticals have been used in various
oncologic therapies, which include but are not limited to 90Y-
labeled anti-CD20 monoclonal antibody (ibritumomab tiuxe-
tan [Zevalin; Acrotech Biopharma, Inc.]) radioimmunotherapy
for lymphoma, 90Y-dotapeptide radionuclide therapy for neu-
roendocrine tumors, and 90Y-microsphere selective internal
radiation therapy (SIRT) for liver tumors (2). Posttherapy
imaging is therefore essential in confirming successful delivery
of 90Y-labeled agents, dosimetry of the tumor and critical
organs, and dose planning for the next treatment.
The conventional postimaging modality using 90Y brems-

strahlung technique unfortunately bears the inherent draw-
backs of poor spatial resolution and unsatisfactory readability.
90Y PET/CT, on the other hand, has emerged as the modality
of choice for better-quality posttherapeutic scans. Despite the
advances in technology, the main challenge for 90Y PET
imaging is its extremely low abundance of positron emissions
per decay, requiring a long scanning time for an adequate
signal-to-noise ratio. Because of patients’ general lack of tol-
eration of prolonged scanning times, it is difficult to achieve
adequate counts, and the quality of PET images using stan-
dard or modified reconstruction algorithms has been found
unsatisfactory in many literature reports. There is also a lack
of consensus guidelines for the technical acquisition, imaging
reconstruction, and qualitative and quantitative interpretation
of 90Y planar, SPECT, and PET images. In addition, most
nuclear medicine imaging systems are not currently designed
or specifically optimized for 90Y imaging applications (3).
In this article, we report our efforts to modify the recon-

struction algorithm and consequently improve 90Y PET
imaging quality in order for our experience to serve as a ref-
erence for other practitioners.

MATERIALS AND METHODS

Study Cohort
In total, 10 consecutive patients qualified for 90Y-labeled SIRT

or peptide receptor radionuclide therapy (PRRT) were recruited.
For 90Y-PRRT, the 90Y was purchased from Perkin Elmer, and the
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90Y-DOTATATE was then synthesized in our department’s radio-
pharmacy. 90Y-DOTATATE, with a dose ranging from 3.0 to
5.0 GBq, was given intravenously to the patients in the dedicated
isolation ward. For 90Y-SIRT, 90Y microspheres were purchased
from SIRTEX Medical Singapore Pte. Ltd. 90Y-microspheres, with
a dose ranging from 0.5 to 3.0 GBq, were administered intraarte-
rially to the targeted hepatic lesions in the interventional radiology
suite at Singapore General Hospital.
The institutional review board approved this study, and the

requirement to obtain informed consent was waived because most
patients in the study had passed away or were overseas.

Scanning Protocol and Reconstruction Algorithm
All patients were scanned on a GE Healthcare Discovery PET/CT

690 scanner either on the same day as radiotracer injection or the next
morning. A low-dose CT protocol at 120 kV, with an automated cur-
rent ranging between 10 and 200 mA and a noise index of 18, was
obtained for attenuation correction and anatomic localization followed
by a PET acquisition for 30 min per bed position, covering the dia-
phragm to the iliac crest of the pelvis for SIRT patients and variable
locations for PRRT patients, depending on where the disease burden
was. PET images were corrected for motion and attenuation on the
basis of the CT data. The reconstruction was performed using
both a fully 3-dimensional ordered-subset expectation maximiza-
tion algorithm either with or without time of flight (TOF) and a
GE Healthcare Sharp IR point-spread function algorithm. Three
different reconstruction parameters with variations in the full-
width-at-half-maximum gaussian filter size and in the number of
iterations and subsets were used: VUE Point HD (GE Healthcare)
(non-TOF) with a 6.4-mm filter cutoff, 24 subsets, and 2 iterations
(algorithm A); VUE Point FX (GE Healthcare) (with TOF) with a
6.0-mm filter cutoff, 18 subsets, and 3 iterations (algorithm B); and
VUE Point HD (LKYG) (non-TOF) with a 5-mm filter cutoff, 32
subsets, and 1 iteration (algorithm C) (Table 1). The reconstructed
matrix size was 192 3 192, with a pixel dimension of 3.65 mm.
Algorithms A and B were routinely used in our center and many
other centers, whereas algorithm C was purposefully modified and
named LKYG. Maximum-intensity-projection images were also
generated. Both attenuation-corrected and uncorrected PET images,
as well as PET/CT fusion images, were reviewed.

Quality Assessment
For each patient, the reconstructed PET/CT images using the 3

different algorithms were presented for quality assessment to 10
nuclear medicine physicians (readers) with work experience ranging

from 2 to 20 y. The quality of the images was graded according to
semiqualitative scoring criteria as nondiagnostic, barely diagnostic,
fairly diagnostic and diagnostically excellent (Table 2). All readers
were masked to the reconstruction algorithms.

Statistical Analysis
Statistical quality assessment scores were compared among the

algorithms by nonparametric Kruskal–Wallis rank sum testing and,
in the event of a statistically significant difference in the Kruskal–
Wallis test, by post hoc Wilcoxon rank sum testing. The potential
confounding factors, including age, sex, body mass index, type of
radioligand, and dose, were examined with multivariable ordered
logistic regression analysis. The threshold for statistical significance
(P value) was set at 0.05. Ordinal and continuous variables are
reported as median values with interquartile range. The results
from ordered logistic regression analysis are reported as odds ratios
(ORs) with corresponding 95% CIs. Interrater reliability was assessed
with the mixed-effects intraclass correlation coefficient (ICC),
whereby an ICC of less than 0.5 constituted poor interrater agree-
ment, an ICC of between 0.5 and 0.75 constituted moderate interra-
ter agreement, an ICC of between 0.75 and 0.9 constituted good
interrater agreement, and an ICC of more than 0.9 constituted excel-
lent interrater agreement.
Statistical analysis was conducted on RStudio (R, version 3.6.3;

R Foundation for Statistical Computing).

RESULTS

Patient Demographics and PET Study Parameters
Eight men and 2 women with a mean age of 61.5 6 17.3 y

and a mean body mass index of 23.54 6 3.49 kg/m2 were
recruited into our study (Table 3). Four of the patients
(1 with rectal neuroendocrine tumor, 2 with midgut neuroen-
docrine tumor, and 1 with paraganglioma) received a mean
90Y-PRRT dose of 3.66 GBq. The other 6 patients (5 with
hepatocellular carcinoma and 1 with pancreatic neuroendo-
crine tumor metastatic to liver) received a mean 90Y-SIRT
dose of 1.85 GBq.

Interrater Reliability
Interrater reliability was moderate to good, with a k of

0.82 (P , 0.001; 95% CI, 0.66–0.93) for algorithm A,
0.625 (P , 0.005; 95% CI, 0.29–0.85) for algorithm B, and
0.502 (P , 0.05; 95% CI, 0.06–0.80) for algorithm C.

TABLE 1
Parameters of the 3 Tested Algorithms

Parameter Algorithm A Algorithm B Algorithm C

VUE Point VUE Point HD (OSEM) VUE Point FX (OSEM 1 TOF) VUE Point HD (OSEM)
Gaussian filter cutoff 6.4 mm 6.0 mm 5.0 mm
Number of subsets 24 18 32
Sharp IR (point-spread function) On On On
z-axis filter Standard Heavy Standard
Number of iterations 2 3 1
Matrix 192 3 192 192 3 192 192 3 192
Minutes per bed position 30 30 30

OSEM 5 ordered-subset expectation maximization.

OPTIMIZING
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Quality Assessment Scores
The median quality assessment scores for algorithms A,

B, and C were 3 (interquartile range, 1), 2 (interquartile
range, 1), and 4 (interquartile range, 1), respectively (Fig. 1).
Algorithm C consistently scored the highest for each patient.
Ninety-one percent of the time, the post-SIRT or post-PRRT
scans using algorithm C were deemed diagnostic (quality
score [QS]-3 or QS-4) by the 10 readers, achieving QS-4
53% of the time and QS-3 39% of the time. Only 1% of the
time was algorithm C not diagnostic, compared with 10% of
the time for algorithm A and 14% for algorithm B.
There was a statistically significant difference in quality

assessment scores between algorithms by the Kruskal–Wallis
rank sum test (x22 5 86.5, P , 0.001) (Table 4), with a mean
rank QS of 130.03 for algorithm A, 109.76 for algorithm B,
and 211.71 for algorithm C. Post hoc Wilcoxon rank sum
testing showed that algorithm C scored significantly higher
than algorithm A or B (A vs. C, P , 0.001; B vs. C, P ,
0.001), whereas there was no significant difference in quality
assessment scores between algorithms A and B (A vs. B,
P 5 0.064).
Subgroup analysis for quality assessment scoring of post-

PRRT imaging alone showed a statistically significant dif-
ference among scanning algorithms as well (x22 5 35.35,
P , 0.001), with a mean rank QS of 45.85 for algorithm A,
50.05 for algorithm B, and 85.6 for algorithm C. Similar
results were observed for quality assessment scoring of post-

SIRT imaging (x22 5 79.90, P , 0.001), with a mean rank
QS of 82.33 for algorithm A, 55.79 for algorithm B, and
133.38 for algorithm C. Therefore, we concluded that algo-
rithm C remained better than algorithm A or B for both
post-SIRT therapy scans and post-PRRT scans. For post-
SIRT therapy scans, algorithm C fared remarkably better,
with a minimum score of QS-3, and achieved excellent scor-
ing of QS-4 75% of the time. For post-PRRT PET scans,
algorithm C again fared remarkably better, achieving a good
score of either QS-3 or QS-4 77.5% of the time, compared
with 15% for algorithm A and 32.5% for algorithm B.
The Wilcoxon signed-rank test showed that the quality of

post–SIRT therapy images (mean rank of 65.3 for algorithm
A, 58.26 for algorithm B, and 63.13 for algorithm C) was
consistently better than that of post-PRRT images regard-
less of the type of algorithm used (mean rank of 28.3 for
algorithm A, 38.86 for algorithm B, and 31.56 for algorithm
C) (z 5 26.70, P , 0.001, for algorithm A; z 5 23.54,
P , 0.001, for algorithm B; and z 5 25.96, P , 0.001, for
algorithm C).
We present a case example of rectal neuroendocrine tumor

metastatic to the liver (Fig. 2). The SUVmax for the dominant
lesion in the left hepatic lobe was 47.7, 34.0, and 33.7 for
algorithms A, B, and C, respectively, whereas the SUVmax

for the dominant lesion in the right hepatic lobe was 33.9,
35.2, and 22.8 for algorithms A, B, and C, respectively.
Overall, algorithm C demonstrated outstanding diagnostic

TABLE 2
Scoring Criteria for Image Quality Assessment

QS Rating Description

1 Nondiagnostic Excessive noise or artifacts; delineation of tumor and background
uptake mostly impossible

2 Barely diagnostic Substantial noise and artifacts; delineation of tumor and background
uptake difficult but possible

3 Fairly diagnostic Somewhat noisy and artifacts that interfere with reading; delineation
of tumor and background uptake feasible but not satisfactory

4 Diagnostically excellent No interfering noise or artifacts; delineation of tumor and background
uptake satisfactory

TABLE 3
Patients’ Demographic Data

Participant Age (y) Sex BMI (kg/m2) Diagnosis Therapy Radiotracer dose (GBq)

1 52 M 20.6 Rectal NET PRRT 3.70
2 58 M 24.9 Midgut NET PRRT 3.70
3 39 M 19.2 Paraganglioma PRRT 4.22
4 54 F 21.8 Midgut NET metastatic to liver PRRT 3.03
5 41 M 19.7 Pancreatic NET metastatic to liver SIRT 2.97
6 68 M 25.9 HCC SIRT 1.30
7 69 M 26.1 HCC SIRT 0.58
8 59 M 29.9 HCC SIRT 2.50
9 96 M 25.9 HCC SIRT 0.73
10 79 F 21.4 HCC SIRT 3.00

BMI 5 body mass index; NET 5 neuroendocrine tumor; HCC 5 hepatocellular carcinoma.
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yield, with an excellent signal-to-noise ratio compared with
that of algorithms A and B.

Confounding Factors
Results from multivariable ordered logistic regression analy-

sis are summarized in Table 5. Age, body mass index, and
type of radiotracer were found to be the confounding factors.
Younger age (adjusted OR, 0.98; 95% CI, 0.95–0.997) and
lower body mass index (adjusted OR, 0.90; 95% CI, 0.81–
0.99) were associated with better quality assessment scores.
SIRT was associated with significantly higher scores than
PRRT (adjusted OR, 23.99; 95% CI, 11.87–50.35). Addi-
tionally, the multivariable model also confirmed that quality
assessment scores for algorithm C were significantly higher
(adjusted OR, 17.4; 95% CI, 9.16–34.15). On the multivari-
able model, algorithm B performed significantly worse than
algorithm A (adjusted OR, 0.46; 95% CI, 0.26–0.80).

DISCUSSION

90Y is the commonly used theranostics agent for person-
alized patient treatment because of its excellent physical
and chemical features; its optimal half-life of 64.1 h, which
is both long enough to allow relative ease in shipping and
short enough to achieve a critical dosing rate in tumor tis-
sue; its high specific activity with relatively longer soft-
tissue penetration (mean, 2.5 mm), which allows effective
treatment with high cross-fire effect; and its being a pure
b-emitter, which results in low radiation exposure to the
medical staff and family members and therefore allows out-
patient application.
Absence of g-photon emission for 90Y, however, signifi-

cantly limits its utility in posttherapeutic imaging and
dosimetry. Bremsstrahlung imaging and PET scanning, on
the other hand, are commonly used for posttherapeutic
localization and dosimetry of 90Y-labeled agents.
Generation of 90Y bremsstrahlung photons from interac-

tion between b2 particles and matter allows imaging of
these photons using a g-camera (4). This imaging technique
is easily available but bears the inherent drawbacks of the
poor resolution of scintigraphy and, thus, poor localization
of biodistribution and inaccurate dosimetry of the tumor.
These drawbacks are attributed to the wide range of photon
energies produced, internal photon scattering, variable count
rates, low spatial resolution, difficulty with collimator selec-
tion, and overlying tissue attenuation.
Although the branching ratio for internal-pair production

is small, at approximately 32 per million decays, 90Y
PET/CT imaging has better spatial resolution and contrast
and thus a higher detection rate than the traditionally used
bremsstrahlung imaging in numerous phantoms and clinical
studies (5,6). Interestingly, Kao et al. recently demonstrated
the feasibility of using 90Y PET for quantitative assessment
of residual activity in the delivery apparatus instead of the
conventional indirect method recommended by the manu-
facturer (7). The inherent problem is that the low percentage
of internal-pair production requires an unrealistically long
acquisition time for an adequate signal-to-noise ratio. In the
real world, for the patient to remain still, 30 min per bed
position would be the maximum achievable imaging time.

TABLE 4
Number and Percentage of Discrete Scores Rated by 10 Readers on 10 Patients’ Scans Reconstructed Using

Algorithms A–C

Algorithm Therapy Score 1 Score 2 Score 3 Score 4 P

A SIRT 0 (0.0%) 11 (18.3%) 38 (63.3%) 11 (18.3%) ,0.001
PRRT 10 (25.0%) 24 (60.0%) 6 (15.0%) 0 (0.0%)
SIRT 1 PRRT 10 (10.0%) 35 (35.0%) 44 (44.0%) 11 (11.0%)

B SIRT 0 (0.0%) 28 (46.7%) 29 (48.3%) 3 (5.0%) ,0.001
PRRT 14 (35.0%) 13 (32.5%) 13 (32.5%) 0 (0.0%)
SIRT 1 PRRT 14 (14.0%) 41 (41.0%) 42 (42.0%) 3 (3.0%)

C SIRT 0 (0.0%) 0 (0.0%) 15 (25.0%) 45 (75.0%) ,0.001
PRRT 1 (2.5%) 8 (20.0%) 24 (60.0%) 7 (17.5%)
SIRT 1 PRRT 1 (1.0%) 8 (8.0%) 39 (39.0%) 52 (52.0%)

FIGURE 1. Box plots comparing median quality assessment
scores among algorithms. Results from Kruskal–Wallis rank sum
test and Wilcoxon rank sum test are included.
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Any longer scan time is strongly discouraged, as movement
by the patient will result in blurring of the image.
Various 90Y PET imaging techniques with or without

TOF and resolution recovery capabilities, as well as on
semiconductor-based scanners, have shown potential resolution
and contrast superior to bremsstrahlung SPECT (8,9). Despite
multiple in vitro and in vivo studies using various PET imaging
systems, acquisition times, and reconstruction algorithms, there

is no standardized imaging protocol thus
far, although some manufacturers have
provided technical support (10). Using
our routinely applied algorithms, PET
images are usually of poor quality despite
increases in the acquisition time. The low
signal-to-noise ratio makes tumor uptake
quite often indistinguishable from back-
ground uptake.
Our team explored different recon-

struction algorithms by formulating
the filter dynamics for reconstruction
in PET imaging. We noticed that the
sharpness and resolution of the image
improved with an increased number
of iterations and subsets. This, how-
ever, also increases noise. Therefore,
striking the right balance of signal-to-
noise ratio is key to any filter algo-
rithm. Our team subsequently pursued
a sharp reduction in the number of
iterations, thus resulting in consider-
able noise reduction. In addition, we
reduced the filter cutoff to 5 mm, aim-
ing for a more stringent signal band-
width and an increased number of
subsets to enhance sharpness. After
multiple attempts to adjust the settings

and fine-tune the parameters, we finally settled on the
LKYG algorithm, which has a significantly lower number
of iterations, a thinner filter cutoff, and a larger number of
subsets than our conventional algorithm. The strength of
this combination is well demonstrated by the achieved sig-
nificantly improved image quality.
Our study was limited by the small cohort; hence, analy-

sis of the confounding factors was limited. Semiquantitative
scoring allows room for variation, and hence, quantitative
scoring will be preferred for a more objective assessment.

CONCLUSION

Optimization of image quality by improving the recon-
struction algorithms for an inherently challenging PET
radionuclide with low internal-pair production allows us to
confirm tumoral deposition, detect nontarget radionuclide
distribution, accurately calculate posttherapeutic dosimetry,
and predict treatment efficacy, thus allowing advanced, per-
sonalized care planning. Aiming to increase signal-to-noise
ratio, we developed a new algorithm, LKYG, for 90Y PET
image reconstruction, which features a decrease in the num-
ber of iterations, a decrease in the cutoff of filter thickness,
and an increase in the number of subsets. This approach sig-
nificantly enhanced image quality. This algorithm should be
recommended for routine use of 90Y PET imaging if the
hypothesis is further confirmed in a multicenter prospective
study.

FIGURE 2. A 52-y-old man with rectal neuroendocrine cancer metastatic to liver under-
went 90Y-PRRT therapy. Reconstructed PET/CT using algorithms A (A), B (B), and C (C)
managed to detect hepatic metastases (dotted arrows) seen on corresponding CT
images (D). However, there was more visible noise within liver for PET using algorithms A
and B than for PET using algorithm C (solid arrows). In addition. extrahepatic noise such
as that in right adrenal gland and spleen (arrowheads) was less apparent using algorithm
C. Right adrenal noise can potentially be mistaken as hepatic metastasis using algo-
rithms A and B (arrowheads).

TABLE 5
Multivariate Analysis Comparing Quality

Assessment Scores

Variable

Multivariable model

Adjusted OR 95% CI P

Age 0.98 0.95–0.997 0.024
Sex

Male Reference — —

Female 0.83 0.44–1.58 0.576
Body mass index 0.90 0.81–0.99 0.026
Radioligand

PRRT Reference — —

SIRT 23.99 11.87–50.35 ,0.001
Dose 0.89 0.66–1.19 0.418
Algorithm

A Reference — —

B 0.46 0.26–0.80 0.007
C 17.4 9.16–34.15 ,0.001
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KEY POINTS

QUESTIONS: Can the quality of 90Y PET imaging be
improved by optimizing the reconstruction algorithm?

PERTINENT FINDINGS: A new 90Y PET image
reconstruction algorithm that decreases the number of
iterations, decreases the cutoff of the filter thickness, and
increases the number of the subsets compared with the
conventional reconstruction algorithm consistently
achieved the highest-quality assessment score in both
post-SIRT and post-PRRT 90Y PET imaging.

IMPLICATIONS FOR PATIENT CARE: The new
reconstruction algorithm significantly improved the
signal-to-noise ratio and therefore enhanced the
diagnostic yield of 90Y PET by successfully localizing
the pathologies and avoiding false-positive findings.
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Respiration gating is used in PET to prevent image quality degra-
dation due to respiratory effects. In this study, we evaluated a
type of data-driven respiration gating for continuous bed motion,
OncoFreeze AI, which was implemented to improve image quality
and the accuracy of semiquantitative uptake values affected by
respiratory motion. Methods: 18F-FDG PET/CT was performed
on 32 patients with lung lesions. Two types of respiration-gated
images (OncoFreeze AI with data-driven respiration gating, device-
based amplitude-based OncoFreeze with elastic motion compen-
sation) and ungated images (static) were reconstructed. For each
image, we calculated SUV and metabolic tumor volume (MTV). The
improvement rate (IR) from respiration gating and the contrast-to-
noise ratio (CNR), which indicates the improvement in image noise,
were also calculated for these indices. IR was also calculated for
the upper and lower lobes of the lung. As OncoFreeze AI assumes
the presence of respiratory motion, we examined quantitative
accuracy in regions where respiratory motion was not present
using a 68Ge cylinder phantom with known quantitative accuracy.
Results: OncoFreeze and OncoFreeze AI showed similar values,
with a significant increase in SUV and decrease in MTV compared
with static reconstruction. OncoFreeze and OncoFreeze AI also
showed similar values for IR and CNR. OncoFreeze AI increased
SUVmax by an average of 18% and decreased MTV by an average
of 25% compared with static reconstruction. From the IR results,
both OncoFreeze and OncoFreeze AI showed a greater IR from
static reconstruction in the lower lobe than in the upper lobe. Onco-
Freeze and OncoFreeze AI increased CNR by 17.9% and 18.0%,
respectively, compared with static reconstruction. The quantitative
accuracy of the 68Ge phantom, assuming a region of no respiratory
motion, was almost equal for the static reconstruction and Onco-
Freeze AI. Conclusion: OncoFreeze AI improved the influence of
respiratory motion in the assessment of lung lesion uptake to a
level comparable to that of the previously launched OncoFreeze.
OncoFreeze AI provides more accurate imaging with significantly
larger SUVs and smaller MTVs than static reconstruction.

KeyWords: data-driven gating; lung lesions; FDG; PET/CT
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In the staging, restaging, and assessment of the treatment
response of lung cancer, 18F-FDG PET/CT is useful (1,2).
Evaluation of lung lesions can be influenced by respiration
effects, which extend to blurred images, SUV, and meta-
bolic tumor volume (MTV) (3–6). It has been reported that
the respiratory motion of the lungs is greater in the lower
lobe than in the upper lobe by a maximum of 6–12 cm (7,8).
As an imaging biomarker, SUV is highly reproducible and
ideal for monitoring tumor response to treatment in individ-
ual patients (9). But the reliability of 18F-FDG PET as a way
to assess treatment response is compromised if these indices,
which monitor tumor responsiveness in areas affected by
respiratory motion and areas not affected by respiratory
motion, cannot be evaluated equivalently.
To solve these problems, a scan method with respiration

gating has been developed to detect breathing motion using a
device that captures respiration as a waveform and detects the
expiratory phase to get a low-motion image (10,11). However,
as only the expiration phase is used from the collected data,
the scan time is extended. A mechanism was proposed that
combines amplitude-based PET gating with elastic motion cor-
rection for comprehensive respiratory management (12). Based
on the spectral analysis method developed for single-bed-
position PET imaging, respiration-gated imaging can be per-
formed with deviceless waveforms that are derived directly
from PET list-mode raw data (13,14). Several different
approaches toward deviceless waveform generation for PET
have been robustly demonstrated on single-bed-position
PET (14–16). The deviceless waveform in the multibed
position was first realized by step-and-shoot collection (17).
OncoFreeze (Siemens) is a type of respiration gating soft-

ware that combines continuous bed motion (CBM) and
device- and amplitude-based PET gating with elastic motion
compensation (12). OncoFreeze provides a new respiration
gating function based on HD-Chest (Siemens) technology
that does not require an increase in imaging time. OncoFreeze
uses a mass-preserving optical flow to generalize respiratory
motion and reconstructs the image using all breath-count data
from the HD-Chest image as a reference.

Received Sep. 13, 2022; revision accepted Jan. 4, 2023.
For correspondence or reprints, contact Takeshi Nii (nii21@koto.kpu-m.ac.jp).
Published online Feb. 7, 2023.
COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

32 JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY ! Vol. 51 ! No. 1 ! March 2023



OncoFreeze AI (Siemens), a data-driven deviceless res-
piration gating system (DDG), was later created (18,19).
OncoFreeze AI extracts respiratory waveforms for each
patient from continuous PET data using FlowMotion tech-
nology (Siemens) and reconstructs respiration-gated images
based on those respiratory waveforms. OncoFreeze AI esti-
mates the respiratory waveform on the basis of the features
of DDG and FlowMotion.
Both OncoFreeze AI and OncoFreeze are equipped on the

Biograph Horizon 4R PET/CT system (Siemens) (19). The pur-
pose of this study was to verify their usefulness in lung lesions.

MATERIALS AND METHODS

The Institutional Review Board and Ethics Committee of Kyoto
Prefectural University of Medicine, Japan, approved this retrospec-
tive study (approval ERB-C-2578), and the requirement to obtain
informed consent was waived. Thirty-eight lesions in 32 lung can-
cer patients who underwent 18F-FDG respiration-gated PET/CT
between January 2022 and May 2022 were included. The lesions
consisted of 18 in the upper lobe, 5 in the middle lobe, and 15 in
the lower lobe. The mean age of the patients was 73.7 y (range,
50–93 y), 20 were men and 12 women, their mean (6SD) body
mass index was 22.28 6 3.62, and the mean dose of 18F-FDG was
202.28 6 25.79 MBq (3.61 6 0.65 MBq/kg).
The PET/CT examination was per-

formed as follows. Before 18F-FDG injec-
tion, the patients fasted for more than 4 h,
and their blood glucose levels were con-
firmed to be below 200 mg/dL. Each
patient received 18F-FDG using an auto-
matic injection system (Auto Dispensing
Injector UG-05; Universal Giken Co.
Ltd.). Imaging was performed 60 min after
the 18F-FDG injection using a Biograph
Horizon 4R PET/CT system and using
CBM at varying speeds (1.5 mm/s from
the head to the pelvis and 3.5 mm/s for the
lower limbs). During examination, the belt
gating system (AZ-733VI; Anzai Medical,
Co. Ltd.) recorded respiratory signals that
were used for gating.
PET images were reconstructed using

3-dimensional ordered-subset expectation

maximization coupled with point-spread-function and time-of-
flight algorithms. The following clinical parameters were set: 4
iterations, 10 subsets, a postreconstruction gaussian filter of 5 mm
in full width at half maximum, and a matrix of 180 3 180 pixels
(pixel size, 4 mm). A low-dose CT scan was acquired for PET
attenuation correction, anatomic information, and image fusion
with the following scanning parameters: tube voltage, 130 kV;
quality reference mAs, 90; rotation time, 0.6 s; pitch, 1.5; slice
thickness, 2.0 mm; transaxial field of view, 700 mm; and matrix
size, 512 3 512. At the chest, static reconstruction was performed,
as well as respiration-gated reconstruction using OncoFreeze AI
and OncoFreeze.

In the procedure for OncoFreeze AI, first the respiratory wave-
form was estimated using the change in the anterior–posterior
direction from the PET data collected by FlowMotion (respira-
tory curve A). The PET data were then divided into 500-ms
volumes and were Fourier-transformed with respect to time.
Respiratory curve A was also Fourier-transformed to determine
the conditions (frequency and range) to be used in the spectral
analysis method. All PET data were then calculated using the spec-
tral analysis method, and a mask was created for each voxel to
compensate for the effect of respiration. The mask was applied to
the temporally segmented volume data to generate a respiratory
waveform (respiratory curve B), which was then normalized.
Respiratory curves A and B were compared to create a deviceless
respiratory waveform that matched the actual respiratory motion
and allowed for respiration-gated image reconstruction (18,19).
For each reconstruction algorithm, SUVmax, SUVpeak, and MTV

were measured; the threshold for MTV was set at 40% SUVmax,
and the MTV unit was cm3. The SUVs were calculated using
body weight.
The improvement rate (IR) over static reconstruction with respi-

ration gating was calculated for SUVmax, SUVpeak, and MTV.
The IR of SUVmax (IRSmax) for OncoFreeze AI was calculated

using the following formula:

IRSmax ð%Þ5 ðOncoFreeze AI2 staticÞ
static

3 100: Eq. 1

The same formula was also used to calculate the IR of SUVpeak

(IRSpeak) and the IR of MTV (IRMTV), and OncoFreeze was cal-
culated in the same way.
SUV SD (a surrogate for image noise) was measured using a

3-cm-diameter spheric region of interest in the lung that we

A B

FIGURE 1. SUVmax and SUVpeak (A) and MTV (B) for static
reconstruction, OncoFreeze, and OncoFreeze AI. *P , 0.001 for
static reconstruction.

A B C

FIGURE 2. A 64-y-old man with lung cancer in left upper lobe (patient height, 175.8 cm;
patient weight, 76.0 kg; 18F-FDG dose, 2.99 MBq/kg). Transverse PET images are shown
for static reconstruction (A), OncoFreeze (B), and OncoFreeze AI (C).
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assessed to be free of disease. The contrast-to-noise ratio (CNR)
for each sphere was calculated according to Equation 2 using the
lesion SUVmax, background sphere SUVmax, and background
sphere SUV SD:

CNR5
ðlesion SUVmax 2 background sphere SUVmaxÞ

background sphere SUV SD
: Eq. 2

The respiratory rate of the DDG-generated waveform was com-
pared with the respiratory rate accepted by the waveform device.
The accepted respiratory rate was recorded on the PET device.

68Ge cylinder phantom CS-27 (Siemens), with a volume of
8,407 mL, radius of 10 cm, and radioactivity of 73.01 MBq
(8.68 kBq/mL), was used to examine the quantitative accuracy in
those areas where OncoFreeze AI was applied that were largely
unaffected by respiratory motion. PET data were acquired at bed
speeds of 0.6–3.0 mm/s (0.3 mm/s increments). A large volume of
interest was constructed in the center to avoid partial-volume and
edge effects, and SUVmean, SUVmax, SUV SD, and radioactivity
(Bq/mL) were calculated. These indices were determined using
syngo.via (Siemens).
All statistical analyses were performed with EZR (Saitama

Medical Center, Jichi Medical University), which is a graphical
user interface for R (The R Foundation for Statistical Computing)
designed to add statistical functions frequently used in biostatistics
(20). The significance of SUVmax, SUVpeak, MTV, and CNR were
determined by the Wilcoxon signed-rank test with Bonferroni
adjustment. IRSmax, IRSpeak, and IRMTV were determined by the

Mann–Whitney U test, and the waveform
respiration rate was determined by the
paired t test.

RESULTS

SUVmax, SUVpeak, and MTV cal-
culated by OncoFreeze AI were al-
most the same as those calculated by
OncoFreeze. Compared with static re-
construction, SUVmax and SUVpeak

showed an increase and MTV a de-
crease (Figs. 1–3). The mean (6SE)
SUVmax for static reconstruction, Onco
Freeze, and OncoFreeze AI was 7.08 6
1.11, 8.40 6 1.28, and 8.39 6 1.31,
respectively; SUVpeak was 5.18 6 0.86,
5.67 6 0.93, and 5.70 6 0.95, respec-

tively; and MTV was 10.73 6 1.96, 8.31 6 1.56, and 8.05 6
1.51, respectively. The SUVmax, SUVpeak, and MTV of
OncoFreeze AI and OncoFreeze correlated well (Fig. 4).
IRSmax, which represents the improvement in SUVmax,

was 18.3% 6 2.6% for OncoFreeze and 17.9% 6 2.2% for
OncoFreeze AI. IRSpeak was 9.7% 6 1.3% for OncoFreeze
and 9.6% 6 1.3% for OncoFreeze AI. IRMTV was
224.2% 6 3.2% for OncoFreeze and 225.5% 6 2.9% for
OncoFreeze AI. IRSmax in the upper and lower lobes was
12.0% 6 2.2% and 26.7% 6 5.2%, respectively, for Onco-
Freeze and 13.9% 6 2.2% and 23.8% 6 4.3%, respectively,
for OncoFreeze AI. IRSpeak in the upper and lower lobes was
7.5% 6 1.0% and 13.3% 6 2.9%, respectively, for Onco-
Freeze and 7.4% 6 1.1% and 12.9% 6 2.7%, respectively,
for OncoFreeze AI. IRMTV in the upper and lower lobes
was 217.2% 6 3.9% and 233.7% 6 5.7%, respectively,
for OncoFreeze and 222.1% 6 3.8% and 232.1% 6 5.2%,
respectively, for OncoFreeze AI (Figs. 5 and 6). Only the
IRSmax of OncoFreeze differed significantly between the
upper and lower lobes (P 5 0.0273); otherwise, there were
no significant differences between the upper and lower lobes
for either OncoFreeze or OncoFreeze AI.
CNR was significantly higher for OncoFreeze and Onco-

Freeze AI than for static reconstruction (Fig. 7). The percent-
age increases for CNR in comparison to static reconstruction

for OncoFreeze and OncoFreeze AI
were 17.9% and 18.0%, respectively.
In OncoFreeze AI and OncoFreeze,
the number of breaths in the generated
waveform was expressed as counts.
The respiratory rate of the DDG-
generated waveform (OncoFreeze AI)
was 223.7 6 31.2 counts, and the res-
piratory rate accepted by the waveform
device (OncoFreeze) was 218.0 6 52.5
counts; this difference was not sig-
nificant (P 5 0.602). Statistical sig-
nificance was set as P , 0.05. The

A B C

FIGURE 3. A 77-y-old woman with lung cancer in right lower lobe (patient height,
153.5 cm; patient weight, 56.7 kg; 18F-FDG dose, 3.26 MBq/kg). Transverse PET images
are shown for static reconstruction (A), OncoFreeze (B), and OncoFreeze AI (C).

A B C

FIGURE 4. Correlation of OncoFreeze and OncoFreeze AI for SUVmax (A), SUVpeak (B),
and MTV (C).
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correlation of the accepted respiratory rate was y 5 1.31x
2 76.57, with R2 5 0.61 (x, OncoFreeze AI; y, Onco
Freeze).
The effect of OncoFreeze AI on quantitative accuracy

was examined using a 68Ge cylinder phantom, assuming a
region of unchanged counts, and the SUVmean of the vol-
ume of interest was 1.04 for both static reconstruction and
OncoFreeze AI, regardless of bed speed. On the other hand,
SUVmax for both static reconstruction and OncoFreeze AI
increased slightly with increasing bed speed. SUVmax was
slightly higher for OncoFreeze AI than for static reconstruc-
tion. The SUVmax of OncoFreeze AI, when the SUVmax of
static reconstruction was set to 1, averaged 1.05 6 0.02,
showing little deviation from the increase in the SUVmax of
static reconstruction with increasing bed speed. The radioac-
tivity at the acquisition date, calculated from the radioactivity
at the assay date, was 8.68 kBq/mL, and the mean radioactiv-
ity of static reconstruction and OncoFreeze AI was 9.06 6
0.01 and 9.026 0.02 kBq/mL, respectively (Table 1).

DISCUSSION

We compared OncoFreeze AI, a deviceless respiration gating
system for CBM imaging, with OncoFreeze, a device-based
system, on the Biograph Horizon, a popular commercially
available general-purpose PET/CT machine. Reports so far
have not investigated use on popular PET/CT systems and

instead have focused on the high-end Biograph mCT (Siemens)
and a semiconductor PET machine, Biograph Vision (Sie-
mens) (18,21). In this study, we found that on the Biograph
Horizon, OncoFreeze AI and OncoFreeze had the same
SUVmax, SUVpeak, and MTV in lung lesions (Fig. 4).
Respiratory motion is greater in the lower lobe than in the

upper lobe (4). IRSmax, IRSpeak, and IRMTV showed a trend
toward a greater correction effect on respiratory motion in
the lower lobe than in the upper lobe. However, there was
no significant difference in correction effect between the
upper and lower lobes, except for IRSmax in OncoFreeze
(P 5 0.0273) (Figs. 5 and 6). Robin et al. reported a greater
increase in SUV and decrease in MTV in the lower lobe
than in the upper lobe because of the correction effect of res-
piratory motion on amplitude-based respiration-gated HD-
Chest imaging (6). In the present study, the same trend was
observed for both OncoFreeze and OncoFreeze AI.
Meier et al. used CNR as a metric to capture both SUVmax

and noise. Their study reported a decrease in CNR with cor-
rection methodologies that use decreasing amounts of PET
data; however, in lung lesions, the elastic motion deblurring
algorithm improved the CNR of the lesion by 17.8%, with
the least increase in image noise (22). In the present study,
OncoFreeze and OncoFreeze AI, which did not involve a
decrease in PET data, showed a significant increase in CNR
(17.9% and 18.0%, respectively). The fact that the respira-
tory rate generated by OncoFreeze AI, which generates
respiratory waveforms without a device, was not signifi-
cantly different from the respiratory rate measured by the
device also indicates the usefulness of OncoFreeze AI.
Since OncoFreeze AI is a deviceless method, the waveforms

generated are completely dependent on the acquired PET data.
To extract respiratory signals, respiratory motion must be
present in the PET data (19). Therefore, using a 68Ge cylin-
der phantom, we verified the accuracy of quantification in
a region where no respiratory motion was assumed, and
we found that SUVmean and quantification accuracy were

FIGURE 5. IRSmax from static reconstruction to OncoFreeze
and OncoFreeze AI for 18 upper-lobe and 15 lower-lobe lesions.
ns5 not statistically significant. *P5 0.0273.

FIGURE 6. IRMTV from static reconstruction to OncoFreeze
and OncoFreeze AI for 18 upper-lobe and 15 lower-lobe lesions.
ns5 not statistically significant.

FIGURE 7. Static reconstruction, OncoFreeze, and OncoFreeze
AI in CNR. *P, 0.001 for static reconstruction.
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comparable to those of static reconstruction. SUVmax was
slightly higher for OncoFreeze AI than for static reconstruc-
tion, but the change in SUVmax with increasing bed speed
was the same for static reconstruction and OncoFreeze AI
(Table 1). These results indicate that OncoFreeze AI reduced
the effect of respiratory motion without compromising quan-
titative accuracy in the absence of respiratory motion.
There were some limitations to our study. Though the image

quality and other semiquantitative parameters improved, clini-
cal impact on patient management needs further evaluation.
The present technique not only improved detection of lung
lesions but also may improve detection of subdiaphragmatic
hepatic lesions, which is a potential additional advantage but
not examined in the present study.
One of the features of PET/CT with the CBM mechanism,

such as on the Biograph Horizon, is the whole-body dynamic
imaging function. At present, dynamic images from whole-
body dynamic imaging cannot be combined with OncoFreeze
AI; however, when this capability is realized, it will be useful
(23–27). OncoFreeze AI eliminates the need to attach the
device to the patient, leading to shorter examination times for
the patient and reduced radiation exposure for the operator.
Respiration-gated reconstruction that takes into account the
effects of respiratory motion is expected to significantly con-
tribute to SUV and harmonization, which are widely used in
clinical studies of lung cancer (28,29).

CONCLUSION

OncoFreeze AI, which does not require a device, can cal-
culate SUVs and metabolic volumes comparable to those of
OncoFreeze, which uses a device to measure respiratory
motion. Compared with static reconstruction, OncoFreeze
AI provides more accurate lung lesion images with signifi-
cantly larger SUVs and smaller metabolic volumes.

DISCLOSURE

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

ACKNOWLEDGMENTS

We thank Nagara Tamaki, Shigenori Matsushima, and
Maki Kiba (Department of Radiology, Graduate School of
Medical Science, Kyoto Prefectural University of Medicine),
as well as Koki Shirako and Azusa Tahata (Department of
Radiological Technology, University Hospital, Kyoto Prefec-
tural University of Medicine), for their contributions to this
report.

KEY POINTS

QUESTION: Is a commercialized DDG application useful
for evaluating lung lesion uptake in CBM 18F-FDG PET?

PERTINENT FINDINGS: Data-driven respiration gating
was performed on 38 lung lesions in a CBM 18F-FDG PET
study and significantly increased SUV and decreased MTV
compared with no gating. Although data-driven deviceless
respiration-gated reconstruction assumes the presence of
respiratory motion, the phantom test results did not impair
quantification in regions where respiratory motion was
absent.

IMPLICATIONS FOR PATIENT CARE: DDG reconstruction
for evaluation of lung lesions in CBM FDG PET can properly
evaluate 18F-FDG uptake.
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Abnormal Biologic Distribution Related to Normal Saline
Among 99mTc-Dimercaptosuccinic Acid Scans
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The primary aim was to describe the incidence and causes of
abnormal distribution of 99mTc-dimercaptosuccinic acid (99mTc-
DMSA) among patients who underwent renal scans in Royal Hos-
pital (Oman) in 2020. The secondary aim was to assess the effect
of a specific batch of normal saline A (batch 132129) compared
with another normal saline, B (batches 132589 and 133325), used
in the preparation of 99mTc-DMSA on the abnormal biodistribution
of 99mTc-DMSA. Methods: This was an ambidirectional cohort
study that included all patients who underwent 99mTc-DMSA renal
scanning between January and December 2020. Both prospective
and retrospective data collection was used. The collected data
included possible causes of abnormal biodistribution, quality of
99mTc-DMSA and normal saline, and time of 99mTc-DMSA injec-
tion. Results: The total incidence of abnormal biodistribution was
26.5%, with the most common cause being a high creatinine level
(29%). Normal saline batch A was significantly associated with
abnormal biodistribution (49.7%), compared with batch B (6.6%)
(P, 0.001). This association was more prominent among patients
injected with the 99mTc-DMSA preparation after 2 h (83.0%) com-
pared with before 2 h (13.3%). Conclusion: A high incidence of
abnormal biodistribution of 99mTc-DMSA was detected and—for
what is the first time, to our knowledge, in the literature—a specific
preservative-free, normal saline that is up to standard has been
identified as a significant cause of abnormal biodistribution.
Nuclear medicine professionals and pharmaceutical companies
should take note of this possible cause of abnormal 99mTc-DMSA
biodistribution.

KeyWords: renal scintigraphy; 99mTc-DMSA; normal saline; biodistri-
bution; liver uptake
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The kidneys, one of the most vital organs in the human
body, can develop a wide range of diseases that can affect
bodily functions and homeostasis. Therefore, a well-timed renal
disease diagnosis and an efficient treatment plan play an impor-
tant role in promoting patient health and reducing side effects
from prolonged treatment (1). To visualize any abnormalities
in the kidneys, various noninvasive techniques are used, such

as radiologic examinations through ultrasound and CT and
nuclear medicine examinations through g-camera scanning (2).
Nuclear medicine imaging is worthwhile in clinical practice,

and its analysis and correct interpretation aid professionals in
making correct decisions and taking subsequent therapeutic
measures. Renal scintigraphy is a nuclear medicine technique
that uses medical radioisotopes to evaluate renal function (3).
99mTc-dimercaptosuccinic acid (99mTc-DMSA) is the most
routinely used radiopharmaceutical for renal cortex imaging
because of its nuclear properties, ready availability, low cost
(4), accumulation in the renal cortex, and guidance in detect-
ing any morphologic parenchymal abnormality (5). Uptake
of 99mTc-DMSA in the kidneys, as normal biodistribution,
provides an index to evaluate functional tubular mass, which
depends on the proximal tubular cell membrane transport func-
tion and renal blood flow (3). Biodistribution of 99mTc-DMSA
depends on its physical and chemical characteristics and, to a
high degree, on the binding of proteins in the plasma (6).
Knowledge about the causes of, and factors involved in,

interference with normal biodistribution of radiopharma-
ceuticals is worthwhile to achieve accurate diagnoses (7). It
is well known that human physiology, as well as physico-
chemical alterations of radiopharmaceuticals, can cause dis-
turbances in 99mTc-DMSA biologic distribution (8,9). The
literature describes many reasons for altered 99mTc-DMSA
biodistribution; these can be categorized mainly as related
to 99mTc-DMSA preparation and formulation, such as prod-
uct concentration, labeling efficiency, and pH; patients’
medical conditions, such as renal tubular acidosis and renal
failure; or patients’ medications, such as urinary alkalinizer
drugs, which contain sodium bicarbonate.
Studying the factors affecting biodistribution is important

to discover unexpected trends that may significantly affect
the accuracy of nuclear medicine procedures and reporting.
Hence, when uptake occurs in an uncommon location, such
as the liver or gallbladder, it is important to avoid attribut-
ing it to pathologic reasons, potentially reducing the proce-
dure’s diagnostic yield (10).
Between January and December 2020, we observed a differ-

ence in physiologic uptake in our renal 99mTc-DMSA patients
that did not appear to stem from any of these known reasons.
Furthermore, in the same period we observed abnormal biodistri-
bution in our patients that could not be explained by any of the
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causes mentioned in the literature. Most of these patients had
been injected 2 h after the 99mTc-DMSA had been prepared. It
was assumed that a specific new batch of normal saline A used
in the 99mTc-DMSA preparation was responsible for the abnor-
mal biodistribution in general and at the 2-h interval specifically.
This study had 2 main objectives. The first was to estimate

the incidence of abnormal 99mTc-DMSA distribution and the
prevalence of its well-known causes among patients who
underwent renal scans at the Royal Hospital, Oman, from
January to December 2020. The second objective was to
assess the effect of using a new batch of normal saline A
(batch 132129) on the abnormal biodistribution of 99mTc-
DMSA, compared with using saline B (batches 132589 and
133325). All of these are routinely used in the preparation of
99mTc-DMSA; however, B batches had been routinely used
before A batches were recently introduced into the service.

MATERIALS AND METHODS

All patients (n 5 339) who underwent a renal scan during the
study period were included. Those who presented in January or Feb-
ruary were retrospectively assessed using their medical records in the
hospital information system (Al-Shifa 13), picture archiving and
communication system (PACS). Those who presented from March to
December were prospectively assessed. The assessors of biodistribu-
tion outcome were unaware of the 99mTc-DMSA preparation proce-
dures and the patients’ medical histories.

Evaluation of Health Condition and Medications
Patient data such as age, sex, scan indication, renal function test

results, underlying health conditions, and medications were gathered.
For assessing the incidence and possible causes of abnormal biodis-
tribution, all 99mTc-DMSA scans during the study period were inde-
pendently reviewed by an experienced nuclear medicine physician
who was asked to report any abnormal biodistribution. In addition, a
senior expert was consulted to resolve any issues, and an interob-
server agreement assessment was done. Possible causes for any
abnormality were assessed by a senior technologist and radiopharma-
cist by reviewing the clinical notes from the medical records.

99mTc-DMSA Injection and Scanning
The administered radioactivity for adults ranged from 150 to

200 MBq, and for children, radioactivity was calculated using the
European Association of Nuclear Medicine dosage card (2016) with
a minimum dose of 40 MBq. The volume of each dose was main-
tained at around 0.5–1 mL. Children were injected through an intra-
venous cannula, whereas adults were injected directly into a vein in
the antecubital or dorsal metacarpal region. The patients were asked
to stay well hydrated after injection. In addition, they were instructed
to empty their bladders just before undergoing scanning. The patients
were positioned supine for scanning, and static anterior, posterior,
and bilateral oblique images of the abdomen were acquired 2 h after
radiotracer injection using a low-energy high-resolution parallel-hole
collimator. Each image was developed for 300 kilocounts and a
256 3 256 matrix. Images were processed to acquire split function
for both kidneys and analyzed for the presence of any scars. Three
different calibrated g-cameras were used on a random basis for im-
aging: a Siemens Intevo (SPECT/CT), a Siemens Evo (SPECT), and
a GE Healthcare Discovery (SPECT). A Symbia.net (Siemens) proc-
essing station (Symbiote) was used for the Intevo and the Evo, and a

Xeleris (GE Healthcare) processing station was used for the Discov-
ery. All acquired data were stored on a computer, including counts
and measurement times. For all images of kidneys, count rates were
determined by choosing suitable regions of interest, and a region sur-
rounding each region of interest was used for background correction.
The central research and ethics committee at the Royal Hospital

approved this study, and the requirement to obtain informed con-
sent was waived.

99mTc-DMSA Preparation and Formulation Evaluation
The DMSA lyophilized reagent (Technescan DMSA; Mallinckrodt)

and the sodium pertechnetate (99mTc) solutions eluted from the
Mallinckrodt Ultra-TechneKow generator were used in this study.
All kits were prepared on the day of the procedure. Storage temper-
ature, air bubbles, and syringe type were controlled. The Technescan
DMSA was stored according to its commercial leaflet instructions at
a controlled temperature (2"C–8"C). The radiopharmaceuticals were
prepared strictly following manufacturer criteria and stored at room
temperature (21"C–24"C). Air bubbles were physically removed
during preparation. In addition, the time between preparation and
injection was recorded. Other parameters that may have influenced
the 99mTc-DMSA preparation and formulation, such as product con-
centration and product quality control measures, were gathered and
evaluated. The DMSA vials were checked for expiration date, which
was documented along with batch number.
Quality Control. The quality of the eluted solution was routinely

tested for 99Mo breakthrough, aluminum breakthrough, and pH. The
DMSA reagent was prepared with 5 mL of 99mTc-sodium pertechne-
tate solution using varied tracer activities of 1,200–3,700 MBq. It was
then incubated at room temperature for 15 min. The radiochemical
purity was determined using Biodex chromatography strips and ace-
tone as a mobile phase. The pH of the final product was checked
using validated Merck pH indicator strips.
Normal Saline Batches. Patients for whom different batches of

normal saline were routinely used in the preparation of 99mTc-DMSA
during the study period were compared for abnormal biodistribution.
The normal saline brand used, along with the different batch

numbers and their expiration dates, were checked. Three different
routinely used normal saline batches were assessed in this study: a
newly introduced batch A (batch 132129, used for 17 wk during
the study) and 2 batches of B (batches 133325 and 132589, used
for 15 wk during the study). The pH meter SI Analytics Lab 850
was used to check the pH of normal saline and to compare with
validated pH strips. The limulus amebocyte lysate test was per-
formed to check for bacterial endotoxins in normal saline using a
calibrated Charles River Endosafe PTS. Blood platelets, chocolate
agar plate, and brain heart infusion broth were used to test normal
saline sterility in an institutional microbiology lab.

Data Analysis
Data were analyzed by SPSS, version 24 (IBM). Categorized

variables and incidence were presented as frequencies and percen-
tages. The difference in the incidence of abnormal biodistribution
in the 2 compared groups (batches A and B) was assessed using
the x2 test with relative risk and its 95% CI. A P value of less than
0.05 was considered significant.

RESULTS

In total, 339 patients who underwent a 99mTc-DMSA renal
scan were included in this study, 54% of whom were male.
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The sample included 48% children, 35% infants, and 17%
adults. Indications for the 99mTc-DMSA renal scan included
vesicoureteral reflux (19%), urinary tract infection (12%),
renal scars (11%), posterior urethral valves (9%), and neuro-
pathic bladder (7%), as well as evaluation for potential kid-
ney donation (3%).
The incidence of abnormal biodistribution among the stud-

ied sample was 26.5% (90 patients); 31 of these patients were
found to have obvious causes for abnormal biodistribution.
Table 1 summarizes the data on patients with known causes
of abnormal biodistribution. High creatinine in patients with
chronic kidney disease was responsible for 26 (29%) of the
abnormal cases. Urinary alkalinizer treatment was responsible
for 3 cases. Fatty liver and enlargement of the liver and spleen
were responsible for 2 cases, respectively.
Regarding the quality control measures, none of the

abnormal biodistribution cases were attributed to poor qual-
ity control measurement for 99mTc-DMSA. The quality

control tests of prepared 99mTc-DMSA were performed for
all eluted solutions and final products before clinical use.
The labeling efficiency and pH were within the acceptance
level at 15 min and 2 h after preparation. Quality control
results are shown in Table 2.
In relation to normal saline quality control, all 3 normal

saline batches used were preservative-free. All institutional
investigation results for the 3 normal saline batches com-
plied with manufacturer specifications in the certificate of
analysis. Table 3 shows the quality control results for nor-
mal saline batches compared with manufacturer standards.
Of the total number of patients, 157 (46%) were injected

with 99mTc-DMSA prepared using batch A normal saline,
and 182 (54%) were injected using batch B. Among the
batch A group, 78 scans (49.7%) showed abnormal biodis-
tribution, compared with 12 (6.6%) among the batch B
group. The relative risk was 7.5 (95% CI, 4.3–13.3). This
difference was statistically significant (P , 0.001).
Regression analysis revealed that the use of normal saline

A, the presence of a cause, and injection of 99mTc-DMSA
after 2 h from preparation were all independent factors for
abnormal biodistribution (P , 0.001).
Subanalysis showed that the association of normal saline

A and abnormal biodistribution existed mainly among those
who were injected after 2 h. In this regard, among this
group (injected after 2 h), 83.0% of the normal saline A
group developed abnormal biodistribution, compared with
8.1% in the normal saline B group (P , 0.001). However,
in those who were injected before 2 h, 13.3% of the normal
saline A group developed abnormal biodistribution, com-
pared with 4.8% of the normal saline B group (P 5 0.6).
With regard to the association between different factors

and abnormal biodistribution, 88.2% of those who reported
obvious causes for abnormal biodistribution developed
abnormal biodistribution, compared with 19.7% among
those who did not report any obvious cause (P , 0.001).
With regard to time of injection, 42.0% of those who were
injected after 2 h from 99mTc-DMSA preparation developed
abnormal biodistribution, compared with 8.9% among those
who were injected before 2 h (P , 0.001).

DISCUSSION

Initiation of this study was based on clinical observation of
an increased number of abnormal 99mTc-DMSA biodistribution

TABLE 1
Medical Conditions and Medication Affect 99mTc-DMSA

Biodistribution

Cause Patients (n)

High creatinine 26
Medication/urinary alkalinizer 3
Fatty liver 1
Liver and spleen enlargement 1
Poor quality control measures

for 99mTc-DMSA
0

TABLE 2
Quality Control Test Results for Eluted Solutions and Final

Products

Test Accepted limit Average result

99Mo breakthrough ,0.1% 0.02%
Al13 breakthrough Eluted spot less

intensely colored
than standard
solution

All passed

99mTc pH 4.0–8.0 5.0
99mTc-DMSA pH 2.5–3.5 3.1
Labeling efficiency $95% 98.2%

TABLE 3
Institutional Investigation Results Compared with Manufacturer Specifications for Normal Saline Quality Control

Test Accepted limit

Normal saline

Batch A (132129) Batch B (132589) Batch B (133325)

Visual inspection Clear, colorless Clear, colorless Clear, colorless Clear, colorless
pH 4.5–7.0 5.5 5.6 5.8
Osmolarity (mmol/L) 308 287 282 280
Endotoxin/pyrogen (IU/mL) ,2.5 ,2.5 ,2.5 ,2.5
Sterility No growth or turbidity Sterile Sterile Sterile
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cases among patients who underwent 99mTc-DMSA scan-
ning over a specific period. Unexpectedly, this study found a
high incidence of abnormal 99mTc-DMSA biodistribution
among the scanned patients. The radiotracer uptake was
seen as a high background level with accumulation in the
liver and, to a lesser extent, in the gallbladder and bowel
loops. These are commonly reported sites for abnormal
99mTc-DMSA biodistribution, as shown in Figure 1 for adults
and Figure 2 for children. The common reported causes for
abnormal biodistribution in this study were high creatinine
level, medications, and liver diseases. In addition, we found
that a certain batch of normal saline used in the preparation of
99mTc-DMSA was associated with abnormal biodistribution
of 99mTc-DMSA.

Although we found no study in the
literature addressing the incidence of
abnormal biodistribution of 99mTc-
DMSA, in a normal situation and
according to clinical observation, the
incidence of abnormal biodistribution
is expected to be lower than the
reported 26%. This can be extrapo-
lated from the incidence of abnormal
biodistribution among patients who
received normal saline batch B
(6.6%), which had been routinely
used before normal saline A batch
was introduced into the service for
preparation of 99mTc-DMSA.
According to Raji#c et al. (11),

impairment of tubular function is
considered the most important cause

of altered 99mTc-DMSA biologic behavior. In this study, 26
patients with abnormal biodistribution had renal problems
with high creatinine levels; therefore, this was the explana-
tion for high background and liver uptake among these
patients. In addition, liver and spleen diseases may also
influence the biodistribution of 99mTc-DMSA (5). Two of
the evaluated patients in our study who demonstrated abnor-
mal biodistribution had liver and spleen diseases.
Besides disease status, recent medication history was

assessed for all patients to evaluate for possible interference
and impact on the bioavailability of the radiopharmaceutical
at abnormal sites and, therefore, on image quality. Gomes
et al. (12) and Bernardo et al. (7) found evidence that the
biodistribution of radiopharmaceuticals may be altered

FIGURE 1. Anterior and posterior images of adult with abnormal 99mTc-DMSA distribu-
tion pattern in liver, colon, and background.

FIGURE 2. (A) Fused sagittal image of 99mTc-DMSA study of child with history of cross-fused ectopic kidney, showing high back-
ground, liver, and colon uptake. (B) Corresponding CT image. (C) Corresponding SPECT image.
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by patient medications. Medications such as ammonium
chloride and sodium bicarbonate can reduce renal uptake
and increase liver uptake (10). Three of the patients in
this study were receiving urinary alkalinizer drugs, which
contain sodium bicarbonate. Furthermore, contamination
during dispensing or administering of antiseptics can lead
to abnormal biologic distribution of 99mTc-DMSA. One
example is chlorhexidine antiseptic, which can interfere with
99mTc-DMSA and lead to the formation of a colloidal com-
plex and, subsequently, to unfavorable liver and spleen
uptake (13). In this study, the antiseptic used contained iso-
propyl alcohol.
On the other hand, Fakhari et al. (5) reported that dehy-

drated patients have less kidney uptake of 99mTc-DMSA
because of decreasing kidney capacity, leading to abnor-
mal biodistribution of 99mTc-DMSA. Hydration signifi-
cantly alters the biologic distribution of 99mTc-DMSA;
thus, maintaining adequate hydration is an important fac-
tor to decrease background levels of 99mTc-DMSA (9). As
part of our local departmental procedural protocol, all
patients in this study were instructed to stay well hydrated
after injection.
Moreover, small changes in preparation procedures can

cause differences in the formation of different types of prod-
ucts and lead to differences in their biodistribution (14).
Therefore, procedures for kit preparation and injection were
studied and standardized in this study, with the kits prepared
in the same manner and following the manufacturer’s in-
structions. Temperature can also affect biodistribution, as
product stability decreases when temperature is raised (2).
The 99mTc-DMSA cold kits used in our department are
stored in a calibrated, controlled-temperature refrigerator
(2"C–8"C), and labeled vials are stored at a temperature
below 25"C. Furthermore, it is known that liver uptake
can increase when 1 mL of air is bubbled into the 99mTc-
DMSA solution 20 min before injection (15). During
preparation in this study, the solutions were not exposed
to oxygen and the product was used within 4 h after prep-
aration. In addition, it has been documented by Vallabha-
josula et al. (10) that in the preparation of 99mTc-DMSA,
radiochemical impurities increase with decreased product
concentration. In our study, 99mTc-DMSA products were
prepared with an appropriate concentration of 1,200–3,700
(MBq/5mL) to achieve an acceptable labeling efficiency
according to the manufacturer’s instructions. The radio-
chemical purity test, used just before administration of the
radiotracer, revealed acceptable results with less than 2%
radiochemical impurity.
It has been proven that 99mTc-DMSA stability is sensitive

to pH and reactants (16). In our study, the eluted solution of
99mTc had an average pH of 5.0, and 3.1 was the average
pH of the 99mTc-DMSA. The quality, safety, and efficacy
of all products were confirmed by quality control tests

performed for all products before clinical use. In particular,
the labeling efficiency and pH were tested at 15 min and
2 h after 99mTc-DMSA preparation. However, there was
still a profoundly abnormal biodistribution.
The effect of normal saline used in the preparation of

99mTc-DMSA on the abnormal biodistribution of 99mTc-
DMSA was checked by comparing different batches. These
batches were tested and compared with the manufacturer’s
certificate of analysis to investigate any problem. All insti-
tutional investigation results complied with the manufac-
turer specifications and showed laboratory results similar to
other tested batches.
Our study showed that normal saline batch A was respon-

sible for the unexpected increase in abnormal 99mTc-DMSA
biodistribution and that the abnormality was present mainly
in patients injected 2 h after preparation of the 99mTc-
DMSA. To our knowledge, this was the first study to dis-
cover that a specific preservative-free normal saline that is
up to standard is a significant cause of abnormal biodistri-
bution. Other studies have attributed a similar finding to the
preservatives that may be added to the saline. Most of these
effects were linked to reactions with benzyl alcohol, the
most common preservative used in sterile normal saline
(17,18). Another finding is that bacteriostatic normal saline,
used in the preparation and dilution of many 99mTc-radio-
pharmaceuticals, can adversely affect radiochemical purity,
stability, and biodistribution compared with preparation
with preservative-free normal saline (19). Furthermore, it
has been reported that dilution of 99mTc-pertechnetate with
bacteriostatic normal saline increases the percentage of
insoluble and colloidal impurities (19).

CONCLUSION

In this study, the abnormal biodistribution of 99mTc-
DMSA among scanned patients was high. We clearly
observed that a certain preservative-free batch of normal
saline, which was up to standard, was a parameter in abnor-
mal biodistribution for 99mTc-DMSA procedures. Although
the effect of normal saline on 99mTc-DMSA kit preparation
is yet to be revealed, the literature does not, to our knowl-
edge, include studies evaluating such a factor. This should
alert nuclear medicine professionals to question the validity
of any unexpected abnormal biodistribution among scanned
patients. It seems that quality control measures are not
enough to judge the use of any new batch of normal saline
in 99mTc-DMSA preparation. Pharmaceutical companies
should consider testing new manufactured normal saline
batches on a sample of patients before marketing the
batches.
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KEY POINTS

QUESTION: Can a preservative-free normal saline be a
significant cause of abnormal biodistribution of
99mTc-DMSA among patients undergoing a renal scan?

PERTINENT FINDINGS: The incidence of abnormal
biodistribution among patients who underwent a
99mTc-DMSA renal scan was high when a specific
batch of normal saline was used to prepare the
99mTc-DMSA, especially in patients injected 2 h after
preparation.

IMPLICATIONS FOR PATIENT CARE: Awareness
by nuclear medicine professionals that a specific
preservative-free normal saline can cause abnormal
99mTc-DMSA biodistribution will benefit patient care.
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A Headrest Made of Extruded Polystyrene Reduces the
Influence of Attenuation Correction on Human Brain
SPECT Images
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Previous reports suggest that a headrest made of carbon signifi-
cantly influences cerebral blood flow in the anterior and posterior
regions by image reconstruction and attenuation correction (AC).
The present study aimed to develop a headrest that reduces the
influence of the AC process on human brain SPECT. Methods: To
validate the performance of a headrest made of extruded polysty-
rene (XPS), 10 healthy controls and 43 patients with cerebrovascu-
lar disease underwent 99mTc-ethyl cysteinate dimer SPECT using a
carbon headrest and an XPS headrest. We evaluated the anterior-
to-posterior and middle-to-posterior ratio of the brain regions in
filtered backprojection (FBP) Chang AC, ordered-subset expecta-
tion maximization (OSEM) Chang AC, and OSEM CT-based AC.
Results: The anterior-to-posterior ratio was significantly higher with
the carbon headrest than with the XPS headrest in FBP Chang AC
and OSEM Chang AC (P , 0.001). There was no significant differ-
ence between the materials in OSEM CT-based AC. The middle-
to-posterior ratio did not differ to a statistically significant extent in
any correction process. Conclusion: Acquisition of brain SPECT
images with an XPS headrest and processing by the FBP or OSEM
Chang AC method enables the influence of the headrest to be
reduced, especially in anterior and posterior brain regions.

Key Words: SPECT; headrest; image reconstruction; attenuation
correction; XPS; extruded polystyrene
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In the acquisition of brain SPECT images, various inter-
actions (e.g., image reconstruction, attenuation correction
[AC], and scatter correction [SC]) should be considered.
The influence of these interactions results in decreased
image contrast and errors for which AC and SC compen-
sate. There are 2 representative methods for AC in SPECT:
Chang AC and CT-based AC (CTAC). Chang AC is based
on the assumption of uniform attenuation of g-rays by intra-
cranial tissues. However, since there are complex structures

in the cranium (e.g., air, soft tissues, the paranasal sinus,
and various degrees of skull thickness), attenuation is diffi-
cult to accurately correct (1). On the other hand, the recent
widespread use of SPECT/CT has led to correction using
CT data, such as CTAC. Attenuation of intracranial tissue
that is nonuniform with the attenuation coefficient distribu-
tion derived from CT data can also be corrected. Thus,
CTAC is expected to become more accurate than Chang
AC (2).
A headrest is indispensable for brain SPECT. At present,

carbon and polyethylene are the materials commonly used
to construct standard headrests. Since the CT value of car-
bon is 300 Hounsfield units (HU), which affects the degree
of g-ray attenuation, g-ray attenuation can affect image
reconstruction processes, including AC and SC. Previous
reports that compared SPECT images constructed using 2
types of AC methods have shown that CTAC is more accu-
rate than the Chang method based on experimental data
obtained with a phantom simulating the brain (3). Further-
more, in the Chang method, the anterior region of the brain
shows relatively high blood flow because uniform correction
is performed without considering the attenuation of g-rays in
part of the headrest. Thus, CTAC may contribute to reducing
the influence of the headrest in comparison to Chang AC.
However, Chang AC is still used in the reconstruction pro-
cess for SPECT because SPECT/CT is not widespread
enough. Therefore, headrest materials with a low CT value
are needed because of the rareness of SPECT/CT systems.
We previously investigated the influence of headrests on

brain SPECT using various SC and AC methods (4). We
acquired a SPECT image with and without a carbon head-
rest to compare SPECT images. The blood flow value in
the anterior region of the brain was higher than that evalu-
ated by methods other than ordered-subset expectation max-
imization (OSEM) and CTAC image reconstruction. Thus,
SPECT images are affected by the headrest unless both
OSEM and CTAC are used to process the image. To solve
this problem, we thought it necessary to use a headrest with
a low CT value, almost equivalent to air, rather than carbon.
Finally, we found a material, extruded polystyrene (XPS),
that has a low CT value (practically equivalent to air), and
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we developed a new headrest made of this material. The
purpose of this study was to compare the XPS headrest
with a carbon headrest in healthy controls and patients with
cerebrovascular disease.

MATERIALS AND METHODS

This study was approved by the Ethical Review Committee of
Yamagata University Faculty of Medicine for epidemiologic research
(approval 2018-199). The participants gave written informed consent
to inclusion in the study and publication of their data.

Subjects
Healthy Controls. We enrolled 10 healthy controls (male, n5 10;

mean age, 50.20 6 7.97 y; range, 32–59 y) who had no organic
lesions on MRI and no stenosis or occlusion of the intracranial
artery on MR angiography. The fact that the healthy control group
comprised only men was coincidental; no selection bias was made.
They were assessed by brain 99mTc-ethyl cysteinate dimer (ECD)
SPECT with headrests made of carbon and XPS from July 2018 to
April 2019.
Patients with Cerebrovascular Disease. We enrolled 43 patients

(male, n 5 30; female, n 5 13; mean age, 59.46 6 16.46 y; range,
22–85 y). Seventeen patients had cervical internal carotid artery ste-
nosis, 16 had moyamoya disease, and 4 had intracranial artery steno-
sis. They were assessed by brain 99mTc-ECD SPECT with carbon
and XPS headrests from October 2018 to August 2020.

SPECT Acquisition
Images were acquired by 99mTc-ECD SPECT/CT using a Sym-

bia T2 (Siemens Healthineers) with a rotating, dual-detector
g-camera; a low-energy high-resolution collimator; and 360" con-
tinuous rotation (2.5 min/rotation 3 6 rotations). Magnification
was 1.45, the matrix was 128 3 128 (3.3 mm/pixel), the main
window was 141 6 10.5 keV, and the subwindow was 7%. The
subjects were intravenously injected with 600 MBq of 99mTc-ECD
while supine with their eyes closed and their head placed on the
headrest. The SPECT acquisition with the carbon headrest took
20 min, starting 5 min after injection. The SPECT acquisition with
the XPS headrest then took 20 min, starting 30 min after injection.
CT imaging was also performed for both.

Headrests
The existing headrest (Fig. 1A) was of carbon, covered the

occipital to the temporal regions, and had a CT value of 300 HU.

The new headrest (Fig. 1B) was a hybrid
of XPS and stainless steel (SUS304). XPS
was chosen because it is easy to process,
high in strength, low in cost, not metal, and
as low as 2980 HU in CT value. It was
structured without temporal parts to reduce
the attenuation of g-rays. To increase stabil-
ity of the head, we formed a dent in the
headrest where it touches the back of the
patient’s head. Testing of whether the head-
rest is strong enough for an actual clinical
SPECT examination found that it could
withstand a force of up to 200 N (kg%m/s2)
and was as durable as the carbon headrest,
which could withstand a force of up to 180N.
Furthermore, if the occipital region is close

to stainless steel, the cerebral blood flow cannot be evaluated cor-
rectly because of metal artifacts. Therefore, the patient’s neck was
positioned at the joint between the XPS and the stainless steel so that
the stainless steel did not enter the cerebral blood flow evaluation
site.

Image Analysis
Images were reconstructed by filtered backprojection (FBP) and

ordered-subset expectation maximization (OSEM) with the combina-
tion of AC and SC. Chang AC, which is used in FBP and OSEM,
creates an attenuation coefficient distribution that does not consider
the headrest, as correction applies only to intracranial tissue. The
CTAC used in OSEM creates an attenuation coefficient distribution
of CT data and corrects both the intracranial tissue and the headrest.
SC in SPECT was performed with a multienergy window.

99mTc-ECD SPECT was analyzed using a 3-dimensional (3D) ste-
reotactic region-of-interest template (PDRadiopharma Inc.) to verify
the influence of the headrest materials. The regions of interest were
grouped into 12 segments in each hemisphere (A, callosomarginal; B,
precentral; C, central; D, parietal; E, angular; F, temporal; G, poste-
rior; H, pericallosal; I, lenticular nucleus; J, thalamus; K, hippocam-
pus; and L, cerebellar) (5). We evaluated the count ratios for the
anterior region (A1B) to the posterior region (G) and for the middle
region (D1F) to the posterior region (G) to investigate the influence
in the anterior and middle areas of the brain defined by the 3D stereo-
tactic region-of-interest template (Fig. 2). We divided the images into
the following 3 groups based on the methods of image reconstruction

Stainless steel

Extruded polystyrene (XPS)
BA

Carbon

FIGURE 1. (A) Carbon headrest covering temporal to occipital regions of head, with CT
value of 300 HU. (B) Hybrid headrest constructed from XPS and stainless steel, covering
occipital region of head (which is in contact with XPS), with CT value of2980 HU.

A+B/G ratio

G

A
B

A
D+F/G ratio

G

D
F

B

FIGURE 2. 3D stereotactic region-of-interest template for
A1B/G ratio (A) and D1F/G ratio (B).
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and AC: FBP Chang AC, OSEM Chang AC, and OSEM CTAC. The
results for the 4 groups were compared between the carbon and XPS
headrests.
All statistical analyses were performed using the SPSS software

program (version 26; SPSS Inc.). Differences in the A1B/G and
D1F/G ratios among the different image reconstruction and cor-
rection methods with and without a headrest were analyzed using
a paired t test. P values of less than 0.01 were considered to indi-
cate statistical significance.

RESULTS

Healthy Controls
Table 1 compares the average A1B/G ratio and D1F/G

ratio for each group using the carbon and XPS headrests. In
FBP Chang AC and OSEM Chang AC, there were significant
differences in the A1B/G ratio between the carbon and XPS
headrests (P , 0.001). On the other hand, in OSEM CTAC,
there were no significant differences in
the A1B/G ratio between the carbon
and XPS headrests. There were no sig-
nificant differences in the D1F/G ratio
between the carbon and XPS headrests
in any group.
Figure 3 shows representative im-

ages. For the anterior brain region,
images constructed using FBP Chang
AC and OSEMChang AC with a carbon
headrest showed a higher blood flow
than those with an XPS headrest. On the
other hand, images constructed using
OSEMCTACwith a carbon headrest did
not differ from images constructed using
the samemethodswith anXPS headrest.
Table 2 compares the average A1

B/G ratio and D1F/G ratio for each
group between the carbon and XPS
headrests. In FBP Chang AC and
OSEM Chang AC, significant differ-
ences in the A1B/G ratio were ob-
served between the carbon and XPS
headrests (P , 0.001). On the other
hand, in OSEM CTAC, the A1B/G
ratio did not differ between the carbon
and XPS headrests. The D1F/G ratio

did not differ to a statistically significant extent between the
carbon and XPS headrests in any group.
Figure 4 shows representative images. A 45-y-old man with

atherothrombotic infarction due to left middle cerebral artery
stenosis underwent MRI, 3D CT angiography, and 99mTc-ECD
SPECT. MRI fluid-attenuated inversion-recovery sequences
showed high-intensity lesions due to cerebral infarction in the
left frontal and temporal lobes, including the insular cortex. 3D
CT angiography showed severe stenosis of the left middle cere-
bral artery. For the anterior brain region, images constructed
using FBP Chang AC and OSEM Chang AC with a carbon
headrest showed a higher blood flow than those obtained using
an XPS headrest. On the other hand, images using OSEM
CTACwith a carbon headrest did not differ from those obtained
using an XPS headrest. The ratio of the ischemic side to the
nonischemic side for the counts in region-of-interest B, which

TABLE 1
Comparison of A1B/G and D1F/G Ratios Between Carbon and XPS Headrests in Healthy Controls (n 5 10)

A1B/G D1F/G

Parameter Carbon XPS P Carbon XPS P

FBP Chang AC 0.97 6 0.02 0.93 6 0.02 ,0.001* 0.89 6 0.02 0.89 6 0.02 0.173
OSEM Chang AC 0.98 6 0.04 0.94 6 0.02 ,0.001* 0.90 6 0.02 0.90 6 0.02 0.423
OSEM CTAC 0.91 6 0.02 0.91 6 0.02 0.322 0.88 6 0.01 0.88 6 0.01 0.037

*Statistically significant.

Carbon XPS

FBP!ChangAC

OSEM!ChangAC

OSEM!CTAC
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FIGURE 3. Comparison of 99mTc-ECD SPECT images obtained using carbon and XPS
headrests in healthy controls. Images constructed with FBP Chang AC and OSEMChang
AC using carbon headrest show higher cerebral blood flow in anterior part of brain than
do images constructed with same methods using XPS headrest. In images constructed
with OSEM CTAC, anterior and posterior parts of brain do not differ between images
obtained using carbon and XPS headrests. SRT 5 stereotaxic region-of-interest tem-
plate; ROI5 region of interest.
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includes the middle cerebral artery territory, was 0.97 for carbon
and 0.95 for XPS when viewed with FBP Chang AC.

DISCUSSION

XPS as a Headrest Material
Previous studies reported that the headrest affected SPECT

images when the Chang method was used for AC (2,3). The
cause is considered to be the effect of the carbon from which
the headrest is constructed on image reconstruction pro-
cesses, especially AC. Since carbon has a high CT value of
300 HU, a carbon headrest can attenuate g-rays generated
from brain parenchyma adjacent to the headrest (e.g., the
occipital region in Chang AC). Thus, the posterior region is
relatively low, and the anterior region is considered to have a
high cerebral blood flow distribution. Our previous report (4)

showed that with FBP Chang AC and OSEM Chang AC,
significant differences in A1B/G ratio were observed be-
tween images obtained with and without a headrest. As a
result, the anterior region appeared to have a higher cerebral
blood flow than the posterior region, except when the OSEM
CTAC method was used. Therefore, we need to create a
headrest made of materials with low CT values and a low
degree of g-ray attenuation. Among such materials, the CT
value of XPS is 2980 HU, which is extremely low. Since
XPS comprises innumerable bubbles, attenuation of g-rays is
considered to be small and the CT value low. Furthermore,
the structure of XPS differs from that of expanded polystyrene
beads, a well-known material with a structure consisting of
continuous large bubbles. Since the bubbles are not continuous
and are partitioned by a thin film of polystyrene resin in XPS,
XPS has high strength and is suitable for headrest construc-

tion. Additionally, since XPS is in a
completely sealed state, it suppresses
water attenuation and heat conduction,
is unlikely to change, and has high
durability. Thus, we finally selected
XPS as the headrest material.

Comparison Between Carbon and XPS
for the Acquisition of 99mTc-ECD
SPECT Images
For the anterior brain region, images

obtained using FBP Chang AC and
OSEM Chang AC with a carbon head-
rest showed a higher blood flow than
those with XPS in all participants.
This is because the g-rays generated
from the brain parenchyma around the
headrest, especially in the occipital
region, are absorbed by the carbon
headrest because of the g-ray attenua-
tion. Thus, the cerebral blood flow dis-
tribution is low in the occipital region
and relatively high in the anterior
region (3).
Our results show that use of an XPS

headrest reduces the difference between
the anterior and posterior regions of the

TABLE 2
Comparison of A1B/G and D1F/G Ratios Between Carbon and XPS Headrests in Patients with Cerebrovascular

Disease (n 5 43)

A1B/G D1F/G

Parameter Carbon XPS P Carbon XPS P

FBP Chang AC 0.96 6 0.05 0.91 6 0.05 ,0.001* 0.87 6 0.04 0.87 6 0.04 0.343
OSEM Chang AC 0.96 6 0.05 0.92 6 0.06 ,0.001* 0.88 6 0.04 0.88 6 0.04 0.938
OSEM CTAC 0.89 6 0.04 0.89 6 0.05 0.893 0.86 6 0.03 0.86 6 0.03 0.099

*Statistically significant.
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FIGURE 4. Comparison of 99mTc-ECD SPECT images obtained using carbon and XPS
headrests in patients with cerebrovascular disease. Fluid-attenuated inversion-recovery
MR images show high-intensity lesions due to cerebral infarction in left frontal and tempo-
ral lobes, including insular cortex. 3D CT angiography shows severe stenosis of left middle
cerebral artery. For anterior brain region, images constructed using FBP Chang AC and
OSEM Chang AC with carbon headrest show higher cerebral blood flow than do images
constructed using same methods with XPS headrest. Images constructed using OSEM
CTAC with carbon headrest show no difference from images constructed using same
methods with XPS headrest. CTA 5 CT angiography; FLAIR 5 fluid-attenuated inversion-
recovery; ROI5 region of interest; SRT5 stereotaxic region-of-interest template.
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brain. Thus, AC using XPS is less likely to affect image
acquisition, even with the Chang method. In OSEM CTAC,
there was no significant difference between carbon and XPS
because correction from the CT data is based on both the
intracranial tissue and the headrest, considering the nonuni-
formity of the brain in the CTAC method (6). Therefore,
OSEM CTAC can be considered a reference standard. The
A1B/G ratio by Chang AC using XPS and OSEM CTAC
was similar. The skull has different degrees of thickness
depending on the site. Since occipital bone is thicker than
frontal bone, attenuation of g-rays is considered to be more
significant in the occipital region. Thus, the Chang method,
which assumes that the head is a uniform absorber, is con-
sidered to be more significantly affected by the carbon head-
rest (7).
Regarding the clinical meaning of the difference between

carbon and XPS, a representative case demonstrated in Figure
4 suggests the possibility that decreased blood flow will be
underestimated in ischemic lesions when carbon is used for
the headrest.
On the other hand, regarding the D1F/G ratio, no signifi-

cant difference was observed between carbon and XPS in
any combination of image reconstruction and AC methods.
Regions D, F, and G were covered by the carbon headrest.
Thus, like the posterior region, these regions were consid-
ered to be affected by the headrest.
A limitation of the present study is that, to minimize inter-

actions such as attenuation and scattering of g-rays emitted
from brain tissue, the XPS headrest does not cover the side of
the head, unlike the carbon headrest. Consequently, fixation
during examination may have been a little unstable. Thus,
further improvement is needed. In AC using the Chang
method, the effect on images is considered to be less with the
XPS headrest than with the conventional carbon headrest.
Therefore, in the future, consideration may be given to use of
XPS as a headrest material for SPECT image acquisitions.

CONCLUSION

We developed a new headrest constructed from XPS
instead of carbon for brain SPECT. XPS has a low CT
value of 2980 HU, with excellent versatility, workability,
and strength. The A1B/G ratio in FBP Chang AC and
OSEM Chang AC significantly differed between the carbon
and XPS headrests in healthy controls and patients with
cerebrovascular disease. On the other hand, the A1B/G

ratios in OSEM CTAC were not affected by the headrest
material. There was no significant difference in the D1F/G
ratio in FBP Chang AC or OSEM Chang AC. Thus, a head-
rest made of XPS reduces the influence of AC on brain
SPECT images, especially in anterior and posterior brain
regions when processed using the FBP or OSEM Chang
AC method.
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KEY POINTS

QUESTION: Can a headrest be developed that reduces
the influence of AC on SPECT images of the human
brain?

PERTINENT FINDINGS: In healthy volunteers and
cerebrovascular patients, a headrest made of XPS
reduced the influence of AC on brain SPECT images,
especially in anterior and posterior brain regions, when
processed by the FBP or OSEM Chang AC method.

IMPLICATIONS FOR PATIENT CARE: The headrest
made of XPS might allow acquisition of more precise
human brain SPECT images.
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Optimization of the Attenuation Coefficient for Chang
Attenuation Correction in 123I Brain Perfusion SPECT
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N-isopropyl-p-123I-iodoamphetamine brain perfusion SPECT has
been used with various attenuation coefficients (m-values); how-
ever, optimization is required. This study aimed to determine the
optimal m-value (mopt-value) for Chang attenuation correction (AC)
using clinical data by comparing the Chang method and CT-based
AC.Methods:We used 100 patients (reference group, 60; disease
group, 40) who underwent N-isopropyl-p-123I-iodoamphetamine
SPECT. SPECT images of the reference group were obtained to
calculate the AC using the Chang method (m-values, 0.07–0.20;
0.005 interval) and the CT-based method, both without scatter cor-
rection (SC) and with SC. The mopt-value with the smallest mean
percentage error for the brain regions of the reference group was
calculated. Agreement between the Chang andCT-basedmethods
applying the mopt-value was evaluated using Bland–Altman analy-
sis. Additionally, the percentage error in the region of hypoperfu-
sion in the diseased group was compared with the percentage
error in the same region in the reference group when the mopt-value
was applied. Results: The mopt-values were 0.140 for Chang
without SC and 0.160 for Chang with SC. In the Chang method,
with the mopt-value applied, fixed and proportional biases were
observed in the Bland–Altman analysis (both P, 0.05), and there
was a tendency for the percentage error to be underestimated in
the limbic regions and overestimated in the central brain regions.
There was no significant difference between the disease group
and the reference group in the region of hypoperfusion in either
Chang without SC or Chang with SC. Conclusion: The present
study revealed that the mopt-values of the Chang method are
0.140 without SC and 0.160 with SC.

KeyWords: SPECT; brain perfusion; Chang attenuation correction

J Nucl Med Technol 2023; 51:49–56
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Brain perfusion SPECT is required to be qualitatively
and quantitatively accurate. SPECT projection data are subject
to scattering and attenuation of g-rays caused by the subject.
Particularly, attenuation causes a depth-dependent decrease in
counts within the subject, leading to significant accuracy errors

in quantitative evaluation (1). Therefore, attenuation correction
(AC) is vital to obtain accurate brain perfusion SPECT images.
CT-based AC (a nonuniform AC) and Chang AC (a uni-

form AC) are used mainly in brain perfusion SPECT. The
CT-based method is considered the gold standard for AC
because of its high correction accuracy. Contrastingly, the
Chang method is widely used in routine clinical practice pri-
marily because of its simplicity in AC processing. It does not
require a CT scan, thereby eliminating radiation exposure. The
attenuation map of the Chang method is given by a constant
attenuation coefficient (m-value) for each radionuclide energy.
Various m-values have been used for N-isopropyl-p-123I-
iodoamphetamine brain perfusion SPECT, with variations
(broad-beam: 0.07 (2), 0.08 (3), 0.09 (4), and 0.10 (5); narrow-
beam: 0.11 (3), 0.12 (6), 0.146 (2,5,7), 0.160 (8), 0.166 (9),
and 0.167 (10)). Optimization of m-values is required for the
Chang method in N-isopropyl-p-123I-iodoamphetamine brain
perfusion SPECT.
It is necessary to consider the effect of skull attenuation

(11–13) and the difference in m-value depending on the slice
position (9,12,14) to optimize the m-value of the Chang
method. The skull is relatively thicker in the occipital region
than in other regions (15), making it difficult to reproduce the
actual skull thickness in the phantom accurately. Additionally,
when m-values are determined using a pooled phantom, the
basal ganglia level is the evaluation target (16), resulting in
inadequate evaluation of the parietal and cerebellar levels. Van
Laere et al. (13,17) noted that m-values determined experimen-
tally using phantoms cannot be directly extrapolated for appli-
cation to clinical data.
This study aimed to determine the optimal m-value (mopt-

value) using clinical data. The m-value that most closely
approximates the AC effect of the CT-based method, the
gold standard, was determined as the mopt-value of the
Chang method. We further validated the mopt-value by eval-
uating agreement between the Chang and CT-based meth-
ods when mopt-values were applied and by evaluating the
error of the mopt-values in hypoperfusion regions.

MATERIALS AND METHODS

This retrospective study was approved by our institution’s ethics
review committee. All data used for analysis were obtained from
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routine clinical diagnostic investigations; no other examinations
were performed for the study. The requirement for written consent
was waived by the ethics review committee.

Patients
This study included 100 patients (male, 47; female, 53; median

age, 66.0 y [range, 23.1–90.3 y]) who underwent N-isopropyl-
p-123I-iodoamphetamine brain perfusion SPECT between January
and December 2021. Patients diagnosed with generally preserved
perfusion or mild nonspecific hypoperfusion were defined as the
reference group. Patients diagnosed with specific hypoperfusion
were defined as the disease group. The reference group included
60 patients (male, 28; female, 32; median age, 63.5 y [23.1–90.3 y]),
and the disease group included 40 patients (male, 19; female, 21;
median age, 72.5 y [48.4–88.2 y]). Disease groups included Alzhei-
mer disease, dementia with Lewy bodies, frontotemporal lobar
degeneration, and multiple-system atrophy of the cerebellar type,
with 10 patients each. Patients with diseases other than the above
and equivocal hypoperfusion were excluded from being selected
for the disease groups.

Data Acquisition and Reconstruction
All patients were administered 111 MBq of N-isopropyl-p-123I-

iodoamphetamine, and the SPECT scan was obtained using a
dual-head g-camera (NM/CT 870 DR hybrid SPECT/CT scanner;
GE Healthcare) equipped with an extended low-energy general-
purpose collimator. The energy peak was set at 159 keV with a
20% energy window. The subwindow for scatter correction (SC)
was set at 20% centered at 130 keV. SPECT scans were obtained
with the following parameters: continuous-acquisition mode, 360"

circular orbit, 90 projections of a 4" step angle, an 180-s acquisi-
tion per cycle for 8 cycles, a radius rotation of 150 mm, and 64 3
64 matrices with a zoom magnification of 32.0. CT scans for AC
were obtained with the following acquisition and reconstruction
parameters: helical scan mode, tube voltage of 120 kVp, tube current
of 40 mA, 0.5 s of rotation time, and slice thickness of 3.75 mm
(matrix, 512 3 512; pixel size, 0.97 mm). The CT data were con-
verted with bilinear scaling to attenuation maps corresponding to
159 keV using the scanner software.
All patient SPECT projection data were reconstructed using

ordered-subset expectation maximization (OSEM; 5 iterations and
10 subsets). The reconstructions for each patient included OSEM
plus the Chang method (ChangAC), OSEM plus the Chang
method plus SC (ChangACSC), OSEM plus the CT-based method
(CTAC), and OSEM plus the CT-based method 1 SC (CTACSC).
For ChangAC and ChangACSC, AC was performed by varying the
m-values from 0.07 to 0.20 (0.05 intervals). A threshold process for
each patient determined the contour of the attenuation map when
performing the Chang method. The threshold value whose contour
was nearest the outer edge of the skull was adopted by referring to
the CT images (12). The dual-energy window method was used for
SC (18). The pixel size of the reconstructed SPECT image was
4.42 mm, and the slice thickness was also 4.42 mm. A Butterworth
filter (cutoff, 0.5 cycles/cm; order, 8) was used for smoothing.

Data Analysis
All SPECT images were analyzed using AZE Virtual Place

HAYABUSA software (Canon Medical Systems), and 3-dimensional
stereotactic surface projection analysis was performed. To avoid
anatomic standardization errors, the head tilt was adjusted to the
anterior commissure–posterior commissure line (19,20). Counts of
37 brain regions were measured using volume-of-interest templates

incorporated into the 3-dimensional stereotactic surface projection
on anatomically standardized SPECT images. The 37 brain regions
included were the left and right parietal lobes, temporal lobe, fron-
tal lobe, occipital lobe, posterior cingulate gyrus, anterior cingulate
gyrus, medial frontal lobe, medial parietal lobe, medial temporal
lobe, sensorimotor cortex, visual cortex, caudate nucleus, cerebel-
lum, cerebellar vermis, putamen, parahippocampal gyrus, amyg-
dala, thalamus, and pons (not divided into left and right).

Determination of mopt-Value
The percentage error of each brain region for ChangAC/CTAC

pairs and ChangACSC/CTACSC pairs was calculated for the ref-
erence group:

Percentage error5
countChangAC,ChangACSC 2 countCTAC,CTACSC

countCTAC,CTACSC
:

First, the mean percentage error for all brain regions (37 volumes
of interest) was calculated for each patient. The m-value with the
smallest mean percentage error was the mopt-value for each patient.
The number distribution of the mopt-values for each patient was
determined to identify the range of individual differences.
Next, the mean percentage error of all brain regions (2,220

volumes of interest) in the 60 reference patients was calculated.
The absolute value of the percentage error in each brain region was
also calculated to identify the magnitude of the error. Additionally,
unsuitable m-values with significant differences from those of the
CT-based method were identified by comparing the counts of all
brain regions in ChangAC/CTAC pairs and ChangACSC/CTACSC
pairs.
Bland–Altman analysis was performed on each pair of counts to

evaluate agreement between ChangAC (with mopt-value)/CTAC
pairs and between ChangACSC (with mopt-value)/CTACSC pairs.
The percentage error of each pair was also identified for each brain
region.

Validation of mopt-Values
SPECT images of the disease group with ChangAC and Chang-

ACSC with mopt-values were used. The percentage error in the
hypoperfusion region for the ChangAC/CTAC and ChangACSC/
CTACSC pairs was calculated and compared with the percentage
error in the same region in the reference group. The hypoperfusion
regions were defined as the posterior cingulate gyrus and medial
temporal lobe for Alzheimer disease, the occipital lobe for demen-
tia with Lewy bodies, the frontal and temporal lobes for frontotem-
poral lobar degeneration, and the cerebellum for multiple-system
atrophy of the cerebellar type.

Statistical Analysis
Statistical analyses were performed using JMP Pro (version 16.1.0;

SAS Institute). The difference in counts between ChangAC/CTAC
pairs and ChangACSC/CTACSC pairs with varying m-values for
the Chang method was evaluated using the Wilcoxon signed-rank
test. Fixed and proportional biases for ChangAC/CTAC pairs and
ChangACSC/CTACSC pairs were evaluated using Bland–Altman
analysis. A paired t test and linear regression analysis were used to
analyze the fixed and proportional biases, respectively, on the Bland–
Altman plots. The percentage error of the disease and reference
groups for ChangAC/CTAC pairs and ChangACSC/CTACSC pairs
in the hypoperfusion region was evaluated using the Wilcoxon
signed-rank test. For all statistical analyses, a P value of less than
0.05 was considered statistically significant.
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RESULTS

The distribution of the number of mopt-values per patient
in the reference group is shown in Figure 1. The mopt-values
differed among patients. In ChangAC, the mopt-values ran-
ged from 0.125 to 0.150, with 0.140 being the most common
value. In ChangACSC, the mopt-values ranged from 0.145 to
0.180, with 0.160 and 0.165 being the most common values.

The percentage error of ChangAC in the reference group
is listed in Table 1, and Table 2 shows the percentage error
of ChangACSC. ChangAC exhibited the smallest percent-
age error with CTAC with a m-value of 0.140, whereas
ChangACSC displayed the smallest percentage error with
CTACSC with a m-value of 0.160. For both ChangAC and
ChangACSC, smaller m-values tended to underestimate counts,
and larger m-values resulted in overestimated counts. The
maximum absolute percentage error was 22.81% for ChangAC
with a m-value of 0.140 and 31.63% for ChangACSC with a
m-value of 0.160. Comparison of counts between the Chang
and CT-based methods revealed significant differences in all
m-values except 0.140 for ChangAC and 0.160 and 0.165
for ChangACSC.
Agreement between ChangAC applying a mopt-value of

0.140 and CTAC and between ChangACSC applying a
mopt-value of 0.160 and CTACSC in the reference group
are shown in Figures 2A and 2B. We identified a positive
fixed bias between ChangAC and CTAC and a negative
fixed bias between ChangACSC and CTACSC (both P ,
0.05). Therefore, there was an overall overestimation trend
for ChangAC and an underestimation trend for ChangACSC.
Linear regression analysis revealed a proportional bias for
ChangAC and ChangACSC (both P , 0.05).

FIGURE 1. Distribution of number of mopt-values per patient in
reference group.

TABLE 1
Percentage Error and Absolute Percentage Error Between ChangAC Applying Each m-Value and CTAC

m-value Percentage error Absolute percentage error P

0.070 238.22 6 4.02 (246.17, 229.28) 38.22 6 4.02 (29.28, 46.17) ,0.05
0.075 236.13 6 3.90 (246.51, 228.14) 36.13 6 3.90 (28.14, 46.51) ,0.05
0.080 233.78 6 3.85 (242.76, 225.84) 33.78 6 3.85 (25.84, 42.76) ,0.05
0.085 231.40 6 3.64 (241.03, 222.94) 31.40 6 3.64 (22.94, 41.03) ,0.05
0.090 228.75 6 3.66 (239.59, 219.08) 28.75 6 3.66 (19.08, 39.59) ,0.05
0.095 226.24 6 3.34 (236.81, 219.01) 26.24 6 3.34 (19.01, 36.81) ,0.05
0.100 223.78 6 3.10 (235.49, 216.19) 23.78 6 3.10 (16.19, 35.49) ,0.05
0.105 221.01 6 3.03 (232.43, 212.95) 21.01 6 3.03 (12.95, 32.43) ,0.05
0.110 218.24 6 2.79 (232.14, 29.23) 18.24 6 2.79 (9.23, 32.14) ,0.05
0.115 215.40 6 2.50 (225.94, 26.05) 15.40 6 2.50 (6.05, 25.94) ,0.05
0.120 212.12 6 3.59 (225.31, 1.84) 12.12 6 3.59 (0.16, 25.31) ,0.05
0.125 29.00 6 3.94 (222.25, 7.01) 9.07 6 3.78 (0.06, 22.25) ,0.05
0.130 25.85 6 4.40 (219.93, 14.24) 6.38 6 3.58 (0.00, 19.93) ,0.05
0.135 22.45 6 4.95 (217.42, 18.89) 4.54 6 3.13 (0.00, 18.89) ,0.05
0.140 0.96 6 5.62 (213.92, 22.81)* 4.45 6 3.57 (0.00, 22.81)* 0.58
0.145 4.18 6 6.78 (210.06, 28.65) 6.14 6 5.07 (0.00, 28.65) ,0.05
0.150 8.13 6 6.93 (28.82, 35.49) 8.58 6 6.37 (0.00, 35.49) ,0.05
0.155 11.95 6 7.74 (26.43, 38.81) 12.06 6 7.57 (0.00, 38.81) ,0.05
0.160 15.86 6 8.57 (23.87, 49.12) 15.87 6 8.54 (0.13, 49.12) ,0.05
0.165 19.92 6 8.88 (21.74, 52.43) 19.92 6 8.87 (0.01, 52.43) ,0.05
0.170 23.93 6 9.61 (1.83, 56.66) 23.93 6 9.61 (1.83, 56.66) ,0.05
0.175 28.23 6 10.50 (4.85, 64.57) 28.23 6 10.50 (4.85, 64.57) ,0.05
0.180 32.72 6 11.41 (8.26, 70.96) 32.72 6 11.41 (8.26, 70.96) ,0.05
0.185 37.16 6 12.69 (6.29, 82.40) 37.16 6 12.69 (6.29, 82.40) ,0.05
0.190 42.19 6 13.82 (13.63, 91.62) 42.19 6 13.82 (13.63, 91.62) ,0.05
0.195 46.63 6 14.82 (13.69, 99.40) 46.63 6 14.82 (13.69, 99.40) ,0.05
0.200 52.23 6 16.26 (20.34, 107.87) 52.23 6 16.26 (20.34, 107.87) ,0.05

*Smallest mean percentage error and absolute percentage error.
Data are mean 6 SD, followed by range in parentheses.
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The percentage error in each brain region for ChangAC
applying a mopt-value of 0.140 and CTAC and for ChangACSC
applying a mopt-value of 0.160 and CTACSC in the refer-
ence group is shown in Figure 3. In both ChangAC and
ChangACSC, some brain regions in the limbic region
were underestimated (the right temporal lobe, right frontal
lobe, and right sensorimotor cortex and, bilaterally, the parie-
tal lobes, occipital lobes, and visual cortex), and some brain
regions in the central region tended to be overestimated (pons
and, bilaterally, the medial temporal lobes, caudate nucleus,
pons, putamen, parahippocampal gyrus, and thalamus).
Examples of SPECT images of reference patients with

ChangAC/CTAC and ChangACSC/CTACSC are shown in
Figures 4A and 4B. ChangAC and ChangACSC tended to
slightly overestimate the central brain regions and underes-
timate the limbic cortex in the mopt-value in series normali-
zation. In CT-based method normalization, the mopt-value
produced SPECT images more similar to the CT-based
method than did the conventionally used m-values.
Table 3 summarizes the percentage error results in the

hypoperfusion region for ChangAC applying a mopt-value
of 0.140 and ChangACSC applying a mopt-value of 0.160.
The percentage error in the hypoperfusion region for each
disease group did not significantly differ from that of the

same region in the reference group for either ChangAC or
ChangACSC.

DISCUSSION

We determined mopt-values in ChangAC and ChangACSC
retrospectively using clinical data. The mopt-values were
0.140 for ChangAC and 0.160 for ChangACSC. However,
some brain regions were under- or overestimated in the
SPECT images when the mopt-values were applied. Limita-
tions of the Chang method, as a uniform AC, were also
revealed.
The distribution of mopt-values per patient displayed

some variation, with 0.140 being the most common value
for ChangAC and 0.160 and 0.165 being most common for
ChangACSC. However, it is not practical to apply individ-
ual m-values for each patient. Therefore, we determined
mopt-values by averaging out the variation in patients by
analyzing all brain regions together in 60 reference patients.
By comparing the counts of the Chang method with those
of the CT-based method, we identified significant differ-
ences for all m-values except 0.140 in ChangAC and 0.160
and 0.165 in ChangACSC, thereby providing statistical sup-
port for the mopt-value. Stodilka et al. (12) reported a relative

TABLE 2
Percentage Error and Absolute Percentage Error Between ChangACSC Applying Each m-Value and CTACSC

m-value Percentage error Absolute percentage error P

0.070 245.25 6 5.28 (260.55, 223.14) 45.25 6 5.28 (23.14, 60.55) ,0.05
0.075 243.35 6 5.31 (261.10, 221.36) 43.35 6 5.31 (21.36, 61.10) ,0.05
0.080 241.39 6 5.34 (256.87, 218.13) 41.39 6 5.34 (18.13, 56.87) ,0.05
0.085 239.25 6 5.31 (253.72, 215.78) 39.25 6 5.31 (15.78, 53.72) ,0.05
0.090 237.34 6 5.35 (255.51, 214.08) 37.34 6 5.35 (14.08, 55.51) ,0.05
0.095 235.15 6 5.34 (249.77, 211.23) 35.15 6 5.34 (11.23, 49.77) ,0.05
0.100 232.88 6 5.33 (250.07, 29.59) 32.88 6 5.33 (9.59, 50.07) ,0.05
0.105 232.92 6 7.79 (256.93, 26.89) 32.92 6 7.79 (6.89, 56.93) ,0.05
0.110 228.30 6 5.44 (248.50, 25.35) 28.30 6 5.44 (5.35, 48.50) ,0.05
0.115 226.04 6 5.60 (245.59, 22.26) 26.04 6 5.60 (2.26, 45.59) ,0.05
0.120 223.26 6 5.71 (243.11, 20.11) 23.26 6 5.71 (0.11, 43.11) ,0.05
0.125 220.84 6 6.01 (241.59, 3.75) 20.86 6 5.96 (0.02, 41.59) ,0.05
0.130 218.40 6 5.69 (239.99, 4.84) 18.42 6 5.61 (0.03, 39.99) ,0.05
0.135 215.66 6 5.92 (236.30, 8.17) 15.74 6 5.70 (0.02, 36.30) ,0.05
0.140 213.43 6 5.85 (235.95, 10.34) 13.56 6 5.54 (0.01, 35.95) ,0.05
0.145 210.56 6 6.29 (229.52, 13.57) 10.99 6 5.51 (0.05, 29.52) ,0.05
0.150 27.58 6 6.67 (229.75, 19.25) 8.65 6 5.21 (0.01, 29.75) ,0.05
0.155 24.40 6 7.33 (226.91, 26.51) 7.04 6 4.85 (0.01, 26.91) ,0.05
0.160 21.11 6 7.94 (227.83, 31.63)* 6.37 6 4.88 (0.01, 31.63)* 0.06
0.165 2.26 6 8.76 (220.46, 39.34) 6.97 6 5.76 (0.01, 39.34) 0.05
0.170 5.63 6 9.40 (219.51, 42.13) 8.37 6 7.07 (0.02, 42.13) ,0.05
0.175 9.39 6 10.45 (216.02, 50.41) 10.88 6 8.88 (0.04, 50.41) ,0.05
0.180 12.99 6 11.28 (219.97, 62.12) 13.76 6 10.32 (0.00, 62.12) ,0.05
0.185 17.09 6 11.83 (211.97, 64.69) 17.33 6 11.46 (0.02, 64.69) ,0.05
0.190 20.98 6 12.77 (210.09, 69.26) 21.10 6 12.57 (0.00, 69.26) ,0.05
0.195 24.45 6 13.11 (216.22, 72.17) 24.51 6 12.98 (0.08, 72.17) ,0.05
0.200 28.34 6 14.13 (211.36, 86.37) 28.37 6 14.07 (0.05, 86.37) ,0.05

*Smallest mean percentage error and absolute percentage error.
Data are mean 6 SD, followed by range in parentheses.
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quantification error of 20% by apply-
ing a m-value of 0.120 to ChangAC in
a phantom study. In the present patient-
based study, the absolute percentage
error for ChangAC applying the mopt-
value was 22.81%. Although the degree
of error was comparable, the mopt-values
for phantoms and patients were different.
For quantitation using 123I, Iida et al.
reported a maximum percentage error of
30% for ChangAC with a m-value of
0.090 and for ChangACSC with a
m-value of 0.166 (9). For ChangAC, a
smaller percentage error was achieved
by applying themopt-value in this study.
For ChangACSC, there was no notice-
able difference from this study because
the m-values were close to our mopt-
values. Interindividual variability of
anatomic standardization in brain per-
fusion SPECT is 3%–9% (21–23). The
absolute percentage error between
the CT-based and Chang methods in
the present study averaged 4.45% for

ChangAC and 6.37% for ChangACSC. Application of the
mopt-values achieved an AC error comparable to the interindi-
vidual variation of anatomic standardization that can occur in
routine clinical practice.
Bland–Altman analysis revealed systematic bias in ChangAC

and ChangACSC when applying the mopt-value, and agreement
with the CT-based method was not perfect. The percentage
error for ChangAC and ChangACSC tended to be underesti-
mated in the limbic brain regions and overestimated in the
central brain regions. This trend was visually confirmed in an
example of the SPECT image of a reference patient shown in
Figure 4. Ito et al. (4) reported an overestimation of central
brain regions in ChangACSC applying a m-value of 0.166,
relatively close to our mopt-value. These facts highlight the
limitations of the Chang method even when using mopt-
values and reiterate the superiority of the CT-based method.
The skull possesses a higher m-value than brain tissue

because of greater photon loss. Further, the thickness of the
skull varies slightly with age and sex (24). The different
mopt-values per patient in the present study appear to be due
to skull thickness variations among patients. Nicholson et al.
(11) reported that the skull paradoxically affects broad-
beam m-values, and other studies (12,13) also reported lower
m-values than those of uniform soft tissue. Stodilka et al.
(12) observed that mopt-values at the cerebellar level, sur-
rounded by thick bony structures, are smaller than those at the
basal ganglia level. Iida et al. (9) reported smaller m-values at
the cerebellar level, where the airway is included in the slice
position, and higher m-values at the parietal level, where the
skull is relatively thick. These reports indicate a complex

FIGURE 2. Results of Bland–Altman analysis comparing
ChangAC applying mopt-value of 0.140 and CTAC (A) and com-
paring ChangACSC applying mopt-value of 0.160 and CTACSC in
reference group (B). Solid lines show regressions; 95% limits of
agreement are represented by dashed lines. 95% CIs were 0.66
to 1.92 (A) and24.95 to23.44 (B).

FIGURE 3. Percentage error in each brain region for ChangAC applying mopt-value of
0.140 and CTAC and for ChangACSC applying mopt-value of 0.160 and CTACSC in refer-
ence group. Dotted line indicates zero. For ChangAC and ChangACSC, limbic brain
regions tended to be underestimated and central brain regions overestimated. PRT 5

parietal lobe; TMP 5 temporal lobe; FRT 5 frontal lobe; OCT 5 occipital lobe; PCING 5
posterior cingulate gyrus; ACING5 anterior cingulate gyrus; MFRT5 medial frontal lobe;
MPRT 5 medial parietal lobe; MTMP 5 medial temporal lobe; SMC 5 sensorimotor cor-
tex; VC 5 visual cortex; CAD 5 caudate nucleus; CBL 5 cerebellum; VER 5 cerebellar
vermis; PNS5 pons; PTM 5 putamen; PARH 5 parahippocampal gyrus; AMG 5 amyg-
dala; THL5 thalamus.
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interplay of several factors involved in optimizing m-values.
In this study, we averaged the differing mopt-values in
patients by a combined analysis of 60 reference patients and
accounted for differences in correction error among brain
regions by analyzing all brain regions together using ana-
tomic standardization. Our method provides a generalizable
mopt-value that considers differences in skull thickness (an
error factor for interpatient variation) and differences in
attenuation structure for each imaging slice position (an
error factor for intrapatient variation). Consequently, the
mopt-value determined in the present study is relatively high
compared with the various m-values conventionally used.
The theoretic narrow-beamm-value for water for the 159-keV

g rays emitted by 123I is 0.148 (25). Using the theoretic

narrow-beam m-value for ChangAC
overcorrects for attenuation and overes-
timates the brain center region (26).
Harris et al. (27) reported that a slightly
lower m-value should be applied than
the theoretic m-value. Here, the mopt-
value of ChangAC was also lower than
the theoretic narrow-beamm-value.
The mopt-value of ChangACSC in

our study was higher than the theo-
retic narrow-beam m-value, whereas
previous studies proposed lower values
than the theoretic narrow-beam m-value
(12,13,16). Some previous studies using
phantoms focused on assessing the uni-
formity of AC (12,16) because brain
perfusion SPECT images are commonly
normalized by the maximum count in
the series. The uniformity of AC con-
tributes to qualitative improvement. In
this study using clinical data, the SD
of the percentage error at low m-values
was small, and uniformity within the
series was preserved. Contrarily, the
absolute percentage error applying
mopt-values was comparable to that
reported by Stodilka et al. (12), indi-
cating that quantification was assured.
Iida et al. (9) reported no apparent dif-
ference in regional CBF images ob-
tained with the measured attenuation
map and ChangACSC applying a high
m-value of 0.166. Therefore, it is dif-
ficult for the Chang method to achieve
both qualitative and quantitative perfor-
mance because low m-values contribute
to qualitative improvement whereas
high m-values contribute to quanti-
tative improvement. Since the degree
of contribution of high m-values to the
quantitation improvement was greater
than the degree of contribution of low

m-values to the qualitative improvement, using high m-values
is recommended.
We validated the mopt-value determined using the reference

group in hypoperfusion regions to confirm their adaptability to
the disease group. The choice of target diseases was consid-
ered so that the entire brain region (anterior, posterior, lateral,
parietal, and basal regions) could be included as hypoperfusion
regions. We observed no significant difference in the percent-
age error in the hypoperfusion regions in the reference and
disease groups when the mopt-value was applied, indicating
adaptability of the mopt-value for the disease group.
The reference group used in the present study included

patients who underwent routine clinical examinations and
not healthy volunteers. However, conducting studies on healthy

FIGURE 4. Comparison of SPECT images of CTAC and ChangAC (A) and CTACSC
and ChangACSC (B) in 1 reference patient. For ChangAC, m-values of 0.07, 0.110, and
0.140 were applied; for ChangACSC, m-values of 0.12, 0.145, and 0.160 were applied.
On left are SPECT images normalized by maximum counts in series; on right are SPECT
images normalized by maximum counts of CT-based method. From left to right, axial
slices are at cerebellar, basal ganglia, and parietal levels.
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volunteers is not practical to determine mopt-values. Licho et al.
(28) also evaluated patients who underwent routine clinical
examinations to validate the effects of various AC methods. In
clinical routine, there are few patients in whom brain perfusion
is generally preserved. We included patients diagnosed with a
mild degree of nonspecific hypoperfusion in the reference
group to obtain a larger cohort of patients for inclusion in the
present study. Additionally, including more patients enables
more generalizable mopt-values to be determined.
This study had some limitations. First, it was difficult for

all patients to achieve an ideal head tilt because of patient-
specific limitations in body position during SPECT imaging.
These factors may have influenced the variation of mopt-
values depending on the slice position. Second, the specifi-
cations for SC of the SPECT/CT system used in this study
were limited to the dual-energy window method only. Since
123I also emits photons with energies of as high as 529 keV,
it is best to use a multiple-window method, including the
triple-energy-window method, to improve the effects of down
scatter. Third, we investigated using one type of g-camera for
123I with constant parameters for image reconstruction and
SC. A preliminary validation using several patients confirmed
that the mopt-values for each patient did not change when
the number of iterations for image reconstruction and the
weighting factor for SC was changed; however, this was not
sufficient. The possibility that mopt-values may change when
other radionuclides, g-cameras, or other SC are used cannot
be extrapolated to other clinical applications. These should
be investigated in further studies.

CONCLUSION

We evaluated the mopt-value for the Chang method using
clinical data by comparing it with the CT-based method.

The mopt-values of the Chang method were 0.140 for ChangAC
and 0.160 for ChangACSC. It was possible to achieve
mean AC accuracies of 4.45% for ChangAC and 6.37% for
ChangACSC using mopt-values.
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KEY POINTS

QUESTION: Can we optimize the m-value of the Chang
method using clinical data?

PERTINENT FINDINGS: In this retrospective study, we
determined the mopt-value for the Chang method by
comparing this method with the CT-based method, the
gold standard for AC. We found that the mopt-values were
0.140 for the Chang method without SC and 0.160 for the
Chang method with SC, although various m-values have
been used in previous studies.

IMPLICATIONS FOR PATIENT CARE: The Chang
method can achieve more accurate AC using our
determined m-values.
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Metabolic tumor volume (MTV) is defined as the total metabol-
ically active tumor volume seen on 18F-FDGPET/CT examinations.
Calculating MTV is often time-consuming, requiring a high degree
of manual input. In this study, the MTV calculations of a board-
certified nuclear radiologist were compared with those of 2
nuclear medicine technologists. As part of the technologists’
educational program, after their classroom time they were trained
by the radiologist for 30 min. The technologists calculated MTV
within 7.5% of the radiologist’s calculations in a set of patients
who had diffuse large B-cell lymphoma and were undergoing ini-
tial staging 18F-FDG PET/CT. These findings suggest that nuclear
medicine technologists may help accelerate implementation of
MTV into clinical practice with favorable accuracy, possibly as an
initial step followed by validation by the interpreting physician.
The aim of this study was to explore whether efficiency is
improved by integrating nuclear medicine technologists into a
semiautomated workflow to calculate total MTV.

Key Words: oncology; PET/CT; quality assurance; MTV; PET/CT;
tumor segmentation
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Metabolic tumor volume (MTV) can be calculated from
18F-FDG PET/CT by many methods and may help predict
patient outcomes, especially for those with diffuse large
B-cell lymphoma (DLBCL) (1–5). MTV is a volume defined
either by quantitatively or manually selected segments repre-
senting the metabolically active tumor on 18F-FDG PET/CT
(1). Total MTV is calculated by adding the MTV of all
malignant lesions and is a method for measuring total tumor
burden. Total MTV has shown promise in the initial staging
of DLBCL and in determining its treatment response
(2,4,6,7). However, tumor segmentation of 18F-FDG–avid
lesions on PET/CT is often time-consuming. Advancements
in threshold-based segmentation methods for filtering out
background activity or signal-to-background ratios have
been proposed to increase the efficacy of results (3).

Therefore, the optimal tumor segmentation method varies
with the purpose of the study.
DLBCL is the most common type of non-Hodgkin lym-

phoma (8). The current standard for staging DLBCL is the
Lugano classification, which includes a 5-point Deauville
score when staging with 18F-FDG PET/CT (9), yet many
studies support the significant prognostic value of total MTV
in DLBCL (2–7,9). This study explored the use of nuclear
medicine technologists for clinical implementation of total
MTV.

MATERIALS AND METHODS

Two nuclear medicine technologists at Mayo Clinic in Rochester
underwent a 30-min training session by a board-certified nuclear
radiologist on distinguishing physiologic from pathologic lympho-
matous 18F-FDG uptake. The technologists previously completed
4 mo of technologist classroom time and 8–12 h of experience
observing the technologist side of clinical PET practice ($85 exam-
inations per day). The technologists had no other PET education or
image interpretation experience. The patient cohort comprised 10
random patients with DLBCL who were treated at a large tertiary
referral center between June 22, 2016, and September 24, 2018.
The technologists independently evaluated the examinations from
these patients before and after systemic therapy. The technologists
and the radiologist separately reviewed the images using the Lesio-
nID workflow (MIM Software Inc.). The workflow automatically
segments PET lesions on the basis of an absolute SUVmax thresh-
old. The threshold was set using the SUVmax within a 3-cm spheric
region of interest within normal liver. The workflow then segmented
everything with an SUVmax greater than the liver threshold. The tech-
nologists and the radiologist separately evaluated each segmentation
to distinguish lymphoma from nonlymphomatous or physiologic seg-
mentation. The nonlymphomatous segments were deleted after noting
the anatomic location, and the total MTV was then calculated. If the
student was uncertain whether a segment included lymphoma, the
segment was included in the MTV calculation.

RESULTS

The mean (6SD) MTVs of the 10 patients were 446.0 cm3

(6555.6 cm3) and 38.5 cm3 (677.6 cm3) for the radiologists
and 414.8 cm3 (6597.6 cm3) and 27.7 cm3 (657.3 cm3) for
the technologists in the pre- and posttherapy examinations,
respectively (Fig. 1). The mean MTVs were 7.5% and 28.0%
higher for the radiologists than for the technologists in the
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pre- and posttherapy examinations, respectively. In 2 of the
10 patients, the technologists missed critical segments: a medi-
astinal mass that was perceived as physiologic heart uptake
and a scalp lesion mistaken for physiologic brain activity. The
mean number of nonlymphomatous segments removed was
20.6 (range, 8–28) and 18.3 (range, 9–41) for the radiologist
and 19.2 (range, 7–33) and 17.8 (range, 7–49) for the

technologists in the pre- and posttherapy
examinations, respectively. Common sites
of removed physiologic segmentation
included the urinary bladder (5%), brain
(5%), lung (7%), mouth (8%), bowel
(8%), kidney (22%) and musculoskel-
etal system (25%). Statistical analysis
revealed no significant difference in total
MTV or number of lesions between
technologists and radiologist (Table 1).

DISCUSSION

Our study demonstrates a potential
role for technologists in calculating
total MTV for patients with DLBCL.
We developed an effective 2-step MTV
calculation workflow: in the first step,
the technologist sets a threshold, re-
moves obvious erroneous segments, and
flags uncertain segments; in the second
step, the radiologist reviews and final-
izes the segmentation for MTV calcula-
tion. The technologist might then review

the final segmentation for continuous feedback and quality
improvement, especially around areas with high physiologic
uptake, which were the regions of discordant reporting be-
tween the technologists and the radiologist. There was a
minor difference in calculation of the total MTV between
the technologists and the radiologist, with the technologists
missing 2 major lymphomatous lesions.

FIGURE 1. (A) Maximum-intensity projection from 18F-FDG PET in patient with DLBCL
demonstrating automated segmentation using normal-liver SUV as threshold, with volu-
metric regions of interest produced throughout body. (B) After manual input from tech-
nologists, segments around physiologic uptake are removed and only lymphomatous
lesions are segmented.

TABLE 1
Comparison of Technologists’ and Radiologists’ Pretherapy and Posttherapy MTVs (P 5 0.893) and

Number of Lesions (P 5 0.771)

MTV (cm3)
Student and radiologist

absolute difference in MTV

Total lesions (n)

Patient no. Timing Technologist Radiologist Technologist Radiologist

1 Posttherapy 0 0 0 10 15
1 Pretherapy 60 428 368 31 27
2 Posttherapy 0 0 0 7 12
2 Pretherapy 4 11 7 9 20
3 Posttherapy 0 0 0 14 14
3 Pretherapy 102 102 0 10 10
4 Posttherapy 106 214 108 27 41
4 Pretherapy 1,059 1,041 18 28 28
5 Posttherapy 0 0 0 12 12
5 Pretherapy 48 47 1 33 27
6 Posttherapy 171 171 0 24 15
6 Pretherapy 1,573 1,581 8 17 23
7 Posttherapy 0 0 0 49 39
7 Pretherapy 4 4 0 22 22
8 Posttherapy 0 0 0 11 11
8 Pretherapy 1,296 1,130 166 11 17
9 Posttherapy 0 0 0 10 9
9 Pretherapy 0 0 0 24 24
10 Posttherapy 0 0 0 14 15
10 Pretherapy 2 102 100 7 8
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Our results demonstrate that technologists with minimal
training can aid radiologists in tumor segmentation using a
fixed absolute threshold of normal-liver SUVmax. This
threshold method has proven favorable in calculating MTV
to aid in predicting prognosis and outcomes (1,10–12).
Segmenting tumors on 18F-FDG PET remains challenging

because of the relatively low resolution of PET images, the
partial-volume effect, the high variability of biodistribution,
and the high intensity of physiologic uptake (12). To increase
the efficiency of tumor segmentation, an alternative to the use
of technologists is the use of artificial intelligence and machine
learning (13–15). Early studies have shown promise in using a
deep learning method to generate total MTVs prognostic of
outcome in a large group of patients with DLBCL (13).

CONCLUSION

Our results on a group of patients with DLBCL suggest
that the use of technologists as a preliminary step in calcu-
lating total MTV has favorable accuracy. However, more
data are needed to support this approach.
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There has been a significant increase in the use of 90Y-micro-
spheres in treating liver malignancies. This increase could be seen
over the last 30 y, and Food and Drug Administration approval of
2 products—Sirtex SIR-Spheres and Boston Scientific Thera-
Sphere—has helped in the proliferation of these treatments. As the
increase in use of both products rose at our institution, there was a
need to determine whether there should be special considerations
for patients who receive one product compared with patients who
receive the other product. This determination was made by mea-
suring exposure rates for several regions of the patient before
and after implantation. An independent-samples t test analysis
(A5 0.05) was performed for 50 patients (25 TheraSphere and 25
SIR-Spheres) to determine whether the products behaved simi-
larly to the extent that exposure to others was minimized and that
as-low-as-reasonably-achievable principles were kept. The results
showed that the products exhibited no significant differences in
exposure rates, suggesting that no special considerations are
needed for the procedure for one product compared with the other.

Key Words: yttrium-90; 90Y; 90Y-microspheres; TheraSphere; SIR-
Spheres
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In the treatment of liver tumors, especially hepatocellular
carcinoma, 90Y-microspheres have found a useful role. The
procedure can be classified as radioembolization, a process that
uses both radiation and embolization to block the tumor vascu-
larization, thereby helping to destroy the cancer cells. 90Y
radioembolization has been used and studied since the 1960s
and has seen improvements in both technique and efficacy
since that time (1). Today, 2 products are commonly used:
SiRTeX SIR Spheres and Boston Scientific TheraSphere.
Although the treatment site is in the liver, some spheres will

end up in the lungs because of lung shunting. The percentage of
lung shunting is determined by a pretreatment 99mTc-macro-
aggregated albumin (2,3). This is a critical step, since the cumu-
lative dose cannot exceed 50 Gy or, for a single administration,

30 Gy. To help minimize exposure of others, a patient release
criterion is needed. The criterion at our institution is an expo-
sure rate of less than 2mR h21 at 1m from the torso.
The program in 90Y-microsphere therapy at our institution

began in late 2019. As of December 2021, there had been
more than 60 patients who received 90Y-microsphere ther-
apy with either SIR-Spheres or TheraSphere. These products
have physical differences, such as in diameter, the material
of the sphere, and where the 90Y is located (SIR-Spheres
coat the sphere in 90Y; TheraSphere embeds the 90Y into the
sphere). The differences have been well documented (2).
Typical doses prescribed for a 90Y-microsphere treatment
are on the order of 50–150 Gy, but some studies have inves-
tigated the use of higher doses, reaching 3,000 Gy (4,5). The
goal of this investigation was to determine whether the phys-
ical differences between these 2 products were significant
enough to require a new end-to-end procedure for one prod-
uct compared with the other. Another goal was to ascertain
whether a higher prescribed dose would also require a new
protocol for this treatment.

MATERIALS AND METHODS

Fifty patients (n 5 25 for TheraSphere and n 5 25 for SIR-
Spheres) were surveyed before and after the implantation using a
calibrated Fluke 451B survey meter, with the window opened (cal-
ibration date, September 20, 2021). The regions measured were
the liver and lungs at the surface of the patient, and the reading at
1 m from the torso was also measured. Once the data were col-
lected, an independent-samples t test analysis was performed (A 5
0.05) for the average readings for each region.

RESULTS

Figures 1, 2, and 3 show how the exposure rates changed
over time and between the 2 products for the liver surface
readings, the lung surface readings, and the readings at 1 m
from the torso, respectively. Figure 4 shows the exposure
rates for both liver and lungs at the surface for both SIR-
Spheres and for TheraSphere. Table 1 displays the average
and maximum exposure rates for these regions.

DISCUSSION

The measured exposure rates between the 2 products
were consistent regardless of region measured. There was a
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discrepancy between the liver readings for TheraSphere and
for SIR-Spheres. With TheraSphere, the assumed activity per
sphere was higher than with SIR-Spheres, and the dose was
delivered in single-compartment dosing (6,7). This means that
a higher tumor dose can be delivered via TheraSphere than
SIR-Spheres using the same number of spheres. As a result,
there should be a higher maximum exposure rate, and the
average exposure rate would also increase. In addition, a
higher dose administered will also increase the maximum

exposure rate and average exposure rate. At our institution,
these higher doses are typically delivered via TheraSphere.
For 1 patient, the administered activity was a 11.5-GBq Thera-
Sphere vial (first-week calibration), which is the highest activ-
ity to date. In addition, it is likely that the perfusion volume
was more anterior, which can explain why the maximum
exposure rate was much higher than that for SIR-Spheres.
The regions reported in Table 1 were chosen for their

importance in the procedure. The liver and lungs were

FIGURE 1. Liver exposure rates at surface of patient’s body
between SIR-Spheres and TheraSphere over time.

FIGURE 4. Exposure rates at surface for lungs and liver differ-
entiated by either SIR-Spheres or TheraSphere over time.

FIGURE 2. Lung exposure rates at surface of patient’s body
between SIR-Spheres and TheraSphere over time.

FIGURE 3. Exposure rates at 1 m from torso between SIR-
Spheres and TheraSphere over time.
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chosen since these are critical structures in this process, and
the liver is also the organ containing our target volume. These
regions were read at the surface to get the highest possible
reading, which would be as close to the true value (if the
survey meter were in direct contact with the structure) as
possible. The reading at 1 m from the torso was used as the
release criterion. There are no specified values for 90Y therapy
according to U.S. Nuclear Regulatory Commission Regula-
tory Guide 8.39 (8). At our institution, the release criterion is
2 mR/h at 1 m. This value corresponds to the release criterion
for iodine therapy at our institution, which itself is related to
Table 2 of Regulatory Guide 8.39 from the U.S. Nuclear
Regulatory Commission (8) and was chosen to keep the
release criterion consistent among therapies at our institution.
To date, no patient has reached this maximum.
A qualitative analysis was performed by visual inspection

of the graphs in Figures 1–4. This gave the impression that
the exposure rates between the products were very similar
by trending the readings over time. However, a more con-
crete analysis was conducted by an independent-samples
t test. The results confirmed that the 2 products are not sig-
nificantly different (P , 0.05).

CONCLUSION

A quantitative analysis was performed between 2 90Y-
microsphere products at 1 institution for patients with hepa-
tocellular carcinoma. The results showed that these products
were not significantly different in terms of the exposure
rates measured at the surface of the patient’s body for the
liver and for the lungs or at 1 m from the torso. From a radi-
ation safety point of view, there is no need to use special
considerations for one product compared with the other for
factors such as release criteria, posttreatment shielding, or
even steps in the implantation procedures.

DISCLOSURE

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

ACKNOWLEDGMENTS

We thank Timothy Ogden (Bethpage, NY) for generating
the figures via Python programming.

KEY POINTS

QUESTION: Are SIR-Spheres and TheraSphere different
enough to require special considerations when one product
is used as opposed to the other?

PERTINENT FINDINGS: SIR-Spheres and TheraSphere
resulted in non–significantly different posttreatment patient
exposure rates for surface readings at the liver and the
lungs, as well as at 1 m from the torso.

IMPLICATIONS FOR PATIENT CARE: Since the 2 90Y
products are similar, there is no need to amend a current
protocol when using one product or the other.
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TABLE 1
Exposure Rates for Regions of Interest for 50 Patients Split by Product Received

TheraSphere (n 5 25) SIR-Spheres (n 5 25)

Site* Average reading Maximum reading Average reading Maximum reading

Liver 2.65 28.50 1.23 2.39
Lungs 0.76 2.30 0.56 1.59
1 m from torso 0.07 0.20 0.07 0.50

*For organs, surface readings were recorded.
Data are mR/h.
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Nuclear medicine (NM) started in Qatar in the mid-1980s with a
1-head g-camera in Hamad General Hospital. However, Qatar is
expanding, and now Hamad Medical Corp. has 2 NM departments
and 1 PET/CT Center for Diagnosis and Research, with several
hybrid SPECT/CT and PET/CT cameras. Furthermore, 2 new NM
departments will be established in Qatar in the coming 3 y. There-
fore, there is a need to optimize radiation protection in NM imaging
and establish diagnostic reference levels (DRLs) for the first time in
Qatar. This need is not only for the NM part of the examination but
also for the CT part, especially in hybrid SPECT/CT and PET/CT.
Methods: Data for adult patients were collected from the 3 SPECT/
CT machines in the 2 NM facilities and from the 2 PET/CTmachines
in the PET/CT center. The 75th percentile values (also known as the
third quartile) were considered preliminary DRLs and were consis-
tent with the most commonly administered activities. The results for
various general NM protocols were described, especially 99mTc-
based radiopharmaceuticals and PET/CT protocols including mainly
oncologic applications. Results: The first DRLs for NM imaging in
Qatar adults were established. The values agreed with other pub-
lished DRLs, as was the case, for example, for PET oncology using
18F-FDG, with DRLs of 258, 230, 370, 400, and 461–710 MBq for
Qatar, Kuwait, Korea, the United Kingdom, and the United States,
respectively. Similarly, for cardiac stress or rest myocardial perfusion
imaging using 99mTc-methoxyisobutylisonitrile, the DRLs were 926,
976, 1,110, 800, and 945–1,402 MBq for Qatar, Kuwait, Korea, the
United Kingdom, and the United States, respectively. Conclusion:
The optimization of administered activity that this study will enable
for NM procedures in Qatar will be of great value, especially for new
departments that adhere to these DRLs.

KeyWords:DRLs; nuclear medicine; Qatar; PET/CT; SPECT/CT
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There is no doubt that the use of ionizing radiation and
radioactive substances in diagnostic and therapeutic procedures
is beneficial. According to the World Nuclear Association,
today around 50 million nuclear medicine (NM) procedures
are done worldwide every year. As such, medical radiation
exposure has been continuously increasing during the past

decade, reaching levels that are comparable to or even greater
than exposure of the population to natural sources of radiation
(1). One of the main constraints of nuclear medicine proce-
dures is that the capacity of ionizing radiation to penetrate and
then transform or kill tissue cells can make it potentially
dangerous to health. General principles of radiation protec-
tion from the hazard of ionizing radiation are summarized as
3 key words: justification, optimization, and dose limits (2).
The main idea is therefore to make the radiation as low as
reasonably achievable by balancing the benefits to the risks
and therefore optimizing clinical protocols and minimizing
their potentially harmful effects.
Three general categories of medical practice involve such

ionizing radiation: diagnostic radiology, NM, and radiation
therapy. This paper will focus on diagnostic NM imaging.
Medical exposure differs from occupational and public ex-

posure in that patients are directly, and in a known way, ex-
posed to radiation for their diagnostic or therapeutic benefit.
It is therefore not appropriate to apply administered activity
limits or administered activity constraints, the remaining rule
being that the given activity should cause more benefit than
harm. As a result, medical radiation systems use diagnostic
reference levels (DRLs) as reference values and do not have
administered activity limits (3).
DRLs are an important tool that helps to reduce patient

exposure while optimizing NM clinical protocols. This opti-
mization is especially important in multimodality imaging,
such as imaging that includes an NM component (for which
exposure is caused by the injected radiopharmaceutical)
along with a CT component in a hybrid PET/CT or SPECT/
CT imaging system.
Given that Qatar is expanding and that at least 2 new NM

departments will be inaugurated in the upcoming 3 y, creating
specific DRLs for Qatar NM is a must. The results presented
in this paper will be the first national DRLs for NM procedures
in Qatar and can serve as a starting point for future updates.

MATERIALS AND METHODS

Data Collection and DRL Calculation
Hamad Medical Corp. is the only institute in Qatar offering NM

diagnostic services for adults. The services are distributed into 3
main sites: Hamad General Hospital, the National Center for Cancer
Care and Research, and the PET/CT Center for Diagnosis and
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Research. Data were collected from the 3 SPECT/CT machines in
the 2 NM facilities and from the 2 PET/CT machines in the PET/CT
center. The institutional review board at Hamad Medical Corp.
approved this retrospective study; all patients were adults.
The DRLs were determined using 5 steps. In the first step, proto-

cols for each type of NM examination performed at each site were
identified. The second step was creation of a radiopharmaceutical
database of the administered activity for each NM examination per-
formed from the beginning of 2020 till the end of 2021. Third, the
median (50 percentile) and the third quartile (75th percentile) of the
administered activity were calculated. The DRLs were established on
the basis of the third quartile (4) as recommended by the International
Commission on Radiological Protection. The results were then com-
pared with those of other countries, including Kuwait, Korea, Japan,
Australia, the United Kingdom, the United States, and Europe.
In the fourth step, a second database was created containing the

volume CT dose index (CTDIvol) and the dose–length product
(DLP) for each NM examination that had an associated CT scan
obtained through SPECT/CT or PET/CT. The median and 75th
percentile were calculated for each CTDIvol and DLP. The DRLs
for the CT portion of PET/CT and SPECT/CT were based on the
scanned region. For PET/CT, these regions were whole-body 1
(WB1, base of skull to mid-thigh), whole-body 2 (WB2, vertex to
knees), and total body (TB, vertex to toes); for SPECT/CT, these
regions were heart (corresponding to a myocardial perfusion
study) or whole body (WB).
Finally, to assess the radiation dose from the CT component of

the examination, the effective dose (ED) was calculated using the
DLP and a conversion factor k (where ED [mSv] # k 3 DLP).

A factor of 0.0096 was used for PET/CT WB1 and WB2 and
SPECT/CT WB; 0.0093 was used for PET/CT TB and 0.015 was
used for SPECT/CT cardiac studies (5,6).

Statistical Analysis
The median, mean 6 SD, and 75th percentile were estimated

using Microsoft Excel.

RESULTS

Figure 1 presents 2 examples of distribution histograms
showing the number of patients compared with the adminis-
tered activity for an 18F-FDG PET scan (Fig. 1A) and a
99mTc-diphosphonate NM bone scan (Fig. 1B). The respective
mean administered activities were 231.12 6 44.82 MBq and
721.976 78.67 MBq.
Table 1 shows the results for different procedures and radio-

pharmaceuticals for both PET and SPECT and including the
median injected administered activities and the DRLs. For 18F-
based tracers, DRLs were between 187 MBq for NaF and
260 MBq for prostate-specific membrane antigen. For 99mTc,
DRLs were between 19 MBq for nanocolloid and phytate and
926 MBq for methoxyisobutylisonitrile NM cardiac stress or
rest studies.
Table 2 compares the obtained DRLs with those of other

countries for protocols for which an associated DRL exists.
Oncologic PET studies using 18F-FDG had DRLs of 258, 230,
370, 400, and 461–710 MBq for Qatar, Kuwait, Korea, the

United Kingdom, and the United States,
respectively. Similarly, for cardiac stress
or rest NM studies using 99mTc-methoxy-
isobutylisonitrile, the DRLs were 926,
976, 1,110, 800, and 945–1,402 MBq,
respectively.Regarding 99mTc-diphospho-
nate, the DRLs were 740, 944, 925, 600,
and 84821,185MBq, respectively.
Moreover, achievable CT doses and

DRLs (from both PET/CT and SPECT/
CT) in Qatar for both CTDIvol and DLP
are shown in Table 3. Regarding CT
from PET/CT, the DRLs for CTDIvol
ranged from 4.42 to 5.3 mGy for PET/
CT TB and PET/CT WB1, respectively.
The DRLs for DLP ranged from 521.75
to 831.5 mGy%cm for PET/CT WB2
and PET/CT TB, respectively. For
CT from SPECT/CT, the DRLs for
DLP ranged from 103.58 mGy%cm for
SPECT/CT myocardial perfusion to
211.48 mGy%cm for SPECT/CT WB.
Finally, the obtained EDs are shown in

Table 4. For CT from PET/CT, EDs
ranged from 5.01 mSv for PET/CTWB2
to 7.73 mSv for PET/CT TB. For CT
from SPECT/CT, EDs ranged from
1.59mSv for SPECT/CTmyocardial per-
fusion to 3.17mSv for SPECT/CTWB.

FIGURE 1. Distribution histogram showing number of patients compared with adminis-
tered activities for PET 18F-FDG patients (A) and NM bone 99mTc-diphosphonate patients
(B). NM5 nuclear medicine.
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DISCUSSION

The first NM DRLs for adults in Qatar were established
on the basis of local data assessment. Application of the
third quartile, which is the same standard as in other studies
to establish the DRLs of NM imaging, was confirmed as
appropriate for domestic NM imaging studies. When any

DRL is consistently exceeded at a facility (i.e., the median
value of the DRL for a representative sample of patients
within a certain weight range is greater than the DRL in
International Commission on Radiological Protection publi-
cation 135), possible reasons should be investigated and a
plan should be implemented and documented without delay
if corrective action is required (7).

TABLE 1
PET/CT and General NM Procedures: Number of Included Studies, Median Activities (50th Percentile),

and DRLs (75th Percentile)

Procedure Agent Studies (n)
Median activity,

50th percentile (MBq)
DRL, 75th

percentile (MBq)

PET oncology 18F-FDG 2,523 228 258
PET brain 18F-FDG 10 200 202
PET oncology 18F- or 68Ga-PSMA 94 234 260
PET oncology 18F-NaF 449 158 187
PET oncology 68Ga-DOTATATE 107 135 140
NM bone 99mTc-diphosphonate 95 703 740
NM thyroid uptake 99mTc-pertechnetate 457 189 195
NM WB 131I-NaI 32 185 190
NM parathyroid 99mTc-MIBI 118 374 384
NM cardiac stress or rest 99mTc-MIBI 2,556 925 926
NM lung 99mTc-MAA 82 74 103
NM lymphoscintigraphy 99mTc-phytate 8 19 19
NM hepatobiliary 99mTc-HIDA 19 185 188
NM gastric emptying 99mTc-phyton 52 19 36
NM renogram 99mTc-DTPA 13 186 189
NM renogram 99mTc-MAG3 356 185 189
NM renal scintigraphy 99mTc-DMSA 71 75 101
NM sentinel node localization in breast 99mTc-nanocolloid 211 19 19
NM cardiac 99mTc-pyrophosphate 22 722 740
NM lung ventilation 99mTc-Technegas* 23 74 99

*Cyclomedica.
PSMA5 prostate-specific membrane antigen; MAA5 macroaggregated albumin; HIDA5 hepatobiliary iminodiacetic acid;

DTPA5 diethylenetriaminepentaacetate; MAG35 mercaptoacetyltriglycine; DMSA5 dimercaptosuccinic acid.

TABLE 2
Qatar DRLs for PET/CT and General NM Procedures in Comparison to Other Countries

Procedure Agent
Qatar

(this study)
Kuwait
(10)

Korea
(11)

Japan
(12)

Australia
(13)

U.K.
(14)

U.S.
(15)

European
Union (16)

PET oncology 18F-FDG 258 230 370 240 310 400 461–710 200–400
PET brain 18F-FDG 202 231 370 240 250 250
NM bone 99mTc-diphosphonate 740 944 925 950 920 600 848–1,185 500–1,110
NM thyroid uptake 99mTc-pertechnetate 195 185 217 300 215 80 75–222
NM WB 131I-NaI 190 200 185 185 400 90–400
NM parathyroid 99mTc-MIBI 384 900 740 800 900 900 400–900
NM cardiac stress

or rest

99mTc-MIBI 926 976 1,110 1,200 1,520 800 945–1,402

NM lung 99mTc-MAA 103 217.5 222 260 240 100 147–226 100–296
NM lymphoscintigraphy 99mTc-phytate 19 40 148 52 40 74–150
NM gastric emptying 99mTc-phyton 36 37 111 44 12 31–50 150–540
NM renogram 99mTc-DTPA 189 90 555 400 500 300 407–587
NM renogram 99mTc-MAG3 189 370 500 400 305 100 283–379 100–370
NM renal scintigraphy 99mTc-DMSA 101 200 185 210 200 80 189–289 70–183

MIBI 5 methoxyisobutylisonitrile; MAA 5 macroaggregated albumin; DTPA 5 diethylenetriaminepentaacetate; MAG3 5

mercaptoacetyltriglycine.
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DRLs can be used to optimize radiation protection by set-
ting the appropriate level of administered activity and its asso-
ciated CT parameters (affecting CT dose) in hybrid systems
for adults undergoing NM imaging. The calculated CT ED,
although based on k factors, helped to obtain a clear idea of
the radiation impact of including CT in different PET/CT-
and SPECT/CT-based scans having different fields of views.
DRLs are not a method of patient-by-patient radiation dose

monitoring and are not an indicator of good or bad practice
but, rather, provide additional data to verify that the depart-
ment is operating optimally. When DRLs are exceeded, the
reason should be verified. In some cases, such as when certain
old machines are used, some higher DRLs can be acceptable.
The highest priority for any diagnostic examination is to
achieve sufficient image quality (8).
The DRLs for Qatar agreed well with those for other

countries and regions and therefore are adequate with the
required optimization. Comparing our study results with
those of other countries in the Gulf region, the DRLs for
Qatar were lower than those for Kuwait by 20% for NM
thyroid uptake studies, 57% for NM parathyroid studies,
50% for NM lung studies, 49% for NM renography, and
50% for NM renal scintigraphy. The PET oncology and
PET brain DRLs were in line with that for Kuwait and lower

by 20%–30% than those for other counties, such as Korea,
Australia, the United Kingdom, and the European Union, as
presented in Table 2. In only 3 protocols were Qatar DRLs
lower than in any other country—a finding that may be
advantageous, given that physicians agreed that the obtained
images were of sufficient quality. These protocols were NM
parathyroid studies using 99mTc-methoxyisobutylisonitrile,
NM lymphoscintigraphy using 99mTc-phytate, and NM reno-
graphy using 99mTc-diethylenetriaminepentaacetate.
Regarding the CT in hybrid PET/CT WB1 studies, the Qatar

DRLs were lower than French and Japanese DRLs (5.3 vs. 6.6
and 5.5 for CTDIvol and 547.93 vs. 628 and 550 for DLP,
respectively). Similarly, for CT in hybrid SPECT/CT WB stud-
ies, the Qatar DRLs were lower than Japanese DRLs (4.86 vs.
5.03 for CTDIvol and 211.48 vs. 384.1 for DLP, respectively).
The present study had some limitations. One is specific to

our study, and the others exist for equivalent studies. First, for
adults in Qatar, only 2 NM facilities and 1 PET/CT facility are
available. As a result, the obtained values should be updated
whenever new facilities are established. Second, although clini-
cians demand images of diagnostic quality, including image
quality as a factor during DRL calculation (regarding radio-
pharmaceutical administered activity or CT dose) is not achiev-
able in either our study or other published DRL studies, given

TABLE 3
Achievable Dose (50th Percentile) and DRLs (75th Percentile) for Both CTDIvol and DLP for Different Scan Regions

Including CT Imaging in PET/CT- and SPECT/CT-Based Scans

Protocol Scan region

CTDIvol (mGy) DLP (mGy%cm)

Achievable dose,
50th percentile

DRL, 75th
percentile

Achievable dose,
50th percentile

DRL, 75th
percentile

PET/CT WB1 Base of skull to mid-thigh 4.08 5.3 378.1 547.93
PET/CT WB2 Vertex to knees 3.68 4.49 453.6 521.75
PET/CT TB Vertex to toes 3.08 4.42 540.4 831.5
SPECT/CT myocardial

perfusion
Mid chest to lower neck 3.72 4.26 89.62 103.58

SPECT/CT WB* Thorax and abdomen 4.86 4.86 211.48 211.48

*Fixed region size.

TABLE 4
Median Activity (50th Percentile) and DRLs (75th Percentile) for ED Calculated Using k Factor for Different Scan Regions

Including CT Imaging in PET/CT- and SPECT/CT-Based Scans

Protocol Scan region
k factor

(mSv%mGy21%cm21)

Effective dose (mSv)

Median, 50th
percentile

DRL, 75th
percentile

PET/CT WB1 Base of skull to mid-thigh 0.0096 3.63 5.26
PET/CT WB2 Vertex to knees 0.0096 4.35 5.01
PET/CT TB Vertex to toes 0.0093 5.03 7.73
SPECT/CT myocardial perfusion Mid chest to lower neck 0.015 1.34 1.59
SPECT/CT WB* Thorax and abdomen 0.015 3.17 3.17

*Fixed region size.
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that it is not easy to assess NM or CT images objectively. Third,
because the study was of adults only, pediatric DRLs were not
established. However, Qatar uses the European Association of
Nuclear Medicine pediatric dosage card (9), and dose for pediat-
ric patients is therefore fixed and based on their weight.

CONCLUSION

Radiation protection is an essential part of NM, especially
in growing countries such as Qatar. DRLs can help to opti-
mize such radiation protection to establish the safest NM prac-
tice. DRLs for Qatar should be reviewed 5 y after this study.
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KEY POINTS

QUESTION: Can DRLs be established for the first time in
Qatar to optimize radiation protection in NM imaging?

PERTINENT FINDINGS: DRLs for administered activity
in Qatar, as well as the associated CT dose in hybrid
systems, were successfully established and were
consistent with published DRLs for Europe, Japan, Korea,
Australia, and the United States.

IMPLICATIONS FOR PATIENT CARE: Optimization
of administered activity for NM procedures in Qatar,
especially when new departments are opened, may spare
patients and staff from exposure to ionizing radiation.
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Radioactive Iodine Uptake in Postoperative Seroma: A Cause
for False Positivity
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Besides the known physiologic uptake of 131I, the literature
describes various false-positive findings on 131I scans in benign
lesions, inflammation, traumatic sites, and postsurgical sites, to
name a few. However, to the best of our knowledge, no study has
shown false-positive uptake of 131I in a postoperative seroma at
the postsurgical site. We describe such a case here.

KeyWords: 131I; seroma; papillary thyroid carcinoma
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Radioactive iodine (131I) uptake at the inflammatory or
postoperative site is an uncommon finding, with few reports
showing false-positive 131I uptake at
the site of surgical sutures, subcutane-
ous injections, postoperative inflamma-
tion, or trauma (1–4). Here, we report
the case of an elderly man with papil-
lary thyroid cancer who showed post-
operative false-positive 131I localization
in a seroma. The patient gave informed
consent for the study as a part of the
institutional protocol.

CASE REPORT

A 61-y-old man presented with in-
sidious, neglected right-sided swell-
ing in the thyroid of 20-y duration,
rapidly increasing for the previous
2 y. Contrast-enhanced CT of the
neck revealed hypodense lesions in the
thyroid gland with enlarged supracla-
vicular and infraclavicular lymph
nodes. He was incidentally diagnosed
with multiple myeloma on detailed
evaluation and was started on steroids

and combination chemotherapy. Cytopathology from the
thyroid lesion and right supraclavicular lymph node revealed
papillary thyroid cancer. He underwent total thyroidectomy
with central and bilateral modified radical neck dissection.
Histopathology revealed multifocal classic-variant papillary
thyroid cancer, with gross extrathyroidal extension into the
strap muscles, angioinvasion, and perineural invasion but free
surgical margins. Thirty of 82 resected lymph nodes were
involved (largest, $1.5 cm) along with the extranodal exten-
sion, resulting in a stage of pT3bN1Mx. After surgery, he
developed gradually progressive, well-defined, nonpulsatile,
and fluctuant bilateral supraclavicular swelling and had
undergone multiple therapeutic aspirations from the recur-
rent right-sided supraclavicular swelling. His stimulated

serum thyroglobulin, antithyroglobulin, and thyroid-stimulating
hormone levels after thyroid hormone withdrawal were
47.6 ng/mL (reference range, 0–9), 1.9 IU/mL (,10), and

FIGURE 1. (A and B) Whole-body diagnostic (A) and posttherapy planar (B) anterior
scans showing faint uptake in right supraclavicular region (solid black arrows) and
increased uptake at midline of neck (dashed black arrow), in right submandibular region
(red arrow), and bilaterally in thigh regions (dotted black arrows). (C–F) CT and SPECT/
CT of the head and neck region are shown. Posttherapy CT (C [CT of the neck region]
and D [CT of the head region]) and SPECT/CT (E [SPECT/CT of the neck region] and F
[SPECT/CT of the head region]) images showing faint tracer avidity in right supraclavicu-
lar hypodense collection (solid white arrows), non–tracer-avid left supraclavicular hypo-
dense collection (dotted white arrows), tracer-avid thyroid bed remnant (dashed white
arrows), and tracer-avid right level IB cervical lymph node (red arrows).
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217.5 mIU/mL (reference range, 0.27–4.2), respectively.
Whole-body diagnostic and posttherapy (5 d after adju-
vant therapy with $100 mCi/3,700 MBq) 131I planar and
SPECT/CT scans of the neck (Fig. 1) revealed a faintly
tracer-avid right supraclavicular hypodense cystic neck
swelling ($9.0 3 4.3 3 6.7 cm) and a non–tracer-avid left
supraclavicular hypodense cystic neck swelling ($2.8 3
2.3 3 2.5 cm). The posttherapy SPECT/CT showed a
tracer-avid thyroid bed remnant and a right level IB lymph
node, with tracer contamination bilaterally over the thigh
regions. Lymphoscintigraphy ruled out lymphocele as the eti-
ology of the bilateral cystic neck swelling. The right-sided
swelling yielded clear yellow serous fluid on aspiration,
having protein, triglyceride, and thyroglobulin levels of
3.77 g/dL, 10.9 mg/dL, and 4.75 ng/mL, respectively (Fig. 2).
Fluid cytology showed sparse inflammatory cells without any
malignant thyroid cells. The aspirated fluid counted in a well
counter showed a g-ray emission spectrum with a peak corre-
sponding to 131I g-energy (364 keV), confirming the presence
of radioiodine in the aspirated fluid (Fig. 2).

DISCUSSION

Only a few reports have shown false-positive 131I uptake in
the postoperative and inflammatory sites (1–4), but to the best
to our knowledge, no previous study has shown false-positive
uptake in a postoperative seroma after thyroidectomy and
neck node dissection. The localized inflammatory hyperemia
and exudation of radioiodine-containing serous fluid into the

postsurgical site may explain the radio-
iodine localization in this index case.
Serous cystic lesions can retain radioio-
dine by passive diffusion from the
blood pool or, as a possible alternate
mechanism, a slow exchange of water
and chemical elements (5). Though
postthyroidectomy seroma formation
may be multifactorial, recurrent seroma
in this index case despite multiple
aspirations might be due to steroid
treatment for multiple myeloma (6,7).
Moreover, multiple aspirations from the
right-sided cystic swelling resulted in
frequent microhemorrhages and radio-
iodine leakage into that cavity but not
in the contralateral cystic swelling.

CONCLUSION

Radioiodine localization at the postoperative site on pla-
nar scintigraphy may be misleading, but the combination of
clinical history, cross-sectional imaging (SPECT/CT), and
biochemical and cytopathologic examination proved crucial
in guiding the correct diagnosis and management in this
index case.
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FIGURE 2. (A) Test tube containing clear yellow fluid aspirated from right-sided swell-
ing. (B) g-ray emission spectrum of aspirated fluid, with peak (arrow) corresponding to
g-energy of 131I (364 keV).
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Confirmation of Intracranial Neuroendocrine Metastasis
Using 68Ga-DOTATATE PET/CT

Rahim Ismail, Mark Manganaro, and James Bai
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Neuroendocrine tumors (NETs) are rare neoplasms with an
exceedingly low incidence of intracranial metastasis. We present
a 79-y-old woman with a biopsy-proven pulmonary neuroendo-
crine tumor who presented with an intracranial mass in the poste-
rior fossa that was avid on 68Ga-DOTATATE PET/CT, facilitating
the rare diagnosis of intracranial NET metastasis. The case high-
lights the utility of advanced imaging techniques in differentiating
intracranial NET metastasis from other etiologies.
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neuroendocrine
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Neuroendocrine tumors (NETs) typically present in an
indolent clinical course, with an incidence of 6.98 per
100,000 (1). These lesions primarily, but not exclusively,
originate from the gastrointestinal and bronchopulmonary
systems (2). Intracranial metastases of NETs are rare, with
an estimated incidence of 1.5%–5% (2,3). The sites of
spread in intracranial metastasis are relatively uncharacteris-
tic, with reported metastatic disease in the parenchyma,
pineal gland, posterior fossa, dura, and even within an exist-
ing meningioma in the skull base (4,5).
Prognosis can vary depending on the NET stage and site

of origin. Registry data on 10-y specific survival rates in
6,792 patients with small-intestine NETs found ranges of
77%–95% for locally advanced disease, 68%–77% for nodal
disease, and 42% for distant metastatic disease. The median
survival time after diagnosis of brain metastasis was 10.0 mo;
however, this increased to 3.2 y in patients who underwent
resection and whole-brain radiation therapy (3). Therefore,
accurate diagnosis of intracranial metastases of NETs plays
an important role in providing a reliable prognosis and clini-
cal management.
A rare clinical scenario is a patient with multiple potential

primary oncologic processes, making accurate diagnosis more
critical for guiding clinical management. We present the case

of a 79-y-old woman with biopsy-proven pulmonary NET
and additional incidental renal and thyroid lesions who pre-
sented with a symptomatic posterior fossa mass with avidity
on 68Ga-DOTATATE PET/CT, leading to a diagnosis of
intracranial NET metastasis.

CASE PRESENTATION

The patient was a 79-y-old woman who presented because
of progressive gait instability over the previous 5 mo. MRI
demonstrated a 2.9-cm avidly enhancing mass in the cere-
bellum containing intralesional hemorrhage (Fig. 1). CT of
the chest, abdomen, and pelvis showed a dominant 4.1-cm
mass in the left upper lobe of the lung (Fig. 2C) and several
lung nodules bilaterally throughout the lungs. CT-guided
lung biopsy found an epithelial neoplasm with neuroendo-
crine differentiation, favoring carcinoid tumor.

18F-FDG PET CT demonstrated hypermetabolism of the
left lung mass (Fig. 3A). The intracranial lesion had 18F-
FDG uptake similar to that of the surrounding hyperme-
tabolic brain (Fig. 3B). Additional metastatic workup revealed
2 more lesions: a small 1-cm enhancing right renal lesion
and a heterogeneous hypodense left thyroid nodule, both of
which have a known propensity for intracranial hemorrhagic
metastasis. 68Ga-DOTATATE PET/CT demonstrated corre-
sponding uptake within the focal lesion in the right cerebel-
lum (Fig. 2A) and left lung mass, confirming somatostatin
receptor expression in these lesions.
In this case, intracranial metastasis from the thyroid gland

and the kidney was essentially excluded as a feasible diag-
nosis given the 68Ga-DOTATATE uptake. Other intracra-
nial lesions that exhibit 68Ga-DOTATATE uptake include
meningiomas and hemangioblastomas. However, intratu-
moral hemorrhage in meningioma is rare, and hemangio-
blastomas demonstrate mural enhancing nodules with cystic
components on structural brain MRI. Given the presumed
recent onset, the 68Ga-DOTATATE avidity, and the hemor-
rhage, the lesion in this clinical context would likely be a
neuroendocrine metastasis.
The patient received 4 d of stereotactic volumetric modu-

lated arc therapy for a total of 3,000 cGy in 5 fractions.
On follow-up MRI 3 mo after treatment, the lesion had
decreased in size and enhancement. Only monitoring was
used for the pulmonary lesions, because of lack of associ-
ated symptoms.
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DISCUSSION

NETs are a rare and diverse group of neoplasms that gen-
erally follow an indolent course and have a high propensity

to metastasize. Intracranial NET me-
tastasis is extremely rare, with variable
imaging characteristics and distribu-
tions on imaging when described in
the literature. Functional data from
68Ga-DOTATATE PET/CT provide
additional valuable information for
lesion characterization, increasing the
diagnostic accuracy for NET intracra-
nial metastasis. 68Ga-radiopharmaceu-
ticals have been used for the diagnosis
and staging of NETs for multiple rea-
sons. The somatostatin receptor type 2
expression of NETs allows for somato-
statin analog radiopharmaceuticals to be
used to identify tumors. The gold stan-
dard for detection and staging of most
NETs is 111In-diethylenetriaminepenta-
acetic acid-octreotide, with a sensitivity
of between 50% and 95%, depending
on the subtype of NET (6). However,
68Ga, when linked to a DOTA peptide,
demonstrates an increased affinity for
somatostatin receptor subtype 2, with
the highest affinity being seen for 68Ga-
DOTATATE (7). 68Ga-DOTATATE
has been shown to be useful in identify-

ing primary and metastatic NETs that express the somatostatin
receptor (6). Recent European guidelines on imaging in search
of a primary NET include cross-sectional imaging with CT or

FIGURE 1. (A) Axial T1 unenhanced image demonstrates an extra-axial posterior fossa
lesion in the right superior cerebellar region with predominantly intermediate T1 signal.
(B) Axial and (C) sagittal T1 contrast-enhanced images show avid enhancement within
this lesion. (D) Corresponding axial T2 image demonstrates intermediate signal intensity.
(E) Susceptibility-weighted image and (F) phase image demonstrate signal loss within the
lesion, suggesting intralesional hemorrhage.

FIGURE 2. (A) Whole body coronal color fusion map and (B)
axial color fusion map 68Ga-DOTATATE PET/CT demonstrate
corresponding uptake within the posterior fossa lesion and left
lung mass. (C) Chest CT demonstrates the mass in the left upper
lob of the lung. Intensity scale bar in units of SUV.

FIGURE 3. 18F-FDG PET/CT. (A) Whole-body coronal fusion
map maximal-intensity-projection and (C) axial image of the chest
color fusion map demonstrate increased uptake in the left upper
lobe lung mass. (B) Axial image of the brain demonstrates uptake
in the posterior fossa lesion similarly to that in the hypermetabolic
brain parenchyma.
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MRI, followed by 68Ga-DOTATATE PET in combination
with native or triple-phase enhanced CT (8).
Although 68Ga-DOTATATE PET/CT helps to distinguish

intracranial metastases from NETs versus other primary neo-
plasms, other intracranial lesions expressing somatostatin
receptors, particularly meningiomas and hemangioblasto-
mas, can also demonstrate 68Ga-DOTATATE uptake. Oh
et al. reported the case of a 36-y-old woman with von Hippel–
Lindau disease in which 68Ga-DOTATATE PET/CT for
pancreatic tumor restaging found new avid cerebellar and
spinal hemangioblastomas (9). In cases for which distin-
guishing between meningioma/hemangioblastoma and NET
is necessary, structural brain MRI and the clinical context
remain crucial to reaching an accurate diagnosis.

CONCLUSION

Intracranial metastases from NETs are extremely rare and
can have an uncharacteristic and variable imaging appear-
ance on conventional imaging. Accurate diagnosis of these
lesions is important to provide a reliable prognosis and to
guide appropriate treatment. This case report demonstrates
the utility of 68Ga-DOTATATE PET CT in combination
with conventional imaging, providing more robust lesion
characterization and an accurate diagnosis in this patient
with NET intracranial metastasis.
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False-Positive 68Ga-DOTATATE PET/CT Findings in
Hereditary Hypophosphatemia–Osteomalacia Mimicking
Culprit Lesions of Tumor-Induced Osteomalacia
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68Ga-DOTATATE PET/CT is an important imaging modality for
detection of culprit lesions of tumor-induced osteomalacia in clini-
cally symptomatic patients with hypophosphatemia–osteomala-
cia. Somatostatin receptor expression may at times be observed
in inflammatory or granulomatous conditions and in fractures or
degenerative bone disease, leading to false-positive scan find-
ings. We present a rare case of hereditary hypophosphatemia–
osteomalacia that showed increased false-positive uptake (for
possible tumor-induced osteomalacia lesions) in an inflammatory
condition of the maxillary sinus and a fracture of the tibia on
somatostatin receptor–based 68Ga-DOTATATE PET/CT.

KeyWords: 68Ga-DOTATATE PET/CT; hypophosphatemia–osteoma-
lacia; tumor-induced osteomalacia; TIO; MRI
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In tumor-induced osteomalacia (TIO), the culprit lesions
are usually mesenchymal tumors with somatostatin receptor
(SSTR) expression, and 68Ga-DOTATATE PET/CT plays an
important role in tumor localization and management. We pre-
sent a rare case of hereditary hypophosphatemia–osteomalacia
that showed false-positive foci on 68Ga-DOTATATE PET/CT
mimicking possible TIO lesions.

CASE REPORT

In a 45-y-old man with bony pain in the chest wall, back,
and lower limbs of 1.5-y duration, multiple old healed rib frac-
tures were found, and blood work revealed a low level of
serum phosphorus (2.1 mg/dL), a raised level of serum alkaline
phosphatase (208 IU/L), and a markedly raised level of fibro-
blast growth factor 23 (FGF-23) (1,561.5 relative units/mL).
The clinical features, low level of serum phosphorus, and raised
level of FGF-23 were highly suggestive of TIO. The patient
underwent 68Ga-DOTATATE PET/CT for detection of the cul-
prit lesion of TIO. Whole-body PET/CT was performed on

a Philips Gemini TF time-of-flight 16 PET/CT scanner 60 min
after intravenous injection of 74 MBq (2 mCi) of 68Ga-DOTA-
TATE. Images were acquired using a 3-dimensional PET pro-
tocol at 3 min per bed position. Data were reconstructed using
an iterative algorithm (row-action maximum likelihood: 2 iter-
ations and 21 subsets). Non–contrast-enhanced, low-dose CT
(voltage, 120 kVp; slice thickness, 5 mm; pitch, 0.83; field of
view, 600 mm; rotation time, 0.5 s; 50 mA) was used for ana-
tomic localization and attenuation correction of PET data.
Maximum-intensity-projection PET (Fig. 1A) showed abnor-
mal SSTR uptake in the maxillary sinus and knee region.
Transaxial PET/CT (Fig. 1B) showed mildly increased SSTR
uptake (SUVmax, 5.42) in the left maxillary sinus, with muco-
sal thickening. Coronal PET/CT (Fig. 1D) showed mild SSTR
uptake (SUVmax, 3.84 on right) and faint SSTR uptake (SUV-

max, 2.3 on left) in a sclerotic lesion in the medial part of the
upper condyle of tibia, bilaterally (right . left side). These
findings were suggestive of culprit lesions of TIO. In view of
the doubtful findings on 68Ga-DOTATATE PET/CT, multipla-
nar MRI of the paranasal sinus and knee was performed using
spin-echo T1-weighted, fast spin-echo T2-weighted, turbo
inversion-recovery magnitude, and short-tau inversion-recovery
sequences. MRI of the maxillary sinus (Fig. 1C) showed mod-
erate T2 hyperintense mucosal thickening in the left maxillary
sinus, with central T2 hypointense areas due to retained secre-
tion. MRI of the knee (Fig. 1E) showed a fracture along the
proximal inner medial part of the left and right tibiae on a T1-
weighted coronal view, with mild periosteal edema. The MRI
findings were suggestive of benign disease in both regions.
Subsequently, the patient was evaluated for hereditary hypo-
phosphatemia. The SLC2A2 (2) phenotype was identified,
which is pathogenic for the autosomal recessive disorder
Fanconi–Bickel syndrome.

DISCUSSION

68Ga-DOTATATE PET/CT is an important noninvasive
imaging modality for detection and localization of the culprit
lesion of TIO. Other than in tumors, SSTR expression is
observed in inflammatory or granulomatous conditions and in
fractures or degenerative bone disease, leading to false-posi-
tive scan findings in various oncologic cases (1–4). A raised
level of FGF-23 is not specific to TIO and can also be found
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in hereditary hypophosphatemia- and osteomalacia-inducing
musculoskeletal disorders, such as X-linked hypophosphate-
mic rickets and autosomal dominant and recessive hypophos-
phatemic rickets (5). Our patient presented with long-standing
systemic symptoms of hypophosphatemia, with a raised level
of FGF-23. 68Ga-DOTATATE PET/CT was considered to
localize the culprit lesion of TIO in view of the clinically
symptomatic and biochemically proven case of hypophos-
phatemia with an increased FGF-23 level. Increased SSTR
uptake was seen in the maxillary sinus and bilaterally in the

tibial regions, which on MRI were
illustrative of benign etiopathologies.
Finally, the patient was diagnosed with
hereditary hypophosphatemia caused
by the autosomal recessive disorder
Fanconi–Bickel syndrome.

CONCLUSION

68Ga-DOTATATE PET/CT is used
as the first-line imaging modality in sus-
pected cases of TIO. In addition to
being found in TIO, a raised FGF-23
level can also be found in other hypo-
phosphatemia- and osteomalacia-induc-
ing musculoskeletal disorders. However,
SSTR uptake is also seen in inflamma-
tory or granulomatous conditions and in
fractures or degenerative bone disease.
This should be kept in mind when one
is interpreting 68Ga-DOTATATE PET/
CT images with equivocal or doubtful
findings in hypophosphatemia–osteoma-
lacia cases.
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FIGURE 1. (A) Maximum-intensity-projection 68Ga-DOTATATE PET image showing
abnormal SSTR uptake in maxillary sinus (green arrow) and knee (red arrow) regions.
(B and D) Transaxial 68Ga-DOTATATE PET/CT image showing mildly increased
uptake (arrow, SUV max of 5.42) in left maxillary sinus, with mucosal thickening (B),
and coronal 68Ga-DOTATATE PET/CT image showing mildly SSTR-avid sclerotic
lesion (arrow, SUVmax of 3.84) in medial part of upper condyle of right tibia and faint
SSTR uptake in medial part of upper condyle of left tibia (D). (C and E) MRI of maxil-
lary sinus showing moderate T2 hyperintense mucosal thickening in left maxillary
sinus, with central T2 hypointense areas due to retained secretion (C, arrow), and
MRI with T1-weighted coronal view of knee showing fracture along proximal inner
medial part of left and right tibiae (E, arrow), both of which were suggestive of benign
etiologies.
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Metachronous Adenocarcinoma of the Lung in the Setting of
Metastatic Gastric Neuroendocrine Tumor: Value of Elucidating
Discordance on Dual-Tracer PET/CT with Ki-67 Index

Sarvesh Loharkar and Sandip Basu

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

Dual-tracer PET/CT (18F-FDG and 68Ga-DOTATATE) has become
established practice in the management of metastatic neuroendo-
crine neoplasms (NENs) and has demonstrated the advantages to
patient management of deciphering the molecular PET characteris-
tics of the tumor. Judicious elucidation of the findings is important,
especially in scenarios of discordance with reported histopathol-
ogy, potentially leading to an unsuspected diagnosis such as sec-
ond primary malignancies. Such a diagnosis established early in
the disease course, and mostly at an asymptomatic stage, pro-
vides lead time for timely, appropriate management. This concept
was elaborated in a case of incidentally detected 18F-FDG–avid
metachronous lung adenocarcinoma in a patient with metastatic,
well-differentiated gastric NEN, wherein dual-tracer PET/CT
showed 18F-FDG–avid but not 68Ga-DOTATATE–avid lung opacity.

Key Words: 18F-FDG; 68Ga-DOTATATE; dual-tracer PET/CT; neuro-
endocrine neoplasm; somatostatin receptor; SSTR
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Neuroendocrine neoplasms (NENs) comprise a heteroge-
neous group of tumors originating from neuroendocrine cells
at different sites and organs. Few reports have highlighted the
link between NENs and associated second primary malignan-
cies (1,2), with the prevalence of second primary malignancy
ranging from 4% to 25% in different cohorts and an observed
preponderance of gastrointestinal, genitourinary, and breast
malignancies, primarily in settings of gastrointestinal and pan-
creatic NENs. The utility of dual-tracer PET/CT (18F-FDG
and 68Ga-DOTATATE) in NENs is now evident (3), provid-
ing multiple added merits such as an understanding of tumor
biology and intra- and intertumoral heterogeneity, help with
treatment decision making, and (rarely) detection of multifocal
primary NENs and second primary malignancies. Discordant
18F-FDG–positive/SSTR-negative lesions, especially in low-
grade NENs, might correspond to a second primary or NEN
tumor heterogeneity. We present a case of metastatic gastric

NEN in which a metachronous primary lung malignancy was
diagnosed primarily through suspicion when discordance on
dual-tracer PET/CT was seen in an asymptomatic patient.

CASE STUDY

A 60-y-old-man who had a giant excavating ulcer with an
elevated margin at the greater curvature of the stomach was
diagnosed on endoscopic biopsy to have metastatic grade II
well-differentiated gastric NEN (Ki-67, 5%). He had received
2 cycles of 177Lu-DOTATATE peptide-receptor radionuclide
therapy (cumulative dose: 13.87 GBq) in view of progressive
disease, and uptake with a Krenning score of 4 was seen in
multiple hypodense liver lesions on 68Ga-DOTATATE PET/
CT (Fig. 1).
Recent follow-up PET/CT with 68Ga-DOTATATE showed

somatostatin receptor (SSTR)–expressing stable hepatic disease,
but there was a minimally SSTR-expressing centimeter-sized
ill-defined opacity at the upper lobe of the right lung, initially

FIGURE 1. Baseline 68Ga-DOTATATE PET/CT (upper left:
maximum-intensity projection image; upper right: fused coronal;
lower left: transaxial CT only; and lower right: fused transaxial)
showing multiple SSTR-expressing hepatic metastases (liver seg-
ment V lesion).
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suspected of being metastatic disease. The lesion was 18F-
FDG–avid (Fig. 2) (SUVmax, 9.6). Considering that this new
lesion was not consistent with other hepatic metastatic lesions,
a CT-guided biopsy was considered. Subsequently, the patient
defaulted for more than 6 months and missed his appointments
because of the coronavirus disease 2019 lockdown.
At the next visit, he was reevaluated with dual-tracer

PET/CT (Figs. 3 and 4), which showed SSTR-expressing
multiple (at least 4) hypodense lesions in both lobes of the
liver and a soft-tissue mass at the splenic hilum. In the
upper lobe of the right lung, an 18F-FDG–avid lesion of
soft-tissue density and with irregular margins was noted,
along with a similar new, smaller lesion in the apical seg-
ment of the same lobe. Although the hypodense liver lesions
and the soft-tissue lesion at the splenic hilum were weakly
18F-FDG–concentrating, both the SSTR-avid hepatic lesions
and the 18F-FDG–avid lung lesions showed an increase in
size and tracer uptake suggestive of disease progression
(Fig. 3). Considering the discordance in the lung lesions
(18F-FDG–avid but not SSTR-expressing), the possibility
of a metachronous primary lung malignancy arose. The
larger lung lesion was targeted with CT-guided biopsy and,
on histopathology, was found to harbor primary pulmonary
adenocarcinoma. On immunohistochemistry, the tumor cells
were positive for thyroid transcription factor-1 but negative
for synaptophysin. The patient underwent a further peptide-
receptor radionuclide therapy cycle, with a referral to a tho-
racic oncologist, who performed mutational analysis. The
patient’s disease course has since remained symptomless for
both malignancies.

FIGURE 2. 18F-FDG PET/CT after 2 cycles of peptide-receptor
radionuclide therapy (upper left: maximum-intensity projection
image; upper right: fused coronal; lower left: transaxial CT; and
lower right: fused transaxial) showing 18F-FDG–concentrating
(SUVmax, 9.6) ill-defined opacity in upper lobe of right lung.

FIGURE 3. Follow-up dual-tracer PET/CT maximum-intensity
projections obtained 6 mo apart (right panel later than left panel)
and showing disease progression in terms of increase in size and
number of SSTR-expressing hepatic lesions on 68Ga-DOTATATE
PET/CT and increase in size and number of 18F-FDG–avid lung
lesions on 18F-FDG PET/CT.

FIGURE 4. Follow-up dual-tracer transaxial PET/CT images
showing 18F-FDG–avid (SUVmax, 10.9), non–SSTR-expressing
(SUVmax, 4.7) lung lesions in right upper lobe (A and B); non–
18F-FDG-concentrating (SUVmax, 2.8), highly SSTR-expressing
(SUVmax, 29.4) hypodense segment V lesion in liver and nodal
mass at splenic hilum (C); and similar non–18F-FDG-concentrat-
ing (SUVmax, 2.4), highly SSTR-expressing hypodense segment
VI lesion in liver (SUVmax, 26.5) (D).
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DISCUSSION

The present report emphasizes the importance of perform-
ing dual-tracer PET/CT examinations and analyzing them ade-
quately to decode the disease pathology. There is one report
that discordance on dual-tracer PET/CT had utility in the diag-
nosis of triple-negative breast carcinoma in a patient with
NEN (4). Dual-tracer PET/CT has also enabled a diagnosis of
primary lung NEN in the scenario of metastasis with unknown
primary (5). This molecular PET imaging technique enables
us to understand the biology of tumor lesions noninvasively
and can provide added benefits as demonstrated in this case.
In the presented case, dual-tracer PET/CT findings raised

suspicion regarding the lung lesion noted early in the dis-
ease course. Such findings have potential to provide enough
lead time to make treatment with curative intent feasible.

CONCLUSION

This case underscored the value of correlation of discordant
findings on dual-tracer PET/CT in NEN patients, including
use of biopsy when indicated. Attending physicians should be

familiar with NEN variants and differentials when interpreting
such studies.

DISCLOSURE

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

REFERENCES

1. Parra-Medina R, Moreno-Lucero P, Jimenez-Moreno J, et al. Neuroendocrine neo-
plasms of gastrointestinal tract and secondary primary synchronous tumors: a system-
atic review of case reports. Casualty or causality? PLoS One. 2019;14:e0216647.

2. Kauffmann RM, Wang L, Phillips S, et al. Incidence of additional primary malig-
nancies in patients with pancreatic and gastrointestinal neuroendocrine tumors. Ann
Surg Oncol. 2014;21:3422–3428.

3. Basu S, Sirohi B, Shrikhande SV. Dual tracer imaging approach in assessing tumor
biology and heterogeneity in neuroendocrine tumors: its correlation with tumor prolifer-
ation index and possible multifaceted implications for personalized clinical management
decisions, with focus on PRRT. Eur J Nucl Med Mol Imaging. 2014;41:1492–1496.

4. Kalshetty A, Basu S. Interpreting discordance on dual-tracer positron emission tomogra-
phy–computed tomography in the setting of metastatic neuroendocrine tumor: detection
of metachronous triple-negative breast carcinoma.World J Nucl Med. 2020;19:414–416.

5. Polish A, Vergo MT, Agulnik M. Management of neuroendocrine tumors of
unknown origin. J Natl Compr Canc Netw. 2011;9:1397–1402.

METACHRONOUS SECOND PRIMARY IN NEN ! Loharkar and Basu 77



Femoral Neck Fracture with Avascular Necrosis
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Hip fractures are common in the aging population, with complica-
tions such as avascular necrosis. We describe a case of an 85-y-old
woman with early avascular necrosis as a complication from
femoral neck fracture discovered on routine bone densitome-
try screening.
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Avascular necrosis of the femoral
head is a known complication of fem-
oral neck fractures. Various imaging
modalities, including MRI and bone
scintigraphy, can be used to evaluate
avascular necrosis.

CASE REPORT

An 85-y-old woman underwent rou-
tine screening bone densitometry. On
the images, the femoral neck appeared
foreshortened (Fig. 1), and radiography
was recommended. Hip radiographs
then showed a displaced subcapital left
femoral neck fracture (Fig. 2), and chart
review revealed that the patient had sus-
tained a ground-level fall 3 wk before-
hand. Whole-body bone scanning and
MRI of the hip were performed to eval-
uate for avascular necrosis and osseous
metastases. The bone scan showed pho-
topenia over the left femoral head on
blood pool and delayed images, raising
concern about early avascular necrosis
(Fig. 3). MRI showed a hypointense
femoral head on T1-weighted sequen-
ces, confirming the diagnosis of avas-
cular necrosis (Fig. 4). The patient
subsequently underwent hemiarthro-
plasty of the left hip.

DISCUSSION

Dual-energy x-ray absorptiometry is recommended for
women aged 65 y or older to screen for osteopenia and
osteoporosis (1). The goal of screening is to identify those

at increased risk of an insufficiency fracture due to a low
bone mass. Screening typically evaluates the hip and lum-
bar spine and, occasionally, the forearm. The World Health

FIGURE 1. Dual-energy x-ray absorptiometry image suggesting foreshortened femoral
neck. AM5 age matched; BMC5bone mineral content; BMD5bone mineral density;
DAP5dose area product; BMDCS/NHANES5Bone Mineral Density in Childhood
Study/National Health and Nutrition Examination Surveys; LSC5 least significant change;
PR5peak reference;WHO5World HealthOrganization.
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Organization has devised the Fracture Risk Assessment
Tool to estimate the risk that a patient will sustain a major
osteoporotic fracture or hip fracture, based, in part, on bone
mineral density (2).
Hip fractures are problematic, particularly in the elderly,

with complications such as avascular necrosis of the femoral
head. In one study, the incidence of avascular necrosis in
patients with femoral neck fractures was 14.3% (3). MRI is the
gold standard for evaluating avascular necrosis (4). However,

bone scintigraphy is an option. Expected findings on MRI are
hypointensity on T1-weighted images, sometimes bordered by
a hyperintense line. T2-weighted images may show the double-
line sign, consisting of a hyperintense inner line between nor-
mal marrow and ischemic marrow. On bone scintigraphy, early
avascular necrosis shows photopenia on all phases because of
absence of blood flow. Late avascular necrosis shows increased
bone tracer activity due to reparative uptake.

CONCLUSION

Bone densitometry is a useful screening tool for osteope-
nia and osteoporosis. The limited images may yield unex-
pected findings, as demonstrated in this case, during which
a displaced femoral neck fracture was discovered. Avascu-
lar necrosis is a common complication of femoral neck frac-
tures and can be evaluated with MRI or bone scintigraphy.
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FIGURE 2. Anterior–posterior pelvic radiograph showing dis-
placed subcapital femoral neck fracture.

FIGURE 3. Delayed-phase bone scintigraphy images showing
photopenia over left femoral head, with expected uptake in femoral
neck fracture. ANT 5 anterior; LAT 5 lateral; LT 5 left; POST 5
posterior; RT5 right.

FIGURE 4. Coronal T1-weighted MR image through pelvis
showing hypointense left femoral head.
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L E T T E R S T O T H E E D I T O R

Radiation Treatments, Autoimmune Activation,
and PET Imaging

TO THE EDITOR: PET imaging and radiation treatments (radio-
therapy and radionuclide treatments) are commonly used for can-
cer. PET imaging is used to plan radiation treatments and assess
the response to those treatments. In this letter, I want to emphasize
the possibility that autoimmune inflammatory PET uptake after radi-
ation treatments may mimic tumor or metastasis. Radiation kills can-
cer cells mainly via DNA damage, but radiation treatment–induced
activation of the immune system (activation of T cells and other
immune cells) via release of tumor antigens, proinflammatory cyto-
kines, chemokines, and other signals may also contribute to death of
cancer cells (1). Radiobiologic effects of radiotherapy can be seen in
nearby nonirradiated cells (bystander effect), in nearby cancer cells
receiving a lower dose (cohort effect), and in distant nonirradiated
cancer cells (abscopal effect) because of activation of the immune
system (2). In the abscopal effect, metastatic foci away from the
radiotherapy field can shrink secondary to an activated immune sys-
tem, and this effect may be visible on PET images. In systemic
radionuclide treatments, activation of the immune system may con-
tribute to cancer cell death and enhance the effect of immunothera-
pies (3,4). Activation of the immune system by radiation treatments
may cause autoimmune inflammation in various local or remote tis-
sues such as the lungs (immune-mediated pneumonitis), and this
may be visible on PET images, particularly on 18F-FDG PET

(similar to side effects of immune checkpoint inhibitor treatments
seen on 18F-FDG PET images), and require careful evaluation of the
images so as not to mistake autoimmune inflammation for tumor
(5,6).

REFERENCES

1. Carvalho HA, Villar RC. Radiotherapy and immune response: the systemic effects
of a local treatment. Clinics (S~ao Paulo). 2018;73(suppl 1):e557s.

2. Daguenet E, Louati S, Wozny AS, et al. Radiation-induced bystander and absco-
pal effects: important lessons from preclinical models. Br J Cancer. 2020;123:
339–348.

3. Constanzo J, Galluzzi L, Pouget JP. Immunostimulatory effects of radioimmu-
notherapy. J Immunother Cancer. 2022;10:e004403.

4. Li M, Liu D, Lee D, et al. Targeted alpha-particle radiotherapy and immune check-
point inhibitors induces cooperative inhibition on tumor growth of malignant mela-
noma. Cancers (Basel). 2021;13:3676.

5. Morgan GW, Breit SN. Radiation and the lung: a reevaluation of the mechanisms
mediating pulmonary injury. Int J Radiat Oncol Biol Phys. 1995;31:361–369.

6. Schierz JH, Sarikaya I, Wollina U, et al. Immune checkpoint inhibitor-related adverse
effects and 18F-FDG PET/CT findings. J Nucl Med Technol. 2021;49:324–329.

Ismet Sarikaya
Kirklareli University Faculty of Medicine

Kirklareli, Turkey
E-mail: isarikaya99@yahoo.com

Published online Nov. 9, 2022.
DOI: 10.2967/jnmt.122.265093

COPYRIGHT! 2023 by the Society of Nuclear Medicine andMolecular Imaging.

80 JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY ! Vol. 51 ! No. 1 ! March 2023



S N M M I T S H I S T O R Y C O M M I T T E E R E P O R T

The 2022 Year in Review

The History Committee is charged with maintaining and
compiling the history of the Technologist Section. With this
charge, one of the items that the committee would like to
begin and continue is this brief Year in Review.
Coming out of the pandemic, SNMMI hosted the Mid-

Winter Meeting virtually, but the Annual Meeting was held
using the first completely hybrid format in SNMMI’s history
(with the meeting being held both in-person in Vancouver,
BC, and also virtually). The meeting was well attended, with
many new sessions and topics being presented. Most impor-
tantly, colleagues came together for the first time since June
2019, the last in-person Annual Meeting. For those attend-
ing, it truly felt like a homecoming. In addition, SNMMI
completed the year with the 2nd Theranostics Meeting,
hosted at the Gaylord National Resort & Convention Center
in Maryland. The introduction of this new hybrid-meeting
format for SNMMI came with great interest and excitement
for those unable to attend meetings every year.
The SNMMI Technologist Section was led by President

Dusty M. York, CNMT, PET, RT(N)(CT), through the
2022 Annual Meeting with the new president, Krystle W.
Glasgow, CNMT, NMTCB(CT), NMAA, assuming office
at the end of the Annual Meeting in Vancouver. Dmitry D.
Beyder, MPA, CNMT, was elected as President-elect.
The post-pandemic world had everyone moving and acting

trepidatiously. In 2022, SNMMI continued to provide guid-
ance regarding COVID-19 vaccines, and the Technologist
Section supplemented the recommendations with articles on
the benefits and experiences individuals had following vacci-
nation, published in the Journal of Nuclear Medicine Tech-
nology (JNMT).
SNMMI hosted the Artificial Intelligence and Barriers to

Patient Access Summit in March—the first of its kind for
the Society—designed to bring together thought leaders to
discuss current obstacles in the field of nuclear medicine
and provide solutions.
Mid-year, SNMMI announced the creation of the Mars

Shot Fund, an initiative to raise $100 million to help pay for
nuclear medicine, molecular imaging, and therapy research.
Applications for the first $1 million were opened in Decem-
ber, producing an overwhelming amount of interest.
SNMMI approved the following statement: Safe and

Equitable Healthcare for All: SNMMI’s Position on the
Doctor-Patient Relationship—“SNMMI believes that physi-
cians must be able to provide safe, effective, and accessible
evidence-based health care to patients without the threat of
non-medical outside interference. We condemn any interfer-
ence with the doctor-patient relationship outside of public
health measures and acknowledge that such interference

can disproportionately impact historically and economically
marginalized and disadvantaged populations. Physicians,
legislators, regulators, and patients must work together to
ensure safe and equitable health care for all.”
The issue that hospitals are now facing is not the de-

creased number of hospital beds but the personnel shortages.
This phenomenon is one that the entire world and almost
all industries are grappling with as businesses fight to stay
open and staffed. The workforce shortage poses a huge
problem for healthcare—specifically, the nuclear medicine
and molecular imaging community—creating the perfect
storm. Nuclear medicine technologist programs and residen-
cies are closing while more and more therapies are being
approved. The field is booming and in desperate need of qual-
ified individuals. The SNMMI and industry have partnered to
tackle this issue through the Value Initiative Workforce Pipe-
line Domain and have identified several outreach strategies
that will debut in 2023. The Technologist Section created a
one-of-a-kind recruitment video showcasing the amazing
careers, stability, and growth possibility as a Nuclear Medi-
cine Technologist.
In March 2022, SNMMI named Stanford Health Care

and the Dana-Farber Brigham Cancer Center as its first two
designated Radiopharmaceutical Therapy Centers of Excel-
lence. SNMMI created the Radiopharmaceutical Therapy
Center of Excellence program to certify sites that meet strict
regulatory, training, qualification, experience, and perfor-
mance criteria for radiopharmaceutical therapy. With the
Radiopharmaceutical Therapy Centers of Excellence desig-
nation, institutions can assure patients, their families, referring
physicians, and payors that rigorous procedures are in place
and followed, ultimately leading to appropriate patient selec-
tion and optimal outcomes from radiopharmaceutical therapy.
The Food and Drug Administration announced the ap-

proval of several new therapies and agents, including game-
changing nuclear medicine treatment for metastatic prostate
cancer, shown to reduce risk of death by 38% and risk of pro-
gression by 60% in metastatic castration-resistant prostate
cancer patients. Technology and science in our field seemed
to have exploded in 2022. The journals are jam-packed
with new isotopes, instrumentation, techniques, and findings.
The JNMT and its editor have expanded the journal, with so
much information and new material, and to quote the editor,
“Theranostics: The Future is NOW!” The Technologist Sec-
tion also released a new book: Artificial Intelligence in
Nuclear Medicine—the FIRST AI book from the SNMMI.
The nuclear medicine and molecular imaging community
also celebrated many new advances in science and technol-
ogy over the past year, including (1):

THE 2022 YEAR IN REVIEW 7A



! Novel PET Agent Effectively Detects Multiple Cancers, Identi-
fies Patients for Targeted Therapies

! PET/MRI Machine Learning Model Can Eliminate Sentinel
Lymph Node Biopsy in Majority of Breast Cancer Patients

! Novel PET Imaging Agent Detects Earliest Signs of Alzhei-
mer’s Disease

! Ultra-Low Dose Total Body PET/CT Effective for Evaluating
Arthritis

! New PET Tracer Shows Promise for uPAR-Targeted Therapy
of Neuroendocrine Neoplasms

! New Research Shows PSMA PET/CT Imaging Changes Man-
agement for Close to 50 Percent of Prostate Cancer Patients

! Revolutionary Technology Shortens Cardiac Scan Time, Pro-
vides High-Quality SPECT Images

! Novel Radiopharmaceutical Pair Detects and Treats Melanoma;
Study Shows Potential for Broad Application in Solid Tumors

! Virtual CT Scans Cut Patient Radiation Exposure in Half Dur-
ing PET/CT Studies

! PET Imaging Confirms Link Between Obstructive Sleep Apnea
and Heart Blood Flow Impairment

! Novel PET Agent Highly Effective for Imaging Meningiomas;
Offers Logistical Advantages Over Standard Agents

! Novel Ultra-Low Dose PET Technique Significantly Reduces
Radiation Exposure

! Novel Deep Learning Method Provides Early and Accurate Dif-
ferential Diagnosis for Parkinsonian Diseases

! New Radionuclide Combination Therapy Safe and Effective in
Metastatic Prostate Cancer Patients

! Molecular Imaging Uncovers Effects of COVID-19 on the
Brain

! Novel Radioligand Therapy Proven Superior for Metastatic
Prostate Cancer Patients

! PSMA PET Validates EAU Classification System to Determine
Risk of Prostate Cancer Recurrence

! PET/CT Artificial Intelligence Model Ideal for Predicting Risk
of Future Heart Attack

Both the SNMMI and the SNMMI-TS hosted Strategic
Planning sessions in 2022, the first in more than 5 years due
to the COVID-19 pandemic. For the first time in decades, it
was agreed that there would be one mission and vision that
directed the entire organization. The Technologist Section,
who created their own mission and vision to focus on the
technologist specifically, agreed that it was essential to have
one cohesive mission and vision statement to ensure syn-
ergy moving forward.
The end of the year proved difficult as nuclear medicine

reported a shortage of molybdenum-99 (Mo-99)/technetium-
99m (Tc-99m) through and beyond the third week of Novem-
ber. More than 20 million Americans benefit each year from
nuclear medicine procedures used to diagnose and treat a
wide variety of diseases such as Alzheimer’s, certain cancers,
and heart disease. Any delay in the supply chain impacts
patient care by preventing access to the most up-to-date treat-
ments, imaging, and diagnostic tests. As we progress from
2022 into 2023, physicians are asking our technology if cer-
tain disease states may be seen and/or treated. The answer
should be the title of Dr. Simon Cherry’s 2022 Cassen Award
presentation, “It’s Just a Matter of Time.”
The history of the SNMMI and SNMMI-TS is rich. The

membership and leadership have contributed and continue
to contribute greatly. But as one looks at history, one of its
major contributing components is its technologists who
propagate the technology on the front lines. Let us keep
moving forward as we remember our past.

REFERENCE

1. SNMMI NEWS & PUBLICATIONS, NEWS AND MEDIA, SNMMI NEWS.
http://www.snmmi.org/NewsPublications/NewsList.aspx?metadataid=34&navItem
Number=676.
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