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MESSAGE FROM THE PRESIDENT

Update on Advocacy

Dusty M. York, CNMT, PET, RT(N)(CT)

Fall 2021 holds many exciting things for SNMMI-TS,
particularly in the area of advocacy. The Scope of Practice
(SOP) Committee, Technologist Advocacy Group (TAG),
and Advocacy Committee hit the ground running at the start
of the 2021-2022 year.

The Model Practice Act

At the June meeting of the SNMMI-TS Executive Board,
the second edition of the Model Practice Act (MPA) was
approved. The MPA is a legislative tool that equips our TAG
representatives, state legislators, and other technologist state
advocates with the information they need to help ensure that
nuclear medicine technology is administered by qualified
professionals. Since improper administration of ionizing radia-
tion and radiopharmaceuticals can lead to harmful effects for
individual patients and the public, it is essential to educate
legislatures about nuclear medicine technology and about what
certified and licensed nuclear medicine technologists do. For
example, before legislation is introduced, we work with our
partners at the American Registry of Radiologic Technologists
and the American Society of Radiologic Technologists to
make sure the draft includes pertinent nuclear medicine defini-
tions, recommendations on the composition of a medical board,
and other critical information.

This second edition of the MPA went through three rounds
of review and voting within the SOP Committee. It was also
reviewed by Advocacy Committee members, who had addi-
tional input. Additions included the definition of the nuclear
medicine advanced associate (NMAA) and the explicit state-
ment that “a nuclear medicine technologist is a medical pro-
fessional.” We found this statement to be imperative to
establish public awareness that the nuclear medicine technol-
ogist is a medical professional and an essential part of the
nuclear medicine care team. Other changes to the MPA
included refining the definition of an Authorized User and
streamlining the patient care management section (for
nuclear medicine technologists and NMAAs) to refer to the
patient care management section of the Scope of Practice
and Standards document. The second edition of the MPA
may be found at http://ow.ly/pEfF30rYjHk.

State Advocacy

At this point in the year, Michigan and Pennsylvania are the
only states left that have active legislative sessions (since their
sessions are year-long). Our very own Pennsylvania TAG rep-
resentative, Janice Van Dolsen, represented the society

8A

in an informational meeting on
October 6 for H.B. 1440, the licen-
sure bill. The bill is now moving
forward. Michigan is also waiting
for an informational meeting; Mich-
igan TAG representative Melissa
Snody will represent the society
when it occurs. Michigan’s bill is
not a licensure requirement; rather,
House Bill 5116 will enable the
Department of Labor and Economic
Opportunity to certify nuclear medi-
cine technologists who meet the
requirements for registration and certification for nuclear
medicine technology under the ARRT, Nuclear Medicine
Technology Certification Board (NMTCB), and/or equivalent
standards. Grassroots efforts are underway.

Various other states are gearing up for legislative sessions
that begin in January. Alabama’s bill will be reintroduced.
Although Georgia’s bill does not yet have regulatory buy-in, it
does have the governor’s approval; now it must be presented
to the composite medical board for feedback. A grassroots
campaign for Missouri licensure will likely begin this Decem-
ber. A public relations campaign is underway to bring aware-
ness to the lack of medical imaging operators standards.

Dusty M. York, CNMT,
PET, RT(N)(CT)

The FIND Act

For the first time since SNMMI and its partners (MITA
and CORAR) began advocating for the separate reimburse-
ment of diagnostic radiopharmaceuticals in the hospital out-
patient setting, we have a bicameral bill. H.R. 4479 was
introduced in the House on July 16, and S. 2609 was intro-
duced in the Senate weeks after. Before introduction,
SNMMI held 3 dozen virtual fly-ins. Recently, the society
has participated in numerous fly-ins as a coalition.

It has been all hands on deck for SNMMI-TS members! Vari-
ous nuclear medicine technologists from the Advocacy Commit-
tee, TAG, and SOP Committee represented the society and
voiced their concerns on CMS’s packaging policy—and in the
past few months, SNMMI members have sent more than 400
letters of support to their members of Congress. As a result, the
House bill now has 17 co-sponsors, and more are joining every
week. More work needs to be done to secure co-sponsors on the
Senate side, and we will look to our nuclear medicine technolo-
gists to assist us with those fly-ins. Although passage by the
end of the year seems unlikely at this point due to the current
political climate, we are confident in its passage next year.

JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY * Vol.49 « No. 4 + December 2021



EDITOR'S PAGE

A Constellation of NMTs Celebrate Nuclear Medicine Week

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

Editor, JNMT

It’s early fall, and a “constellation of nuclear medicine
technologists” (an innovative term coined by a fellow tech-
nologist, Geoff Currie, in Australia) worldwide is raising
the flag of professional pride to celebrate all aspects of
nuclear medicine and molecular imaging during Nuclear
Medicine Week. The concept of a constellation of nuclear
medicine technologists plays on the idea of scintillation and
reinforces that we are all a bunch of stars that shine brightly
on a dim background! Nuclear Medicine Week allows us to
share our commitment to our patients and reinforce how
nuclear medicine and molecular imaging continue to trans-
form medicine and improve lives.

In this issue, a new article category is being launched:
Quality Case Studies. A quality case study is an institution’s
internal review process using standard quality assessment
tools (e.g., a root cause analysis using Lean or Six Sigma
methodology) to assess a significant issue or problem and
identify solutions, with the ultimate goal of preventing and
solving underlying issues. For example, the study presented
in this issue is related to a therapeutic administration of '3'I
that resulted in significant contamination of the department
and personnel (/). The subsequent quality analysis of the
problem explored all variables, identified a corrective action,
and verified the effectiveness.

Has your hospital or clinic performed a recent quality case
study that can help other nuclear medicine professionals?
Consider sharing your information so others may benefit
from your findings. The template for presenting this infor-
mation is very straightforward: a brief, unstructured abstract
followed by 4 sections—an introduction (a detailed descrip-
tion of the event, answering the questions what, how, when,
where, and who), a “Quality Analysis” section (repeatedly
asking the question why until a solution to the error is
found), a “Corrective Action” section, and a “Verification of
Effectiveness” section. Sharing your information is the first
step in helping others improve the quality of the services
provided and, perhaps, avoid a brewing problem.

Three continuing education articles are included in this
issue. I am excited to announce the launch of the SNMMI
Clinical Trials Network research series for technologists,
which will provide fundamental clinical research information
for both experienced and new nuclear medicine technologists

COPYRIGHT © 2021 by the Society of Nuclear Medicine and Molecular Imaging.

working in academic or research
settings or interested in a potential
new career pathway. This series
will help bridge the instruction
gaps in nuclear medicine technolo-
gist programs or on-the-job train-
ing. Technologists will learn the
common language of clinical trials,
examine ethical and regulatory
considerations, and review the dif-
ferent types of clinical studies
involving imaging and radiophar-
maceutical therapy agents. The first
2 articles in this series are included
in this issue. The first article serves
as an introduction to the topic as a whole (2). The second
introduces the concept of ethical issues and the regulatory
agencies that maintain best practices in clinical research (3).
Rounding out our continuing education articles for 2021 is
an introduction to Technegas (Cyclomedica) lung ventilation
studies (4). This topic may seem like old news to the interna-
tional community; however, in the United States, Technegas
has yet to be approved. Thus, an educational offering is
required in anticipation of its approval in 2022. A practical
protocol tip (5) on Technegas ventilation is included to com-
plement the Technegas continuing education article and can
be added to the department’s procedure manual and incorpo-
rated into clinical practice on approval.

Complications associated with COVID-19 patients con-
tinue to challenge health-care professionals worldwide.
Sajal De et al. present an interesting discussion on the inci-
dence of thromboembolic complications and the risk factors
for mismatched perfusion defects (6).

PSMA-based image-guided surgery is used to prevent
incomplete resection and improve intraoperative detection
and clearance of nodal metastasis. Else Aalbersberg et al.
discuss the estimation and measurement of occupational
radiation exposure for all personnel involved in the produc-
tion, administration, imaging, and surgery associated with
this technique (7).

Finally, don’t miss the remaining teaching case studies
and scientific articles offering diverse topics of interest.

The December issue concludes my fourth year as JNMT
editor. The support and input from my associate and

Kathy S. Thomas,
MHA, CNMT, PET,
FSNMMI-TS
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consulting editors and the patience and dedication of the
SNMMI publication staff continue to improve JNMT con-
tent. However, your input is also essential in helping JNMT
meet the technical needs of the nuclear medicine commu-
nity. If you have comments or suggestions, please contact
me at ksthomas0412@msn.com.

Wishing you all the happiest of holidays and a safe and
healthy new year.
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CONTINUING EDUCATION

SNMMI Clinical Trials Network Research Series for

Technologists: Introduction

Sarah Frye', Regan Butterfield®, and John M. Hoffman?*

! Department of Clinical Health Sciences, St. Louis University, St. Louis, Missouri; °Center for Quantitative Cancer Imaging, Huntsman
Cancer Institute, University of Utah, Salt Lake City, Utah; and 3Huntsman Cancer Institute, 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 December 2024. 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.

The field of nuclear medicine and molecular imaging has
grown tremendously over the past several years with the
approval of new imaging agents, diagnostic radiopharmaceuti-
cals, and radiopharmaceutical therapies. Clinical research con-
tinues to expand within nuclear medicine and molecular
imaging departments. Working as a nuclear medicine technol-
ogist on a clinical trial or with investigational radiopharmaceuti-
cals can be quite different from working in an approved-drug
setting in the clinic. Nuclear medicine technologists involved in
clinical trials can be at the front line of following rigorous trial
requirements and ensuring good-quality data. The details of
working in clinical research are often not taught in nuclear
medicine technologist programs. As such, there is an emerg-
ing need for education about clinical research for both experi-
enced and new nuclear medicine technologists, particularly for
those working with investigational radiopharmaceuticals. This
article is an introduction to the SNMMI Clinical Trials Network
Research Series for Technologists. This series of articles aims
to provide education on working in the context of a clinical
trial within the nuclear medicine department. The following 7
topics will be addressed in the series: ethical issues in clinical
research, application of good clinical practice to clinical
research in medical imaging, contract research organizations
with application in clinical imaging, a clinical research primer
on the regulatory process for how and when radiopharmaceut-
icals can be used and the role of the institutional review
board, use of imaging agents in therapeutic drug development
and approval, imaging agent trials, and imaging agents with
radiopharmaceutical therapies in clinical ftrials. Other topics
may be added over the course of the development of the
series.
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CTN RESEARCH SERIES: INTRODUCTION  *

An important goal for this series of articles is to provide
clinical research education to nuclear medicine technolo-
gists and information to those in our community interested
in the use of molecular imaging as a biomarker and in the
development, regulatory, and approval process for new,
investigational molecular imaging diagnostic and therapeu-
tic radiopharmaceuticals. Various sources of information
are available and valuable to review (/—4). The Society of
Nuclear Medicine and Molecular Imaging (SNMMI) cre-
ated the Clinical Trials Network (CTN) in 2008 to advance
the use of molecular imaging and therapeutic radiopharma-
ceuticals in clinical trials. Through the work of its commit-
tees (a database committee, a committee that validates
scanners and qualifies sites, an education committee, a gal-
lium users group/committee for access to nonproprietary
radiopharmaceuticals, and a radiopharmaceutical manufac-
turers committee), the CTN fulfills its mission of facilitating
the effective use of diagnostic and therapeutic molecular
imaging and radiopharmaceuticals in clinical trials in many
ways. One way is by maintaining a searchable database of
molecular imaging and radiopharmaceutical production
sites to assist clinical trial sponsors with site selection for
their studies. Another is by validating PET/CT scanners
with the CTN proprietary chest oncology phantom to ensure
that the scanners are producing accurate quantitative data,
as well as providing harmonized reconstruction parameters
across multiple centers. In addition, the CTN characterizes
and calibrates SPECT/CT scanners to ensure that they are
producing accurate quantitative data, to assist with dosime-
try measurements for radiopharmaceutical therapy dose
determinations. The CTN also audits investigational radio-
pharmaceuticals produced for clinical trials under investiga-
tional-new-drug applications to help ensure the safety,
consistency, and purity of the drugs being administered to
study patients, as well as assisting with trial design and pro-
tocol development for molecular imaging and radiopharma-
ceutical therapy clinical trials. Finally, the CTN develops
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educational programs for live meetings, webinars, and
online courses, including imaging interpretation training
sessions that help nuclear medicine professionals learn
about working in clinical research and about translating
clinical trial experience into the clinical implementation of
new tracers and radiopharmaceutical therapies after
approval (9).

The nuclear medicine field has experienced a decade of
growth in Food and Drug Administration (FDA) approvals
from 2011 to 2021 (Table 1), with 2 SPECT imaging
agents, 8 PET oncology imaging agents, 5 PET brain imag-
ing agents, and 3 radiopharmaceutical therapy agents
approved (6,7). These approved radiopharmaceuticals are
being used as biomarkers in clinical trials of therapeutic
drugs to assess response.

Because of the growth in radiopharmaceutical approvals
(6), there is also more interest in, and a greater need for,
education about clinical research, the process and chal-
lenges for approvals, and implementation of new imaging
agents and radiopharmaceutical therapies into the clinic.
With recent approvals and anticipated future approvals of
radiopharmaceutical therapies, the SNMMI CTN therapy
toolkit was created to provide educational tools, including a
therapy implementation checklist, and to help sites establish
a successful radiopharmaceutical therapy program (8).
Working in a clinical trial context can create a set of chal-
lenges different from those in an approved-drug setting.
Nuclear medicine technologists must learn new terms and
acronyms that are common language in clinical trials,
understand the complexities of a protocol, and be able to
follow rigorous clinical trial requirements to provide
quality data. Since most nuclear medicine technology
programs do not address these details, the CTN has pro-
vided this series of articles to help meet the educational
needs of nuclear medicine technologists working in clinical
research. This introductory article begins with an overview
of some basic terms and concepts included in clinical trials
and then summarizes the subsequent set of articles in the
series.

OVERVIEW OF BASIC TERMS, CONCEPTS, AND
PHASES OF CLINICAL TRIALS

There are many terms, acronyms, and concepts involved
in clinical trials that may be new to nuclear medicine
technologists. Learning the language of clinical trials is
important for nuclear medicine technologists to be able to
understand instructions within a protocol, provide high-
quality data, and communicate with the sponsor and
research team. The CTN currently has a couple of courses
in the SNMMI Learning Center that provide an overview of
research team members, study documents, phases of clinical
trials, and common terms and acronyms used in clinical
research: “CTN Course 102: The Language of Clinical Tri-
als” (9) and “CTN Course 116: Imaging in Clinical
Research—FElements for Success” (/0). Definitions are
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given below for many of the common terms (in alphabetical
order):

e Adverse drug reaction: An unintended reaction to a drug taken
at normal doses (11).

e Adverse event: Any untoward medical occurrence in a study
subject who has been administered a pharmaceutical product; it
does not necessarily need to have a causal relationship with this
treatment (/7).

e Blinding (masking): The process thorough which study sub-
jects, the investigator, or other involved parties in a clinical
trial are kept unaware of the treatment assignments of study
subjects (11).

e Case history: The investigator’s subject source documents and
case report forms for a trial (/7).

e Case report form: A record of pertinent information collected
on each subject based on the protocol during a clinical trial
n.

e Clinical research associate (monitor): A sponsor monitor who
visits sites periodically during a study to monitor data and
assess study progress (11).

e Clinical research coordinator (study coordinator, research coor-
dinator): A person at the investigational site who manages the
daily operations of a clinical investigation and reports to the
investigator (/). An individual can become a certified clinical
research coordinator by having 2 or more years of experience
and passing an exam (/7).

e Clinical trial (clinical study, clinical investigation): Any experi-
ment that involves a test article (drug, device, biologic) and one
or more human subjects (/7).

e Code of Federal Regulations: Organization of rules published
by the U.S. federal government departments and agencies;
divided into 50 titles (12).

e Contract: A written, dated, and signed agreement between 2 or
more parties that lays out any arrangements or delegation and
distribution of tasks and obligations, including, if appropriate,
on financial matters (/7).

e Contract research organization (CRO): A person or organization
with which the sponsor contracts to perform one or more of the
sponsor’s trial-related duties and functions (7).

e Control group: A group of subjects who are not treated with the
investigational product; this group is compared with the treat-
ment group (/1).

e Data management: The process of handling the data generated
and collected during a clinical trial, usually including data entry
and data management (117).

e Double-blind: The design of a study in which neither the inves-
tigator nor the subjects know which treatment the subject is
receiving (11).

e Drug: An article (other than food) intended for use in the diag-
nosis, cure, mitigation, treatment, or prevention of disease in
humans or animals (/7).

e Essential documents: Documents that individually and collec-
tively permit evaluation of the conduct of a study and the qual-
ity of the data produced (11).

e FDA form 1572: A legally binding, signed agreement between
the principal investigator and the FDA that the former will con-
duct the study in accordance with the protocol (10).

e Good clinical practice (GCP): The regulations and guidelines
that specify the responsibilities of sponsors, investigators, moni-
tors, and institutional review boards (IRBs) involved in clinical

JoUrRNAL OF NUCLEAR MEDICINE TECHNOLOGY * Vol.49 + No.4 + December 2021



TABLE 1
FDA-Approved Molecular Imaging and Therapeutic Radiopharmaceuticals from 2011 to 2021 (6,7)

Year of

approval Drug Indication Modality

2011 123|_joflupane (DaTscan; GE Healthcare) Parkinson disease Single-photon imaging

2012 8F_florbetapir (Amyvid; Eli Lilly) Alzheimer disease PET brain imaging

2012 11C-choline (Mayo Clinic) Prostate CANCER PET oncology

2013 123].MIBG iobenguane (Progenics) Pheochromocytoma, Single-photon imaging
paraganglioma

2013 223Ra-dichloride (Xofigo; Bayer Healthcare) Prostate cancer Radiopharmaceutical therapy

2013 18F_flutemetamol (Vizamyl; GE Healthcare) Alzheimer disease PET brain imaging

2014 8F_florbetaben (Neuraceq; Piramal) Alzheimer disease PET brain imaging

2016 8F_fluciclovine (Axumin; Blue Earth) Prostate cancer PET oncology

2016 58Ga-DOTATATE (Netspot; AAA/Novartis) Neuroendocrine cancer PET oncology

2018 177 y-DOTATATE (Lutathera; AAA/Novartis) Neuroendocrine cancer Radiopharmaceutical therapy

2018 1311_MIBG iobenguane (Azedra; Progenics) Pheochromocytoma, Radiopharmaceutical therapy
paraganglioma

2019 68Ga-DOTATOC (University of lowa) Neuroendocrine cancer PET oncology

2019 8F_fluorodopa (Feinstein Institute) Parkinson disease PET brain imaging

2020 8F_fluoroestradiol (Cerianna; Zionexa) Breast cancer PET oncology

2020 18F_flortaucipir (Tauvid; Lilly) Alzheimer disease PET brain imaging

2020 84Cu-DOTATATE (Detectnet; RadioMedix-Curium) Neuroendocrine cancer PET oncology

2020 58Ga PSMA-11 (UCSF-UCLA) Prostate cancer PET oncology

2021 18E_DCFPyL or '®F-piflufolastat (Pylarify; Lantheus) Prostate cancer PET oncology

trials. They are meant to protect the safety, rights, and welfare
of subjects while ensuring the accuracy of data collected (/7).
Human subject (study subject, study participant): An individual
who participates in research, either as a recipient of the test arti-
cle or as a control (/1).

Imaging manual: A document that contains detailed
information on the scanning requirements for a clinical trial,
such as patient preparation, dose, uptake time, acquisition and
reconstruction parameters, deidentification, and image transmit-
tal requirements (/0).

Inclusion and exclusion criteria: The characteristics that must
be present (inclusion) or absent (exclusion) for a subject to
qualify for a clinical trial, as per the protocol for the trial (/7).
Informed consent: The process by which a subject, after review-
ing the clinical trial procedures, voluntarily provides a signature
to confirm willingness to participate (/7).

IRB: Any board, committee, or group formally designated to
review biomedical research involving human subjects, approve
the initiation of such research, and periodically review it (/7).
IRB approval: The determination of an IRB that a clinical
investigation may be conducted within the constraints set by the
IRB and applicable regulations (/7).

International Conference on Harmonization: A conference that
promotes public health safety through international harmoniza-
tion (13).

Investigational-new-drug application: The application submitted
to the FDA per regulations within title 21, part 312, of the Code
of Federal Regulations to start clinical testing of a new drug or
biologic in humans (/7).

Investigator (clinical investigator, principal investigator): An
individual who conducts a clinical investigation—that is, under
whose immediate direction the test article is dispensed or, in the
case of an investigation conducted by a team of individuals,
who is the responsible team leader (7).
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Investigator brochure: A compilation of all information known
to date about the test product, including chemistry and formula-
tion information and preclinical and clinical data. It is updated
at least annually. Once the product is marketed, it is replaced by
the package insert for the product (/1).

Legally authorized representative: An individual, a judicial
body, or another body authorized under applicable law to con-
sent on behalf of a potential subject to the subject’s participa-
tion in research (/1).

Minimal risk: A term indicating that the probability and magni-
tude of harm or discomfort anticipated in the research are not
greater than those ordinarily encountered in daily life or routine
medical care (11).

New-drug application: The marketing application for a new
drug submitted to the FDA under the requirements of title 21,
part 314, of the Code of Federal Regulations. The new-drug
application contains all nonclinical, clinical, pharmacologic,
pharmacokinetic, and stability data required by the FDA (11).
Placebo: An inactive substance designed to resemble the drug
being tested (/7).

Quality assurance: Systems and procedures designed to ensure
that a study is being performed in accordance with GCP guide-
lines and that the data being generated are accurate (/1).
Radioactive drug research committee: A committee that reviews
research protocols that include the use of radioactive drugs and
approves those protocols once a certain list of requirements is
met (/4).

Randomization: A method by which study subjects are ran-
domly assigned to treatment groups. It helps to reduce bias in a
trial by ensuring that there is no pattern in the way subjects are
assigned to treatment groups (/7).

Regulatory coordinator: A member of the research team who is
responsible for submitting protocol documents to the IRB and
maintaining regulatory files (9).
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e Scientific review committee: A committee that reviews research
protocols for scientific merit to determine whether involvement
of human subjects is justified (10).

e Serious adverse event: After administration of any dose of a
drug, any untoward medical occurrence that results in death, is
life-threatening, requires hospitalization, or results in persistent
or significant disability or incapacity; a serious adverse event
can also be a congenital anomaly or birth defect (11).

e Source document: Original documents and records including,
but not limited to, hospital records, clinical and office notes,
laboratory notes, subjects’ diaries or evaluation checklists,
pharmacy records, copies of transcripts, images, and subject
files (11).

e Sponsor: A person or entity who initiates a clinical investigation
but does not actually conduct the investigation (7).

e Standard operating procedures: Official written instructions for
the management and conduct of clinical trial processes, ensur-
ing that they are performed consistently and efficiently (/7).

e Study protocol: The formal plan for carrying out a clinical
investigation.

e Study protocol amendment: Planned changes to the protocol
that must be approved by the review boards before being
applied to the participants.

e Study protocol deviations: Any change, divergence, or departure
from the study design or procedures defined in the protocol (15).

e Study protocol exception (planned protocol deviation): A tem-
porary protocol deviation that is preapproved by the funding
agency.

e Study protocol violation (important protocol deviation): A
change, divergence, or departure from the study requirements,
whether by the subject or the investigator, that resulted in a sub-
ject’s withdrawal from study participation (75).

e Subinvestigator (coinvestigator): An individual who performs
critical clinical trial-related procedures or makes important
decisions and is supervised by the investigator (9).

e Unanticipated event: A problem involving risks to human sub-
jects or others participating in a clinical research study. These
events need to be collected and reported (/7).

Clinical trials involve active participation of people to
test the safety and efficacy of new medical treatments (/6).
Clinical trials are divided into phases (Table 2); the differ-
ent phase numbers serve as markers or milestones in the
drug development process and are not necessarily distinct
consecutive periods (/6). The regulatory aspects of a clini-
cal trial for an approved agent being studied in a therapeutic
drug trial can differ from those for a new diagnostic radio-
pharmaceutical being studied for eventual approval. The
drug development process can be further complicated by
the fact that the approved agent may still be carefully moni-
tored, particularly if the trial is a response assessment. Hav-
ing a knowledge of the basic terms described above will
increase one’s understanding of the topics that will be dis-
cussed in the series.

SERIES TOPIC 1: ETHICAL ISSUES IN
CLINICAL RESEARCH

To understand what it means to conduct ethical medical
studies and work in clinical research, it is important to be
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familiar with the historical context of why current enforce-
able policies exist in clinical practice and in clinical trial
regulations. This first topic in the series will review several
agencies, mostly in the United States, that oversee both
clinical and research policies in medical practice. Some of
the agencies and their responsibilities discussed in this arti-
cle include the FDA (which ensures the safety, efficacy,
and security of human and veterinary drugs, biologic prod-
ucts, and medical devices (/7)), the Nuclear Regulatory
Commission (which ensures that radioactive materials are
used safely (/8)), the Joint Commission (which encourages
excellence and quality while evaluating health-care organi-
zations (/9)), the Office for Human Research Protection
(which provided leadership for protecting human subjects
in research (20)), and the World Health Organization
(which helps ensure healthy lives and the well-being of all
peoples (21)).

This article moves into a discussion of the ethical require-
ments for humans involved in clinical research. It explores
the historical examples of medical mistreatment in research
and the main regulations developed to guide current
researchers in informed research studies. Some of these eth-
ical principles and laws that have shaped clinical research
practices include the U.S. Code of Federal Regulations, the
Nuremberg Code, the Declaration of Helsinki, and the Bel-
mont Report. These all work together to help manage the
applicable ethical and scientific quality standards included
in GCP, which outlines the responsibilities of the investiga-
tor, sponsor, and institution involved in human subject
research, as well as the design of clinical trials (22).

SERIES TOPIC 2: APPLICATION OF GCP TO CLINICAL
RESEARCH IN MEDICAL IMAGING

After understanding the context of the development of
current clinical trial regulations, it is important to know the
meaning of those regulations, the language used in clinical
trials, and how the regulations and language all apply
toward GCP. The objective of this second topic in the series
includes the importance of GCP and the relationship
between GCP and federal regulations that govern human
subject research in the United States. The article will
describe good documentation practices for collection and
recording of raw and processed data; define source material,
source documents, and the differences between them; char-
acterize the critical role of technologists in mitigating key
risks to data standardization in trials that rely on imaging
endpoints; and describe how to read and follow a sponsored
research protocol while relying on key supplemental docu-
ments such as an imaging charter.

The article also provides other material useful for readers,
including the use of documentation tools such as a delega-
tion log and drug accountability log; definitions and
descriptions of adverse event; the role of the medical imag-
ing provider in reporting adverse events to the sponsor; and
the need to work together with the sponsor, investigator,
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TABLE 2
Phases of Clinical Trials (76)

Phase Primary purpose Study participants
Preclinical Collect data to determine basic physical, chemical, and Cell studies and animal studies
biologic characteristics of new compound
| Safety in humans Healthy volunteers or people with the disease or
condition (usually 20-100 participants)
1l Efficacy in target/disease condition; determination of dose People with the disease or condition (usually a few
hundred participants)
I} Efficacy and monitoring of adverse events; comparison to People with the disease or condition (often thousands
current standard treatment of participants)
\Y Safety and efficacy over time, usually after FDA approval People with the disease or condition (usually

thousands of participants)

and study coordinator to produce high-quality, reproducible,
and audit-ready data.

SERIES TOPIC 3: CROS WITH APPLICATIONS IN
CLINICAL IMAGING

CROs can play a major role in ensuring safe and ethical
clinical trials, which help in the development of new drugs
and medical devices that benefit millions of patients world-
wide (23). Sponsors contract with imaging CROs, which
assume the responsibility of performing services or manag-
ing the imaging portion of the trial. These aspects often
include writing imaging manuals, reviewing image charters,
qualifying and training sites, collecting and performing
quality control of study images, and performing image anal-
ysis. Clinical research conducted by CROs increased 40%
from 2008 to 2014 and is expected to reach over $45 billion
a year by 2022 (23). This third topic of the CTN series will
discuss, in detail, clinical trial management and tasks per-
formed by an imaging CRO, common primary and second-
ary endpoints tied to imaging in clinical trials, centralized
image review with response assessment criteria, potential
safety assessments measured during clinical trials, and the
use of nuclear medicine and molecular imaging in drug
development.

Finally, the article will discuss how an imaging CRO can
serve as a gateway to a research-focused career for nuclear
medicine technologists.

SERIES TOPIC 4: CLINICAL RESEARCH
PRIMER—REGULATORY PROCESSES, PARTS | AND I
(HOW AND WHEN RADIOPHARMACEUTICALS CAN BE
USED AND THE ROLE OF THE IRB)

Regulatory processes are developed to ensure patient
safety, patient privacy, and data integrity while conducting
effective research. This fourth topic in the series will famil-
iarize the reader with the regulatory process for clinical
research involving radiopharmaceuticals by providing a
basic understanding of how and when radiopharmaceuticals
can be used. This focus will identify and explain the role of
the IRB or ethics committee in protecting human subjects.
It will continue to define terms, exemptions, and processes
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that are specific to the clinical research environment. This
topic will describe the importance of a clinical trial and
how the protocol needs to be written and interpreted to
comply with the objectives of the research being performed.

SERIES TOPICS 5-7: USE OF IMAGING AGENTS IN
THERAPEUTIC DRUG DEVELOPMENT AND APPROVAL,
IMAGING AGENT TRIALS, AND IMAGING AGENTS WITH
RADIOPHARMACEUTICAL THERAPIES IN

CLINICAL TRIALS

Molecular imaging agents used as a biomarker in clinical
trials can provide sponsors of therapeutic agents, such as a
chemotherapy for cancer, with valuable information to
determine eligibility, efficacy, and response. This can be
done by showing either the presence or lack of disease, by
confirming whether the drug would bind to a particular tar-
get, and by predicting or showing a patient’s response to
therapy. The last 3 topics in this series will review the use
of imaging in clinical trials and discuss many aspects of
clinical research, including inclusion and exclusion criteria,
biomarkers, surrogate endpoints, test—retest variability,
radiolabeling of a drug, biodistribution, monitoring and
audit processes, clinical and research lab assessments,
dosimetry, tumor response assessments, protocol deviations
and violations, adverse event reporting, common documents
in clinical trials, administration techniques, and attention to
details in following the imaging parameters in the protocol.

Each topic will further examine the types of studies, namely
phase 1 through phase 4. The fifth topic will focus on the use
of an imaging agent in a study designed to help develop and
approve a nonradioactive therapeutic drug. The sixth topic
will examine clinical research on an imaging agent. The sev-
enth topic will review the use of an imaging agent along with
a radiopharmaceutical therapy in a clinical trial, such as a
theranostic study. This last topic will also discuss use of posi-
tive scan findings to qualify a patient for therapy, the adminis-
tration of concomitant medications, and posttherapy imaging.

CONCLUSION

The radiopharmaceutical market is expected to grow
from $5.9 billion in 2021 to over $10.5 billion in 2026,

Fryeetal. 301



nearly doubling in 5 y (24). This expansion represents the
lives of actual patients who are impacted because of a diag-
nosis or therapy that nuclear medicine can provide (24).
The phases of drug development, the investigational-new-
drug application requirements, and the clinical research pro-
cess can be difficult to navigate in the clinical setting.
Recent advances in 3-amyloid therapies in Alzheimer dis-
ease, immune modulation therapy for cancer, and radio-
pharmaceutical therapies have increased the demand for
highly trained research personnel with nuclear medicine
expertise to assist in the design, conduct, and analysis of
clinical trial data and results. The SNMMI CTN recognized
the need to develop a committee to ensure the advancement
and development of new radiopharmaceuticals and clinical
trials. The CTN has a variety of resources to assist the
nuclear medicine community involved in research, includ-
ing scanner validation programs, educational opportunities,
a therapy toolkit, a database of molecular imaging and
radiopharmaceutical production sites to assist clinical trial
sponsors with site selection, and assistance with trial design
and protocol development. Clinical trial education will help
advance not only the career of a nuclear medicine technolo-
gist but also the entire field of medicine.
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Ethical principles and laws have developed as medical practice
and research have grown. This article discusses regulatory poli-
cies in patient care and the governing bodies that provide over-
sight. These include but are not limited to the Food and Drug
Administration, Office for Human Research Protection, Code of
Federal Regulations, Nuclear Regulatory Commission, Joint Com-
mission, Health Insurance Portability and Accountability Act,
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This article reviews ethical requirements in clinical research and
provides examples of medical mistreatment that forced the devel-
opment of these rules and regulations. Some include the Nurem-
berg Code, Declaration of Helsinki, and Belmont Report; good
clinical practice; and the Common Rule. Several specific research
documents are discussed further in this continuing education
series. These guiding documents and principles are important
because every patient and research subject deserves a safe envi-
ronment with safe products and protection of privacy. Individuals
deserve to understand their role in medicine and clinical research,
have the right to refuse care, make informed decisions, know the
risks and benefits included, and ultimately have their individual
choices respected.
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Medical professionals follow their own principles,
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education, upbringing, and the philosophy of where and
sometimes when those professionals work. Ethics derives
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from the Greek word ethos, meaning custom or character,
and is defined as “the discipline dealing with what is good
and bad and with moral duty and obligation” (/). Ethics is
not the same as morality. Morality must specify which
codes from a society or group count as moral (2). In another
sense, morality refers to a code of conduct that would be
accepted by anyone who meets certain intellectual condi-
tions, almost always including the condition of being ratio-
nal (2). Morality frequently relates to upbringing, culture,
personality, and other factors. Ethics brings an added layer
to morality that is more systematic (2). Ethics is the system-
atic study of values by which the determination of what is
right and wrong is made (2).

Many individuals would not be where they are today
without a strong opinion of right and wrong. How is this
professional code established? How do we abide by similar
ethical codes for our patients? Why are these rules and reg-
ulations in place in patient care? There are enforceable laws
followed in our workplace, with regulations coming from
governing and regulating bodies. This article summarizes
the most prominent in the United States, as well as how
each evolved, and discusses additional requirements for
individuals involved in research studies. Many principles
followed today were developed because of medical experi-
ments and atrocities performed on unknowing participants
in the past. Some of these codes and guidelines include the
Nuremberg Code, the Declaration of Helsinki, and the Bel-
mont Report. This article reviews the basics of these, how
each evolved, how they are applied, and the historical con-
text for their creation. Further articles in this research series
will elaborate on these topics.

REGULATORY AGENCIES

This section discusses the agencies involved in the forma-
tion and execution of clinical patient regulations, with a
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TABLE 1
Regulatory Policies and Governing Bodies

Name Responsibilities

U.S. FDA Protects public health by ensuring safety, efficacy, and security of human and veterinary
drugs, biologic products, and medical devices

CFR Organizes rules published by U.S. federal government departments and agencies; is divided
into 50 titles

NRC Ensures safe use of radioactive materials

Joint Commission Sets standards and accredits health-care organizations in United States

HIPAA Provides data privacy and security for safeguarding medical information

OSHA Sets and enforces workplace safety

OHRP Protects human subjects and provides leadership in biomedical and behavioral research

WHO Promotes healthy lives and well-being for all people

ICH Promotes public health safety through international harmonization

focus on those most applicable in the United States
(Table 1).

U.S. Food and Drug Administration (FDA)

The U.S. FDA is responsible for protecting public health
by ensuring the safety, efficacy, and security of human and
veterinary drugs, biologic products, and medical devices
(3). The FDA is responsible for protecting public health by
ensuring that foods are safe, wholesome, sanitary, and prop-
erly labeled and that human and veterinary drugs, vaccines,
and other biologic products and medical devices intended
for human use are safe and effective (3). The FDA is also
responsible for protecting the public from electronic product
radiation, ensuring that cosmetics and dietary supplements
are safe and properly labeled, regulating tobacco products,
and advancing public health by helping to speed product
innovations (3).

The FDA can trace its origins back to the creation of the
agricultural division in the patent office in 1848. Its origins
as a federal consumer protection agency began with the
1906 Pure Food and Drugs Act (4). Not all products
undergo review of safety and effectiveness by FDA experts
or receive agency approval before being marketed (5). In
some cases, the FDA’s enforcement efforts focus on prod-
ucts after they are already for sale (5). When FDA approval
is not required before a product is sold, the agency has reg-
ulatory authority to act when safety issues arise (3).

The U.S. Code of Federal Regulations (CFR)

The CFR annual edition is the codification of the general
and permanent rules published in the Federal Register by
the U.S. federal government (6). It is divided into 50 titles
that represent broad areas subject to federal regulations (6).
Each title is divided into chapters, and each chapter is sub-
divided into parts or subparts that cover regulatory areas
(6). Various parts of the CFR are important to imaging tech-
nologists. For technologists who participate in research
studies with human subjects, title 21, part 312, governs the
use of investigational materials, whereas part 50 provides
regulations for protections of human subjects via the role of
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the institutional review board and part 361.1 includes infor-
mation on radioactive drugs for certain research uses and
includes how to report research use of radioactive drugs (7).
Title 45, part 164, includes HIPAA requirements. Title 10,
parts 19, 20, and 30 — 37, have to do with worker safety,
radiation protection, and byproduct material (8).

Before the Federal Register Act was established in 1935,
the U.S. executive branch agencies and the office of the
president would each publish its own regulations in separate
publications (8). This excessive number of authoritative
documents made it difficult to determine where a U.S. regu-
lation was found, when it was issued, and whether it had
been altered or revoked (8). Congress passed the Federal
Register Act in 1935, which empowered the archivist of the
United States to establish a division within the National
Archives to be responsible for the publication of a daily
Federal Register (8). This act required that the Federal
Register, begun on March 14, 1936, be the federal govern-
ment’s comprehensive documentation for publishing all
agency rules, regulations, and executive orders (8).

The U.S. Nuclear Regulatory Commission (NRC)

The U.S. NRC was created as an independent agency by
Congress in 1974 to ensure the safe use of radioactive mate-
rials for beneficial civilian purposes while protecting people
and the environment (9). The NRC regulates commercial
nuclear power plants and other uses of nuclear materials,
including nuclear medicine, through licensing, inspection,
and enforcement of its requirements (9). Before the NRC
was created, nuclear regulation was the responsibility of
the Atomic Energy Commission (AEC), which Congress
established in the Atomic Energy Act of 1946 (/0). Con-
gress later replaced the Atomic Energy Act of 1946 with
the Atomic Energy Act of 1954, which made the develop-
ment of commercial nuclear power possible (/0). The AEC
functioned by encouraging the use of nuclear power and
regulating its safety (/0). The AEC’s regulatory programs
ensured protection of public health from the hazards of
nuclear power without imposing excessive requirements
that would inhibit the growth of the industry (/0). By 1974,
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the AEC’s regulatory programs had come under attack, so
Congress decided to abolish the agency (/0). The Energy
Reorganization Act of 1974 created the Nuclear Regulatory
Commission, which began in January 1975 (10).

The NRC regulates all persons and organizations that
receive an NRC license to use nuclear materials or operate
nuclear facilities (/7). Today, the NRC’s regulatory activi-
ties are focused on reactor safety oversight and reactor
license renewal of existing plants, materials safety oversight
and materials licensing, and waste management of high-
level waste and low-level waste (/0). The NRC (like the
AEC before it) focuses on several broad radiation issues
that are essential to protecting public safety. There are 39
agreement states in the United States as of August 2021
(12). Agreement states have entered NRC agreements that
give them authority to license and inspect byproduct,
source, or special nuclear materials used or possessed
within their borders (/2). Agreement state regulations must
be as strict as NRC regulations.

The Joint Commission

The Joint Commission is an independent, not-for-profit
organization that seeks to “improve health care for the pub-
lic, in collaboration with other stakeholders, by evaluating
health care organizations and inspiring them to excel in pro-
viding safe and effective care of the highest quality and val-
ue” (13). Founded in 1951, The Joint Commission accredits
more than 22,000 U.S. health-care organizations and pro-
grams (/3). It is the United States’ oldest and largest
standards-setting and accrediting body in health care (/3).
To earn and maintain The Gold Seal of Approval from The
Joint Commission, an organization must undergo an on-site
survey at least every 3 y, with laboratories surveyed every
2 y (13). The Joint Commission’s vision is that all people
always experience the safest, highest-quality, best-value
health care (/4).

Health Insurance Portability and Accountability
Act (HIPAA)

HIPAA is U.S. legislation that provides data privacy and
security provisions for safeguarding medical information
(15). This is in title 45 of CFR with the primary purpose of
helping people carry their health insurance between compa-
nies and streamline the movement of medical records
between institutions (/6). Title I is “Health Care Access,
Portability, and Renewability,” which deals with health-
care plans and policies (/6). Title I is “Preventing Health
Care Fraud and Abuse” and comprises the privacy rule, the
transactions-and-code-sets rule, the security rule, unique
identifiers or the national provider rule, and the enforcement
rule (16). Medical practices can use a specialized electronic
medical record for managing individual records in a larger
electronic health records system (/6). The law has emerged
into greater prominence in recent years with the prolifera-
tion of health data breaches caused by cyberattacks on
health insurers and providers (/7).
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Although the law itself was passed in 1996, there have
been major additions to HIPAA over the past 25 y with the
introduction of the privacy rule, security rule, breach notifi-
cation rule, and omnibus final rule (/8). HIPAA is a living
document that attempts to change with the times, and seri-
ous penalties can ensue from a HIPAA breach (/8). The
HIPAA privacy rule deals with protected health informa-
tion, and the HIPAA security rule deals with electronic pro-
tected health information. HIPAA is used daily in patient
care and helps keep medical information private and secure.

Occupational Safety and Health Administration (OSHA)

OSHA is part of the U.S. Department of Labor (/9). The
Occupational Safety and Health Act of 1970 was passed to
prevent workers from being killed or seriously harmed at
work (19). This act sets and enforces protective workplace
safety and health standards (/9). OSHA provides
information, training, and assistance to employers and work-
ers (/9). Under the Occupational Safety and Health Act,
employers have the responsibility to provide a safe work-
place. OSHA standards describe the methods employers are
legally required to follow to protect their workers (/9).
Before OSHA can issue a standard, it must go through an
extensive process that includes substantial public engage-
ment, notice, and comment (/9). OSHA offers help for
employers, with free confidential advice (/9). Several pro-
grams and services help employers identify and correct job
hazards and improve their injury and illness prevention pro-
grams (/9).

Workplaces and employees in the United States must
comply with OSHA standards (/9). Examples of OSHA
standards include requirements to provide fall protection,
prevent exposure to some infectious diseases, ensure the
safety of workers who enter confined spaces, put guards on
machines, provide safety equipment, and provide training
for certain dangerous jobs (/9). OSHA inspections are
initiated without notice and performed by highly trained
compliance officers (/9). OSHA and the NRC both have
radiation dose limits for radiation workers. Radiation pro-
duced by machines is overseen by OSHA. Radiation from
radionuclides is overseen by the NRC. OSHA and the NRC
have the same yearly whole-body radiation exposure limits
for occupational workers. OSHA’s goal is to keep a safe
work environment in the United States.

Office for Human Research Protections (OHRP)

OHRP provides leadership in the protection of the rights,
welfare, and well-being of human subjects involved in
research conducted or supported by the U.S. Department of
Health and Human Services (20). OHRP also provides guid-
ance, develops educational programs, and maintains regula-
tory oversight issues in biomedical and behavioral research
(20). OHRP was created in June 2000 to lead the Depart-
ment of Health and Human Services’ efforts to protect
human subjects in research and to provide leadership
for federal agencies that conduct or support human
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subject research under the Federal Policy for the Protection
of Human Subjects, also known as the Common Rule
(20). OHRP replaced the Office for Protection from
Research Risks, which was created in 1972 and was part of
the National Institutes of Health. OHRP has oversight in
more than 13,000 institutions in the United States and
worldwide that conduct Department of Health and Human
Services—supported nonexempt human subject research (20).

The World Health Organization (WHO)

The WHO was founded in 1948 with a broad mandate to
act as a coordinating authority on international health issues
(21). Its mission is “attainment by all peoples of the highest
possible level of health” (27). The U.S. government has
been actively engaged with WHO, providing financial and
technical support and participating in its governance struc-
ture (27). The WHO’s primary concern since January 2020
has been the worldwide response to the COVID-19 global
pandemic (27). It supports its mission through activities
such as providing technical assistance to countries, setting
international health standards, providing guidance on health
issues, coordinating and supporting international responses
to health emergencies, and advocating for better global
health (27). WHO is made up of 194 member states, with
an executive board comprising 34 members technically
qualified in the health field (2/). The WHO is headquar-
tered in Geneva, Switzerland, and has a worldwide network
of representatives (21).

The WHO successfully achieved initiatives but faces
many challenges. Its objective from 2019 to 2023 is to
ensure healthy lives and promote well-being for all (21).
The WHO has 3 strategic priorities: helping 1 billion people
benefit from universal health coverage, ensuring that 1 bil-
lion more people are protected against health emergencies,
and helping 1 billion more people enjoy better health and
well-being (27) .

The International Council for Harmonization of
Technical Requirements for Pharmaceuticals for
Human Use (ICH)

The ICH is unique in coordinating technical drug regis-
tration guidelines with the engagement of regulators and
industry (22). The purpose is promotion of public health
through international harmonization that contributes to pre-
vention of unnecessary duplication of clinical trials, to
development and registration of new medicines, and to
reduction of unnecessary animal testing (22). The ICH’s
mission is to achieve greater worldwide harmonization to
ensure that safe, effective, and high-quality medicines are
developed in a resource-efficient manner (23). Harmoniza-
tion is achieved through a process of scientific consensus
with experts to develop ICH guidelines (23). In 2021, the
ICH Association has continued its harmonization,
defined strategic priorities, and identified new topics for
harmonization (24).
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These regulatory organizations guide interactions with
medical practitioners regarding patient care. Adding clinical
research to the discussion includes another layer of scrutiny
on regulatory and ethical guidance. Historically, medical
mistreatment under the guise of clinical research contrib-
uted to the change in the culture of health care and caused
people to be fearful of interactions with health-care
providers.

HISTORICAL EXAMPLES OF MISTREATMENT

Regulations that govern human subject research have
evolved because of errors and faulty research practices,
including deliberate exploitation of specific populations
(usually based on race, religion, mental status, age, socio-
economic status, or sex). With the evolution of digital medi-
cine and Internet-based technology, these regulations are
continually adjusted to protect individuals’ rights. The
examples of targeted mistreatment of discriminated popula-
tions have made individuals and communities skeptical of
medical treatment and research.

The various examples listed were performed on individu-
als unaware of the repercussions of this medical treatment.
One notable case of mistreatment occurred between 1932
and 1972, when more than 400 African American men were
observed to study the natural course of untreated syphilis
(25). The study was originally called the “Tuskegee Study
of Untreated Syphilis in the Negro Male” (now referred to
as the “U.S. Public Health Service Syphilis Study at
Tuskegee™) (25). Participants’ informed consent was not
obtained, and participants were told they were being treated
for “bad blood” (24). The study continued even after penicil-
lin became the treatment of choice for syphilis in 1943, and
participants were not offered this treatment (25). Another
case, which began in 1956 and lasted 14y, included men-
tally disabled children intentionally injected with hepatitis
(26). The study goal was to track development of the viral
infection to determine the effectiveness of y-globulin injec-
tions (26). The researchers of this study justified their delib-
erate infections and exposures by claiming that the high rate
of infection in the institution made it practically inevitable
that the children would become infected (26).

In 1962, a physician in Brooklyn injected live cancer cells
into 22 elderly cancer patients after being rebuffed by his
institution, Sloan-Kettering (27). The goal was to learn
whether people who were debilitated by cancer could reject
cancer cells (27). Study participants were not informed
about the risks and were not informed that the experiment
involved injecting live cancer cells (27). Three whistle-
blowers refused to participate in the experiment and brought
attention to the hospital board, which eventually accused the
original physician of fraud and unprofessional conduct (27).

Of note to imaging technologists, radiation research was
not exempt from examples of medical mistreatment. The
Advisory Committee on Human Radiation Experiments
appointed by President Clinton published an executive
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TABLE 2
Research Ethical Standards

Standard

Description

Nuremberg Code
Declaration of Helsinki
Belmont Report
and justice)
GCP
institution
Common Rule (title 45 of

CFR, part 46, subpart A) research

Set of research ethical principles for human experimentation from Nuremberg trials
General guiding principles for researchers when working with human subjects

Basic ethical guidelines on human subject research (respect for persons, beneficence,
Description of clinical trial design and responsibilities of investigator, sponsor, and

Rule for creating uniform regulations across U.S. agencies involved in human subject

summary that found over 4,000 human radiation experi-
ments sponsored by the U.S. federal government between
1944 and 1974 (28). After the discovery of radiation, the
discovery of radiation side effects quickly occurred. Indi-
viduals were looking for opportunities to understand more
about radiation effects on the body. Researchers wanted to
advance medical understanding, but there were physicians
who did not appreciate the rights of the individuals included
in these studies (28). The advisory committee from the Alli-
ance for Human Research Protection found at least 27
experiments that exposed pregnant or nursing mothers and
their babies to radiation in nontherapeutic research between
1944 and 1974 (25). One case in the 1940s included a radia-
tion exposure experiment funded by the U.S. Public Health
Service that involved 820 poor pregnant White women who
were given radioactive iron in a cocktail drink (29). The
women were not informed about the contents of the drink
or that they were in an experiment (29). The goal of the
radiation portion of the experiment was to study the absorp-
tion of iron during pregnancy (29). It was later discovered
that a higher number of malignancies occurred among the
offspring of those that received this cocktail than among the
offspring of a control group of similar size (29).

Another case from the 1940s included 18 terminally ill
patients injected with plutonium. Starting in 1945, doctors
working with the Manhattan Project initially injected pluto-
nium into 18 men, women, and children (30). The doctors
in this study did not obtain consent, and the injections were
not given with therapeutic intent (30). The goal was to
study the toxic effects of plutonium on selected groups so
that physician—scientists would know how to protect Ameri-
can researchers, soldiers, and citizens exposed to atomic
weapons (30). In the 1950s, another research study, con-
ducted by Harvard University and the Massachusetts Insti-
tute of Technology, gave developmentally disabled boys
radioactive calcium and iron in their breakfast cereal (317).
From 1946 to 1956, these boys consumed radioactive food
to help the researchers better understand the human diges-
tive process, exposing the boys to the radiation-equivalent
of at least 50 chest radiographs (3/). Parents were never
informed that radioactive elements were involved in the
tests (37). In a different experiment that ended in 1971, 88
poor, uneducated, and mostly African American patients
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with incurable cancers were exposed to heavy doses of
experimental full-body irradiation (28). Many subjects died
hours after treatment and were not provided palliatives
against the side effects of nausea and vomiting because the
researchers did not want the drugs to interfere with their
data collection (28). These cases show that much of the cur-
rent understanding of radiation effects was collected at the
very high cost of devastating experiments on vulnerable
individuals without their knowledge or consent.

ETHICAL CODES

Table 2 summarizes the ethical codes.

The Nuremberg Code

The Nuremberg Code is a set of research ethics principles
for human experimentation resulting from the Nuremberg
trials at the end of the Second World War (32). In August
1947, the International Medical Tribunal in Nuremberg,
Germany, delivered its verdict in the trial of 23 doctors and
bureaucrats accused of war crimes and crimes against
humanity for their roles in cruel and often lethal concentra-
tion camp medical experiments (32). The Nazi doctors
performed twin experiments, freezing experiments, sterili-
zations, and epidemic jaundice experiments. As part of the
tribunal’s judgment, the Nuremberg Code was introduced
articulating 10 principles for the conduct of human experi-
ments (32). Among other requirements, the code called for
the “voluntary consent” of the human research subject, an
assessment of risks and benefits, and assurances of compe-
tent investigators (32). There has been debate about the
code’s authorship, scope, and legal standing; however, the
Nuremberg Code was a monumental milestone in the his-
tory of medical research ethics used worldwide (32).

The main points to take home from the Nuremberg Code
are that voluntary consent is essential, research risks must
be minimized and be relative to the anticipated benefits of
the research, research must benefit society, poorly designed
human subject research is unethical from its inception,
research must be based on preclinical studies on animals
and knowledge of the condition under study, subjects have
the right to end their participation in research, proper plan-
ning and measures should be taken to protect the subject,
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and the experiment should be conducted only by scientifi-
cally qualified persons (33).

The Declaration of Helsinki

The Declaration of Helsinki is a document that considers
the evolving nature of scientific research. It was developed
from 10 principles stated in the Nuremberg Code and fur-
ther incorporated elements from the 1948 Declaration of
Geneva, a statement of the ethical duties of physicians (34).
It was adopted by the World Medical Assembly in 1964
and has been revised 7 times, with the most recent being in
2013 (35). The Declaration of Helsinki developed as a state-
ment of ethical principles to provide guidance to physicians
and other participants in medical research involving human
subjects (34). Medical research involving human subjects
includes research on identifiable human material or identifi-
able data (35). The Declaration of Helsinki includes general
guiding principles that are the foundation for the ethical
standards, including protecting patient health; not allowing
knowledge to trample rights; considering the risks, burdens,
and benefits of research; protecting vulnerable populations;
following scientific requirements and research protocols;
using research ethics committees; maintaining privacy and
confidentiality; obtaining informed consent; using placebos;
making posttrial provisions; regulating and publishing the
research; and not using unproven interventions in clinical
practice (34).

The guidelines from the Declaration of Helsinki help
inform ethical decisions based on medical research. The pur-
pose is to ensure that the well-being of subjects takes prece-
dence over the interests of science and society (34). Some
populations are vulnerable and require special protection.
Experimental procedures involving vulnerable populations
must be detailed in a protocol and submitted to an ethical
review committee. Subjects must be informed volunteers. If
they are unable to give consent for themselves, a legally
authorized representative must consent on their behalf (34).
Informed consent (including the process) must be docu-
mented (34). The context of obtaining informed consent is
as important as the information typed in the document itself.

The Belmont Report

“The Belmont Report: Ethical Principles and Guidelines
for the Protection of Human Subjects of Research,” was
written by the National Commission for the Protection of
Human Subjects of Biomedical and Behavioral Research
(36). The commission, created because of the National
Research Act of 1974, was charged with identifying the
basic ethical principles that should be included in biomedi-
cal and behavioral research involving human subjects and
in the development of guidelines to ensure that such
research is conducted in accordance with those principles
(36). Informed by discussions that spanned almost 4 y and
an intensive 4 d of deliberation in 1976, the commission
published, in 1976, what became known as the Belmont
Report, which identified basic guidelines that address
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ethical issues arising from the conduct of human subject
research (36). The 3 basic principles of the Belmont Report
are respects for persons, beneficence, and justice.

Respect for persons is demonstrated by the informed con-
sent process and in safeguards for vulnerable populations
(37). Other important concerns are privacy and confidential-
ity (37). Beneficence has 2 general characteristics: do no
harm and maximize benefit while minimizing risk (37).
Beneficence is expressed in the use of good research design,
competent investigators, and a favorable risk-to-benefit ratio
(37). Justice implies fairness and is displayed in the equita-
ble selection of research subjects, ensuring that no group of
people is chosen unfairly on the basis of factors unrelated to
the research (37). This equitability means that there must be
appropriate inclusion and exclusion criteria and a fair sys-
tem of recruitment (36). The Belmont Report built the foun-
dation for ethical treatment of human subjects in clinical
research and associated laws in the United States (37).

Good Clinical Practice (GCP)

GCP is a set of quality standards for the design, conduct,
recording, and reporting of clinical research trials involving
human subjects (37). Published by the ICH as a report enti-
tled “E6(R2): Good Clinical Practice,” this document
describes the responsibilities of the investigator, sponsor,
and institution; what should be included in a clinical trial
protocol; how research sites should be monitored; and how
the investigational product should be controlled (37). GCP
is in alignment with federal regulations for conducting
research on human subjects, and research sponsors require
that investigators and research staff be trained in GCP and
conduct their work in accordance with the quality standards.
A detailed discussion of GCP and how it impacts medical
imaging research is provided later in this series. GCP
includes some of the laws previously discussed, local laws,
institutional policy, and study-specific requirements. This is
not one document; individuals must interpret what GCP
means for their specific study, and these interpretations can
differ depending on the individual. The ICH assists with
some aspects of GCP; the ICH was structured to provide
opportunities for standardization of regulatory GCP initia-
tives (37). The latest revision of ICH E6, released in 2016,
focused on the industry changes related to performing trials
with more risk-based approaches and provides some clarifi-
cation on GCP requirements (37). Members of the ICH
have updated this standard into their own GCPs (37).

The Common Rule

The Common Rule was originally adopted in 1991 and
revised in 2017 for 17 U.S. agencies and departments
involved in human clinical research (37). The rule, pub-
lished in title 45 of CFR, part 46, subpart A, and entitled
“Federal Policy for the Protection of Human Subjects” (37),
serves to create a uniform body of regulations across vari-
ous U.S. agencies involved in human subject research (37).
As with other regulatory and ethical guidelines, the
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Common Rule is based on historical documents (including
the Nuremberg Code, the Declaration of Helsinki, and the
Belmont Report) and several international bioethics codes
(30). Compliance with the Common Rule is a requirement
for federal funding of research activities.

The 2017 Common Rule revision included improving the
process of documenting informed consent. This improve-
ment included requiring that consent forms for certain fed-
erally funded clinical trials be publicly available, requiring
review by a single institutional review board for cooperative
research for some studies, allowing the use of broad consent
for future research for secondary studies on stored identifi-
able data or identifiable biospecimens, eliminating continu-
ing review for certain minimal-risk research, establishing
new exempt categories of research based on risk posed to
subjects, and adopting a definition of clinical trial that
includes behavioral health-related outcomes. The Common
Rule is further reviewed later in this continuing education
series. Noncompliance can result in penalties to individuals
and institutions and loss of a license to practice.

DISCUSSION

The ethics, values, and regulations that guide medical
practitioners’ interactions with individuals and research sub-
jects have evolved as the understanding of individual rights
has evolved. Current laws and ethical guidance for patient
care and research in the United States came directly from
regulatory agencies mentioned in this article. Sadly, numer-
ous changes resulted directly from medical atrocities that
occurred on specific groups throughout recent U.S. and
world history. Laws and guidelines should and will change
as understanding, culture, technology, and systems in health
care change. Further articles in this series will highlight
GCP, the research regulatory environment, and other details
about clinical research in medical imaging.

CONCLUSION

Technologists and other health-care providers should be
familiar with the regulatory agencies’ ethical guidelines that
govern patient care and research. It is important to respect
every patient’s safety, autonomy, and privacy and to give
all patients an informed understanding of their participation
in clinical care and research studies. It is imperative that the
reader become familiar with these laws and question those
that have moral ambiguity. These guiding documents and
principles are vital, as individual patients and those partici-
pating in clinical trials deserve a safe environment with safe
products and confidentiality. Individuals deserve to under-
stand their role in medicine and clinical research and have
the right to refuse care, make informed decisions about their
care, know the risks and benefits of proposed procedures or
interventions, and have their individual choices respected.
Critical lessons from past egregious research practices
should guide care so that individuals, especially those from
targeted and vulnerable populations, are not subjected to

CrLiNnicaL TriaLs NETWORK: ETHICAL ISSUES

medical mistreatment disguised as health care or legitimate
clinical research.
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PRACTICAL PROTOCOLTIP

Technegas Lung Ventilation

Geoffrey M. Currie

School of Dentistry and Medical Sciences, Charles Sturt University, Wagga Wagga, Australia

RATIONALE

Technegas (Cyclomedica Asia Pacific) is a versatile yet
straightforward system for producing high-quality **™Tc-
based ventilation studies using a carbon-based nanoparticle.
Because Technegas is neither a gas nor produces aerosolized
particles, it optimizes patient outcomes while maintaining
staff safety. Technegas allows the protocol to move to
3-dimensional SPECT imaging with improved sensitivity and
specificity (/-3). The nature of Technegas allows optimal
ventilation imaging with good peripheral penetration, simple
operation, efficient delivery, low radiation dose, and slow
washout.

CLINICAL INDICATIONS

The primary clinical indication for Technegas ventilation is
in conjunction with **™Tc-macroaggregated albumin perfu-
sion lung imaging to evaluate suspected pulmonary embo-
lism. In addition, Technegas ventilation imaging is used in
evaluating chronic thromboembolic pulmonary hypertension,
asthma, chronic obstructive pulmonary disease, emphysema,
and quantitation before lung volume reduction surgery.

CONTRAINDICATIONS

Technegas has no known contraindications.

PATIENT PREPARATION/EDUCATION

The key to successful Technegas delivery is patient com-
pliance, achieved through patient education and practice,
which should not be rushed. A detailed explanation of the
ventilation process at a language level that the patient
understands, with ample clarification and questions, is
essential. The practice run should be done under the same
conditions as the actual ventilation procedure, including
position (upright or supine) and the nose peg. The practice
session improves timing, ventilation, and patient compli-
ance (especially with seals) and offers the opportunity to
select the appropriate mouthpiece for that patient.

TECHNEGAS PREPARATION (4)
Prepare the system:

1. Connect and turn on the argon supply to a 15 L/min flow
rate.

COPYRIGHT © 2021 by the Society of Nuclear Medicine and Molecular Imaging.

2. Connect to main power supply and switch on.
3. Press the open button to open the chamber.

Prepare the crucible (Fig. 1):

1. Using gloves and forceps, clear debris from the chamber
and ash tray.

2. Wet the well of a new crucible with ethanol and drain
but do not allow it to dry.

3. Use forceps to place the crucible between the chamber
contacts, and ensure good contact by rotating forward and
backward. Take care not to twist or fracture the crucible.

4. Add 200-900 MBq of **™Tc¢ in 0.13-0.17 mL with the
well vertical, but do not overfill the crucible.

5. Depress and hold the draw interlock and the close button
until the chamber is completely closed.

Simmer (Fig. 1):

1. Press start to initiate the 6-min simmer cycle.

2. Prepare the patient, and practice the breathing technique
required during the simmer cycle.

3. If the concentration of *™Tc is low and requires a top-up,
press cancel twice at the end of the simmer process to
allow the draw to be opened and additional *™Tc added to
the well. Do not wet with ethanol for the reload. Close the
chamber and reinitiate the 6-min simmer cycle.

Burn (Fig. 1):

1. Press the start button to initiate the 15-s burn.

2. Verify the burn and then disconnect the mains and
argon.

3. Transport the Technegas generator to the patient.

4. Administer the Technegas within the 10-min window.

Ventilate the patient (Fig. 1):

1. Attach the patient administration set to the Technegas
generator.

2. Commence the practiced breathing strategy with the
patient.

. Press the start button.

. On inspiration, depress the patient delivery knob.

. Monitor the lung count rate.

. When the required count rate is achieved, release the
delivery knob and allow the patient to take 4-5 breaths
through the tube to clear the residual.
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KEY STEPS
IN DELIVERING

MHITIATE DUAK SEQUENCE TD CREATE

CLOSE DRAWER AND INITIATE SIMMER STAGE TECHNEGAS

lation time per projection is typi-
cally 12-15s, whereas the perfu-
sion is generally 8—10s. Otherwise,
ventilation and perfusion SPECT
are usually performed with a
128 X 128 matrix using high-
resolution collimation and a noncir-
cular (elliptic or contoured) orbit
with projections every 3° (120 pro-
jections). CT may be performed
with the SPECT and can be low-
dose, nondiagnostic CT for attenua-

DD "™ TECHNETIUM INTO THE CRUCIBLE

DELIVER TECHNEGAS TD PATIENT VIA THE
PATIENT ADMIMISTHATION SET [FAS|

FIGURE 1.
Cyclomedica.)

7. Dispose of the patient administration set.

8. Return the Technegas generator to argon and main
power supply, which will automatically commence a
purge.

9. Commence the ventilation imaging protocol.

ACQUISITION PARAMETERS

Ventilation acquisition protocols vary among depart-
ments. Planar-only supine protocols generally use a
high-resolution collimator and a 256 X 256 pixel matrix
for 300,000-500,000 counts in 8 projections, listed here
as dual-head projection pairs: anterior/posterior, left ante-
rior oblique/right posterior oblique, right anterior oblique/
left posterior oblique, and right lateral/left lateral. The
corresponding perfusion study would adopt the same
parameters with higher total counts of 800,000—1,000,000
per image. Alternative SPECT approaches are performed
supine with the arms extended above the head. The venti-

312

The 5 basic steps in delivering Technegas to patients. (Courtesy of

tion correction, diagnostic CT, or a
CT pulmonary angiogram.

IMAGE PROCESSING

Planar data should be displayed,
thresholded, and annotated with corresponding ventilation
and perfusion images. SPECT data should undergo
ordered-subset expectation maximization iterative recon-
struction with a 3-dimensional Butterworth filter. Coregis-
tration with the CT scan should be performed for attenua-
tion correction, anatomic localization, and, if appropriate,
fusion of contrast angiographic data.
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Technegas is a carbon-based nanoparticle developed in Australia
in 1984 and has been in widespread clinical use, including SPECT
imaging, since 1986. Although 8'™Kr offers the ideal ventilation
properties of a true gas, Technegas is considered preferred in
more than 60 countries for ventilation imaging yet has limited
adoption in the United States. In March 2020, a new U.S. Food
and Drug Administration application was lodged for Technegas,
and the impending approval warrants a detailed discussion of the
technical aspects of the technology for those for whom it is new.
Technegas is a simple yet versatile system for producing high-
quality ®*™Tc-based ventilation studies. The design affords safety
to patients and staff, including consideration of radiation and bio-
logic risks. Technegas is the gold standard for the ventilation por-
tion of SPECT-based ventilation—perfusion studies in pulmonary
embolism and several respiratory pathologies. When approved by
the U.S. Food and Drug Administration, Technegas will extend
advantages to workflow, safety, and study quality for departments
that adopt the technology.

Key Words: lung imaging; ventilation; Technegas

J Nucl Med Technol 2021; 49:313-319
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Ventilation and perfusion (V/Q) lung scintigraphy has
been used in the evaluation of patients with suspected pul-
monary embolism for more than half a century. Although
the underlying principles have not changed during this
period, there have been significant advances in technology.
Imaging equipment has emerged with superior resolution
and sensitivity, SPECT techniques have added advantages
over planar imaging alone, hybrid systems have allowed
SPECT and CT to produce physiologic information coregis-
tered with morphology, and PET and PET/CT have become
more widely available. Concurrently, developments in
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radiotracers have seen improved microspheres for perfusion
in macroaggregated albumin and replacement of '**Xe ven-
tilation with °*™Tc aerosols, '™Kr, and Technegas (Cyclo-
medica Pty Ltd.), although **Xe is still used at some sites.
Technegas is a carbon-based nanoparticle that has a
strongly bound **™Tc¢ atom trapped in a cagelike structure.
It was developed in Australia in 1984 (/) and began seeing
widespread clinical use in Australia from 1986, and more
recently including SPECT (2). Although *'™Kr offers the
ideal ventilation properties of a true gas, Technegas is con-
sidered preferred in more than 60 countries for ventilation
imaging yet has limited adoption in the United States.
Indeed, in 1991 a Newsline article in The Journal of
Nuclear Medicine (3) posed the question, “When, if ever,
will the device that has won near ubiquitous use in Austra-
lia gain approval for lung ventilation studies in the U.S.?”
In March 2020, a new U.S. Food and Drug Administration
application was lodged for Technegas, and early in 2021
both the Society of Nuclear Medicine and Molecular Imag-
ing and its Technologist Section, concerned about the
decline in ventilation studies in response to coronavirus dis-
ease 2019 risk, requested fast tracking of Food and Drug
Administration approval of Technegas. Since Technegas
does not produce aerosolized particles, nor is it a gas, it
allows imaging of the ventilation to the lungs to optimize
patient outcomes while maintaining staff safety. The
impending approval of Technegas by the U.S. Food and
Drug Administration warrants a detailed discussion of the
technical aspects of the technology for those for whom it is
new. This discussion will not examine the broader debate
on the role and application of V/Q imaging, clinical applica-
tions, or the advances in imaging technology (SPECT,
SPECT/CT, and PET/CT) and the associated image inter-
pretation. It is, however, important to note that using Tech-
negas for ventilation imaging allows the entire V/Q protocol
to move to 3-dimensional SPECT imaging with the associ-
ated improved sensitivity and specificity (4—6). SPECT per-
formance is further enhanced with the addition of a coac-
quired low-dose CT scan (4—6).
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LUNG VENTILATION

Several approaches to lung ventilation studies are avail-
able in nuclear medicine, with the predominant approaches
being ®'™Kr as an inert gas, **™Tc-diethylenetriaminepenta-
acetic acid aerosol, and the ultrafine **™Tc-carbon disper-
sion of Technegas. *'™Kr use is limited by availability,
cost, the short half-life, and the less practical SPECT.
99mTc-diethylenetriaminepentaacetic acid has aerosolized
droplets with varying sizes (0.5-2 wm), with distribution
dependent on the aerodynamics of gas flow. As a result,
aerosol ventilation studies can be confounded by deposition
in large airways, and this issue is exacerbated in patients
with respiratory symptoms. The ultrafine Technegas par-
ticles (<0.1 wm), by contrast, have a gaslike distribution,
particlelike retention, and the attractive properties of **™Tc
to allow high-quality imaging, including SPECT. Interna-
tionally, Technegas is considered the best alternative for the
ventilation portion of the V/Q scan (7,8).

TECHNEGAS PRODUCTION

Technegas is hexagonally shaped graphite capsule enclos-
ing **™Tc (/). The fact that these graphite particles are
small (<0.1 wm) and hydrophobic allows penetration deep
into the airways and resists attachment to the airways, mak-
ing them ideal for evaluation of deposition in the lungs (9).
Technegas is distributed in the lung airways by diffusion
and becomes fixed in the lumen of the airways sufficiently
long to allow SPECT (/0).

The commercially available Technegas generator
operates with **™Tc-sodium pertechnetate eluted from the
9Mo/”™T¢ generator. The graphite crucible accommodates
0.17 mL, and this volume should not be exceeded. Once the
9mTc has been added to the crucible, the liquid is evapo-
rated (simmered) at 70°C for 6 min in an ultrapure argon
environment. On completion of the simmer cycle, the com-
bustion cycle (burn) is initiated, in which an alternating-
current arc is produced between the terminals holding the
crucible to ablate the graphite and **™Tc (11). Temperatures
0f2,750°C are created for 15 s in an ultrapure argon environ-
ment to produce the carbon nanoparticles (/7). Operation of
the Technegas generator is simple when the stepwise process
is followed. Specific steps in the process are detailed in the
user guide and will not be repeated here, but outlined below
are general comments associated with each step for consider-
ation when using the Technegas generator (Fig. 1).

OPERATION OF THE TECHNEGAS GENERATOR

The first step is to ensure that the Technegas generator is
in good working order, is connected to an adequate supply
of argon (or a change of argon gas bottles), is connected to
the main power supply, and is powered on (Fig. 2). The
delivery to the patient can occur at the patient’s bedside
using battery power. This option is useful because it allows
the Technegas generator to be prepared in a radiation-safe
location remote from patient, staff, and scanning areas (e.g.,
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Interlock knob

Delivery knob

PAS connection
(behind shield)

Easy breather
™ pneumatic control
line connector

Display panel

Cancel button __ Open, close and

start buttons

~ Lead acrylic shield

(closed)
e — ———————
FIGURE 1. Annotated front view of Technegas generator.

Chamber drawer is in closed position, and shield is closed down
over administration set port. Not all models are fitted with easy-
breather option. PAS = patient-administration set. (Courtesy of
Cyclomedica.)

in or adjacent to the radiopharmacy) and delivered under
battery power to patients in an inpatient trolley/gurney bay,
in an outpatient consultation room, on the y-camera, or in a
remote ward. The burn must be performed while the gener-
ator is connected to the main power supply, after which
there is a 7- to 10-min window to complete patient ventila-
tion; thus, remote delivery requires careful planning.

The second step is the simmer phase, in which the *™Tc-
sodium pertechnetate is evaporated in the crucible well,
usually 10-30 min before the patient arrives. Before loading
the new crucible, one must ensure that the previous crucible
has fractured and dropped into the collection tray, which
should be emptied before a new crucible is loaded, usually

Release connector
to lock argon line

Power Power switch

indicator light

Push back argon
connector to attach

FIGURE 2. Annotated rear view of Technegas generator dem-
onstrating connection of argon to system. (Courtesy of
Cyclomedica.)
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Contacts

Forceps
contact point

Gloved left
hand opening
and closing
the contacts
using lever

Lead acrylic shield removed

ﬂ crucible

The third step is preparing the
patient with a practice run. This step

Gloved right : .
hand using is no doubt among the most important
— L‘ggﬁi{’;‘{,’]e in optimizing Technegas perfor-

mance. The key to successful Techne-
gas delivery is patient compliance,
- which is achieved through good
patient education and practice, and
should not be rushed. A detailed
explanation of the ventilation process
in language that the patient under-
stands, with ample opportunity for
clarification and questions, is essen-
tial. The process will be foreign to
many patients, although those who
are familiar with snorkeling may be
more comfortable with it. The diffi-

Chamber
drawer
(open)

FIGURE 3. Use of gloves and good dexterity are required to place crucible between
contacts, making good connection with fracturing crucible. For photography purposes,

lead acrylic shield has been removed. (Courtesy of Cyclomedica.)

before arrival of the first lung scan patient of the day, to
ensure that there is minimal radioactivity remaining. Visu-
ally inspecting the condition of the contacts and checking
for any debris that might prevent the chamber from closing
is also a useful step in preventative maintenance. The opera-
tor should avoid touching the parts of the crucible that
will connect to the contacts because oil from the skin
will reduce connection efficiency and Technegas yield.
Loading the new crucible requires a degree of dexterity in
manipulating it using forceps (Fig. 3). Because anything
inside the chamber is potentially radioactive, gloves and
standard radiation safety practices must be applied. The sur-
faces of the crucible well need to be wet with ethanol at the
time the **™Tc is added, or the **™Tc volume may be dis-
placed from the well during the simmer phase. The ethanol
is generally applied before the crucible is loaded, but if the
well is dry at the time the **™Tc is added, the wetting can
be repeated with the crucible in situ. The operator gently
rotates the crucible back and forth between the contacts
before adding the **™Tc to ensure that a good connection is
made to optimize Technegas yield. This rotation should not
be a twisting motion, to avoid fracturing the fairly fragile
crucible. The operator then adds 0.14-0.17 mL of **™Tc-
sodium pertechnetate containing 400-900 MBq. The menis-
cus should be flat or concave and not overflow the well
(Fig. 4; top), as the **™Tc would then simply be blown off
the top of the crucible and a wet aerosol of free pertechne-
tate produced for inhalation, deteriorating image quality. If
the total activity in 0.17 mL is lower than 400 MBq, multi-
ple 6-min simmers can be performed to increase activity
and avoid overloading the crucible volume. After ensuring
that the argon pressure is optimized in the green zone of the
regulator, the operator closes the drawer and commences
the simmer.

culty is compounded by patients’ dif-
ferent levels of respiratory distress,
which can produce a large variation
in patient performance and thus affect
ventilation image quality. The prac-
tice run should be done under the same conditions as the
actual ventilation procedure in order to forestall any sur-
prises. For example, if the patient practices while sitting but
is lying down for the actual procedure, one can expect a dif-
ference in performance. Likewise, if the patient practices in a
waiting area but undergoes the actual procedure on a

FIGURE 4. (Top) Excess ®™Tc added to crucible well will be
blown off during simmer and wasted. (Reprinted with permission
of 18). (Bottom) Built-in simmer oven for crucibles in chamber to
allow multiple simmer cycles for low-concentration °*™Tc. (Cour-
tesy of Cyclomedica.)
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TABLE 1
Technegas Tips

1 Performing ventilation upright produces distribution
different from that when performed supine. ®°™Tc-
macroaggregated albumin should be administered
for perfusion in same position as that in which
ventilation was performed.

2 Gloves and gown should be worn when performing
the ventilation stage as this is biggest risk for
contamination. This stage also requires face
masks to be worn for coronavirus disease 2019
compliance.

3 For days on which eluate has high specific
concentration, eluate should be diluted so that no
more than 900 MBq are contained in 0.15-mL
volume.

4 When used as per instruction, Technegas produces
minimal contamination risk to staff and no risk of
cross contamination between patients, a very
important advantage with coronavirus disease
2019 (16).

5 Any unused crucibles in simmer oven at end of day
can be cleansed with ethanol the next day and
reloaded for simmer.

6 Since Technegas does not clear through kidneys,
compared with 9™ Tc-
diethylenetriaminepentaacetic acid aerosol
studies, radiation dose to kidneys, bladder, and
fetus is lower (77).

y-camera, one might expect a difference in response, espe-
cially if the y-camera makes the patient feel anxious. A com-
mon error is to have the patient practice without the nose peg,
which creates an environment and level of compliance
completely different from when the nose is blocked. The prac-
tice session improves timing, the ventilation process, patient
compliance (especially with seals), and optimization of the
appropriate mouthpiece for that patient (Fig. 5). Practicing the

Lock to Technegas
generator.

-Mouth-piece /
options

FIGURE 5. (Top left) Disposable administration set with multiple
mouthpiece options to suit patient. (Bottom left) Administration
set delivers Technegas to patient (red line) and returns patient
breath through filter (yellow line) using 1-way valve to prevent
communication between the 2 airflows (cross) and filtering both
radioactive and biologic content of patient expiration to produce
uncontaminated output into room air (green line). (Right) Entire
administration set is disposed of in its original plastic bag. (Cour-
tesy of Cyclomedica.)
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process is as much about preparing the patient as it is about
making the administering staff aware of any compliance
issues and the projected number of inspirations required.

The fourth step is to initiate the burn phase, which produ-
ces the combination of *™Tc and carbon as nanoparticles
under high temperatures in just 15 s. This step should not
be commenced until the patient is ready to be ventilated. As
soon as the burn phase is completed, the Technegas should
be delivered to the patient. The message “burn complete” is
displayed, followed by an instruction to disconnect the gen-
erator from the main power supply. If the delivery is to take
place at the production location, it is accomplished simply
by switching the power button to off (Fig. 2). If the delivery
is to be remote from the production location, the generator
is disconnected from the main power supply and argon and
transported to the patient.

The important fifth step is patient ventilation. The single
most important inspiration is the first one, and this requires
careful timing. The first release of Technegas (delivery
knob) occurs under a small amount of pressure. The results
are best when the release is timed during inspiration. If the
release occurs during expiration or during the dead space at
the end of inspiration or expiration, the high concentration
Technegas in the first release is directed to the filter and
wasted. The release should be timed to occur in the second
quarter of the inspiration, and if practiced correctly, that
inspiration will be a deep one. For that first inspiration, the
patient will have been instructed to first breath out and then
take a deep breath, hold for a second, and breath out. The
operator should be providing these instructions during the
delivery and should time the release with the first inspira-
tion. The patient should return to normal-volume breaths
after the initial inspiration, but care should be taken not to
instruct the patient to “breath normally now,” as patients
have a tendency to do exactly that and break the seal or
remove the apparatus from their mouth. The biggest risk of
contamination comes when patients try to breath in or out
around rather than through the mouthpiece. Perhaps
“continue to breathe through the tube with normal-size
breaths” is a better instruction. Once the ventilation portion
of the test is completed, the patient should continue to
breathe through the administration set to remove any
remaining airborne Technegas residue for 4-5 breaths. If
the delivery knob is not depressed, the system is diverted to
breathing room air. After the ventilation portion of the test
has deposited the desired amount of Technegas, the entire
administration set is stored in its original plastic bag (Fig.
5) and disposed of as biologic waste after 10 half-lives.

The count rate from the lungs in a posterior orientation
on the y-camera should be about 1,000-1,500 counts per
second, which equates to between 20 and 50 MBq delivered
to the lungs. This allows a standard **™Tc-macroaggregated
albumin administered dose to produce counts 4-7 times
higher than the ventilation count. A perfusion count 4 times
higher is the minimum to provide sufficient contrast to iden-
tify perfusion defects without being filled in by ventilation
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counts, whereas 7 times higher is optimal. Consequently, an
over-efficient ventilation delivery could undermine diagnos-
tic integrity. This situation might occur when a patient is
highly compliant, with excellent inspiration, or when the
%mTc is in high specific concentration. For example, fresh
eluate from a **Mo/**™T¢ generator early in the generator
life cycle can have substantially more than 900 MBq in
0.15mL and, even in a suboptimal ventilation process,
result in count rates in the lungs well in excess of 3,000 per
second with 1 or 2 breaths. The long residence time of
Technegas in the lungs means that radioactive decay is the
only option to manage the count differential. A level of
3,000 counts per pixel would need to be delayed by a full
half-life (6 h) before the perfusion is performed, for exam-
ple. If the ventilation process is performed away from the
y-camera—with its instantaneous feedback on the amount
deposited—then a radiation detector can be used to monitor
the count rate in the lungs. In this case, the device should
be calibrated against the y-camera count rate so that specific
readings on the radiation detector are known to equate to
specific count rates on the y-camera. Although it is com-
mon for the ventilation process to occur on the y-camera
itself, noncompliance during ventilation can contaminate
the detector, increase the background count, and impact
scanning for the remainder of the day.

The final step is the system purge, which takes a further 6
min and requires the Technegas generator to be reconnected
to the argon and the main power supply. Residual Techne-
gas in the chamber is purged through the system filter, after
which the system is ready for the next simmer cycle. The
purge—although occurring well within the acquisition win-
dow of the ventilation scan, let alone the entire V/Q
study—is the rate-limiting step for a busy department. The
patient-administration sets are single-use disposables and
must be discarded between patients; however, on busy days
with multiple ventilation scans scheduled, it is possible to
use a single simmer phase and burn phase to ventilate more
than 1 patient. Careful planning and timing are required,
with each patient having an individual administration set.
Because there is no biologic contamination from the patient
into the Technegas system itself, changing administration
sets between patients eliminates the risk of contamination
between patients. The first patient ventilated should be the
patient with the least compliance or greatest difficulties, to
capitalize on the higher activity available for the first
release. The residual can then be used for the second
patient, who has a more optimal breathing status.

LOW SPECIFIC CONCENTRATION OF *°*MT1C

There are many situations in which the **™Tc eluate con-
centration may produce less than 400 MBq in the 0.17-mL
crucible well volume. Some clinical departments do not
have an on-site *’Mo/*™Tc generator, and unit doses or
bulk **™Tc¢ may have a low specific concentration, espe-
cially at the end of the day. Clinical sites operating with

smaller generators may not produce a concentration suffi-
cient to add 400 MBq to the crucible in 0.17 mL. For exam-
ple, a generator eluted with 40 GBq in 20 mL will, even at the
time of elution, have only 300 MBq in 0.15 mL, which obvi-
ously decreases to 150 MBq in the afternoon at 6 h after elu-
tion. Even departments with large generators can have low
specific concentrations of ™ Tc toward the end of the weekly
generator cycle. For example, a *Mo/**™Tc generator cali-
brated Monday with 120 GBq might, by the end of the week,
be expected to have a yield only on the order of 50 GBq
(accommodating elution efficiency) and, if eluted in 20 mL,
would produce less than 400 MBq in 0.15 mL at elution time
and less than 200 MBq at 6 h after elution.

This problem has several possible solutions, with the best
approach being dependent on the specific circumstances. The
first option is to simply perform multiple simmers, adding
99mT¢ to the crucible well between simmers. At the end of the
simmer cycle, cancelling the process and opening the cham-
ber drawer allows **™Tc to be added because the volume has
been reduced by evaporation, effectively doubling the total
activity. This approach is perhaps the best for low-volume
departments (in which a low specific concentration may
impact only 1 or 2 patients per day) at the end of the day or
toward the end of the generator week. It may also occasion-
ally be necessary to do 3 or more simmer cycles (e.g., when
the *Mo/*”™Tc generator has a low yield at the end of
the day or after hours). For those departments receiving bulk
%mTe or unit doses from centralized radiopharmacies, a
more efficient approach would be to purchase larger-volume
crucibles. The standard crucible has a 0.15-mL well that
accommodates up to 0.17 mL, whereas the larger crucibles
have a volume of 0.3 mL, accommodating enough **™Tc to
be equivalent to a double simmer cycle.

Some models of the Technegas generator have a built-in
simmer oven that allows up to 5 crucibles to be mounted
and loaded with *™Tc¢ and evaporated during each simmer
cycle (Fig. 4, bottom). The crucible can have an additional
0.15 mL added to the first dose between simmer cycles or
between full cycles of patient delivery. Because the cruci-
bles are not in connection with the contacts, no arc is
formed and no Technegas is produced during a burn cycle.
An alternative approach that predates the built-in crucible
ovens is an external crucible oven. These are simple hot
plates, enclosed and shielded for radiation safety, in which
up to 10 crucibles can be loaded with *™Tc¢ and evaporated
multiple times. These are no longer commercially available
but can be manufactured locally when a built-in oven is not
available (the model for the U.S. market will not include
the built-in crucible oven). In either case, the preloaded and
preevaporated crucible is required to undergo a full sim-
mer-and-burn cycle when placed between the contacts.

TECHNEGAS VENTILATION IMAGING PROTOCOL

After the patient has inhaled the Technegas to a rate of
1,000-1,500 counts per second, imaging begins
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resulting carbon-bound **™Tc¢ produ-
ces the same gaslike distribution in the
lungs but with rapid clearance from
the lungs (7- to 10-min half-clearance
time) (/,13), referred to as pertechne-
gas. Because the standard Technegas
has no effective clearance, it cannot be
used for lung clearance studies. The
oxygen-containing variant pertechne-
gas allows functional dynamic studies
for lung clearance (13).

GALLIGAS

®8Ga-chloride from a ®Ge/*®Ga
generator can be added to the Techne-
gas generator in the same way as
9mTe is used (no modifications) for

FIGURE 6. State-of-art contemporary SPECT/CT imaging of lung ventilation (top row)
and perfusion (bottom row) in 3 orthogonal planes. SPECT/CT images demonstrate seg-
mental perfusion defect (arrow in D and F) in left lower lobe. This appears mismatched
when compared with corresponding ventilation images. Notch at apex of left lung seen in
sagittal views (C and F) is matched on ventilation and perfusion and therefore is unlikely

to be due to embolus.

immediately. Planar protocols (which are not recommended
today, SPECT/CT being preferred) would involve 8 projec-
tions for 500,000-1,000,000 counts, or 5 min per image
(anterior/posterior; 45° right anterior oblique/45° left poste-
rior oblique; 45° left anterior oblique/45° right posterior
oblique; and left lateral/right lateral). The advised SPECT
approaches include a minimum of 120 projections at 10—12
s per projection with a 128 X 128 matrix, using a high-
resolution collimator despite the respiratory motion limits
on spatial resolution. After iterative reconstruction, some
sites produce planar-equivalent images from the dataset.
One approach is to sum several projections on either side of
the required view (anterior, for example, would be projec-
tion 1 summed with projections 2, 3, 119, and 120) (4). A
better approach is to reproject the SPECT data with an asso-
ciated attenuation map (5). More commonly, however, the
SPECT data provide the insights (Fig. 6) required and the
planar extracted data are not required or produced.
Although the principal application of the V/Q study is in
the evaluation of known or suspect pulmonary embolism
(12), Technegas ventilation studies are also useful in the
evaluation of chronic obstructive pulmonary disease,
chronic thromboembolic pulmonary hypertension, silicosis,
cystic fibrosis, asthma, and emphysema, and in presurgical
evaluation of regional variability in lung function, although
a discussion of the clinical applications is beyond the scope
of this article and can be found elsewhere (6).

PERTECHNEGAS

If the ultra-pure argon (>99.99%) is adjusted with the
addition of 2%-3% oxygen during the burn phase, the
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ventilation PET imaging. This sub-
stance is commonly referred to as gal-
ligas. One important consideration for
galligas is that the standard Technegas
generator is designed to shield the
140-keV y-emissions of **™Tc and is
therefore inadequate, from a radiation
safety perspective, for shielding the 511-keV +y-emissions
of “®*Ga (14). °®Ga-galligas can be used in combination with
8Ga-labeled microspheres to perform PET-based V/Q (15).
This use exploits the advantages of PET/CT in terms of supe-
rior resolution; superior sensitivity; the capacity for respira-
tory gating, dynamic imaging, and quantification; decreased
imaging time; and potentially decreased patient-absorbed
radiation dose from the V/Q study (/4), compared with
SPECT imaging. Conversely, ®*Ga is more expensive and
less readily available than **™Tc, even for those sites with a
8Ge/**Ga generator, and PET/CT is not as widely available
as SPECT/CT and generally has a demanding oncology case
load. However, galligas is an excellent tool for studying
regional ventilation in respiratory physiology and research.
An alternative to galligas that emerged in conference
abstracts in 2011 and 2012 was the potential for '*F-fluorogas
ventilation in combination with **Cu-macroaggregated albu-
min. Details are scarce in the mainstream literature, and clini-
cal use has not emerged. The obvious barrier to both **Ga
and '®F PET imaging of the lungs is that the lungs are of low
density, producing less attenuation of the 511-keV photon
emissions of ®Ga. In addition, the positron is of high energy
(especially for ®®Ga) and therefore travels some distance
before annihilation, thus reducing spatial resolution (/4).

PRACTICAL PROTOCOL

Operation of the Technegas system uses a stepwise pro-
cedure that is simple, safe, and effective (Fig. 7).

Step 1 is to check and load the generator: check that the
main power supply and argon are connected, switch the
power on, ensure that the argon regulator is in the green
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FIGURE 7. Technegas production cycle, beginning with check-
ing and loading chamber. (Inset courtesy of Cyclomedica.)

zone, open the chamber drawer (“open” button), check for
debris and whether the ash tray needs emptying, wet and
drain the well of the crucible with ethanol, load the crucible
between the contacts, add the **™Tc-pertechnetate to the
crucible well, and close the drawer by simultaneously hold-
ing down the interlock knob and the “close” button until the
chamber is fully closed.

Step 2 is to perform the simmer: press the start button to
initiate the 6-min simmer cycle, and recheck the argon regu-
lator to ensure that the pressure stays in the green zone as
the argon purge is initiated.

Step 3 is to prepare the patient: identify the correct
patient, explain the procedure, obtain informed consent,
open a new administration set, have the patient practice
breathing through the apparatus with specific attention to
keeping an airtight seal, change the mouth piece if neces-
sary, and identify and resolve any compliance issues.

Step 4 is to perform the burn: position and prepare the
patient for Technegas delivery before initiating the burn,
and press the “start” button to initiate the 15-s burn.

Step 5 is to deliver the Technegas: verify the burn, discon-
nect the main power supply and argon, transport the entire
Technegas generator to the patient and connect the adminis-
tration set to the system, ensure that the patient has the appro-
priate seal and press the “start” button to commence Techne-
gas delivery, release the Technegas for patient ventilation by
depressing the delivery knob during patient inspiration, and
monitor the activity delivered with a target of 1,000—1,500
counts per second on the 'y-camera or equivalent using a radia-
tion detector.

Step 6 is to purge the system: confirm successful patient
ventilation, return the Technegas generator to the main power
supply and the argon supply and connect both, adjust the
argon regulator to the green zone, and turn on the power
switch so that the system cycles through a 6-min purge. At the
end of the purge, the system is ready for the next patient cycle.

Step 7 is to obtain the images: on successful patient venti-
lation, commence the ventilation phase of the lung scan
immediately, and dispose of the administration set.

CONCLUSION

Technegas is a simple yet versatile system for producing
high-quality *™Tc-based ventilation studies. The design
affords safety to patients and staff, including consideration
of radiation and biologic risks. Technegas is the gold stan-
dard for ventilation studies for performing SPECT-based
V/Q studies in pulmonary embolism and several respiratory
pathologies. When approved by the U.S. Food and Drug
Administration, Technegas will extend advantages to work-
flow, safety, and study quality for departments that adopt
the technology.
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IMAGING

Lung Perfusion Scintigraphy Early After COVID-19:
A Single-Center Retrospective Study
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The incidence of thromboembolic complications in coronavirus
disease 2019 (COVID-19) infection is well recognized. The present
study retrospectively evaluated the type and prevalence of lung
perfusion defects in early—post-COVID-19 patients with hypoxia
and was aimed to identify the risk factors for mismatched perfu-
sion defects. Methods: We analyzed SPECT/CT images of 54
early—-post-COVID-19 patients (44 men and 10 women). Logistic
regression analysis was used to examine the risk. Results: The
mean age of the study population was 55.4 y (range, 34-76 y). All
received prophylactic anticoagulation from the day of hospitaliza-
tion to the date of perfusion scanning. The median interval
between COVID-19—-positive reports and lung perfusion scanning
was 22 d. Lung perfusion defects (of any type) were observed in
most (87%). Twenty-three subjects (42.6%) had mismatched per-
fusion defects. Mismatched perfusion defects were segmental in
14 subjects (25.9%) and subsegmental in 11 (20.4%). Higher age
was a risk factor for mismatched perfusion defects (odds ratio,
1.06; 95% Cl, 0.99-1.13; P=0.06). Subjects with a serum
D-dimer level of at least 2,500 ng/mL on the day before the scan
were not at higher risk for having mismatched perfusion defects
(odds ratio, 1.14; 95% CI, 0.34-3.9; P =0.83). Conclusion:
Despite prophylactic anticoagulation, mismatched perfusion
defects suggestive of pulmonary thromboembolism were
observed. Serum D-dimer level in patients early after COVID-19 is
a poor predictor of mismatched perfusion defects. Confirmed evi-
dence of pulmonary embolism by imaging studies should
support the decision to extend anticoagulant prophylaxis in post-
COVID-19 patients.

Key Words: early-post-COVID-19 patients; D-dimer; lung perfusion
scan; novel coronavirus disease 2019
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(COVID-19). Most COVID-19 patients are either asymp-
tomatic or mildly symptomatic.

The thrombogenic potential of SARS-CoV-2 infection is
well recognized (/). The coagulation abnormalities, along
with prolonged bed rest due to hospitalization, lead to high
incidences of venous thromboembolism and thromboem-
bolic complications, mostly pulmonary embolism (PE).
Thromboprophylaxis with low-molecular-weight heparin is
currently recommended for the treatment of hospitalized
COVID-19 patients. Despite adequate anticoagulant ther-
apy, both venous thromboembolism and PE, especially
in severe and critically ill COVID-19 patients, have
been reported (/). An observational study of over 500
COVID-19 patients admitted to 8 intensive care units in
France reported 22.7% thrombotic complications, mostly
PE (2). A metaanalysis of over 7,000 COVID-19 patients
showed that the pooled in-hospital incidence of PE in the
general ward and intensive care unit was 14.7% and 23.4%,
respectively (3). Currently, there is no recommendation on
whether prophylactic anticoagulation should be used for
COVID-19 patients with a raised level of serum D-dimer at
the time of discharge.

Multidetector CT pulmonary angiography (CTPA) is the
gold standard for diagnosing PE. A ventilation—perfusion
scan is an alternative to CTPA for diagnosing PE. However,
there is a potential risk of infection transmission during
ventilation—perfusion scanning (4). Lung perfusion scintig-
raphy by SPECT/CT is a safe alternative for diagnosing PE,
especially for COVID-19 patients. The role of SPECT/CT
in diagnosing PE in COVID-19 patients has been estab-
lished (4). A perfusion scan of the COVID-19 patient is
useful for evaluating residual-clot burden and small-vessel
injuries (5). The presence of at least 1 wedge-shaped periph-
eral perfusion defect estimated as at least 50% involvement
of a pulmonary segment without a corresponding CT image
abnormality is indicative of PE in COVID-19 (4).

After recovery from active infection, a few COVID-19
patients, especially those who were severely or critically ill,
continue to have hypoxia. The causes of persistent hypoxia
in early—post-COVID-19 patients are not fully understood.
Impaired lung perfusion is considered one of the underlying
pathophysiologic mechanisms. The presence of perfusion
defects in early—post-COVID-19 patients with persistent
hypoxia has not, to our knowledge, been previously
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investigated. The present study retrospectively evaluated
the type and prevalence of lung perfusion defects in early—
post-COVID-19 patients with hypoxia and was aimed to
identify the risk factors for mismatched perfusion defects.

MATERIALS AND METHODS

Study Design and Participants

We conducted a retrospective analysis of 54 early—post-
COVID-19 patients admitted to the pulmonary medicine depart-
ment of our institute between August 2020 and March 2021. The
Institutional Ethics Committee approved this retrospective study,
and the requirement to obtain informed consent was waived. All
subjects had microbiologically confirmed SARS-CoV-2 infection
(either by reverse-transcription polymerase chain reaction or rapid
antigen testing). After 2 consecutively negative reverse-
transcription polymerase chain reaction results for SARS-CoV-2,
these patients were shifted from the COVID-19 wards to the pul-
monary ward for ongoing treatment of hypoxia. The study subjects
were stratified into 2 categories: moderate COVID-19 (i.e., those
who received low-flow [e.g., nasal cannula] or high-flow
[e.g., face mask, nonrebreathing mask, and high-flow nasal can-
nula] oxygen therapy) and severe COVID-19 (i.e., those who
received invasive or noninvasive ventilator support during active
COVID-19 infection).

Data Collection

The demographic characteristics, comorbidities, clinical profile,
laboratory reports, and treatment received were extracted from the
medical records.

Imaging Protocol

After intravenous injection of 148-222 MBq (4-6mCi) of
99mTc-macroaggregated albumin containing 4-6 X 10° particles,
SPECT imaging with low-dose CT was performed with the patient
supine. Planar imaging was done in multiple projections (anterior
and posterior; right and left lateral; right anterior and posterior
oblique; and left anterior and posterior oblique). The images were
reconstructed in the transaxial, coronal, and sagittal views and
were reviewed for perfusion defects. The mismatched perfusion
defects in this study were based on a mismatch between CT and
scintigraphy images. The perfusion defects were further catego-
rized as mismatched segmental perfusion defects (a wedge-shaped
peripheral defect involving =50% of a pulmonary segment in all 3
orthogonal planes and without corresponding parenchymal abnor-
malities in the CT images), mismatched subsegmental perfusion
defects (at least 1 wedge-shaped peripheral defect involving
<50% of a pulmonary segment in all 3 orthogonal planes and
without corresponding parenchymal abnormalities in the CT
images), matched segmental perfusion defects (any perfusion
defect involving =50% of a pulmonary segment in all 3 orthogo-
nal planes with corresponding parenchymal abnormalities [e.g.,
consolidation, ground-glass opacities, or fibrosis] in the CT
images), or matched subsegmental perfusion defects (any perfu-
sion defect involving <50% of a pulmonary segment in all 3
orthogonal planes with corresponding parenchymal abnormalities
[e.g., consolidation, ground-glass opacities, or fibrosis] in the CT
images).

Statistical Analysis
The study variables were expressed as mean = SD, median with
interquartile range, and proportion. The odds ratio with 95% Cls

LunG ScinTiGRAPHY EARLY AFTER COVID-19 -

was calculated using logistic regression analysis to examine the
association of risk factors with mismatched perfusion defects (seg-
mental, subsegmental, or both). The risk factors assessed in this
study were age, sex, serum D-dimer level on the day before the
perfusion study, interval (in days) between lung scintigraphy and
positive COVID-19 reports, and severity of disease (categoric var-
iables). The statistical analysis was performed with SPSS, version
20.0 (IBM). A P value of less than 0.05 was taken as statistically
significant.

RESULTS

Demographic Profile

The total study population was 54, and most were men
(n =44, 81.5%). The mean age was 55.4 y (median, 56 y;
range, 34-76 y). A history of diabetes mellitus, hyperten-
sion, and coronary artery disease was present in 19
(35.2%), 24 (44.4%), and 3 (5.6%) subjects, respectively.
Fourteen subjects had moderate COVID-19 infections
(25.9%), and 40 had severe COVID-19 infections (74.1%).
All patients received low-molecular-weight heparin prophy-
laxis from the day of hospitalization to the date of the perfu-
sion scan. The serum D-dimer level on the day before
perfusion scanning was available for 44 subjects. The
median serum D-dimer level was 3,540 ng/mL (interquartile
range, 1,457-6,549 ng/mL, range, 500—15,000 ng/mL). The
median interval between COVID-19—positive reports and
lung perfusion scanning was 22 d (interquartile range,
15-33 d; range, 8—107 d). The single person with the high-
est interval was taking an oral apixaban tablet.

Perfusion Scintigraphy

Lung perfusion defects (of any type) were observed in 47
subjects (87%). Matched perfusion defects were the com-
monest and were observed in 39 subjects (72.2%). The type
and prevalence of perfusion defects are presented in Table 1.
Perfusion defects did not differ between moderate and
severe COVID-19. Mismatched perfusion defects were
observed in 23 subjects (42.6%). Most cases (61%) of mis-
matched perfusion were segmental. Six subjects had both
matched and mismatched segmental perfusion defects.
More cases of mismatched segmental perfusion defects
were in the right lung than in the left (8 vs. 4, P < 0.01).

There was no significant difference in serum D-dimer
level between subjects with only mismatched segmental
perfusion defects and subjects with only matched segmental
perfusion defects (median, 3,700 vs. 3,804ng/mL;
P> 0.05). Logistic regression analysis showed that the risk
of mismatched perfusion defects increased as age increased
(odds ratio, 1.06; 95% CI, 0.99-1.13; P =0.06). A longer
interval between positive COVID-19 results and the scintig-
raphy study did not create a lower risk of mismatched perfu-
sion defects (odds ratio, 0.66; 95% CI, 0.22-1.96; P = 0.5).
The risk for mismatched perfusion defects in men was not
higher compared than that in women (odds ratio, 1.14; 95%
CI, 0.28-4.62; P=0.9). Patients with severe COVID-19
were not at higher risk of having mismatched perfusion
defects than were patients with moderate COVID-19
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TABLE 1
Distribution of Various Types of Lung Perfusion Abnormalities

Type of abnormality Moderate COVID-19 (n = 14) Severe COVID-19 (n=40) Total (n =54)
Perfusion defects (any) 14 (100) 33 (82.6) 47 (87)
Mismatched perfusion defects 7 (50) 16 (40) 23 (42.6)
Segmental 3 (21.4) 11 (27.5) 14 (25.9)
Subsegmental 4 (28.6) 7 (17.5) 11 (20.4)
Both segmental and subsegmental 0 2 (5) 2 (3.7)
Matched perfusion defects 1(78.6) 28 (70) 39 (72.2)
Segmental 6 (42.9) 13 (32.5) 19 (35.2)
Subsegmental 7 (50) 23 (57.5) 30 (55.6)
Both segmental and subsegmental 2 (14.3) 8 (20) 10 (18.5)
Both matched and mismatched perfusion defects 4 (28.6) 11 (27.5) 15 (27.8)

Data are number followed by percentage in parentheses.

(OR, 0.67; 95% CI, 0.19-2.27; P=0.5). Patients with a
serum D-dimer level of at least 2,500 ng/mL before the day
of the scan were not at higher risk of having mismatched
perfusion defects (odds ratio, 1.14; 95% CI, 0.34-3.9;
P =0.83).

DISCUSSION

The present study showed mismatched perfusion defects
suggestive of PE in early—post-COVID-19 patients, despite
receiving anticoagulation prophylaxis from the first day of
hospitalization. Lung perfusion defects in COVID-19 were
matched or mismatched, and the distribution was segmental
or subsegmental. A higher age carried a higher risk for hav-
ing mismatched perfusion defects.

SARS-CoV-2 binds with the angiotensin-converting
enzyme 2 receptor present on the cell surface. Binding of
the virus on angiotensin-converting enzyme 2 receptors
leads to upregulation of angiotensin II and activation of the
renin-angiotensin-aldosterone system. Both this system and
angiotensin II enhance platelet activity and activate the
coagulation cascade, as well as increasing the expression of
interleukin 6 and other inflammatory markers, which further
amplifies the coagulation cascade (6). Increased levels of
clotting factors, with disruption of the normal homeostasis
of vascular endothelial cells in COVID-19, lead to microan-
giopathy and thrombus formation. Lung autopsies of
COVID-19 patients have demonstrated endothelial injury,
with intracellular virus in the pulmonary vasculature, micro-
angiopathy, and widespread thrombosis with occlusion of
alveolar capillaries (7). Deposition of fibrin and thrombin in
the pulmonary microvasculature leads to impaired lung per-
fusion. The subsegmental mismatched perfusion defects in
our study confirm the small-vessel injuries.

CTPA helps to visualize clots within the pulmonary vas-
culature, and most investigators have used CTPA for diag-
nosing PE in COVID-19. A Dutch study observed that most
PE diagnosed by CTPA in COVID-19 patients was in seg-
mental or more proximal arteries (8). Another study found
that most PE diagnosed by CTPA was subsegmental (93%)
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(9). Therefore, PE in COVID-19 involves both segmental
and subsegmental pulmonary arteries. CTPA can miss the
thrombus in distal subsegmental small vessels and be
unable to assess tissue perfusion. Thus, there is a risk of
underestimation of PE in COVID-19 by CTPA (5). Idilman
et al. identified 25.8% perfusion defects on the dual-energy
CT scans of 31 patients with mild to moderate COVID-19
(10). Most PE (75%) in their study was without macro-
scopic thromboembolism on CTPA. Except for a few case
reports and small case series, lung perfusion defects, espe-
cially in early—post-COVID-19 patients, have not been
much investigated (//-13). The prevalence of segmental
mismatched perfusion defects—that is, PE—in our study
was similar to that in a previous study (3). The longer inter-
val between COVID-19—positive reports and scanning did
not reduce the risk for mismatched perfusion defects.
Therefore, despite anticoagulant prophylaxis, PE of
COVID-19 takes longer to resolve. Mismatched perfusion
defects in our study were more on the right side, similar to
the observation by Mueller-Peltzer et al. (14).

Serum D-dimer is considered a sensitive test to diagnose
thrombotic states, including PE. A systematic review and
metaanalysis showed that serum D-dimer in severe
COVID-19 was significantly higher than non-severe forms
and correlated with the disease severity (/5). In COVID-19
patients, the rise in serum D-dimer is due to activation of
the blood coagulation cascade secondary to a systemic
inflammatory response or as a direct consequence of the
virus itself. Serum D-dimer in COVID-19 patients corre-
lates poorly with the venous thromboembolism score (/6).
Several investigators tried to find the D-dimer cutoff that
identifies the risk of PE in active COVID-19 infection. Cui
et al. found that a serum D-dimer level of 1,500 ng/mL has
85.0% sensitivity and 88.5% specificity for predicting
venous thromboembolism (/7). Léonard-Lorant et al.
observed that a serum D-dimer threshold of 2,660 wg/L
detected all cases of PE by CTPA in COVID-19 patients
(18). We observed that subjects with a serum D-dimer level
of at least 2,500 ng/mL were not at higher risk of having
mismatched perfusion defects. Therefore, an elevated level
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of serum D-dimer in early—post-COVID-19 patients is not
necessarily attributable to underlying PE.

This study had several limitations. It was a single-center
retrospective study, and not all early—post-COVID-19
patients with hypoxia were investigated. Serial serum
D-dimer levels were not available for all patients. The num-
ber of subjects was small, and no patients with mild
COVID-19 were enrolled.

CONCLUSION

The present study showed that SPECT/CT images sugges-
tive of PE were independent of serum D-dimer level before
the day of scanning. An elevated level of serum D-dimer in
early—post-COVID-19 patients should not be a criterion for
posthospitalization anticoagulant therapy unless imaging stud-
ies confirm the PE. Carefully designed prospective studies are
necessary to identify the post-COVID-19 patients who will
require extended thromboprophylaxis.
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Immune checkpoint inhibitor (ICl) treatments activate T cells
against tumors. Activated T cells attack not only the tumor but
also healthy cells, causing an autoimmune reaction in various
tissues. These immune-related adverse effects (IRAEs) cause
8F_FDG uptake in various tissues due to inflammation. It is impor-
tant to recognize and report these findings on '®F-FDG PET/CT
studies. '8F-FDG PET helps to determine the presence, location,
and severity of IRAEs. In severe cases, ICl treatments are inter-
rupted or suspended and antiinflammatory treatments are started.
8F_FDG uptake due to IRAEs may mimic metastases or disease
progression. Their presence may also help in predicting response
to treatment and have prognostic implications. In this review arti-
cle, we provide basic information about ICI treatments, IRAEs,
and "®F-FDG PET/CT findings.

Key Words: immune checkpoint inhibitor; '8F-FDG PET/CT; adverse
effect; autoimmune

J Nucl Med Technol 2021; 49:324-329
DOI: 10.2967/jnmt.121.262151

Immune checkpoint inhibitor (ICI) treatments have been
increasingly used in oncology in the last 10 years. ICI treat-
ments activate T cells against tumors by blocking inhibitory
ICI immunoreceptors or their ligands. Activated T cells
attack not only the tumor but also healthy and normal cells,
causing an autoimmune reaction in various tissues. These
immune-related adverse effects (IRAEs) cause increased
uptake on '"*F-FDG PET/CT studies due to inflammation in
various tissues. '*F-FDG PET has high sensitivity in detect-
ing inflammation and determining its severity and extent. It
is important to recognize and report IRAE-related findings
on PET images. On the basis of the severity and extent of
IRAESs, physicians interrupt or suspend ICI treatment and
start steroid or immunosuppressive treatments. The pres-
ence and severity of IRAEs may help to predict response to
ICI treatment and may have prognostic value, indicating a
more favorable prognosis (/-3). Depending on the location,
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particularly in lymph nodes, IRAE-related uptake may
mimic metastases or disease progression, and therefore it is
important to be aware of these immune-related side effects.
In this review article, we will describe first the ICIs, then
the mechanism of autoimmune reactions in patients receiv-
ing ICI treatment, and finally the 'SF-FDG PET/CT
findings.

IMMUNE CHECKPOINT INHIBITORS

Immune checkpoints play an important role in immune
regulation. There are various checkpoint molecules (immu-
noreceptors) on T cells, some of them being inhibitory (sup-
pressing the T cells) and some stimulatory (activating the
T cells) (4,5). Tumors or antigen-presenting cells (e.g.,
macrophages or dendritic cells) have various ligands on
their surfaces that bind to inhibitory or stimulatory check-
point receptors on T cells, resulting in activation or suppres-
sion of T cells (5). Activated T cells subsequently kill the
microorganisms (viruses, bacteria, fungi, and parasites) and
tumors but then can also attack healthy cells, resulting in
autoimmune diseases. Suppression of T cells prevents auto-
immune diseases but results in reduced protection against
microorganisms. The tumor microenvironment can also
suppress T cells. In normal conditions, inhibitory immune
checkpoint immunoreceptors are activated to prevent
T cells from attacking normal tissues.

In the last 10 years, various medications (antibodies)
have been developed to block (inhibit) inhibitory check-
point molecules (immunoreceptors or their ligands) in the
treatment of tumors and infection. These medications are
called immune checkpoint inhibitors (ICIs). Currently
approved ICI medications block cytotoxic T-lymphocyte—
associated protein 4 (ipilimumab), programmed death
receptor 1 (pembrolizumab, nivolumab), or its ligand (ate-
zolizumab, avelumab, durvalumab, and cemiplimab) (4,6).
These medications are approved to be used in the treatment
of various cancers such as melanoma (ipilimumab, nivolu-
mab, pembrolizumab), non-small cell lung cancer
(pembrolizumab, nivolumab), renal cancer (nivolumab, ipi-
limumab), and bladder cancer (atezolizumab) (4,6).

Inhibition of cytotoxic T-lymphocyte—associated protein
4 and programmed death receptor 1 or its ligand through
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ICI treatment activates T cells to kill tumor cells but also
causes T cells to target healthy tissues, resulting in IRAEs
(autoimmune manifestations). They can also cause a flare of
prior autoimmune disease. IRAEs are commonly seen in
patients receiving ICI treatments and are dependent on dose
and type of ICI treatment and various other factors. IRAEs
can be clinically evident or silent and can involve any
tissues, resulting in such conditions as encephalitis, hypo-
physitis, thyroiditis, sarcoidlike reactions, pneumonitis, hep-
atitis, pancreatitis, adrenalitis, colitis, nephritis, arthritis,
and skin manifestations. Most fatalities are seen in cases of
encephalitis, myocarditis, pneumonitis, and hepatitis (7).
IRAESs can be seen a few weeks to months after starting ICI
treatment. Clinical, laboratory, radiologic, and BE_FDG
PET/CT imaging findings can help to diagnose IRAEs.
Optimal management of IRAEs varies according to the
organ involved and the severity or grade of involvement
and includes close monitoring, treatment interruption or
suspension, and corticosteroid administration (prednisone or
methylprednisolone) (8).

8F_.FDG PET/CT IMAGING

"SE_.FDG PET/CT imaging is used to assess the response
to ICI treatment in various tumors, particularly melanoma
and non-small cell lung cancer. '®F-FDG PET response
patterns in ICI treatment show some atypical patterns differ-
ent from those seen with other treatments, such as chemo-
therapy or radiotherapy. This difference occurs because ICI
treatments induce an influx of T lymphocytes into the
tumor, and these T lymphocytes take up '*F-FDG and sub-
sequently further increase the metabolic activity of the
tumor environment (9,/0). Immune-related response criteria
such as PERCIST or immune RECIST have been estab-
lished to better assess the response in patients receiving ICI
treatments (/17,12).

"E_.FDG PET—positive IRAEs, such as sarcoidlike syn-
drome, thyroiditis, hypophysitis, enterocolitis, pancreatitis,
hepatitis, pneumonitis, arthritis, enthesitis, and myositis,
have been reported in various articles (/3,14).

"E_FDG PET is sensitive in detecting early inflammation
even before clinical symptoms start and radiologic changes
develop (15,16). Cells involved in inflammation actively use
glucose, which is the main reason for increased '*F-FDG
uptake at inflammatory sites. In addition, increased blood
flow and capillary permeability also contribute to increased
"F-FDG activity at inflammation sites; this activity is non-
specific and can be seen with any kind of radiotracer. It has
been reported that a significant number of patients with
PET-detectable IRAEs are asymptomatic (/,/7). Early
detection of IRAEs allows early management. Their pres-
ence may help predict the response to treatment and indicate
a more favorable prognosis (/-3). In a study by Sachpekidis
et al, in 10% of patients PET/CT showed sarcoidlike
lymphadenopathy as a response to treatment, and these
patients showed disease control (2). In another study, 9

ADVERSE EFFECTS OF CHECKPOINT TREATMENTS  *

patients with IRAE findings on PET had a complete
response at the final evaluation (/). Patients with PET-
detectable IRAEs had a significantly longer progression-free
survival than did those without IRAEs on PET (3).

Colitis is one of the most common manifestations of
IRAEs. On unenhanced CT as a part of PET/CT, colonic
wall thickening and pericolic fat stranding may be seen in
association with diffuse or segmental increased '*F-FDG
uptake. "*F-FDG PET/CT imaging was reported to be more
sensitive than CT in the early detection of colitis as a result
of ICI treatment (6,17,18). However, '*F-FDG PET has a
low specificity for colitis due to physiologic mucosal, mus-
cular, and luminal activity. In addition, metformin use can
induce high bowel activity, and it is recommended that
metformin be stopped for 48 h before the '*F-FDG PET
study. Figure 1 shows sagittal '*F-FDG PET/CT images of
a 71-y-old patient with a history of melanoma. PET/CT
before treatment did not show abnormal findings in the sig-
moid colon, but PET/CT 4 mo after nivolumab treatment

FIGURE 1. Selected sagittal '®F-FDG PET/CT images of pelvis.
Initial scan before treatment shows normal findings in colon
(arrows, A), PET/CT scan 4 mo after nivolumab treatment shows
colitis in sigmoid colon (arrows, B), and PET/CT scan 6 mo after
discontinuation of nivolumab shows significant reduction in sig-
moid activity (arrows, C).
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showed thickening in the sigmoid wall, with inflamed diver-
ticula and increased uptake without clinical symptoms. PET
6 mo after discontinuation of nivolumab (treatment change
to dabrafenib and trametinib because of disease progres-
sion) showed only mild thickening in the sigmoid wall as a
late inflammatory residue (fatty infiltration) and only mild
uptake.

'"F_FDG PET has high sensitivity in detecting rheumato-
logic manifestations of IRAEs such as arthritis, myositis,
tenosynovitis, and polymyalgia rheumatica and in determin-
ing their extent and severity. Figure 2 shows serial
"F_FDG PET total-body images of a 48-y-old patient with
a history of melanoma who received various ICI treatments.
A PET image after 22 mo of nivolumab treatment showed
mildly increased uptake in the left knee and, bilaterally, in
the mediastinal and hilar lymph nodes (sarcoidlike). The
patient had no clinical symptoms related to these findings.
A PET image after 3 mo of treatment with pembrolizumab
(change in therapy due to persistent metastasis in the 12th
rib) showed diffusely increased metabolic activity in the
muscles of the upper and lower extremities, a finding that
indicated myositis because it correlated with clinical find-
ings of swollen arms and legs. The PET image also showed
interval slight progression in left knee uptake, mildly
increased uptake in the right knee and left ankle, and bowel
activity, without clinical signs. A PET image after 2 mo of
nivolumab treatment showed markedly and diffusely
increased bilateral uptake in all joints of upper and lower
extremities. Antibody treatment was stopped, and predniso-
lone treatment was started by the clinician because of the

PET image findings and laboratory and clinical correlation.
A PET image 12 mo after stopping nivolumab treatment
(steroid treatment stopped 6 mo before PET) showed com-
plete resolution of inflammatory uptake in the joints. No
evidence of tumor was seen (complete metabolic response),
and the mild sarcoidlike uptake was stable. Figure 3 shows
"F-FDG PET images after 1 mo and 1 y of nivolumab
treatment in a 40-y-old patient with a history of melanoma.
Before treatment, there was increased uptake in the bone
marrow and mild, diffusely increased uptake in the knees.
After treatment, there was increased uptake in the interspi-
nous bursae of the lumbar spine, which was highly sugges-
tive of polymyalgia rheumatica, and there was a further
increase in uptake in the knees.

IRAE-related focal areas of uptake or uptake in lymph
nodes can mimic metastatic disease or disease progression
(19,20). Sarcoidlike reactions may mimic lymph node,
lung, and skin metastases. Sarcoidlike reactions are charac-
terized by the presence of noncaseating granulomas. In
sarcoidlike reactions, '®F-FDG PET/CT usually shows
bilateral symmetric hypermetabolic mediastinal and hilar
lymphadenopathy with or without hypermetabolic focal
nodular opacities or consolidations in the lungs. Uptake in
the portocaval lymph nodes and subcutaneous hypermeta-
bolic nodules due to noncaseating granulomas may also be
seen in sarcoidlike reactions (/0,27). Figure 4 shows
"F-FDG PET images of a 60-y-old patient with melanoma.
A PET image for initial staging showed metastatic disease
in the lungs, liver, left adrenal, and mesenteric lymph nodes
and diffuse uptake in the stomach due to gastritis from Heli-

cobacter pylori. A PET scan 6 mo
after nivolumab treatment showed

B

complete metabolic resolution of most
D . lesions, with some residual tumor in
8’ the liver and progression of a left
* adrenal metastasis. New symmetric
Dl hypermetabolic lymph nodes in both
? hila and mediastinum were likely due

ol

ey to a sarcoidlike reaction. A nivolumab-
%= 4 induced flare in gastric uptake was
%3 also seen.
?_ IRAE-related thyroiditis might be
¢ acute and transient, with biochemically

and clinically accompanying thyro-
toxicosis, or progressing to hypothyroi-
dism (22). Selected CT images of a 61-
y-old patient with melanoma showed
reduction in thyroid size 1 y after treat-
ment with nivolumab, as compared
with baseline image (Figs. SA and 5C).
A PET image after the start of nivolu-
mab showed diffusely increased uptake

FIGURE 2. Serial total-body '®F-FDG PET maximum-intensity projections of patient
with history of melanoma after treatment with nivolumab (A), pembrolizumab (B), nivolu-
mab (C), and steroids (D). Development, progression, and regression of arthritis are seen,

as well as mild sarcoidlike uptake in chest and myositis.
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in the thyroid gland, with a cold defect
in the lower pole of the right lobe corre-
sponding to a nodule seen on CT. The
thyroid-stimulating hormone level was
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FIGURE 3. Sagittal total-body maximum-intensity-projection
"8F_.FDG PET images before (A) and after (B) nivolumab treat-
ment. Increased uptake in lumbar spine is due to bursitis (arrows).

43 mU/L. Figure 6 shows diffusely increased uptake in the
thyroid gland in a 65-y-old patient with a history of mela-
noma who was treated with nivolumab for 20 mo (whole
body). Thyroiditis and hypothyroidism were confirmed by
laboratory findings, and patient began taking thyroxine. There
was also mild diffusely increased uptake in the liver (SUV-
means 35 SUViax, 5.2; liver—to—blood-pool SUV ., ratio,1.6)
and elevated glutamate dehydrogenase and y-glutamyl trans-
ferase levels, indicating hepatitis. Colonic uptake was due to

ADVERSE EFFECTS OF CHECKPOINT TREATMENTS ~ *

FIGURE 4. Total-body "®F-FDG PET maximum-intensity-pro-
jection images before (A) and after (B) nivolumab treatment in a
melanoma case with multiple metastases. Increased bilateral
uptake in hilar and mediastinal lymph nodes is due to sarcoidlike
reaction (white arrows) and diffuse uptake in the stomach is due
to gastritis (black arrow).

metformin use. Because of physiologic uptake in the liver,
"F-FDG PET may not show early hepatitis; however, in
more severe cases it is possible to see diffusely increased
hepatic uptake. ICI treatment-related T-cell activation can
induce increased uptake in the spleen (reversal in liver-to-
spleen uptake ratio), which may interfere with detection of
hepatitis on PET images (/0). However, careful visual assess-
ment and obtaining a liver—to—blood-pool SUV .., ratio can
help detect hepatitis in such cases. A normal liver—to—blood-
pool SUV ean ratio ranges from 1.3 to 1.4 in various reports
(23-25). Because the SUVs are affected by body weight and
various other factors, the liver—to—blood-pool SUV ¢, ratio
is more accurate than SUV, .., alone when assessing the met-
abolic activity of the liver (25).

On "8F-FDG PET scans, the normal pituitary gland may
show mild uptake. Prominent uptake in the pituitary gland
could be from hypophysitis, but pituitary adenomas or
metastasis should be ruled out by a clinical, laboratory, and
radiologic assessment. Figure 7 shows increased uptake in
the pituitary gland in a 61-y-old patient with a history of
melanoma who was treated with nivolumab (pituitary-to-
frontal SUV ,.x ratio was 1, as compared with 0.3 in a
patient with normal uptake in the pituitary gland). Labora-
tory values did not show pituitary insufficiency, but MRI
after 3 mo of therapy showed a swollen, inhomogeneously
enhancing hypophysis with a thickened hypophyseal stalk,
indicative of hypophysitis, as compared with pretreatment
MRI, which showed a typical flat, homogeneously enhanc-
ing hypophysis after contrast administration (26).
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FIGURE 5. Selected transaxial and coronal contrast-enhanced
CT images (A and C, before and 1 year after nivolumab treatment,
respectively) and PET images (B, with start of nivolumab) in a
case with history of melanoma. PET shows diffusely increased
uptake in the thyroid due to thyroiditis (arrows), CT shows
decrease in thyroid size 1 year after treatment as compared with
pretreatment size (arrows pointing to the thyroid gland). Nodule in
the right lower lobe is causing cold area on PET.

'8F_.FDG PET/CT has a high sensitivity in determining
the severity (grade) and extent of inflammation in certain
tissues such as joints and colon—information that is impor-
tant in the management of patients starting steroid treatment
and interrupting or suspending ICI treatment. However,
care should be taken when assessing inflammation or
tumors in patients who are receiving or recently received
high-dose steroid treatment, as such treatment may cause a
false-negative '*F-FDG PET result or may underestimate
the metabolic activity of inflammation or tumors (27,28).

In routine oncologic studies, "E_FDG PET imaging can-
not accurately assess myocardial inflammation because of
various degrees of physiologic myocardial uptake. If there
is clinical concern about myocarditis, a cardiac '*F-FDG
PET imaging protocol or cardiac MRI is used to demon-
strate myocardial involvement (29,30).

Pelvicalyceal excreted activity may limit evaluation of the
kidneys, but in renal involvement, focal or diffuse renal
parenchymal '®F-FDG uptake may be seen in a careful
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FIGURE 6. Total-body '8F-
FDG PET image after nivolumab
treatment shows diffuse uptake
in thyroid gland due to thyroiditis
(arrows), mild diffuse uptake in
liver due to hepatitis (arrow), and
diffuse colonic uptake due to
metformin use (arrows) in a case

with history of melanoma.

assessment of images (3/). In addition, delayed PET imaging

can help to better assess renal parenchymal involvement.
"8E_FDG PET is also limited in assessing the brain because

of physiologic high uptake in the gray matter. In encephalitis,

A " B

FIGURE 7. Selected transaxial and sagittal '®F-FDG PET images
(A and B) and sagittal MR images (C and D, before and after treatment,
respectively) show findings consistent with hypophysitis (arrows).
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diffusely decreased and heterogeneous uptake may be seen.
In limbic encephalitis, increased uptake may be seen in one
or both mesial temporal lobes. PET/MRI or MRI of the brain
can further help identify brain involvement; in particular,
MRI T2-weighted fluid-attenuated inversion recovery
sequences are very sensitive in inflammation (32,33).

Potential skeletal adverse effects related to immune check-
point inhibitors have been reported as bone fractures and
resorptive or destructive bone lesions due to localized inflam-
mation, such as sterile osteitis, leading to osteoclast activation
and bone resorption (34). These changes can cause increased
uptake in the bones on '®F-FDG PET, but no cases have yet
been reported.

CONCLUSION

ICI treatment-related autoimmune adverse effects are
common. It is important to recognize and report findings of
IRAE-related adverse effects on '*F-FDG PET scans.
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KEY POINTS

QUESTION: What is the importance of recognizing findings of ICI
treatment-related adverse effects on '®F-FDG PET scans?

PERTINENT FINDINGS: IRAEs are commonly seen in patients
receiving ICI treatments and cause increased uptake in various tis-
sues on '8F-FDG PET studies.

IMPLICATIONS FOR PATIENT CARE: Recognizing IRAEs on
PET scan is important, as their presence and severity alert physi-
cians to the need to interrupt or suspend ICI treatment and start
antiinflammatory treatment. Their presence may also help in pre-
dicting the response to treatment. Being aware of IRAE-related
uptake on '®F-FDG PET scans also prevents false-positive results
for metastasis or disease progression.
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Can the Diagnostic Accuracy of Bone Scintigraphy Be
Maintained with Half the Scanning Time?

Valeria M. Moncayol, Sebastine Chimafor?, Elizabeth Lulaj3 , John A. Malko', and Raghuveer Halkar'
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We aimed to show that the acquisition time of a conventional
bone scan could be reduced by half without losing the diagnostic
value of the scan. Methods: Fifty adult patients (37 male and
13 female; mean age, 62.5 y; SD, 8.7 y) were enrolled. The
patients were injected with 925-1,110 MBq (25-30 mCi) of **™Tc-
methylene diphosphonate intravenously. The standard-protocol
whole-body planar images were acquired first (scan speed,
10 cm/min; acquisition time, ~20 min) and were followed immedi-
ately by the half-time protocol whole-body planar images (scan
speed, 20 cm/min; acquisition time, ~10 min). Both sets of
images were interpreted by 2 nuclear medicine physicians. Each
reviewer, when reviewing the standard-protocol images, was self-
masked to the result he or she had obtained when reviewing the
half-time images, and vice versa. This self-masking was accom-
plished by allowing a minimum of 2 wk to elapse between the 2
interpretations. We used the k-coefficient to compare agreement
between the standard-protocol results and the half-time results.
Results: There was no difference in clinically significant diagnos-
tic information between the half-time and standard protocols. The
diagnostic quality of half-time and standard-protocol images did
not significantly differ (0.86 < k < 1.0). Conclusion: Our data sug-
gest that if we reduce the ®*™Tc-methylene diphosphonate dose
by half and keep the acquisition time at its standard value, we
gain the benefit of reduced dose without loss of diagnostic value.

Key Words: Image Wisely; half-time acquisition; ®*™Tc-MDP bone
scan
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Medical imaging is a major source of the radiation
dose to humans (/). The dose delivered by the injected
radiopharmaceuticals used in medical imaging is second
only to the dose given by CT. Many of the radiopharmaceu-
tical dose recommendations were formulated in the 1970s
and early 1980s, and although there has been a significant
improvement in y-camera technology since then, many of
those recommended radiopharmaceutical doses have
remained unchanged. With the increase in the use of medi-
cal imaging that applies ionizing radiation, the dose
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delivered to human populations has been increasing, and
there is a concerted effort to reduce this radiation burden.
For example, in nuclear cardiology, the initial attempt to
reduce the radiation dose in myocardial perfusion imaging
was to use a protocol in which the first image obtained was
a low-dose stress image (2). Furthermore, the radiopharma-
ceutical dose has been reduced in the last 10 y by using
advanced processing software such as Astonish (Philips)
(3,4). Radiation dose reduction has also been possible
through the use of solid-state detectors with better sensitiv-
ity, such as cadmium-zinc-telluride detectors (5).

As another example, the Society of Nuclear Medicine
and Molecular Imaging and other societies have introduced
the Image Wisely initiative to clinical practice (/). This ini-
tiative has resulted in studies demonstrating that images
obtained with a decreased dose of a radiopharmaceutical
can provide diagnostic information comparable to that from
a full dose, such as **™Tc-mertiatide imaging for assess-
ment of renal function and obstruction (6,7). The Image
Wisely campaign was initially launched by the American
College of Radiology and the Radiological Society of North
America (7).

Decreasing the injected dose of radiopharmaceuticals will
decrease not only the radiation dose delivered to the patient
but also the dose received by the technologist who performs
the study. In times of technetium shortage, which has been
a recurrent problem in recent years, reducing the radiotracer
dose may result in greater patient throughput (8).

99mT¢-methylene diphosphonate (*™Tc-MDP) planar bone
scintigraphy is commonly used to evaluate malignant and
benign conditions of the bone (9—/7). Other bisphosphonate-
derived radiotracers are used in other continents, although
9MTc-MDP is the most widely used in the United States.
In the United States, the usual administered activity of
9MTe-MDP for bone scintigraphy in adults is 500-1,110
MBq (~13-30 mCi) (/2); in Europe, a weight-based activity
is customary and varies from 8 to 10 MBg/kg (/7). In mark-
edly obese adults, the administered activity could be
increased to 11-13 MBg/kg (300-350 pwCi/kg) (12).

In attempts to follow current optimal practices of patient-
centered care by reducing the radiation dose in routine
nuclear medicine examinations, our study aimed to prospec-
tively evaluate the diagnostic value of half-time bone
scans compared with standard-time scans. We obtained a
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full-dose scan in half the normal acquisition time, after
obtaining a scan using the normal acquisition time. This
stratagem allowed us to determine the clinical value of the
standard-protocol scan while simultaneously obtaining a
half-time scan for comparison, without the need to scan on
different days and without increasing the radiation dose to
the subjects.

MATERIALS AND METHODS

This was an institutional review board—approved prospective
study. Adult patients scheduled to receive an *™Tc-MDP bone
scan, who were over the age of 18 y and gave written informed
consent, participated in this research study from May 2016 to
December 2017. Fifty patients (37 male and 13 female; mean age,
62.5y; SD, 8.7y) were enrolled; their findings before this study
were as follows: 47 had a malignancy (32 prostate cancer, 9 breast
cancer, 1 thyroid cancer, 2 rectal cancer, 2 lung cancer, and
1 esophageal cancer) and 3 had benign bone lesions (2 Paget and
1 benign spinal lesion on MRI). The body mass index ranged from
17.5 to 43.2, with a mean of 28.2 and an SD of 7.9.

The patients were injected with 925-1,110 MBq (25-30 mCi)
of ®™Tc-MDP intravenously, which is the standard for adults in
the United States (/2). Images were acquired after approximately
180-240 min. The standard-protocol whole-body planar images
were acquired first (scan speed, 10cm/min; acquisition time,
~20min) and were followed immediately by the half-time proto-
col total-body planar images (scan speed, 20 cm/min; acquisition
time, ~10 min). Philips y-cameras (Bright View and Precedence)
with low-energy high-resolution collimators were used.

Standard-protocol and half-time images were independently
interpreted by 2 experienced nuclear medicine physicians, who
were masked to the results of the other reviewer. The image inter-
pretation was subjective as well as objective. Reviewer A had
more than 30y of experience, and reviewer B had 10y of experi-
ence. Each reviewer, when reviewing the standard-protocol
images, was self-masked to the result he or she had obtained when
reviewing the half-time images, and vice versa. This self-masking
was accomplished by allowing sufficient time (a minimum of
2wk) to elapse between the 2 interpretations. The order in which
the standard-protocol and half-time images were interpreted was
random. The time of injection to the time of imaging was recorded
for all patients in both protocols.

After this analysis, 1 reviewer then looked at the standard-
protocol and half-time images side by side to assess whether there
were any artifacts, noise, patient motion, or change in positioning
between the two.

The reviewers used the following objective scoring scale for
each lesion identified on the standard-protocol and half-time stud-
ies: 1, intensity hotter than background; 2, moderate intensity;
3, intensity similar to bladder or kidney; and 4, photopenic. In
addition, the following lesion characterizations were used: D,
degenerative; M, metastases; C, contamination; P, primary bone
tumor; and O, other. To minimize bias, clinical information,
results of the prior bone scans, or reports from other imaging
modalities were not made available to the reviewers while they
were interpreting for this study. The usual artifacts such as urine
contamination, minor dose infiltration, or photopenic artifacts due
to prostheses did not pose problems for either of the experienced
readers.

RESULTS

Figure 1 shows images for a subject with negative find-
ings, with a comparison being made between the standard-
protocol and half-time protocol anterior images and
between the standard-protocol and half-time protocol poste-
rior images. Figure 2 shows a similar comparison for a sub-
ject with extensive metastases.

Although our aim was to compare the results of the stan-
dard protocol with the half-time protocol, we also checked
interobserver variability between the 2 reviewers. There
was complete concordance between the 2 reviewers on the
standard-protocol images; that is, both reviewers found the
same 21 patients to have metastatic lesions and the same 29
patients to be without metastatic lesions. When the results
of half-time images were compared between the 2
reviewers, the reviewers had different interpretations for
only 1 patient, for whom reviewer A interpreted the foci to
be degenerative and reviewer B did not mention the meta-
static lesion. Except for this 1 lesion, all lesions were
identified by both reviewers in the standard-protocol and
half-time images. There were a few discordant interpreta-
tions between the 2 reviewers in categorizing degenerative
versus metastatic disease; however, this discordance was
similar between the standard and half-time protocols.

We used the k-coefficient (/3) to compare agreement
between the standard-protocol results and the half-time
results for the same reviewer. That is, the standard protocol
and the half-time protocol were treated as separate
reviewers. The comparison used 6 categories: D, one or
more degenerate lesions found; M, one or more metastatic
lesions found; T, trauma; D and M; T and M; and none, no
lesion. For example, for 1 patient, the half-time review
found only degenerative lesions whereas the standard-
protocol review found both degenerative and metastatic
lesions, and for 6 patients, both the standard-protocol review
and the half-time review found both degenerative and meta-
static lesions. For both reviewers, k was 0.9390, the calcu-
lated SD was 0.0421, and the 95% CI was 0.86 < k < 1.0.

DISCUSSION

Bone scintigraphy is one of the most common studies
performed daily in nuclear medicine departments that have
a high volume of oncologic patients. Although bone scintig-
raphy is considered to expose patients to only a modest
amount of radiation, that amount is not to be underestimated.
Bone scintigraphy is also done to evaluate for benign condi-
tions, such as osteomyelitis, stress fractures, Paget disease,
pain, fractures, and suspected infection of prosthetics (7).

Reducing radiation dose is important in all groups of
patients, including those with cancer and those without can-
cer. Efforts in radiation dose reduction have been more
intense in the area of nuclear cardiology.

This prospective study consisting of 50 adults found no
statistical difference in diagnostic information between
half-time and standard acquisitions.
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FIGURE 1. Planar anterior (A and B) and posterior (C and D) scintigraphic images of
skeleton of patient being evaluated for prostate cancer metastasis. Images were obtained
using standard (A and C) and half-time (B and D) protocols. Bladder is larger in B than in A
because of time lapse between standard and half-time acquisitions. There were no find-
ings suggestive of metastasis on this scan.

Factors such as poor renal function, poor hydration, dose
infiltration, large body habitus, and patient motion can
affect the quality of bone scintigraphy images. Poor renal
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FIGURE 2. Planar scintigraphic images of skeleton of patient different from that in Figure
1, also being evaluated for prostate cancer metastasis. Planar anterior (A and B) and pos-
terior (C and D) images were obtained using standard (A and C) and half-time (B and D)
protocols. There is uptake throughout left iliac bone and within multiple ribs and vertebral
bodies, better seen on posterior views, in pattern likely representing osseous metastasis.
Degenerative uptake is noted in shoulders, ankles, and knees.
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function, poor hydration, and dose
infiltration will have the same effect
on both half-time and standard
acquisitions.

A large body habitus can increase
attenuation of photons and adversely
affect the quality of the scan. Body
mass index is a good indicator of body
habitus, and the patient population we
studied had a wide range of body mass
index. There were no differences in
quality or accuracy between the stan-
dard and half-time studies for the body
mass index range of this study.

There were no large infiltrations of
the injected dose in our study. How-
ever, the side-by-side comparison of
the standard and half-time images, per-
formed after the separate readings,
showed 1 patient with head and pelvis
motion between the 2 scans; this was
the patient for whom the half-time pro-
tocol found only degenerative lesions
but the standard protocol found both
degenerative and metastatic lesions.

Some limitations of this study are that it used a relatively
small number (50) of only adult subjects, all from a single
institution, and that it used y-cameras from a single vendor

(Philips). No camera-specific analysis
was done to see whether the camera
type influenced the results in some
way, and this lack is also considered a
limitation. The particulars of our
patient population also led to some
biases. Prostate cancer metastases are
typically osteoblastic and show an
increased tracer concentration, whereas
multiple myeloma, renal disease, and
thyroid disease usually demonstrate
osteolytic lesions and avascular necro-
sis of the bone—conditions that pre-
sent as photopenic defects on bone
scintigraphy  images. Since most
patients in this study had prostate can-
cer, there were more instances of
intense foci of uptake and very few of
photopenic regions, and thus our
study could not satisfactorily test the
detection rates of osteolytic lesions
presenting as photopenic lesions.
Because we did not use weight-based
doses, our results may not be applica-
ble in countries—such as those in
Europe—that do use weight-based
doses. Finally, our time from injection
to imaging was 2 h 30 min for
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standard-protocol images and 2 h 55 min for the half-time
images. Although this 25-min difference would not be
expected to cause a significant change in the biodistribution
of the isotope, an ideal research study might have acquired
the half-time images first for 25 of our 50 patients. However,
since the standard-protocol images were part of the standard
clinical protocol for these patients, good clinical practices
required that we obtain them first.

CONCLUSION

We compared the diagnostic accuracy of our half-time
image protocol with that of our standard-time image proto-
col, using the standard recommended radiation dose. We
found that the diagnostic quality of half-time and standard-
time images did not significantly differ. Since the half-time
images have, on average, half the counts of the standard-
time images, a reasonable assumption from these results is
that by halving the original dose but maintaining the stan-
dard acquisition time (a procedure that would also result in
half the counts), a clinically useful image will result. A
multicenter, multivendor camera study is needed to deter-
mine whether our result would be true for patient popula-
tions different from the one in this study.
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RADIATION SAFETY
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The aim of this study was to estimate and subsequently measure
the occupational radiation exposure for all personnel involved in
producing, administering, or performing imaging or surgery with
[®®™Tc]Tc-PSMA-I&S, which has been introduced for identification
of tumor-positive lymph nodes during salvage prostate cancer
surgery. Methods: The effective dose was estimated and subse-
quently measured with electronic personal dosimeters for the fol-
lowing procedures and personnel: labeling and quality control by
the radiopharmacy technologist, syringe preparation by the
nuclear medicine laboratory technologist, patient administration
by the nuclear medicine physician, patient imaging by the nuclear
medicine imaging technologist, and robot-assisted laparoscopic
salvage lymph node dissection attended by an anesthesiology
technologist, scrub nurse, surgical nurse, and surgeon. The dose
rate of the patient was measured immediately after administration
of [*°™Tc|Tc-PSMA-I&S, after imaging, and after surgery. Results:
The estimated dose per procedure ranged from 1.59 X 107 % uSv
(imaging technologist) to 9.74 wSv (scrub nurse). The measured
effective dose ranged from 0 to 5 wSv for all personnel during a
single procedure with [**™Tc]Tc-PSMA-I&S. The highest effective
dose was received by the scrub nurse (3.2 = 1.3 uSv), whereas
the lowest dose was measured for the surgical nurse
(0.2 £ 0.5uSv). If a single scrub nurse were to perform as many
as 100 procedures with [*°™Tc]Tc-PSMA-I&S in a year, the total
effective dose would be 320 pSv/y. Immediately after administra-
tion, the dose rate at 50 cm from the patient was 18.5 = 1.6 uSv/h,
which dropped to 1.8 = 0.3 nSv/h after imaging the following day,
reducing even further to 0.56 = 0.33 wSv/h after surgery. Conclu-
sion: The effective dose for personnel involved in handling
[®*™Tc|Tc-PSMA-I&S is comparable to that of other ®™Tc-radio-
pharmaceuticals and therefore safe for imaging and radioguided
surgery.

Key Words: genitourinary; radiation safety; occupational radiation
exposure; PSMA-I&S; radioguided surgery; technetium-99m
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Prostate cancer is the most common malignancy in men
aged 50 y or older and is second only to lung cancer as the
most frequent cause of cancer death among men (/). Local
therapy, such as a radical prostatectomy and extended pel-
vic lymph node dissection, can be used to cure patients with
intermediate- or high-risk (localized) prostate cancer (2).
However, up to 25% of the prostate-draining pelvic lymph
nodes are outside the standard extended pelvic lymph node
dissection template and remain in vivo after extended pelvic
lymph node dissection (3). Improvements in preoperative
and intraoperative techniques for detection and removal of
locoregional lymph node metastases may result in a shift
toward increased cure rates in patients with prostate cancer.

Conventional preoperative lymph node imaging techni-
ques, such as MRI and CT, are neither sensitive nor specific
enough for accurate lymph node staging (4). In recent years,
multiple PET tracers have been clinically introduced, target-
ing the prostate-specific membrane antigen (PSMA), a
transmembrane glycoprotein that is overexpressed on most
prostate cancer cells. Compared with conventional imaging,
PSMA PET/CT has significantly improved the specificity
and sensitivity of the detection of prostate cancer (5).

PSMA-based image-guided surgery has been proposed as a
technique to prevent incomplete resections and to improve
intraoperative detection and clearance of nodal metastases.
However, intraoperative use of positron-emitting PSMA PET
tracers is challenging because of the relatively short half-life,
radiation dose to personnel, and lack of suitable positron-
detecting surgical probes. To tackle this problem, ['''In]In-
PSMA radioguided surgery (RGS) was developed and proven
feasible in localized and limited recurrent prostate cancer (6).
Afterward, [*™Tc]Tc-PSMA-imaging and surgery ([**™Tc]
Tc-PSMA-1&S) RGS was introduced (7). The good commer-
cial availability and favorable radiation properties, with
~v-emission and a half-life of 6.01 h for **™Tc, make this iso-
tope ideal for this application, allowing ample time for preop-
erative imaging followed by RGS with a y-probe.

Imaging and RGS with [*™Tc]Tc-PSMA-I&S involves
personnel in different departments of the hospital: production
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takes place at the radiopharmacy department, patient syringes
are prepared by the nuclear medicine laboratory, patient
administration and imaging take place at the outpatient
nuclear medicine department, and RGS is performed in the
operating room. To ensure the radiation protection of all staff
members, the radiation burden of the entire procedure with
[**™Tc]Te-PSMA-I&S must be known. Therefore, the aim of
this study was to estimate and subsequently measure the
occupational radiation exposure for all personnel involved in
producing, administering, or performing imaging or surgery
with [*™Tc]Tc-PSMA-I&S.

MATERIALS AND METHODS

Workflow of [*®*™Tc]Tc-PSMA RGS and Personnel

[*™Tc]Tc-PSMA is produced using an automated module by 2
radiopharmacy technologists as previously described (8). In short,
the steps involve placing a cassette on the automated labeling mod-
ule without the presence of radioactivity, attaching a syringe contain-
ing 2,000 MBq [*™Tc]pertechnetate and then immediately closing
the lead shielding surrounding the labeling module, running an auto-
mated synthesis of [*™Tc]Tc-PSMA without personnel present,
opening the lead shielding, removing the final product in the shield-
ing, and removing and disposing of the cassette.

Subsequently, in a laminar flow hood with lead glass, the final
vial is calibrated in a dose calibrator, and then a quality control
syringe and a patient syringe are prepared by a nuclear medicine
laboratory technologist. Quality control is then performed by the
radiopharmacy technologist with instant thin-layer chromatogra-
phy and high-performance liquid chromatography as previously
described (8). After approval by the pharmacist, the nuclear medi-
cine physician administers 550 MBq of [**™Tc]Tc-PSMA-I&S to
the patient through an intravenous cannula.

The following day the patient returns to the nuclear medicine
department for total-body planar imaging followed by a 1-bed-posi-
tion SPECT/CT scan of the pelvis and abdomen performed by a
nuclear medicine technologist 16 h after intravenous injection of the
[*™T¢]Tc-PSMA-I&S. The SPECT/CT scan serves as a quality con-
trol scan for tracer injection and distribution. Afterward, a robot-
assisted laparoscopic salvage lymph node dissection is performed
using the da Vinci device (Intuitive Surgical Inc.). An intraoperative
Drop-In probe prototype (Eurorad S.A.) is inserted through a trocar
next to or through the port of the Alexis Laparoscopic System
(Applied Medical Corp.) and is used to detect lymph node metasta-
ses with y-tracing (9). After surgical removal of lymph nodes, ex
vivo measurements are performed to confirm [*™Tc]Tc-PSMA-I&S
uptake. During this procedure, an anesthesiology technologist is
seated at the patient’s head, a scrub nurse stands next to the patient,
a surgeon is seated in the console several feet from the patient, and a
surgical nurse is present in the room.

Estimated Effective Dose

Before the first prepared patient dose, the estimated effective
dose was calculated for all the steps described in the workflow
according to Equation 1. This estimation assumes a worst case in
which there is no biologic elimination but physical decay only:

E = Axe ™ XX T Xt;x 1 se

2 (Eq. 1)

in which E is the effective dose (uSv), 4 is the activity
(MBq) at the start, ¢ is the time between the beginning of

_ d
In2 X m,
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the entire procedure and the individual step (h), 71, is the
half-life (h), I' is the effective dose rate constant (uSv
m>MBq ' h™"), #, is the duration of the step based on prior
measurements and experience (h), / is the distance to the
radioactive source (m), d is the lead thickness (mm), and d;,
» is the half-value layer of lead (mm). For all steps, the 7/,
of #™T¢ is 6.01 h, and the d,, of lead for **™T¢ is 0.3 mm.
All other values vary per step and are estimated in Table 1.

Effective Dose Measurements

Actual dose measurements were performed with electronic
personal dosimeters (DMC 2000 XB; MGP Instruments). The
electronic personal dosimeters were worn at chest height by the
following personnel: the radiopharmacy technologist during label-
ing and quality control of [**™Tc]Tc-PSMA-I&S; the nuclear med-
icine laboratory technologist during syringe preparation; the
nuclear medicine physician during administration to a patient; the
nuclear medicine imaging technologist during patient positioning
and imaging; and, during surgery, by the anesthesiology technolo-
gist, scrub nurse, surgical nurse, and surgeon. The total dose
received during the handling of [**™Tc]Tc-PSMA-I&S or of the
patient and the total time were noted by the researchers. The mini-
mum dose that can be reported by the electronic personal dosime-
ters is 1 wSv.

Dose Rate Measurements

Dose rate measurements (Eberline ESM FH 40 G-L; Thermo
Fisher Scientific) of the patient were performed immediately after
administration of [**™Tc]Tc-PSMA at 30 cm, 50 cm, and 1 m and
were repeated after the SPECT/CT imaging. Immediately after
surgery, while still in the operating room, dose rate measurements
were performed at 30 and 50 cm. After administration and imag-
ing, these measurements were done while the technologist was
standing in front of the patient at the height of the liver, while the
patient was upright. After surgery, these measurements were per-
formed while the technologist was standing by the side of the
patient, who lying down with the arms at the sides. The minimum
measurable dose rate is 0.1 wSv/h.

Data Analysis
Data were analyzed in SPSS Statistics (version 25; IBM) and
are represented as mean = SD.

RESULTS

Patients

For the evaluation of personnel dose, the first 5 consecu-
tive [*™Tc]Tc-PSMA-I&S RGS procedures that were
performed in the context of the prospective TRACE
(*’™Tc-Based PSMA-Radioguided Assisted Surgery for
Prostate Cancer) feasibility study (NL68290.031.18) were
measured to audit the estimated effective dose. The 5
patients involved in these procedures had provided
informed consent for the TRACE study. The labeling
started with 2,123 =854 MBq, which resulted in
1,284 = 473 MBq of the final product, and 567 =26 MBq
were administered to the patients.

Estimated Effective Dose
The estimated effective dose for each step is shown in
Table 1. According to these calculations, the effective dose
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TABLE 1

Estimated Variables and Effective Dose for Personnel During Different Steps of [*°™Tc]Tc-PSMA-I&S RGS Procedure

A / ts t d T (uSvm?

Location Procedure Step Personnel (MBg) (m) min/s h (h) (mm) MBq ' h™") E (uSv)

Radiopharmacy Labeling Attaching [*°™Tc] Technologist RP 2,000 0.3 10s 0.003 0 3 0.023 1.50 X 1072
pertechnetate
Labeling Technologist RP 2,000 2.0 30 min 0.500 0 55 0.023 3.72 X 107%®
Removal final product Technologist RP 2,000 0.3 10s 0.003 0 50 0.023  1.03 x 10°*°
Quality Instant thin-layer Technologist RP 100 0.3 1min 0.017 0 2 0.023 428 x 1078
control chromatography
High-performance liquid = Technologist RP 100 2.0 30 min 0.500 0 O 0.023 2.88 x 107"
chromatography
Nuclear Syringe Calibration of vial Technologist 2,000 0.4 10s 0.003 0 50 0.023 5.81 x 107°"
medicine preparation NML
Preparing syringes Technologist 2,000 0.4 2min 0.006 0 10 0.023 159 x 107 1°
NML
Patient Patient administration Physician NM 550 04 1min 0003 0 3 0.023 2.32 x 1074
administration

Care after administration  Physician NM 550 1.0 5min 0.083 0 O 0.008 3.65 x 10"
Imaging Patient positioning Technologist NM 550 0.5 3 min 0.050 17 O 0.008 1.24 x 107"
Patient imaging Technologist NM 550 3.0 30 min 0.500 17 2 0.008 3.39 x 1074

Operating Surgery Surgery Anesthesiology 550 0.5 120 min 2.000 20 O 0.008 3.51 x 10°

room technologist

Scrub nurse 550 0.3 120 min 2.000 20 O 0.008 9.74 X 10°
Surgical nurse 550 2.0 120 min 2.000 20 O 0.008 219 x 107"
Surgeon 550 2.0 120 min 2.000 20 O 0.008 219 x 107"

RP = radiopharmacy; NM = nuclear medicine.

for a single procedure with [**™Tc]Tc-PSMA-I&S for
the radiopharmacy technologist is 2.93 X 10~ " wSv; the
nuclear medicine laboratory technologist receives 1.59 X
107 'Sy, the nuclear medicine physician receives
3.75X 10~ ' uSv, the nuclear medicine imaging technolo-
gist receives 1.24 X 10" uSv, the anesthesiology technolo-
gist receives 3.51 wSv, the scrub nurse receives 9.74 wSv,
the surgical nurse receives 2.19 X 10~ wSv, and the sur-
geon receives 2.19 X 10~ wSv. For all staff members, the
estimated effective dose from [*”™Tc]Tc-PSMA-I&S on a
yearly basis (100 procedures) is below 1 mSv if that same
staff member were to perform all procedures, well below
the limit of 6 mSv/y for classified radiation worker category
B as set by Dutch legislation (10).

Measured Effective Dose

The measured effective dose ranged from 0 to 5 uSv for all
personnel during a single procedure with [*™Tc]Te-PSMA-
1&S. All results are shown in Table 2. The highest effective
dose was received by the scrub nurse (3.2 = 1.3 uSv), fol-
lowed by the radiopharmacy technologist (1.6 = 0.5 pSv).
The lowest doses were measured for the surgical nurse
(0.2 = 0.5 uSv) and the nuclear medicine imaging technolo-
gist (0.8 = 0.4 wSv). If a single scrub nurse were to perform
all procedures with [**™Tc]Tc-PSMA-I&S in a year (100 pro-
cedures), the total effective dose would be 320 pSv/y.

Dose Rate Measurements
Immediately after administration, the dose rate at 50 cm
was 18.5 = 1.6 uSv/h, which dropped to 1.8 % 0.3 nSv/
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h after imaging the following day, reducing even further to
0.56 = 0.33 wSv/h after surgery. All results for the dose rate
measurements are shown in Table 3.

DISCUSSION

RGS using [**™Tc]Tc-PSMA-I&S is designed to aid in
the intraoperative detection of PSMA-positive lesions that
contain prostate cancer metastases. The aim of this present
analysis was to estimate and subsequently measure the
occupational radiation dose of all personnel involved in pro-
ducing, administering, and performing imaging or surgery
with [*”™Tc]Tc-PSMA-I&S.

Differences Between Estimated and Measured Effective Dose
The largest differences between the estimated and mea-
sured effective dose were seen for the radiopharmacy and
nuclear medicine laboratory technologists on one hand and
for all surgical staff on the other hand. For radiopharmacy
and nuclear medicine laboratory personnel, the measured
effective dose was higher than the estimated effective dose,
probably because of the conditions under which the produc-
tion is done. In both cases, multiple radioactive sources
(e.g., “®Ga-generator and '®F-labeled tracers) are near the
workers. These sources do contribute to the measured effec-
tive dose but are not considered when the effective dose
from [*™Tc]Tc-PSMA-I&S alone is estimated. For most
surgical personnel, the measured dose is lower than the esti-
mated dose. The largest contributor to this difference is the
fact that biologic excretion of [**™Tc¢]Tc-PSMA-I&S is not
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TABLE 2
Estimated, Measured, and Mean Effective Dose for Personnel During Different Steps of [**™Tc]Tc-PSMA-I&S RGS

Procedure
E (uSv)
Step Personnel Estimated Patient 1 Patient 2 Patient 3 Patient 4 Patient5 Mean = SD
Labeling Technologist RP ~ 1.50x 102 2 2 1 2 1 1.6+0.5
Quality control Technologist RP 2.91x107" 1 0 0 0 0 0.2+0.4
Syringe preparation Technologist NML  1.59 x 10 ° 0 0 0 0 1 02+04
Patient administration Physician NM 3.75x 107" 1 1 1 0 1 0.8+0.4
Patient imaging Technologist NM 1.24x107" 0 0 0 0 0 0
Surgery Anesthesiology 3.51x10° 1 0 0 0 1 0.6+0.5
technologist

Scrub nurse 9.74 x 10° 2 5 4 3 2 32+13

Surgical nurse 219x107" 0 0 0 1 0 02+04

Surgeon 2.19x 107" 1 1 1 1 1 1.0+0.0

RP = radiopharmacy; NML = nuclear medicine laboratory; NM = nuclear medicine.

considered. For ['”’Lu]Lu-PSMA, it is known that 56% is
excreted within 24 h (/1), and it is expected that [**™Tc]Te-
PSMA-I&S follows a similar excretion pattern (/2). For the
surgeon, the measured dose was higher than the estimated
dose. Because a robotic approach was used, the surgeon
was estimated to be at a distance of 2 m from the patient. In
practice, however, the surgeon was much closer to the
patient both during the time-out procedure before surgery
and while making incisions, placing trocars, and installing
the robot.

Hand Dose

This study did not consider the hand dose (or extremity
dose), which would have been the highest for the radiophar-
macy technologist and nuclear medicine laboratory technol-
ogist. This dose was not considered for 2 main reasons.
First, for the nuclear medicine laboratory technologist, pre-
paring a patient syringe containing **™Tc is daily practice.
The effect of **™Tc-syringe preparation has been well stud-
ied worldwide and reported. In a study with 32 European
centers, the mean hand dose for preparation of a **™Tc
syringe was found to be 320 wSv/GBq (/3). For a [**™T¢]
Tc-PSMA syringe with 550 MBq, this mean hand dose
would lead to an extremity dose of 176 wSv. Second, hand

(or finger) dosimeters that can be read after each procedure
are not available at our institute. The additional radiation
dose of the prepared 5 syringes over several months with
9MTc is negligible compared with the total number of
syringes that have been prepared with various isotopes dur-
ing this period and could therefore not be determined from
the monthly extremity dose reports.

Comparison with Other ®®™Tc- and PSMA Procedures

9MT¢ is the most common isotope in nuclear medicine
procedures worldwide. The radiation burden to personnel at
nuclear medicine departments is therefore well known.
Although the preparation of [**™Tc]Te-PSMA-I&S differs
from that of most *™Tc-radiopharmaceuticals (labeling
instead of kit preparation), the dose to radiopharmacy and
nuclear medicine laboratory personnel for preparation lies
well within that of other °’™Tc-radiopharmaceuticals
(13,14).

For the surgical staff, a comparison is made with a senti-
nel node biopsy procedure (a common procedure with
%mTe but a different pharmaceutical) and with [*¥Ga]Ga-
PSMA (another isotope but a comparable peptide and distri-
bution). For a sentinel lymph node biopsy procedure, the
injected activity is much lower than that of [**™Tc]

TABLE 3
Measured and Mean Dose Rate of Patient During Different Steps of [**™Tc]Tc-PSMA-I&S RGS Procedure

Dose rate (uwSv/h)

Step Distance (cm) Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Mean = SD
Administration 30 32.8 34.2 29.9 30.0 38.5 33.1 £ 35
50 17.3 18.8 16.6 19.3 20.5 18,5 = 1.6
100 7.6 7.7 6.2 5.6 7.3 6.9 = 0.9
Imaging 30 3.4 3.1 3.2 3.9 4.5 3.6 £ 0.6
50 1.8 2.1 1.4 1.5 2.1 1.8 £ 0.3

100 1.2 0.74 0.41 0.31 1.1 0.74 £ 0.39

Surgery 30 0.50 0.58 0.80 0.21 14 0.69 + 0.43

50 0.28 0.39 0.30 0.08 0.98 0.56 + 0.33
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Tc-PSMA, ranging from approximately 20 to 240 MBq,
depending on the time between injection and surgery. Fur-
thermore, the activity is injected locally instead of intrave-
nously. The dose to the surgeon in this procedure is
reported to be 2—10 wSv (15,16). The values found for sur-
gical staff during [**™Tc]Tc-PSMA-I&S RGS fell well
within this range. Another comparison can be made with
[®®Ga]Ga-PSMA for Cerenkov luminescence imaging. In
this case, patient administration is always on the same day
as surgery because of the shorter half-life of **Ga (68 min).
Additionally, less activity is injected (~100 MBq), and the
energy emitted by the isotope is much higher. In this case,
the scrub nurse standing next to the patient receives
16 wSv/procedure, whereas other staff members present
obtain 1-5 wSv/procedure (/7). In this study, all surgeries
were performed with a robotic approach. Although no data
were collected during an open or laparoscopic approach, it
is assumed that the dose to the surgeon would be compara-
ble to that to the scrub nurse in this study. In summary,
the radiation burden to surgical staff from [**™T¢]Te-
PSMA-I&S is comparable to that from other surgical proce-
dures with *™Tc and is lower than that from intraoperative
Cerenkov luminescence imaging procedures with [**Ga]Ga-
PSMA.

CONCLUSION

[**™Tc]Tc-PSMA-I&S has been introduced for identifica-
tion of tumor-positive lymph nodes during salvage
prostate cancer surgery. The effective dose for all involved
personnel (radiopharmacy technologist, nuclear medicine
laboratory technologist, nuclear medicine physician, nuclear
medicine imaging technologist, scrub nurse, surgical nurse,
anesthesiology technologist, and surgeon) is comparable
to that of other °°™Tc-radiopharmaceuticals. [**™Tc]Tc-
PSMA-I&S RGS can therefore be performed safely by all
staff members.
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Establishing a Local Diagnostic Reference Level for Bone
Scintigraphy in a Nigerian Tertiary Hospital
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Enugu, Nigeria

It is of vital importance to optimize the radiation dose to patients
undergoing radionuclide bone scanning. This is one of the most
common nuclear medicine procedures in many parts of the world,
including Nigeria, and the current study was performed as part of
a national survey to establish diagnostic reference levels (DRLs)
for common nuclear medicine procedures in Nigeria in order to
optimize their use. Nuclear medicine was only recently introduced
to the health-care system in Nigeria, with only 2 centers presently
conducting these procedures. Methods: A retrospective, cross-
sectional study was performed in the nuclear medicine depart-
ment of a tertiary hospital in southwest Nigeria to determine the
preliminary local DRL for radionuclide bone scanning. One hun-
dred and nine patients who met the study criteria were included.
Data were obtained from June 2017 to March 2019 and were ana-
lyzed to obtain the third quartile of the distributed administered
activity and achievable dose (anthropometric variables and radia-
tion dose to bone surface). Results: The mean administered
activity, achievable dose, and DRL were 833.98 *= 106.93, 832.5,
and 895.4 MBq, respectively. The calculated preliminary local
DRL was larger than values reported in studies done in Sudan, the
United Kingdom, and Australia or by the International Commission
on Radiological Protection. Conclusion: The preliminary DRL
from this first-of-its-kind study in Nigeria was high because of
practitioners’ lack of experience. However, the values were still
within the international best-practice range, which when opti-
mized will go a long way toward reducing medical exposure with-
out compromising image quality.

Key Words: administered activity; diagnostic reference level; nuclear
medicine; bone scintigraphy; image quality
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In medical imaging, protecting patients from exposure to
radiation is a major concern calling for intervention,
prompting the International Commission on Radiological
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Protection (ICRP) to recommend principles to justify use,
optimize protection, and limit doses. In medical exposure,
however, dose limits are not applicable per se, as they
would defeat the purpose of justifying the practice (/).

The significant increase in the use of radiation for medi-
cal purposes has led to a concomitant increase in the expo-
sure of patients, relatives, and the environment to radiation
(2). In the early 1990s, the ICRP introduced the concept of
diagnostic reference levels (DRLs) to optimize doses (3,4)
and minimize the amount of applied radiation. According to
Council Directive 97/43/Euratom, DRLs are dose levels in
medical radiodiagnostic practices for typical examinations
of standard-sized patients or in standard phantoms for
broadly defined types of equipment (4).

The establishment of DRLs and achievable doses has
proven to be an effective tool in optimizing protection in
medical imaging (5). DRLs and achievable doses are as
defined in ICRP publication 135, the former being the level
that protects patients from exposure during diagnostic and
interventional procedures and the latter being the DRL
achievable by standard, widespread techniques without
compromising image quality (i.e., the value set at the
median [50th percentile] DRL determined in a departmental
survey). DRLs define the lower and upper limits of admin-
istered activities in nuclear medicine and radiology and can
be applied to the most common nuclear medicine procedure
in Nigeria, bone scintigraphy (a sensitive diagnostic imag-
ing method that uses a radiopharmaceutical to evaluate the
distribution of bone formation relating to physiologic pro-
cesses, in addition to malignant and benign disease). The
examinations chosen for the DRL process should be those
performed most often in the region and for which dose
assessment is practicable (6).

DRLs help avoid delivering, to a patient, excess radiation
that does not contribute to the clinical purpose of the medi-
cal imaging task. This goal is met by comparing the DRL
(derived from relevant regional, national, or local data) with
the mean value observed in practice for a reference group
of patients (e.g., similar in height, weight, and age) or a
suitable reference phantom (6). When a procedure consis-
tently exceeds the DRL, that procedure and its equipment
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TABLE 1
Anthropometric Variables

Index Age (y) Weight (kg) Height (m) Body mass index (kg/m?)
Mean 579 = 14 716 = 6.7 1.63 = 0.5 299 * 3.0
Minimum 34 58.9 1.54 19.95
Maximum 87 85 1.77 37.99

should be locally reviewed for adequate optimization, and
dose-reduction measures should be taken if necessary (7).
DRLs are based on the activities that need to be adminis-
tered to normal-sized patients (typically with a body weight
of 70 = 15 kg) to achieve good image quality during a stan-
dard procedure (8).

The role of nuclear medicine in patient management is as
impactful in a developing nation as in other regions of the
world. However, in developing nations the practice of
nuclear medicine faces a myriad of challenges; these,
though, can easily be avoided (9).

The “Bonn Call for Action” in 2012 (/0) increased global
awareness of the need to strengthen radiation protection in
medicine. Despite the huge progress in protecting patients
from radiation in most developed countries (/0), the situa-
tion in most developing countries is still far from ideal.
Nigeria does not have a local or national nuclear medicine
dose registry, which is important for establishing dose refer-
ence levels, and a literature search could find no previous
studies in Nigeria to establish DRLs for radionuclide bone
scanning. Therefore, optimization of protection is doubtful,
and establishing DRLs in Nigeria is vital (/7).

The current study addressed this challenge by establish-
ing a preliminary DRL for bone scintigraphy, the most
requested procedure in Nigeria, and by determining the role
that achievable dose plays in reducing dose while maintain-
ing diagnostic image quality.

MATERIALS AND METHODS

This was a retrospective and cross-sectional study performed in
the nuclear medicine department of a tertiary hospital in southwest
Nigeria. The data were collected from 2017 to 2019 and included
109 adults who were selected (using purposive sampling) (mean
age, 57.9 £ 14 y [range, 3487 y]; mean weight, 71.6 = 6.7 kg;
mean height, 1.63 = 0.5 m; mean body mass index, 29.9 = 3.0
kg/m?) (Table 1). The center was chosen because it had the imag-
ing modality of choice and the facilities for the study.

Equipment Specifications

The radioisotope dose calibrator was a CRC-ISR (Capintec),
with 100-240 V, 50/60 Hz, and 120 mA. The y-camera was a
model 4369372 SPECT device (Siemens) manufactured in
November 2005, with 200 V, 50/60 Hz, 30 mA, and a line single
phase.

Ethical Clearance

Ethical approval was obtained from the Research Ethics Com-
mittee of the Oyo State Ministry of Health. Also, data were anony-
mized and kept confidential in a personal computer, and the results
did not contain any information that would allow the patients or
center to be identified.

Procedure

Departmental documents and records were made available to
the researcher, who was a former staff member of the center and
one of the pioneer radiographers in its imaging unit. Data were
generated and sorted to capture the needed details. The departmen-
tal protocol for bone scintigraphy included preparing the radio-
pharmaceutical (**™Tc-methylene diphosphate), measuring it with
a dose calibrator in the radiopharmacy hot lab, administering it
intravenously to referred patients while they lay supine on the
SPECT +y-camera, and acquiring planar images using the window
and persistence routinely applied in the department. The activity
administered and other anthropometric parameters were recorded
for each patient.

Method of Measurement

DOSISRAD software was used to automatically calculate the
absorbed dose to organs and the effective dose from the adminis-
tered activity of the radiopharmaceutical (/2). This software is
based on the ICRP values, and the calculation was specific to the
type of imaging study, clinical indication, patient’s weight, type of
radiopharmaceutical, and administered activity (MBq).

Data Analysis

The data were saved in a Microsoft Excel spreadsheet and cate-
gorized for the examination parameters and anthropometric param-
eters. SPSS software (version 23.0; IBM) was used to analyze the
mean and SD of the administered activity, anthropometric

TABLE 2
Administered Activities and Critical-Organ Doses

Index Administered activity (MBQ) Critical-organ dose (mGy)
Mean 833.98 = 106.93 52.54 + 6.31
Minimum 632.7 39.86
Maximum 1124.8 70.86
Achievable dose (second quartile) 832.5 52.45

DRL (third quartile) 895.4 56.41
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FIGURE 1. Comparison of mean administered activity (MBQ).
BSS = basic safety standard; UNSCEAR = United Nations Sci-
entific Committee on the Effects of Atomic Radiation.

variables, and radiation dose to the critical organ (bone surface).
The achievable dose and DRL were obtained from the distribution
of the administered activity for radionuclide bone scanning. Para-
metric testing was suitable because there was a normal distribution
at a 95% CI after using the Kolmogorov—Smirnov method to test
for the normality of data distribution. Statistical significance was
set at a P value of less than 0.05.

RESULTS

Table 2 shows mean, minimum, maximum, achievable
dose (second quartile), and DRL (third quartile) data for
administered activity and critical-organ dose.

The mean administered activity, 833.98 *= 106.93 MBq,
translated to a mean dose of 52.54 * 6.31 mGy to the bone
surface. Figure 1 compares this mean administered activity
with the mean values in Sudan (8), Brazil (/3), France (/4),
and Korea (/5) and with the 1996 basic safety standard (6)
and the 2008 standard of the United Nations Scientific
Committee on the Effects of Atomic Radiation (/7). The
Nigerian mean value was lower than the United Nations
standard and the Brazilian mean value but higher than the
other mean values and standard.

The maximum activity administered was quite high, at
1,124.8 MBgq; only Brazil had a higher value (1,480 MBq).

At 832.5 MBq, the achievable dose in this study was
lower than the mean administered activity of 833.98 MBq
(Table 2). However, the difference was not significant.

The DRL (895 MBq) was within the European Union
range of 500-1,110 MBq (Table 3) but below the Brazilian
DRL (1,110 MBq (/3)) and the Australian DRL of 920
MBq (18) and above the Sudanese of 777 MBq and U.K. of
600 MBq DRLs (19).

DISCUSSION

This study established preliminary DRLs for bone scin-
tigraphy in a tertiary hospital in southwest Nigeria, the only
teaching hospital that offered nuclear medicine services at
that time.

Anthropometric Variables

The high mean body mass index indicates that many of
the patients being scanned for the various indications were
overweight. The maximum body mass index fell within the
severely obese class, at 37.99 kg/m® (reference range for
severe obesity, 35-40 kg/m?), a value that increases the risk
of many types of cancer, such as cancers of the breast,
colon, and endometrium.

Maximum Administered Activity

The high maximum administered activity may stem from
a lack of standardized protocols and may indicate use of an
unnecessarily high radiation dose. Hence, there is a need to
audit, regulate, and optimize doses. The minimum and max-
imum administered activities for the same type of procedure
have been observed to range widely, by 44% (20). Nonstan-
dardization of activities administered for the same type of
procedure can denote a deficiency in controlling for radia-
tion exposure.

Mean Administered Activity

The mean administered activity in Nigeria, though within
the international range, clearly points toward use of an
unnecessarily high activity, which in turn increases the radi-
ation dose to the patient. This finding indicates that neither
a guideline nor a reference value is in place to guide person-
nel in optimizing medical exposure while retaining diagnos-
tic image quality.

Achievable Dose

Achievable dose represents the 50th percentile (median)
(21) of the dose distribution, as defined by the ICRP and
the International Atomic Energy Agency, and is recom-
mended as a reference to prevent excessive ionizing radia-
tion. Figure 2 shows that our calculated value was within

TABLE 3
Comparison Between Local DRL and International Standard Values

Sudan Australia United Kingdom European Union Brazil
Radiopharmaceutical Current study 8) (20) @1 (10) (15)
89MTc-methylene diphosphate (MBq) 895.4 777 920 600 500-1,110 1,110
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FIGURE 2. Comparison of achievable dose (79) with others
indicated in literature. ACR = American College of Radiology;
ASNR = American Society of Neuroradiology; EANM = Euro-
pean Association of Nuclear Medicine; NCRP = National Council
on Radiological Protection; SNMMI = Society of Nuclear Medi-
cine and Molecular Imaging.

the range reported by the Society of Nuclear Medicine and
Molecular Imaging, the American Society of Neuroradiol-
ogy, and the European Association of Nuclear Medicine but
fell below the ranges reported by the American College of
Radiology and the National Council on Radiological Pro-
tection. Achievable dose has an additional role in optimiza-
tion, as some degree of patient dose reduction can be
attained without affecting image quality. Extrapolation of
this value into current practice for radionuclide bone scin-
tigraphy could reduce the dose by approximately 26%, a
highly significant degree of optimization.

Preliminary DRL

If the DRL is consistently being exceeded, the procedures
and equipment should be reviewed to determine whether
further optimization is needed to protect patients and, if so,
dose-reduction measures taken (7). Our findings during this
developmental phase in Nigeria showed a moderate level of
safety, even though doses were sometimes administered
without considering whether both patient protection and
image quality had been optimized. Application of DRLs
will help avoid administering an unwarranted radiation dose
that does not add clinical information to the images. Estab-
lishing a national DRL will provide a dose-optimization
tool to guide other nuclear medicine centers in Nigeria.

Limitations

The study, being retrospective, had some outliers too
small or large for the age and weight ranges. Caution is
therefore advised in applying the values.
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CONCLUSION

Optimization of protection in Nigeria is doubtful, as no
reference records are kept in daily practice, and a literature
search could find no previous studies to establish DRLs for
radionuclide bone scanning, the most common nuclear med-
icine procedure in southwest Nigeria. This first study to
determine local DRLs and achievable doses for bone scin-
tigraphy found values higher than those in some other coun-
tries and international bodies. Application of these DRLs in
subsequent studies will significantly reduce unnecessary
exposure of patients to medical radiation. In determining
the minimum practicable radiation dose, one should use
sound judgment and have a clear reason to administer the
radiation. Inconsistency in the activity administered for the
same procedure calls for concern, as wide differences in
administered dose were noted without additional image
quality, signifying a lack of local regulations, evidence-
based protocols, and standard operating procedures.
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QUALITY & PRACTICE MANAGEMENT

Decay Correction for Quantitative Myocardial PET
Perfusion in Established PET Scanners: A Potentially

Overlooked Source of Errors

Robert Bober

John Ochsner Heart and Vascular Institute, Department of Cardiovascular Diseases, and Ochsner Clinical School, Queensland

University School of Medicine, New Orleans, Louisiana

Quantitative myocardial PET perfusion requires decay correction
(DC) of the dynamic datasets to ensure that measured activity
reflects true physiology and not radiotracer decay or frame dura-
tion. DC is typically performed by the PET camera system, and
the exact algorithm is buried within the settings and assumed to
be correct for quantitative perfusion data. For quantitative myo-
cardial perfusion, sequential dynamic images should be decay-
corrected to the activity at the midpoint of the first scan in the
sequence. However, there are different DC algorithms that can be
implemented depending on the needs and expertise of the labora-
tory. As such, before quantitative myocardial perfusion is per-
formed, the DC technique of a camera system should be tested.
Key Words: image processing; PET; decay correction; myocardial
blood flow; positron emission tomography; arterial input function

J Nucl Med Technol 2021; 49:344-349
DOI: 10.2967/jnmt.121.262320

uantification of absolute myocardial blood flow
(MBF) with PET has become mainstream and is now reim-
bursed through the Centers for Medicare and Medicaid
services. The literature describing the technical require-
ments for accurate reproducible MBF is extensive (/—4).
An essential but commonly overlooked function is decay
correction (DC), particularly for older or refurbished
2-dimensional (2D) or 3-dimensional (3D) scanners already
in use. Since these are assumed to be working properly for
quantification of MBF, the literature offers little information
for practical, simple testing in order to assess the DC of an
installed PET scanner or an older refurbished scanner under
consideration for purchase.

The goals of this article are 2-fold. The first is to explain
the rationale and methods for DC for assessment of MBF.
The second is to report an easy method by which technolo-
gists can assess DC when there is no onsite physicist or
technical expert.
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BASICS OF QUANTITATIVE PET PERFUSION

Measuring MBF requires 2 primary data: the concentra-
tion of radiotracer in the arterial blood over time (also
known as arterial input [Ag] or the early blood pool phase)
and the concentration of radiotracer in the myocardium
(also known as myocardial uptake [M] or the late myocar-
dial phase). For all PET scanners, radionuclides, acquisition
protocols, flow models, and list mode or binned data, accu-
rate DC of these datasets is essential but often buried from
the end user and assumed to be correct for MBF studies.
Different DC algorithms may be appropriate for different
types of imaging (brain, cardiac, oncology), half-lives of
the radiotracer, or questions asked (drug metabolism, scan-
ner performance, MBF) (5). Consequently, each established
PET scanner that is to be used for MBF should be checked
for correct DC.

RATIONALE FOR DC ON QUANTIFICATION OF MBF

Why is DC necessary for accurate and precise quantifica-
tion of MBF? Although the various kinetic models correct
for partial-volume loss, spillover, extraction, and exit from
myocardium, in the simplest conceptual form MBF derives
from the ratio of M to Aq (6,7).

The Ay images quantify the change in concentration of
radiotracer in the blood pool over time, before myocardial
extraction, due to dilution by circulating blood and lung
volume after intravenous injection. The M images quantify
the average concentration of radiotracer trapped in the myo-
cardium after clearance from the blood pool. As a potas-
sium analog, ®*Rb does not leak from myocardium except
in cases of severe cell injury wherein intracellular potas-
sium is not maintained. The slow leakage of >N ammonia
from myocardium after initial uptake is accounted for in its
flow model. The simplistic inverse relationship between
MBF and A, shows how erroneous MBF may be due to too
high or too low an Ay or M, all of which may be due to
incorrect DC.

For quantitative perfusion studies, the radiotracer concen-
trations of Ay and M should be dictated solely by physiology
and not by radiotracer decay, image duration, or acquisition
parameters (number of frames in an acquisition). If A,
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FIGURE 1. Decay of '®F in 500-cm® beaker. A detailed ®F protocol (“Fluorine Decay
Correction.docx”) and worksheet (“F18 Decay Correction Worksheet.xIsx”) can be found
in the supplemental materials. With syringe, 153.18 MBq of '8F were placed in beaker con-
taining 500 cm® of H,O. Accounting for residual activity in transfer syringe and elapsed
time between dose calibrator measurement and start of scan, concentration of 18F at start
of scan was 0.270 MBg/cm®. Scanner performed 2,400-s (40 min) list-mode acquisition.
Twenty-four hours later, after all activity decayed, attenuation scanning was performed
and 5 serial frames were generated at intervals of 300, 300, 300, 600, and 900 s. ROls
were placed, avoiding beaker boundaries. Activity at time t equaled initial activity X
(70:698 x t/nalf-life of radictracen) Therefore, with starting activity of 0.270 MBg/cm?®, expected
activity at 150 s into scan (midpoint of first frame) is 0.266 MBg/cm?®. Half-life of '®F is
6,600 s, and 0.270 MBg/cm? x e (76:93 < 150 s/6600) — 266 MBg/cm?®. Concentration of
ROl in first frame was 0.266 MBg/cm?®, which is 0.1% bias from dose calibrator. Concen-
trations in each subsequent frame were nearly identical to first frame, with biases all within
3% window. There are several conclusions. First, scanner decay-corrects activity to mid-
point of first frame. Second, scanner also corrects for duration of each frame, giving activ-
ity in MBg/cm?®. Third, in biologic systems, only variation in quantitative activity after first
frame would be due to physiologic changes and not imaging timing, duration, or decay.
Bias from dose calibrator of first frame, also known as efficiency, is inconsequential to
measurements of MBF as it cancels out in numerator and denominator of flow equations
(6). Bias does inform us on whether test was performed with accurate timing, random,
scatter, and dead-time corrections and also on whether camera system was internally cali-
brated for isotope against standard. If timing of beaker decay test is not precise or camera
has not been calibrated, measured concentration could be significantly different from dose
calibrator; however, if DC is performed correctly, bias of subsequent frames will be
uniform.

UNDERSTANDING PET
SCANNER DC

As a thought experiment, imagine
a radiotracer X with a half-life
approaching infinity. If 185MBq (5
mCi) of X, as measured in a dose cali-
brator, is placed in a beaker filled with
exactly 500 cm® of H,0, the concen-
tration of X would be 0.37 MBg/cm®
(10 uCi/em?) at time 0. Because this
imaginary radiotracer’s half-life is
infinite, there is essentially a stable
concentration  of  0.37 MBg/cm’
(10 wCi/em®) over time. For each cm®,
the beaker is emitting 3.70 X 10° dis-
integrations per second, or 0.37 MBq
(10 wCi). If this beaker is now placed
into an ideal camera system that cap-
tures every disintegration and an
image is acquired over 10 s, what is
the camera doing? In a sample volume
of 1 ¢cm’, the camera receives 3.70 X
10> counts in the first second and
3.70 X 10° counts in each second after-
ward. Therefore, over 10 s, the scanner
has received 3.7 X 10° counts. The
units are integrated activity multiplied
by time (count/cm® X s). The total
cumulative activity increases over time
depending on the count/s coming from
the beaker sample volume. This total
cumulative integrated activity divided
by the total image duration gives
the average count/s emitted by the bea-
ker sample volume. In this example,
3.70 X 10° counts/em’/s X s divided
by 10 s gives the original target con-
centration of 3.70 X 10° counts/s per
cm® or 0.37 MBg/em® (10 pCi/em®).

images are not decay-corrected, the downstream impact
would lead to erroneously reduced A, and thus falsely high
MBEF. In addition, there is also a differential impact of incor-
rect DC between rest and stress datasets, thereby causing
errors in stress mL/min/g and coronary flow reserve over
and above the physiologic effects of cardiac output, heart
rate, and blood pressure during stress compared with rest.

With the short-lived **Rb having rapid decay over 75 s,
an erroneous DC will particularly degrade quantitative data
in both Ay and M phases. Because of the physiologic rap-
idly changing high blood concentrations of the A, phase,
Ay data are more prone to cause errors in MBF than are M
data. The impact of incorrectly reduced A, and M data will
yield inaccurate elevation in absolute MBF ranging from
10% to 40% (1,6,8).

However, in the real clinical world—where decay occurs
rapidly, scanners do not capture all disintegrations, and bio-
logic processes influence the concentration of radiotracer—
how does the camera operate such that the measured activ-
ity reflects the true activity of the biologic process? The
main function of DC is to recalculate measured activity for
each time frame into values that would be measured if
decay did not occur, thus ensuring accurate arterial and
myocardial activity essential for MBF.

The mathematic description of radioactive decay is

R(t)=Rje™™ (Eq. 1)

where R(¢) is the amount of radiotracer at time #, R; is the
initial amount of radiotracer at the start of the scanning
period, and \ is the decay constant of the radiotracer. With
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correct frames 2 and 3 using a refer-
ence time of 10 s into the scan (half the
interval of the first frame). Corrected

£ s S — for decay, frames 2 and 3 will have an
) — __ average concentration of approximately
g [Rass v | 0.666 MBg/cm® (18.3 wCi/cm®) and all

U o oy bt [ it polstir it 3 frames should yield nearly identical
concentrations, despite the fact that

e e | rnez Fara Frmes Fanes counts/s and concentrations are decreas-
‘ ing with time. The difference between

' ! " h * et m - ” M . the concentration at time 0 and the

FIGURE 2. Decay of ®N in 500-cm® beaker. A detailed ®N protocol (“Nitrogen Decay
Correction.docx”) and worksheet (“'*N Decay Correction Worksheet.xIsx”) can be found
in the supplemental materials. Similar to Figure 1, 348.91 MBq of '*N were placed a bea-
ker containing precisely 500 cm® of H,O. Scanner performed 600-s (10 min) list-mode
acquisition. Two hours later, after all activity decayed, attenuation scanning was per-
formed and 5 serial frames were generated at intervals of 60, 60, 120, 120, and 240 s.

actual measured average concentration
of the first frame is due to decay during
the 20-s acquisition and the lag time of
the first few seconds of the scanner,
hence the rationale for using the mid-
point as the reference (9).

Calculations and measurements were as shown in Figure 1. There are several conclu-

sions. First, scanner decay-corrects activity to midpoint of first frame. Second, scanner

TESTING DC

also corrects for duration of each frame, giving activity in MBg/cm?®. Third, in biologic sys-

tems, only variation in quantitative activity after first frame would be due to physiologic

changes and not imaging timing, duration, or decay.

regard to quantitative perfusion with PET, there are 2 meth-
odologic predicaments that can be deduced from this equa-
tion. First, R(¢) is not actually measured. The PET scanner
accumulates and integrates counts over a time interval.
Thus, R(t) equals fﬁR(t)dt, where #; and 1, are the time
duration of the scan or frame. Second, fﬁR(t)dt is influ-
enced by factors other than decay, such as myocardial
extraction and retention. In other words, the activity of
radiotracer in a scanner region of interest (ROI) will depend
on the duration of the time interval, the decay of the radio-
tracer, and any biologic process that removes or adds radio-
tracer from the ROI. Hence, to accurately measure the
activity of Ay and M, decay of the radiotracer must be cor-
rected for the duration of the scanning intervals.

Many PET scanners offer different DC options to correct
sequential images relative to the activity at some point
during the scan (3,9,10). For dynamic processes or for imag-
ing PET tracers with half-lives shorter than the acquisition
period, the midpoint of the first scan is used (5). This correc-
tion confirms that any subsequent change in activity in later
sequences is due to biologic change and not to image dura-
tion, interval between images, or radiotracer decay.

As an example, a beaker containing 470 cm® of H,O is
mixed with 30 cm® of 370-MBq (10 mCi) ¥*Rb (half-life,
76 s), yielding 0.74 MBg/em® (20 wCi/cm?®) at time zero as
confirmed with a dose calibrator. If serial images are captured
every 20 s for 3 frames, frames 1, 2, and 3—because of decay
and calculated using the equation R(¢)=R;e M—have an
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In practice, DC can easily be tested
using a simple protocol that requires a
graduated cylinder, dose calibrator,
500-cm® beaker, and stopwatch. A solution of precise volume
and dose of radiotracer is created in the beaker. An aliquot is
withdrawn and inserted into a dose calibrator, and the beaker
is positioned in the scanner. The scanner is started at the very
moment that the dose calibrator measures the activity of the
aliquot at time 0. The beaker is then scanned over the dura-
tion in which significant decay occurs. For S?Rb,
measurement from 3.5 to 7 min is adequate; for BN, from
10 to 15; and for 18F, from 40 to 60 min. The acquisition
should allow for several frames to be created over the
duration of the scan. For established 2D or 3D scanners
acquiring in list mode, the frames can be created after the
acquisition; however, for non-list-mode cameras, the proto-
col should be prespecified. Most modern 3D scanners correct
for decay automatically as the data are acquired and likely do
not require such testing for DC. All images should also be
attenuation-corrected. After the attenuation-corrected frames
are created, ROIs are drawn around the radiotracer activity
for each frame and the average concentration is recorded by
the scanner. If DC is set up correctly for MBF studies, the
average concentration should be nearly identical in each
frame and fall within a 3% window from the first frame.
Furthermore, the ratio of the calculated concentration of the
first frame (based on the dose calibrator) to the measured
concentration can be determined. This ratio should be about
1.00 = 10% if the timing of the testing protocol was per-
formed accurately; has accurate random, scatter, and dead-
time corrections; and is calibrated correctly for the radiotracer
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FIGURE 3. Decay of ®2Rb in 500 cm® beaker. A detailed ®2Rb protocol (“Rubidium
Decay Correction.docx”) and worksheet (“®”Rb Decay Correction Worksheet.xIsx”) can
be found in the supplemental materials. Similar to Figures 1 and 2, 1,073 MBq of 8Rb
were placed in a beaker with a total volume precisely 500 cm® (H,O plus ®?Rb eluate).
Scanner performed 720-s (12 min) list-mode acquisition. Ten minutes later, after all activ-
ity decayed, attenuation scanning was performed and 3 serial frames were generated at
intervals of 120, 300, and 300 s. Calculations and measurements were as shown in Figure
1. There are several conclusions. First, scanner decay-corrects activity to midpoint of
first frame. Second, scanner also corrects for duration of each frame, giving activity in
MBg/cm?®. Third, in biologic systems, only variation in quantitative activity after first frame
would be due to physiologic changes and not imaging timing, duration, or decay.

being imaged. If not, further testing of other scanner function
or calibration is needed. Distinct protocols for '*F, '*N, and
82Rb that can be performed by one person, in addition to
worksheets for 'F, '*N, and 82Rb, can be found in the sup-
plemental materials (available at http://jnm.snmjournals.org).
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FIGURE 4. Similar to Figures 1-3, decay beaker testing, using '®F, was performed on 2D
refurbished PET camera when there was concern about accuracy of MBF data. Scanner
performed 2,400-s (40 min) list-mode acquisition, and attenuation scans were obtained.
Five serial frames were generated. ROI concentration continued to decrease over time and
over varying frame durations. There are 2 conclusions. First, scanner does not decay-
correct activity to midpoint of first frame or correct for frame duration. Second, in biologic
systems, variation in quantitative activity is partly due to inadequate DC or frame duration,
which cannot be differentiated from physiologic changes. Therefore, measurement of MBF
will not be accurate.

Decay CorrecTION AND PET  »

CASE EXAMPLES

Figures 1-3 illustrate beaker tests
performed on an Attrius 2D PET
scanner (Positron) that demonstrates
accurate DC of '®F, °N, and *’Rb in
a 500-mL beaker with a dose calibra-
tor as the reference standard.

To investigate a refurbished 2D
camera system for which absolute
flow values were thought to be errone-
ously high, a DC beaker test using '*F
in a 500-cm’ volume was performed.
Figure 4 illustrates the results of inac-
curate DC by the scanner. To confirm
that this problem was not unique to
the individual camera, a different
camera from the same vendor was
also tested and yielded similar results.
Figure 5 demonstrates the relative and
quantitative perfusion data from the
refurbished 2D camera using the
factory-installed incorrect DC algo-
rithm and after the vendor corrected
the DC algorithm. The relative images
were normal and demonstrated no
significant differences between the

correct and incorrect DC algorithms. However quantitative
perfusion data were about 30% higher at rest and about
55% higher at stress with incorrect DC, because of a falsely
reduced A,. Besides the obvious difference in MBF values,
there are several conclusions that can be made. First, relative

perfusion imaging is not impacted,
and therefore incorrect DC can easily
go unnoticed. Second, both sets of
MBEF values are physiologically plau-
sible and therefore erroneous MBF
values can easily go unnoticed, thus
skewing site-specific reference data-
sets to higher MBF values. Third,
prior testing on the performance of
various camera systems did not spe-
cifically confirm correct DC but relied
on “routine clinical practice at each
institution” (3). Hence, although a
camera’s performance with regard
to peak counts, dead time, scatter,
and randoms may be acceptable for
MBEF studies, inaccurate DC will still
yield erroneous quantitative data.
Finally, there is the possibility that
clinicians or researchers who have
older refurbished PET cameras with
incorrect decay algorithms are making
clinical decisions with erroneous MBF
values.
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FIGURE 5. Figure demonstrates relative and quantitative perfu-
sion data of the left anterior descending coronary artery (LAD) ter-
ritory obtained from a refurbished 2D PET system where decay
correction (DC), as part of the default settings within the camera,
was performed incorrectly (left column). After recognition of the
error, the DC algorithm was corrected and the study reproc-
essed. 5A and 5B represent rest and stress relative perfusion
images, respectively. Both sets of relative images (incorrect and
correct DC) are normal and appear nearly identical. 5C and 5D
demonstrate inaccurate and accurate DC of rest and stress abso-
lute perfusion in cc/min/g, respectively. With correct DC, rest and
stress MBF are ~30% and ~55% lower, respectively. 5E and 5F
demonstrate the coronary flow capacity (CFC) maps derived by
the integration of absolute flow metrics of the incorrect and cor-
rect DC datasets, respectively. With incorrect DC, CFC maps
suggest physiology consistent with healthy volunteers without
risk factors. However, with correct DC, CFC maps are consistent
with mild diffuse epicardial disease for which medical therapy is
appropriate. Based on CFC maps, treatment would possibly be
different based on the absolute perfusion metrics.

THE RATIONALE FOR ALTERNATE DC ALGORITHMS

Most PET cameras are designed and manufactured with a
focus on oncologic imaging using low-activity radiotracers
("8F and ®3Ga) with half-lives significantly longer than the
duration of the acquisition. Over the course of a 10- to
15-min oncologic acquisition using these isotopes, loss of
activity by radionuclide decay is insignificant such that an
alternative DC algorithm could be used (5). Furthermore, in
the clinic, SUVs are used instead of absolute quantification
of activity. SUV is a ratio of the image-derived radiotracer
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concentration to the whole-body concentration of injected
dose. Provided the calibration time of the injected dose and
the start of the acquisition are synchronized, alternative DC
algorithms will not impact SUV or nonquantitative data
(such as relative perfusion imaging), as whole-body and
organ-specific activities are decaying at the same rate and
with the same start time.

Therefore, unless the end user tests the scanner specifi-
cally for DC for MBF studies, alternative DC algorithms
could inadvertently be used, thereby yielding an erroneous
MBF. In fact, alternative DC algorithms will pass routine
quality control tests when systems are designed for long-
lasting radiotracers such as '°F.

However, non-DC datasets could be exported to software
that performs DC, as might be used by research laboratories
with expertise, but this option is not optimal for primarily
clinical services. Finally, in more advanced or research
applications, one could apply different DC algorithms based
on specific needs since quantitative cardiac imaging is sig-
nificantly different from oncologic imaging. The half-lives
of the approved perfusion tracers are significantly shorter
than the duration of the acquisition. Over the course of a
myocardial perfusion scan, radiotracer activity decreases
about 4-fold for '*N and about 64-fold for ¥’Rb, hence
requiring correct DC.

CONCLUSION

Accurate and precise quantitative myocardial perfusion
requires correction for radiotracer decay. DC confirms that
changes in activity over the scan duration are due to physio-
logic changes and not to radiotracer decay, image duration,
or framing interval. Testing for correct DC is straightfor-
ward and can be performed by onsite technologists with
instruments commonly found in a standard PET lab.
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QUALITY CASE STUDIES
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Establishing a cause-and-effect relationship for an adverse event
is one of the key steps in preventing them and involves multiple
people, resources, and steps, thus requiring a root cause analysis.
Here, we describe a root cause analysis performed in the nuclear
medicine department for an event involving Na'®'l contamination.
Oral administration of Na'3'l in a capsule minimizes the risk of
contamination and spills. However, the patient must be able to
swallow a capsule. Na'®'l in capsule form is currently in wide-
spread use for treatment of hyperthyroidism and thyroid cancer.
Na''l in liquid form is rarely available immediately on demand
and must be ordered at least 24-48 h in advance of the planned
administration. The events leading to the incident, immediate
remedial steps taken, and subsequent root cause analysis are
described. The corrective actions taken after the root cause analy-
sis, as well as the subsequent effectiveness of these actions, are
mentioned. There may be one or multiple causes for an adverse
event. It is important to identify the root cause. Corrective actions
derived from the root cause can help prevent similar adverse
events in the future. Therapeutic procedures in nuclear medicine
involve unsealed radioactive sources, further adding a separate
layer of immediate steps and reporting to the root cause analysis
itself.

Key Words: root cause analysis; Na'®'l contamination; radiciodine
therapy; hyperthyroidism

J Nucl Med Technol 2021; 49:350-353
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Saul Hertz first administered radioiodine (Na'3'l) to a
patient in 1941 at Massachusetts General Hospital as a
treatment for hyperthyroidism (7). For a long period, Na'3'I
was available only in liquid form, but by the 1970s, Na!3'I
was available in capsule form (2). Oral administration of
Na!3'I in a capsule minimizes the risk of contamination and
spills. However, the patient must be able to swallow a cap-
sule. Na'3'I in capsule form is currently in widespread use
for treatment of hyperthyroidism and thyroid cancer. Na'3'I
in liquid form is rarely available immediately on demand
and must be ordered at least 24-48 h in advance of the
planned administration.
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Here, we describe an adverse event in which a hot lab
and radioisotope dosing room were contaminated with
Na!3!'I because of an attempt to break open the capsule to
dissolve the contents in a cup of water. We also describe
the events leading to the incident, the immediate remedial
steps taken, the subsequent root cause analysis, corrective
actions developed after the root cause analysis, and the sub-
sequent effectiveness of the corrective actions. There may
be one or multiple causes for an adverse event, and unless a
root cause is determined, a comprehensive corrective action
to prevent a similar adverse event in the future is not possi-
ble (3,4).

Quality Event. The Na'*'l contamination event occurred
on October 15, 2019, in the radioisotope dosing room and
hot lab of a large community hospital where around 30
patients per year are treated for hyperthyroidism. The facil-
ity performs around 6,000 nuclear medicine (NM) proce-
dures per year and has 5 NM technologists and a supervisor.
Three NM physicians cover different days of the week. The
policy of the hospital regarding patients who are to undergo
a radioactive iodine scan and subsequent therapy is to
perform a consultation using a checklist (5). Figure 1 shows
the policy and protocol for radioiodine therapy for
hyperthyroidism.

A 48-y-old woman presented to the NM department for
Na!3!T therapy for hyperthyroidism. When the authorized
user (AU) physician and a resident physician were about to
administer the 1.11-GBq (30 mCi) Na'3'I capsule in the
dosing room, the patient told them that she was unable to
swallow the capsule as she had oropharyngeal thrush due to
an underlying immunodeficiency.

The AU called the radiopharmacy to obtain Na'3!I in lig-
uid form, but it would not be available for another 3 d
because the request was being made on a weekend. Since
the patient was not willing to return after 3 d, the AU decided
to open the Na'*!I capsule in the dosing room and empty
the contents into a cup of water for the patient to drink.
The AU and resident first tried to open the capsule with
gloved hands over a cup of water placed on a counter in the
treatment room. The Na!3!I capsules supplied by the vendor
have Na!3'I solution injected directly into a small capsule,
which is enclosed within a larger capsule. Figure 2 demon-
strates the preparation and configuration of these Na'3'I
capsules.
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Policy regarding the process ) !
AU must be present and written order signed by AU.
of radioiodine therapy for P 9 4
hyperthyroidism: Pregnancy test must be done within 72 hours of
patient receiving the therapy dose.
Dose administered should be within +/-10% of
prescribed dose. Process and protocol below should
be followed.
Process and protocol
Request for radioiodine therapy and consult is
Vetting of request reviewed by NM attending resident for
appropriateness.
v Patient is scheduled for consult, administration
Scheduling and scan, followed by therapy. Patient is
prepared, such as by stopping methimazole.
AU or NM resident completes checklist. Radiation
v hazards are explained. Precautions are explained,
and written instructions are provided. Informed
Consult written consent is obtained. Dates for Na'23|
administration and scan and for Na'¥'l therapy are
decided. Pregnancy test is ordered for female
patients of childbearing age.
Na'2%| administration Na'23| dosing by oral route is done.
and scan 24 hours later, scan is performed.
Images are reviewed, and AU decides dose of
Na'31|.
v Prescribed therapy dose is ordered from radio
Therapy pharmacy by AU.
Pregnancy test results are verified.
Checklist is reexamined, and precautions are
reiterated.
FIGURE 1. Policy and protocol for radioiodine therapy for
hyperthyroidism.

FIGURE 2. (A) Injecting Na'®'|

into center of inner small capsule.
(B) Slipping upper half of large
capsule over bottom half to
completely cover small capsule,
which is then gently pushed
down until locked.

Unaware that the cap-
sule had this configura-
tion, the resident and AU
opened the outer capsule
but could not open the
inner capsule. They trans-
ported both into the hot lab
and, placing them behind
a lead glass shield, tried
to puncture the inner cap-
sule with a needle. A tech-
nologist passing through
the area overheard the
physicians talking about
the attempt to puncture the
capsule. She raised con-
cern about contamination
and contacted the radiation
safety team. The radiation
safety officer and an assis-
tant radiation safety officer
surveyed the hot lab and
dosing room and found

CAUSE ANALYsIS OF NA*'T CoNTAMINATION  *

that Na!3!I contamination was present on the floor, as well as
on the countertop in the dosing room. The radiation levels
from the floor contamination were quite high (over 20 mR/
h at a distance of 1 m), whereas the levels on the countertop
were lower (5 mR/h at 5 cm). An attempt to clean the floor
contamination was not successful. The patient did not receive
Na'3'T therapy, was surveyed for contamination, and was sent
home with a plan to reschedule her treatment with liquid
Na'311,

The radiation safety officer surveyed the AU, resident, and
technologist and found that the shoes and white coats of all
three were contaminated. The shoes and white coats were
stored in the radioactive waste room, and the hot lab and dos-
ing room were posted with warning signs for a total of 80 d,
the equivalent of 10 half-lives of Na!3'I. The facility had a
second dosing room and another hot lab that could be used
in the interim, and operation of the department was resumed
with little interruption. On the next day, the AU, resident,
and technologist underwent bioassays to measure radioactiv-
ity in the thyroid, and none was found. The radiation safety
officer contacted the state nuclear materials regulator within
24 h and provided a detailed report within 30 d. An unbiased
team consisting of a NM physician, a technologist supervi-
sor, and another technologist (none of whom were involved
in the incident) performed a root cause analysis.

The contamination event and immediate actions are sum-
marized in Figure 3.

QUALITY ANALYSIS

The team asked “why” until the answers guided them
toward corrective actions.

Why Did AU and Resident Try to Open Capsule?

The patient could not swallow the capsule, and the radio-
pharmacy could not provide Na'3'I in liquid form on that
day. The policy folder did not specifically mention “do not
tamper with the radioiodine capsule.”

Suggested corrective action: The policy will specifically
forbid tampering with Na'3'I capsules.

Why Was Treating Team Not Aware That Patient Could
Not Swallow Capsule?

The patient was in the department on the previous day to
undergo a Na!Z[ scan. Another technologist had opened
the Na!23[ capsule, dissolved the contents in a cup of water,
and given it to the patient. He also informed the AU about
taking these measures. The Na!?3I capsule contained gran-
ules and could be twisted open to release the contents. Even
though the contents can be emptied into a glass of water,
this method of administration is not correct because it is not
possible to assay the dose and there is a possibility of
contamination.

Suggested corrective action: All AUs and technologists
are to be provided with additional training.
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AU and resident found that patient was unable to
swallow Na'3'l capsule. AU contacted
radiopharmacy and found that liquid Na'3'l was not
available for 3 more days because of holidays.
Patient was not willing to return after 3 d for therapy.

On the day of radioiodine
therapy

AU decided to open capsule and dissolve contents
in cup of water. Outer layer of capsule was opened
in dosing room, but inner capsule could not be
opened. AU and resident took capsule to hot lab
and tried to puncture capsule.

Technologist suspected that there may be
contamination, monitored hot lab, found
contamination of Na'3l, and informed RSO.

v

Immediate actions

Area was cordoned by RSO. Monitoring of AU,
resident, and technologist showed contamination of
shoes and white coat. Floor tiles in hot lab and
countertop in dosing room had significantly higher
level of background radiation. Hot lab and dosing
rooms were sealed.

Patient was informed that therapy would not be
performed on that day and would be rescheduled.

Spare dosing room and spare hot lab were made
operational.

v

Next day

Bioassay of AU, resident, and technologist showed
no radioactivity in thyroid.

Team consisting of NM supervisor, another AU, and
another technologist was formed to perform root
cause analysis.

Event was reported to state by RSO.

FIGURE 3. Sequence of events on day of radioiodine therapy
contamination.

Why Was Inability to Swallow Capsule Not Identified Before
Na'?| or Na'®'l Capsules Were Ordered?

The checklist used for patient consultations before Na!231
scanning and Na!3'I therapy did not include a check of
whether the patient can swallow the capsule.

Suggested corrective action: A question about capacity to
swallow the capsule is to be added to the checklist.

Why Was Floor Contamination Not Removable?

The floor of the hot lab and dosing room had 30-cm
square tiles. The Na'3'T had seeped into the gaps between
the tiles. The hot lab was designed almost 2 decades before
the incident.

Suggested corrective action: The flooring of the hot lab,
dosing areas, and bathrooms in the NM department is to be
replaced with continuous linoleum.

CORRECTIVE ACTION

The NM staff, consisting of all technologists, NM physi-
cians, and NM residents, comprehensively reviewed the inci-
dent and were retrained within a week afterward.
The training was done by a team of experienced AUs, includ-
ing the directors of the NM departments of 2 major hospitals.

The corrective actions suggested in the root cause analysis
were added to the policy and checklist. The consultation form
was updated with a line specifically directing that the capsule
should not be tampered with under any circumstances.
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Continuous linoleum flooring was installed in the reno-
vated hot lab, dosing room, and bathrooms.

The corrective actions for each cause and effect are sum-
marized in Figure 4.

VERIFICATION OF EFFECTIVENESS

Between May 1, 2020, and April 31, 2021, more than 50
hyperthyroid patients have been treated with Na'*!I. During
that time, no adverse events have been recorded.

Cause-and-effect analysis is needed to prevent errors.
Finding a cause is easy and straightforward in a procedure
that involves a single step and a single person. Providing
health care has become a team effort involving multiple
people and steps. When an adverse event takes place during
or because of a procedure that involves multiple steps and
people, it is necessary to perform a root cause analysis to
prevent such events in the future.

In our case, if we had looked at the apparent cause we
would have ended up retraining only the AU, resident, and
technologist involved. The root cause analysis revealed that
multiple additional team members were also misinformed and
had—contrary to recommendations—opened Na!?3I capsules.
The root cause analysis exposed deficiencies in the policy and
in the checklist used in the protocol. Thus, the root cause
analysis resulted in a comprehensive corrective-action plan.

Reporting the exact sequence of events honestly is the criti-
cal factor in root cause analysis. Honest reporting is possible
when there is no fear of reprisal if unintended human error or
deficiency is found in the policy or protocol. Analysis of the
event and finding the causes that led to it also depend on hav-
ing an unbiased team perform the analysis and make the

Event Why Corrective action

Why was there Na'31|
contamination?

Add to policy: “do not tamper
with radioiodine capsule,”
and train the AU involved.

Radioiodine contamination
on day of therapy.

Patient was not able to swallow
capsule, liquid Na'3'l was not
available, and AU decided to
open capsule so as to dissolve
contents in water. Policy did not
specifically mention that capsule
should not be opened.

Why was patient able to swallow
Na'23| capsule on previous day?

Retrain whole team, since
other technologist and AU
opened Na'?®| capsule.

Na'23| dosing for
administration and scan

Patient was not able to swallow
Na'?%| capsule. It was opened,
and content was dissolved in
water by another technologist
and another AU.

Why was inability to swallow
capsule not known before scan
or therapy?

Add to checklist: “determine
whether patient can swallow
a capsule; if not, order liquid
radioiodine.”

Consult

Consult checklist did not check
for ability to swallow a capsule.

Why could contamination not be
removed?

| |

Radioiodine contamination Change flooring of hot lab,
dosing room, and bathroom
to continuous linoleum

Tiles were used for flooring in hot
sheet.

lab and dosing room. lodine
powder was in cracks between
tiles.

FIGURE 4. Sequential corrective actions taken for each cause
and effect identified while performing root cause analysis.
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corrective recommendations. Continuous monitoring after the
recommendations are implemented is the way to measure
continuous quality improvement. The reported event and sub-
sequent root cause analysis in our case resulted in compre-
hensive corrective actions, achieving desired outcomes in
procedures for over a year of subsequent follow-up.
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TEACHING CASE STUDIES

A Case of ""Lu-DOTATATE Therapy Without the Use

of Antiemetics

Justin G. Peacock'*?, Brendan O’Sullivan®, and Michael R. Povlow'

! Department of Radiology, Brooke Army Medical Center, San Antonio, Texas; *Department of Radiology, Uniformed Services
University of the Health Sciences, Bethesda, Maryland; and >Chicago College of Osteopathic Medicine, Midwestern University,

Downers Grove, Illinois

Recommended '"7Lu-DOTATATE treatment regimens involve pro-
phylaxis with antiemetics to counteract the emetogenic properties
of the nephroprotective amino acid solution infusion. We describe
a 58-y-old woman treated with '”’Lu-DOTATATE for metastatic
small-bowel carcinoid, who was allergic to many classes of antie-
metics. Therefore, she was treated with '"’Lu-DOTATATE without
antiemetic prophylaxis. She tolerated the compounded amino
acid infusion of lysine and arginine, followed by 7“Lu-DOTATATE,
without significant nausea or any vomiting. We hypothesize that
aggressive antiemetic prophylaxis may not be necessary if a
177Lu-DOTATATE patient receives compounded lysine/arginine
amino acid solutions. The omission would decrease overall health-
care costs and limit possible medication side effects.

Key Words: LUTATHERA,; antiemetics; amino acid; nausea; vomiting

J Nucl Med Technol 2021; 49:354-355
DOI: 10.2967/jnmt.121.261996

DOTATATE with '"""Lu (LUTATHERA; Advanced
Accelerator Applications SA) is a peptide receptor radionu-
clide therapy used in gastroenteropancreatic neuroendocrine
tumors. The regimen includes pretreatment with positively
charged amino acids (AA) to prevent possible nephrotoxicity
from '""Lu-DOTATATE retention. Nausea and vomiting are
unfortunate side effects of the AA solution (/). Historically,
commercial AA solutions resulted in significant nausea;
however, new data suggest that compounded L-arginine and
L-lysine AA solutions are significantly less emetogenic (2).
Because of historic severe nausea and vomiting with com-
mercial AA solutions, aggressive pretreatment with antiemet-
ics is recommended (3). We present a case of a patient aller-
gic to many antiemetic drugs, who successfully underwent
"77Lu-DOTATATE therapy without the use of antiemetics.

CASE REPORT

The typical prophylactic antiemetic at our institution for
"77Lu-DOTATATE patients is a combination of netupitant
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and palonosetron (Akynzeo; Helsinn Healthcare SA). We
administer this drug 30 min before the AA infusion, followed
by '""Lu-DOTATATE infusion 30 min later. For the AA
renal-protective solution, we use a compounded solution of
lysine and arginine, rather than the commercial AA solutions.

A 58-y-old woman presented to our clinic for her first
"TLu-DOTATATE cycle for metastatic small-bowel carci-
noid that was progressive despite chronic long-acting
octreotide therapy (Fig. 1). She had undergone resection of
a low-grade ileal carcinoid tumor in 2005, followed by
long-acting octreotide therapy. During consultation for the
first treatment dose, the patient reported severe allergies to

e

R ——"
10 cm

FIGURE 1. %8Ga-DOTATATE PET/CT maximum-intensity pro-
jection demonstrating multiple radiotracer-avid abdominopelvic
lymph nodes (solid arrows). Incidental mediastinal and hilar nodal
uptake (dashed arrows) were felt to be due to underlying inflam-
matory condition, such as sarcoidosis.
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FIGURE 2. '"7Lu-DOTATATE (7.3 GBq) posttreatment anterior
planar y-image demonstrating pattern of uptake similar to that
seen on prior ®Ga-DOTATATE PET/CT (Fig. 1), with abdomino-
pelvic (solid arrows) and incidental mediastinal and hilar (dashed
arrows) nodal uptake again noted.

many classes of antiemetics, including the antiserotonergic
class that we typically give to patients. After a discussion
with the patient on the risks of not administering antiemet-
ics, we decided to proceed with standard AA and '"’Lu-
DOTATATE (7.3 GBq) infusion without antiemetic pro-
phylaxis. The '""Lu-DOTATATE infusion was performed
using the standard technique outlined by the manufacturer.
The patient denied experiencing any significant nausea or
vomiting at any time during her infusion or at any time
(checked at approximately 2-h intervals) during her over-
night hospital admission. We imaged the patient the next
morning per the standard protocol and allowed her to return
home (Fig. 2). She denied experiencing nausea the next
morning as well.

TLu-DOTATATE WITHOUT ANTIEMETICS  *

DISCUSSION

Although omitting the antiemetic placed our patient at a
higher risk for developing symptoms of nausea and vomit-
ing, the compounded AA solution of lysine and arginine
likely lowered the likelihood of symptoms (2). She was
monitored closely but did not develop any significant nau-
sea or vomiting symptoms at any time during her clinical
course.

The recommended '""Lu-DOTATATE treatment regimen
includes aggressive and potentially expensive antiemetic
prophylaxis. The cash-paying cost (i.e., insurance costs of
medications often differ from out-right cash costs from the
manufacturer) of a single dose of the combination antiemetic
Akynzeo is $683. Another possible problem with these antie-
metics are side effects, including headache and fatigue.

CONCLUSION

Our patient with metastatic small-bowel carcinoid under-
went '"’Lu-DOTATATE therapy successfully despite the
fact that, because of allergies, she did not receive antiemet-
ics. We hypothesize that aggressive and potentially expen-
sive antiemetic prophylaxis may not be necessary when
infusing patients with a compounded AA solution of lysine
and arginine. Further research into this matter is important
to improve patient care and to reduce treatment costs.
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Artifact from "*'I-Contaminated Mask in Postradioiodine

Therapy Scintigraphy

Francesca Betti, Luca Antonacci, and Duccio Volterrani

Nuclear Medicine Unit, University Hospital of Pisa, Pisa, Italy

A patient wearing the mandatory face mask because of the ongo-
ing coronavirus disease 2019 pandemic underwent postradioio-
dine therapy scintigraphy. The spot view of the neck showed an
area of uptake that was later demonstrated to be caused by con-
tamination of the mask. This finding has led to updating the scan
procedure for posttherapy scintigraphy by replacing the patients’
masks before the scan acquisition.

Key Words: '3'l; artifact; face mask; posttherapy scintigraphy

J Nucl Med Technol 2021; 49:356-357
DOI: 10.2967/jnmt.121.262438

Guidelines for radioiodine therapy (RAIT) of differentiated
thyroid cancer recommend that whole-body scintigraphy be
performed after every RAIT. The aim of post-RAIT scintigra-
phy is not only to characterize the extent of the thyroid rem-
nant but also to detect unknown lesions. Areas of focal iodine
uptake outside the physiologic ones are suggestive of meta-
static disease, although radioactive contamination artifacts in
311 imaging after RAIT are a known issue (/).

CASE REPORT

A patient treated with 2,960 MBq of '*'I to ablate a thy-
roid remnant was referred for posttherapy scintigraphy 5 d
after RAIT administration. Because of the ongoing coronavi-
rus disease 2019 pandemic, the patient was required to wear
a face mask during his time in the hospital. The mask was
kept on during the whole imaging acquisition procedure.

After the whole-body scan, an anterior spot view of the
neck, including the laterocervical region and part of the chest,
was acquired as required by the protocol in use. Iodine uptake
was found in the residual thyroidal tissue in the neck, as well
as in the mucosae of the nose and mouth. An area of intense
iodine uptake below the right corner of the patient’s mouth
was also present (Fig. 1). Given the unusual appearance of
the iodine distribution pattern, the technologist suspected
a possible artifact due to iodine contamination of the mask.
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Therefore, the patient was
given a new mask to wear
and the scan was repeated.
The newly acquired spot
view showed the disappear-
ance of the high-activity area
(Fig. 2). Lateral views also
demonstrated a physiologic
distribution of radioiodine.

FIGURE 1. Post-RAIT spot
view of neck shows hot spot
below right corner of patient’s
mouth.

DISCUSSION

Contamination artifacts
in '*'T imaging are often
due to body secretions, per-
spiration, or saliva (2,3).
In particular, radioactive
iodine can be detected in
patients’ saliva up to 2 wk
after RAIT (4).

In a recently reported
artifact linked to a con-
taminated face mask, the
abnormal iodine distribu-
tion was considered to be
due to the presence of "'
in the exhaled air remain-
ing in the mask (5). In our
given the intense
activity shown on the scintigraphy, our finding more likely
refers to salivary imbibition after prolonged use of the same
mask than to exhalation only.

If not recognized as an artifact, further characterization
of the area of uptake would have been required. The
differential diagnosis should have included increased uptake
in the right sublingual or submandibular glands, a metastatic
lymph node, or a bone metastasis of the mandible.

FIGURE 2. Spot view of neck
acquired while patient was wear-
ing new mask. Hot spot has
disappeared.

case,

CONCLUSION

Unusual patterns of iodine distribution on post-RAIT
scintigraphy must be evaluated accurately. Patients under-
going post-RAIT scintigraphy in our hospital are currently
asked to wear a new mask just before the scan begins. Used
masks are disposed of as radioactive waste.
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Rare Multisystem Histiocytic Sarcoma on "*F-FDG PET/CT

Matthew Harwood', Fiona E. Craig®, and Ming Yang'

! Department of Radiology, Mayo Clinic Arizona, Scottsdale, Arizona; and *Laboratory of Medicine and Pathology, Mayo Clinic

Arizona, Scottsdale, Arizona

Histiocytic sarcoma (HS) is a rare malignancy with morphologic
and immunophenotypic features indicating histiocytic differentia-
tion. We present a case of HS with multisystem involvement,
including an obstructing mass in the pancreatic head. "®F-FDG
PET/CT is a valuable tool in staging this rare entity and in assess-
ing the response to therapy. Knowing the diverse metastatic
pattern of HS will help avoid imaging pitfalls on clinical "®F-FDG
PET/CT scans.

Key Words: histiocytic sarcoma; FDG; PET/CT; pancreas
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Histiocytic sarcoma (HS) is a rare neoplasm of myeloid-
derived macrophages. The exact etiology is unclear. It occurs
predominantly in adults and is associated with poor survival
(/). HS may involve lymph nodes and many organs and is
hypermetabolic on '*F-FDG PET/CT. Diagnosis of HS relies on
demonstration of histopathologic evidence of histiocytic
differentiation, that is, CD68 and CD163, and exclusion of
other malignancies, including large B-cell lymphoma, T/NK-
cell lymphoma, and other histiocytic and dendritic neoplasms.

CASE REPORT

A 51-y-old woman presented with progressively worsen-
ing back pain. Thoracic spine MRI demonstrated a large
mass centered at the T7 level and bilaterally infiltrating the
T7 and T8 neural foramen, as well as adjacent ribs. The
patient underwent T6—T8 decompression and tumor debulk-
ing to relieve back pain. Histopathologic evaluation of the
intraspinal, extradural mass lesion demonstrated large ana-
plastic cells, mitotic activity, and admixed lymphocytes and
eosinophils. Immunohistochemical stains showed the large
tumor cells to be positive for CD4, CD10, CD45, CDG68,
and CD163 and negative for markers of a plasma cell neo-
plasm (CDI138 immunoglobulin light-chain—negative),
Hodgkin lymphoma (CD30 and CDI15), Langerhans cell
sarcoma (CDla), and dendritic cell sarcoma (CD21 and
CD35). A diagnosis of HS was established.
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Shortly after surgery, the patient presented with acute
pain in the right upper quadrant and around the stomach,
which worsened after meals, as well as jaundice and pruri-
tus. Contrast-enhanced CT showed an ill-defined mass in
the pancreatic head, with dilation of the bile duct and the
main pancreatic duct. On '®F-FDG PET/CT, there were
multiple hypermetabolic lesions, including the mass in the
pancreatic head (Fig. 1). The patient underwent 3 cycles of
chemotherapy under the CHOP regimen (cyclophospha-
mide, doxorubicin, vincristine, and prednisolone) and dem-
onstrated a favorable response to therapy.

DISCUSSION

HS is a rare histiocyte disorder with a slight male predo-
minance (2). Since HS may involve multiple systems, its
clinical manifestation varies and may present as multifocal
hypermetabolic extranodal disease on '*F-FDG PET/CT
(2—4). Pancreatic involvement in HS is extremely rare and
may mimic other pancreatic malignancies. Ultimate diagno-
sis of HS relies on histopathologic evidence of histiocytic dif-
ferentiation within involved tissue and exclusion of other
malignancies, including large B-cell lymphoma and other
histiocytic and dendritic neoplasms (5). There is no standard
treatment for HS, and the CHOP regimen might be acceptable

FIGURE 1. (A-G) On staging '®F-FDG PET/CT maximum-
intensity projection (A), PET/CT fusion, and corresponding
contrast-enhanced diagnostic CT images, there are multiple
hypermetabolic metastases, including obstructive mass in pan-
creatic head and large mass lesion in left upper quadrant (B and
C), lytic lesion in T12 vertebral body (D and E), and lesion in right
gluteus maximus muscle (F and G). (H) After 3 cycles of chemo-
therapy, follow-up '8F-FDG PET/CT showed near-complete
response and small, residual tracer-avid focus in right iliac wing
(arrow).
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for multifocal disease. Although HS might exhibit a favorable
response to chemotherapy, the long-term survival rate is
poor (/). '®F-FDG PET/CT may allow us to delineate the
extent of HS, guide biopsy, and assess treatment response.

CONCLUSION
It is important to be familiar with the widespread multi-

system pattern of HS. '®F-FDG PET/CT is a valuable tool
in staging and surveillance of this rare entity.
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5p_FDG PET/CT Imaging Features of Cardiac Arrhythmia
in a Patient Treated with Panitumumab

Pokhraj P. Suthar, Jagadeesh S. Singh, and Khushboo Gupta

Department of Diagnostic Radiology and Nuclear Medicine, Rush University Medical Center, Chicago, Illinois

Panitumumab is a new humanized antiepidermal growth factor
receptor monoclonal antibody (mAb) approved for the treatment of
advanced colorectal cancer. There is an increase in the use of this
drug due to a good response rate and possible secondary resec-
tion in advanced colorectal cancer. Here, we present 8E_FDG
PET/CT imaging findings of cardiac arrhythmia in a patient receiv-
ing panitumumab for the treatment of metastatic infiltrating rectal
adenocarcinoma. Cardiotoxicity is a known adverse effect associ-
ated with panitumumab. So far, to our knowledge, no documented
imaging findings for the same are available in the literature.

Key Words: PET; PET/CT; cardiac arrhythmia; PET/CT; panitumumab
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Panitumumab is used as a targeted immunotherapy for
metastatic colorectal carcinoma as a first-line or second-line
treatment (/). The adverse effects of this drug include skin-
related toxicity as well as cardiotoxicity. The following
case represents imaging features of newly diagnosed cardiac
arrhythmia in a patient treated with panitumumab.

CASE REPORT

A 68-y-old nonsmoker man presented with intermittent
hematochezia of 6-mo duration. He underwent colonos-
copy, which showed a large fungating, ulcerated, and non-
obstructing mass in the rectum. Biopsy from the lesion
revealed infiltrating adenocarcinoma of the rectum. The car-
cinoembryonic antigen level was high and KRAS/NRAS/
BRAF wild-type was positive. The patient underwent stag-
ing '"*F-FDG PET/CT, which showed an '*F-FDG-avid
hepatic lesion in the right lobe, in addition to an '®F-
FDG-avid rectal wall thickening and perirectal lymph
nodes. The myocardium demonstrated diffuse blood-pool
tracer activity without any distinct abnormal focal tracer
uptake (Fig. 1). Biopsy from the liver lesion was positive
for adenocarcinoma metastasis. The patient was staged as
advanced colorectal adenocarcinoma (stage IV) and was
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started on the FOLFOX regimen (folinic acid, fluorouracil,
and oxaliplatin) with panitumumab. There was interim
microwave thermal ablation of the hepatic lesion. After
8 cycles of combination chemotherapy, follow-up '*F-FDG
PET/CT was performed 9 mo after the prior imaging. It
demonstrated a reduction in the metabolic activity of pri-
mary rectal mass lesion and resolution of "*F-FDG avidity
in the metastatic hepatic lesion. There was an incidental
finding of intense '*F-FDG uptake in bilateral atrial walls
with relatively intense uptake in the left atrium, maximum
metabolic activity (SUV ) of 9.2 (Fig. 2). The patient
underwent cardiac evaluation with electrocardiography,
which showed an irregular rhythm, with changes of left-
axis deviation, atrial fibrillation, and a rapid ventricular
response (Fig. 3). Echocardiography showed normal sys-
tolic function, with an ejection fraction of 55% and no evi-
dence of thrombus. Comprehensive metabolic panel, includ-
ing electrolytes, was within the reference range. A clinical
diagnosis of cardiac arrhythmia secondary to cardiotoxicity
from the antiepidermal growth factor receptor (EGFR)
inhibitor panitumumab was postulated. The panitumumab
was discontinued, and the patient was treated with diltia-
zem, with consideration of future abdominoperineal resec-
tion of the rectal tumor mass.

DISCUSSION

Colorectal cancer is one of the most common cancers
worldwide. Median survival in metastatic colorectal cancer

FIGURE 1. (A) Maximum-intensity projection of whole-body
8F-FDG PET/CT pretherapy staging scan in patient with colorec-
tal cancer. Imaging was performed 62 min after intravenous injec-
tion of 362.6 MBq (9.8 mCi) of "®F-FDG. (B) Transaxial '®F-FDG
PET/CT image demonstrating diffuse blood-pool '®F-FDG activity
in myocardium (arrows), with SUV o« of 3.3 and SUV,,;, of 1.8.
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was associated with underlying heart
rhythm. The article also suggested an
association between an increased risk
of stroke and a detectable abnormality
in atrial "*F-FDG uptake. Though '*F-
FDG uptake in the myocardium is con-
sidered nonspecific on '®F-FDG PET
scans performed for oncology purposes,

FIGURE 2. (A) Maximum-intensity projection of whole-body '8F-FDG PET/CT scan in
patient who had received combination therapy (FOLFOX regimen plus panitumumab) for
colorectal cancer. Imaging was performed 66 min after intravenous injection of 436.6
MBq (11.8 mCi) of ®F-FDG. (B-D) Transaxial (B), coronal (C), and sagittal (D) '®F-FDG
PET/CT images demonstrating intense '8F-FDG uptake in bilateral atrial walls (white
arrows). Uptake is more intense in left atrium, with SUV 5 of 9.2 and SUV,,,;, of 5.9.

for the above-mentioned reason the
reading physician should be aware of
certain patterns of tracer uptake indica-
tive of the underlying disease process.
As seen in this case, the patient treated
with panitumumab had new atrial fibril-
lation with increased atrial wall '®F-
FDG activity, findings that were attrib-
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FIGURE 3. Electrocardiography demonstrating irregular rhythm, with changes consist-
ing of left axis deviation, atrial fibrillation, and rapid ventricular response.

has improved because of combined use of chemotherapy
and targeted agents (/) such as antivascular endothelial
growth factor and anti-EGFR therapies. Panitumumab is a
human immunoglobulin G2 monoclonal antibody against
EGFR. It binds with the EGFR, reduces cell proliferation,
and induces apoptosis (2). There are adverse effects associ-
ated with panitumumab, such as skin-related toxicities and
cardiac arrhythmias. Preexisting cardiac disease and hyper-
tension are assumed to increase the risk of developing car-
diac arrhythmia (3). Qi et al. reported an overall 8.4%
increase in the incidence of cardiac events with panitumu-
mab combination therapy, as compared with 6.8% with che-
motherapy alone (3). 'F-FDG PET/CT usually demon-
strates variable tracer uptake in the myocardium, a finding
that is presumed to be due to shifting of metabolism
between glucose and fatty acids (4). In cases of cardiac
arrhythmia, there may be distinct abnormal increase in
myocardial E_FDG uptake (5). According to a study pub-
lished by Sinigaglia et al. (6), diffuse increased '*F-FDG
uptake in the atrium was seen in one third of patients with
atrial fibrillation, and the intensity of '®F-FDG uptake

ARRHYTHMIA ON WHOLE-Bopy '*F-FDG PET/CT -«

rant further investigation. Cardiotoxic-
ity associated with panitumumab may
present as an abnormal finding on '®F-
FDG PET scans, as demonstrated in
this case. Knowledge about such pat-
terns of tracer uptake will improve diagnostic efficiency and
contribute to holistic patient care.
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Bone Scanning Findings in a Patient with Heat
Stroke—Induced Rhabdomyolysis

Jitesh Dhingra and Yoram Baum

Emory University Hospital, Atlanta, Georgia

We present a case that caused a diagnostic dilemma on a bone
scan. We also review the broad spectrum of nonmalignant find-
ings that can impact the interpretation of a bone scan and the
value of correlative imaging using SPECT/CT for exact localization
and characterization of lesions. The imaging features of important
benign pathologies—that is, metastatic mimics—are elaborated
so that the reader can avoid misinterpretations when reporting
them. We elucidate 4 uncommon benign findings on a bone scan.
Rhabdomyolysis is a result of lysis of skeletal muscle with release
of cell contents, such as myoglobin and muscle enzymes, and is
diagnosed mostly through a combination of clinical appearance
and laboratory values. Myositis ossificans is the most common
form of heterotopic ossification, usually occurring within large
muscles. Its importance stems largely from its ability to mimic
more aggressive pathologic processes. Myositis ossificans is one
of the skeletal “do not touch” lesions. Such bone lesions are
defined by characteristic imaging features, the identification of
which precludes the need for additional diagnostic tests or biop-
sies, thereby avoiding unnecessary interventions. Acute tubular
necrosis is kidney injury caused by damage to the kidney tubule
cells (kidney cells that reabsorb fluid and minerals from urine as it
forms). Common causes are low blood flow to the kidneys, drugs
that damage the kidneys, or a severe underlying infection.

Key Words: renal; SPECT/CT; nonmalignant; bone scan; renal failure;
rhabdomyolysis
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Bone scanning continues to be the second most com-
monly used nuclear imaging procedure after nuclear
cardiac scans, offering the advantage of total-body exami-
nation, low cost, and high sensitivity not only for meta-
static lesions but also for benign conditions. Its power
rests in the physiologic uptake and pathophysiologic
behavior of **™Tc- diphosphonates (7). Radiotracers local-
ize in damaged skeletal muscles because calcium builds up
in them and, when combined with phosphate, provides a site
for radiotracer deposition (7).
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In a case of suspected rhabdomyolysis, not only is bone
scintigraphy a sensitive indicator of muscle damage but
also the amount of uptake is proportional to the extent of
myonecrosis (2-5). Specifically, in sports medicine, bone
scintigraphy could be a valuable tool in discriminating
bone trauma from muscle trauma (6).

We present an unusual case of a 19-y-old woman who
experienced heat stroke and whose bone scan presented
several unusual findings; this case demonstrates important
teaching points.

CASE REPORT

As per our institute protocol, the patient was injected with
925MBq of *’™Tc-methyldiphosphonate, and after 2.5h
whole-body anterior and posterior images of the entire skele-
ton were obtained using a y-camera with gantry motion of
10 cm/min, a matrix size of 256 X 1024, and no magnifica-
tion. Subsequently, for better visualization of related

P

wall hematoma

®
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Organizing chest ,:.> *’ﬁl
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Myositis ossificans ———»

Rhabdomyolysis ———)
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FIGURE 1. Whole-body %°™Tc-methyldiphosphonate SPECT/
CT image demonstrating abnormally increased uptake in orga-
nizing chest hematoma, myositis ossificans, and rhabdomyoly-
sis. Increased bilateral uptake in several locations in lower
extremities along length of muscle corresponds to pattern of
rhabdomyolysis.
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FIGURE 2. SPECT/CT images demonstrating abnormally in-
creased radiotracer uptake in organizing chest wall hematoma.
(Top left) CT image of chest demonstrating chest wall hematoma.
(Top right) SPECT image demonstrating abnormally increased
uptake within hematoma. (Bottom left) SPECT/CT image demon-
strating abnormally increased radiotracer uptake (arrow) corre-
sponding to underlying chest wall hematoma. (Bottom right)
Rotating maximum-intensity projection SPECT image demon-
strating focal region of uptake in right chest. Also seen is faint
focus of uptake in left chest (additional site of hematoma).

pathologies, SPECT images of
the chest and upper abdomen
were obtained using a 360°
rotation, noncircular step-and-
shoot mode, 128 steps, 20 s per
step, a matrix size of 128 X 128,
and no magnification.

The whole-body planar and
SPECT/CT images demon-
strated abnormal radiotracer
uptake suggestive of rhabdo-
myolysis in the muscles of the
lower extremity, abnormal
bilateral cortical uptake sug-
gestive of acute tubular necro-
sis within the kidneys, greater abnormal uptake in the right
than the left pleural space suggestive of organizing hema-
toma, and abnormal uptake within the abdominal muscula-
ture suggestive of myositis ossificans.

FIGURE 3. CT images in
bone window demonstrating
focus of myositis ossificans
(new bone formation, arrow)
in pelvis.

DISCUSSION

Rhabdomyolysis is a complex medical condition leading
to disruption of skeletal muscle integrity. This disruption
can lead to the direct release of intracellular muscle compo-
nents such as myoglobin, creatine kinase, aldolase, and lac-
tate dehydrogenase into the bloodstream and extracellular
space (2—4).

Bone scans are a sensitive way to visualize muscle injury
and have been used with **™Tc-diphosphonate and several
similar agents in a wide variety of conditions, including
exercise injuries (6), seizures, crush injuries, and polymyosi-
tis, and are a good indicator of acute rhabdomyolysis.

NONMALIGNANT FINDINGS ON A BONE Scan

FIGURE 4. Planar image
demonstrating  abnormally
increased Dbilateral cortical
retention of radiotracer in
kidneys in pattern of acute
tubular necrosis.

FIGURE 5. SPECT/CT image
demonstrating abnormal bi-
lateral cortical retention of
radiotracer in kidneys, cor-
responding to acute tubular
necrosis.

Myositis ossificans is essen-
tially metaplasia of the intra-
muscular connective tissue
resulting in extraosseous bone
formation. Examination of the
soft-tissue lesion using **™Tc-
diphosphonate bone scans has
been helpful in establishing the
diagnosis and in determining
the full extent of the process
early in its evolution (6).
Another important utility
of *™Tc-diphosphonate bone
scans lies in evaluation of acute
renal failure after exercise with
flank pain and patchy renal
vasoconstriction due to acute
tubular necrosis. These findings
have been shown in multiple
reports, with a prominent exam-
ple being one written by Wata-
nabe et al. (7). We also found
an organizing pleural hematoma

with radiotracer uptake. Locali-
zation of bone-imaging **™Tc-
diphosphonate agents has previously been described in abdomi-
nal, chest wall, and pelvic hematomas (8,9).

CONCLUSION

It is extremely important for all 4 benign conditions
described above to be recognized on a bone scan. We hope
this report educates the reader about the types of uncommon
conditions that can be seen on bone scans.
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Radiopharmaceutical Therapy

Register now to attend the SNMMI 2022 Therapeutics Conference, taking
place March 10-12 in New Orleans, LA.

As an attendee, you'll have the opportunity to connect directly with an esteemed
group of experts and learn more about the latest innovations and clinical
applications in radiopharmaceutical therapy.

Topics include:

O Operational Issues O Neuroendocrine Cancer
O Radiation Safety and Research O Prostate Cancer

O MIBG O Thyroid

O Dosimetry O Future Strategies for

O Lymphoma/Leukemia Radiopharmaceutical Therapy

Join us in New Orleans, reconnect with colleagues, and be part of the discussion on
the future of personalized medicine. Register early. Space is limited.

Learn more and register today!
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Early-bird Deadline: January 20, 2022




Explore SNMMI’s New Online Career Cente

SNMMI is proud to announce the launch of our new and improved SNMMI Career Center. Explore
the benefits of our new career center by logging in or creating a new account today.

]
FACITAE WDCES
AND HOLECLLAR WATHE

Featured Jobs

Pk Mssckmlsbsrioal i

HESLME REVIEW

Irmprevs yous nevarse wite 1 e
i

e ol == = Rt e e ok D

careercenter.snmmi.org

*Note: Single sign-on has been enabled for this platform and you can use your member login credentials to access the
Career Center. If you are unsure of your password, to go to the SNMMI password reset link to create a new password.

Valu.e‘%{/ 7
Initiative

r!

SOCIETY OF NUCLEAR MEDICINE & M(

(OLECULAR IMAGING.

UNITED STATES Statement of Ownership, Management, and Circulation 13. Publication Title 14. Issue Date for Circulation Data Below
‘ POSTAL SERVICE » (All Periodicals Publications Except Requester Publications) JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY SEPTEMBER 2021
1. Publication Title 2. Publication Number, 3. Filing Date —
9 5. Extent and Nature of Circulation Average No. Copies | No. Copies of Single
JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY 966 — 500 10/1/2021 Each Issue During | Issue Published
- Preceding 12 Months | Nearest to Filing Date
4Issue Frequency 5. Number of Issues Published Annually | 6. Annual Subscription Price
a. Total Number of Copies (Net press run) 2303 2487
QUARTERLY 4 $237 US/Can; $252 Intl
7. Complete Mailing Address of Known Office of Publication (Not printer) (Street, city, county, state, and ZIP+4%) Contact Person (1)| Mailed Outside-County Paid Subscriptions Stated on PS Form 3541 (Include paid
distribution ab I rate, advertiser's proof d exch 2124 2208
Rebecca Maxey istribution above nominal rate, advertiser's proof copies, and exchange copies)
[Telepnone (include area code) b. Paid
1850 Samuel Morse Dr., Reston, VA 20190 Telephone (include area code) Circulation. |(z)| Mailed In-County Paid Subscriptons Stated on PS Form 3641 (incude paid
703-652-6772 (By Mail distribution above nominal rate, advertisers proof copies, and exchange copies) 0 o
8. Complete Mailing Address of Headquarters or General Business Office of Publisher (Not printer) and
i“’:’;’el ()| Paid Distibution Outside the Mais Incuding Sales Through Dealers and Carriers,
18505 | Morse Dr. Reston, VA 20190 the Mail) Street Vendors, Counter Sales, and Other Paid Distribution Outside USPS® 46 47
amuel Morse Dr., Reston,
(a)| Paid Distribution by Other Classes of Mail Through the USPS o o
9. Full Names and Complete Mailing Addresses of Publisher, Editor, and Managing Editor (Do not leave blank) (e.g., First-Class Mail®)
Publisher (Name and complete mailing address)
c. Total Paid Distribution (Sum of 16b (1), (2), (3), and (4)] » 2170 2345
Society of Nuclear Medicine and Molecular Imaging, 1850 Samuel Morse Dr., Reston, VA 20190
d Z’ee 0" (1)| Free or Nominal Rate Outside-County Copies included on PS Form 3541 0 0
ominal
Editor (Name and complete mailing address) Rate
Distribution |(2)| Free or Nominal Rate In-County Copies Included on PS Form 3541 0 0
(By Mail
Kathy S. Thomas, 1850 Samuel Morse Dr., Reston, VA 20190 L,,{,
Outside | (3)| Free or Nominal Rate Copies Mailed at Other Classes Through the USPS ° 0
the Mar) (e.g., First-Class Mail)
Managing Editor (Name and complete mailing address)
(4)| Free or Nominal Rate Distribution Outside the Mail (Carriers or other means) 26 26
Rebecca Maxey, 1850 Samuel Morse Dr., Reston, VA 20190
&. Total Free or Nominal Rate Distribution (Sum of 15d (1), (2), (3) and (4)) 26 26
10. Owner (Do not leave blank. If the publication is owned by a corporation, give the name and address of the corporation immediately followed by the
names and addresses of all stockholders owning or holding 1 percent or more of the total amount of stock. If not owned by a corporation, give the
names and addresses of the individual owners. If owned by a partnership or other unincorporated firm, give its name and address as well as those of . Total Distribution (Sum of 15 and 15e) } 2196 2371
each individual owner. If the ion is published by a nonprofit i give its name and address.)
Full Name Complete Mailing Address 9. Copies not Distributed (See Instructions to Publishers #4 (page #3)) } 107 116
Society of Nuclear Medicine and Molecular Imaging 1850 Samuel Morse Dr., Reston, VA 20190
h. Total (Sum of 15f and g) 2303 2487
i. Percent Paid
(15c divided by 15f times 100) > 98.81% 98.9%
“Ifyou are claiming electronic copies, go to line 16 on page 3. If you are not claiming electronic copies, skip to line 17 on page 3.
16. Electronic Copy Circulation Average No. Copies | No. Copies of Single
Each Issue During | Issue Published
Preceding 12 Months | Nearest to Filing Date
11. Known Bondholders, Mortgagees, and Other Security Holders Owning or Holding 1 Percent or More of Total Amount of Bonds, Mortgages, or a. Paid Electronic Copies >
Other Securities. If none, check box » X None
Full Name Complete Mailing Address b. Total Paid Print Copies (Line 15c) + Paid Electronic Copies (Line 16a) }
c. Total Print Distribution (Line 15f) + Paid Electronic Copies (Line 16a) 3
d. Percent Paid (Both Print & Electronic Copies) (16b divided by 16¢ x 100) >
[R | certify that 50% of all my distributed copies (electronic and print) are paid above a nominal price.
7. Publication of Statement of Ownership
12, Tax Status (For by nonprofit - thorized to mail at nonprofit rates) (Chack one) [X If the publication is a general publication, publication of this statement is required. Will be printed [ Publication not required.
The purpose, function, and nonprofit status of this organization and the exempt status for federal income tax purposes: inthe  December 2021 issue of this publication.
X Has Not Changed During Preceding 12 Months
O Has Changed During Preceding 12 Months (Publisher must submit of change with this statement) 18. Signature and Title of Editor, Publisher, Business Manager, or Owner Date

PS Form 3528, July 2014 [Page 1 of 4 (see instructions page 4)] PSN: 7530-01-000-9931 PRIVACY NOTICE: See our privacy policy on www.usps.com. ( '1 N w ’

10/1/2021



Learn about/the Latest Clinical Applica%’oﬁg &

Best Practices/in'Nuclear Cardiology.

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

Featuring a dedicated track on nuclear cardiology, the 2022 meeting’s intimate, focused
setting provides you with an ideal environment to learn and collaborate with luminaries in
the field and expand your knowledge on the latest clinical applications and best practices
in cardiovascular imaging.

Sessions include:

@ Imaging Guided Management of CAD @ Cardiac Hybrid Imaging

@ Blood Flow Quantification @ Imaging of Cardiac Sarcoidosis

@ New Cardiac Radiotracers @ Radionuclide Imaging in Cardiac Amyloidosis

@ New Cardiac Instrumentation @ Clinical Controversies Relevant to Cardiac Imaging

@ New Software/Al for Cardiac SPECT and PET @ Cardiac Infection Imaging

At this time, the 2022 SNNMI Mid-Winter and ACNM Annual Meeting is scheduled to be held in person in Orlando, Florida. We will continue to monitor
the ongoing conditions in Florida and across the world and communicate any changes to the meeting should they arise. Currently, there is no plan to
offer a virtual or hybrid element for this meeting.

Please note: SNMMI is committed to ensuring that appropriate and necessary health and safety protocols will be in place for this event. We will
follow all Centers for Disease Control and Prevention (CDC) safety protocols and recommendations and will comply with all federal, state, and local
regulations. Attendees must be fully vaccinated for COVID-19 and masks will be required.

January 27-29

2022

SNMMI MID-WINTER yoipt

ACNM ANNUAI— MEETING ORLANDO, FLORIDA

| S [N M|
M | [




Quality Radioactive
Sources:
[t's in our name!

Ge-68 PET Cylinders
& Transmission Rods

Available in lengths of 19¢m, 27¢m and 30cm

Contact a distributor today for pricing and availability.
Mention this ad for free shipping

1(800)699-3108

www.radqual.com info@radqual.com




Journal of Nuclear Medicine Technology December 2021 = Vol.49 = Pages 295-363 [ @2



