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Renal Cortical Scarring: 68Ga-PSMA-11 PET Versus 99mTc-DMSA Scanning in a
Case of Pyelonephritis. Ismet Sarikaya et al. See page 49.
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M E S S A G E F R O M T H E P R E S I D E N T

An Update on Education Amidst the Pandemic

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

Two years ago, life as we know it changed—and it continues
to evolve. What effect has the pandemic had on nuclear medi-
cine technologist (NMT) educational programs and students?
In 2020, NMT programs were faced with the challenge to

convert in-person programs to virtual almost overnight. Needless
to say, programs have faced numerous challenges over the past
two years. The pandemic left programs in a scramble to adopt
an online delivery platform and learn how to engage an anxiety-
ridden population virtually, and clinical rotations were sus-
pended. Educators and students alike are still learning how to
navigate this new world and its continuously evolving changes.
According to data provided by the American Registry of

Radiologic Technologists, the total number of first-time
examinees in nuclear medicine technology in 2020 was down
29% compared to 2019 (pre-pandemic). In 2021, it was up
150% compared to 2020 and up 9% compared to 2019. Simi-
larly, the Nuclear Medicine Technologist Certification Board
reported a total of 637 candidates for the entry-level Certified
Nuclear Medicine Technologist exam during the 2021 year
compared to 715 in 2019 and 601 in 2020. The 2021 exam
data showed an 11% decrease in the total number of candi-
dates from the pre-pandemic 2019 data.
Over the past two years, programs have cycled in and out

of a seminormal routine with the occurrence of each new
COVID-19 variant. Clinical requirements have undergone a
constant succession of updates, and programs have battled to
keep students informed. Fortunately, most programs are now
reporting enhanced communication with their clinical affili-
ates. In addition, many programs are reporting that clinical
affiliates are now typically providing the personal protective
equipment necessary for clinical rotations.
Today, students are learning to live and learn in a new

environment. Many programs have returned to fully on-site
operations and are falling back into a more routine operation,
while others have embraced a virtual world. Those that are
in-person have expressed that their biggest concern at this
time is attendance. Intermittent periods of absence of faculty
and students through COVID-related illness, isolation, and
quarantine have proved difficult to navigate.
COVID policies are most often driven by the academic

institution rather than by individual academic programs; in
addition, programs are required to follow COVID policies
of their affiliated clinical sites if the policies are related to
clinical education. What do vaccine requirements look like
for nuclear medicine programs and their students? Colleges

and universities vary greatly on their
vaccine requirement status. At first
glance, it seems that state-operated
facilities are less likely to require
vaccination than privately run univer-
sities; this is because of the laws
associated with state-run facilities.
Regardless of ownership status, how-
ever, students must abide by medical
affiliate requirements in order to par-
ticipate in clinical rotations. The vac-
cine mandate was recently upheld,
and clinical facilities are requiring
employees, students, and program faculty to be vaccinated.
The SNMMI-TS has been working to identify ways in

which we can help. SNMMI-TS provides students free mem-
bership throughout their time in a nuclear medicine program;
this provides them access to numerous FREE online courses
and sessions. In 2021, the SNMMI-TS offered the first ever
focused full-day student course, which provided the opportu-
nity to connect with leaders in the field while learning about
the next steps in their career path, how to stand out from their
peers (resume building and networking), and the numerous
career opportunities available to them as NMTs. A similar
program is planned for 2022, again aiming to help students as
they transition into the work world. In addition, the SNMMI-
TS has a FREE online review course and mock exam avail-
able to SNMMI-TS students studying for their certification
exam. Finally, the SNMMI-TS has a dedicated Student and
Recent Graduate Task Force focused on creating program-
ming and benefits to support early career professionals.
The field of nuclear medicine and molecular imaging con-

tinues to grow and expand with new therapeutic agents, and
the demand for highly skilled NMTs has increased, despite
the challenges created by the pandemic. According to the
Bureau of Labor Statistics Occupational Outlook Handbook
(www.bls.gov/ooh), “employment of nuclear medicine tech-
nologists is projected to grow 8 percent from 2020 to
2030… About 1,500 openings for nuclear medicine technol-
ogists are projected each year, on average, over the decade.”
The SNMMI-TS is excited about this growth, but we know
that educators and students need more support, more funding,
and more time to teach the critical skills needed to be a highly
qualified NMT. If students or program directors have ideas
that they would like considered, we encourage them to email
memberinfo@snmmi.org to share them with the Task Force.

Dusty M. York, CNMT,

PET, RT(N)(CT)
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E D I T O R ' S P A G E

2022—A “Ditto” of 2021?

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

Editor, JNMT

It’s mid-January, and for some, 2022 threatens to be a
“ditto” of 2021. The Mid-Winter Meeting, a live event we
were all looking forward to after missing the opportunity to
gather in 2021, has now transitioned to a virtual event once
again. Borders are closing—again—and the pandemic con-
tinues to impact every aspect of our lives. Yet, with the
challenges the past two years have brought, the nuclear
medicine community remains strong, continues to advance
new imaging and therapeutic techniques, and, most impor-
tant, supports our colleagues’ professional growth.
The 4 continuing education (CE) articles in this issue pre-

sent a diverse selection of topics. The SNMMI Clinical Tri-
als Network Research Series continues, with a review of the
regulatory process of radiopharmaceuticals (1). In the next
CE article, the use of a-emitting radionuclides—a newer
topic in nuclear medicine—is described. Brian Serencsits
et al. present an in-depth discussion on radiation safety con-
siderations for today’s a-emitting therapeutic protocols (2).
In the third CE article, Elad Nevo et al. continue the PET/
MRI series, discussing PET/MRI protocols and procedures
(3). Finally, Li and colleagues examine the ongoing ques-
tion of the appropriate collimator for 123I thyroid imaging,
comparing low- and medium-energy collimators (4).
The scientific manuscripts offer an assortment of topics,

including cardiac, renal, and instrumentation discussions.
An examination of the noninvasive approach to diagnosing
cardiac amyloidosis with 99mTc-PYP (5) and the results of a
predictive model to elute a bolus from an 82Rb generator as
a function of generator age (6) are presented. In addition, 2
articles on the use of 68Ga-PSMA-11 in renal PET imaging
are included: a correlative assessment of 68Ga-PSMA-11
renal PET parameters and renal function tests (7) and a
comparison of 68Ga-PSMA-11 with 99mTc-DSMA for eval-
uating pyelonephritis (8).
Cultural diversity and the need for professional development

in cultural proficiency continue to challenge educators and the
medical community worldwide. Geoff Currie offers an inter-
esting discussion on the professional development activities in
nuclear medicine that target proficiency and create culturally
safe clinical environments for the Indigenous population (9).
Additional topics of interest include an exploration of the

changing education methods in Japan during the pandemic

and the results of establishing a
national diagnostic reference level
(DRL) in Kuwait when the ALARA
principle of dose optimization is not
fully implemented.
The teaching case studies provide

helpful images demonstrating key
facts or concepts in clinical nuclear
medicine and molecular imaging.
JNMT continues to look for new

topics, clinical research, CE articles,
protocols, tips, and pointers. If you
have ideas or suggestions or are con-
sidering writing but maybe need
some help getting started, please contact me at ksthomas0412@
msn.com. Help is available!! If writing isn’t your thing, but
you’re willing to share your expertise by becoming a reviewer
for JNMT, please contact me!
Thank you all for your continued dedication and persever-

ance in these difficult times. Please stay safe and healthy.
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The radiopharmaceutical development and approval process in
the United States has changed dramatically over the past decade
with the emergence of several new and exciting diagnostic and
therapeutic drugs. This impressive expansion is a direct result of
the symbiotic relationship that exists between drug development,
clinical research, and improved regulatory guidance. The correla-
tive increase in clinical research has introduced diverse opportuni-
ties for newcomers in medical and scientific professions. Knowing
how to successfully navigate the clinical research process can be
challenging for a novice. The pathway is highly regulated and,
with the addition of radiopharmaceuticals, may be confusing and
daunting. Moreover, very little clinical research education and
training is provided in the typical collegiate curricula for these new
initiates. This article will familiarize the reader with the U.S. regula-
tory process by providing basic definitions and understanding of
how and when radiopharmaceuticals can be used in clinical
research, including those involving investigational new drug appli-
cations and radioactive drug research committees. A later article
will expand the reader’s clinical research knowledge by focusing
on the identity and role of the institutional review board.

KeyWords: radiopharmaceutical; clinical research; clinical trial; inves-
tigational new drug; investigational new drug application; radioactive
drug research committee

J Nucl Med Technol 2022; 50:2–9
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Clinical research using both approved drugs and investi-
gational new drugs (INDs) continues to augment scientific
knowledge, direct the next wave of approved radiopharma-
ceuticals, and expand indications for currently approved
drugs. Knowing the regulations for how and when

radiopharmaceuticals can be used in the clinical research
setting is a crucial component for ensuring safe and effec-
tive outcomes. The sheer volume and granularity of mate-
rial on the subject is vast and, to many, time-prohibitive.
The intent of this article is to guide the reader through the
expanse of radiopharmaceutical clinical research regulations
to help build a solid base of knowledge.

BACKGROUND

Radiopharmaceuticals are a subset of traditional pharma-
ceuticals. In the United States, the primary requirements to
establish safety and efficacy come from the U.S. Food and
Drug Administration (FDA), an agency of the U.S. Depart-
ment of Health and Human Services. The regulations are
identified in the Code of Federal Regulations (CFR), which
is a compilation of rules and regulations formulated by the
federal government. The CFR has 50 titles, each being dedi-
cated to a particular agency or branch of the federal govern-
ment. Title 21 is dedicated to food and drugs and comprises
3 chapters, which are further divided into 1,499 parts. These
regulations may be referenced in clinical research documents,
support materials, and in this article. For example, 21 CFR
§312 means title 21 of the Code of Federal Regulations,
section 312.
Additionally, the FDA publishes guidance documents on

certain subjects. Although guidance documents are not
enforceable, they represent the FDA’s current thinking on a
subject and provide practical information.
As with most topics today, federal regulations and guid-

ance documents are easily searched on the Internet. To
ensure the veracity of the information, one should use an
official government website. The FDA federal regulations
can be found through a variety of official online sources,
including the FDA website (https://www.fda.gov), the
electronic CFR website (https://www.ecfr.gov), the regula-
tions.gov website (www.regulations.gov), and the U.S
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Department of Health and Human Services website
(https://www.HHS.gov).

DEFINITIONS

Before we embark on a discussion of radiopharmaceutical
clinical research, we need to review the following terms
that are defined or referenced in 21 CFR or other research
sources such as FDA guidance documents.
Adverse event means any untoward medical occurrence

associated with a drug in humans, whether or not consid-
ered drug-related.
Case report form is a printed, optical, or electronic document

containing all the protocol-required information recorded for
the study or reported to the sponsor on each trial subject (1).
Clinical investigation means any experiment in which a

drug is administered or dispensed to—or is used involving—
one or more human subjects. The terms clinical investigation,
clinical study, clinical research, and clinical trial are deemed
to be synonymous for the purposes of this article.
Contract research organization means a person that

assumes, as an independent contractor with the sponsor,
one or more of the obligations of a sponsor, for example,
design of a protocol, selection or monitoring of investiga-
tions, evaluation of reports, and preparation of materials to
be submitted to the FDA.
Current good manufacturing practices are regulations

containing minimum requirements for the methods, facili-
ties, and controls used in manufacturing, processing, and
packing of a drug product (2).
FDA approval of a drug means that data on the drug’s

effects have been reviewed and the drug is determined to
provide benefits that outweigh its known and potential risks
for the intended population (3).
Institutional review board (IRB) means any board, com-

mittee, or other group formally designated by an institution
to review, approve the initiation of, and conduct periodic
review of biomedical research involving human subjects.
The primary purpose of such review is to ensure the protec-
tion of the rights and welfare of the human subjects.
IRB approval means the determination by the IRB that the

clinical investigation has been reviewed and may be con-
ducted at an institution within the constraints set forth by the
IRB and by other institutional and federal requirements.
IND means a new drug or biologic drug that is used in a

clinical investigation. The term also includes a biologic
product that is used in vitro for diagnostic purposes. The
terms investigational drug and IND are deemed to be syn-
onymous for the purposes of this article.
IND application is a request from a clinical study sponsor

to the FDA to authorize administration of an investigational
drug or biologic product to humans.
Investigator means an individual who actually conducts a

clinical investigation (i.e., under whose immediate direction
the study is conducted or the drug is administered or dis-
pensed to a subject). If an investigation is conducted by a

team of individuals, the investigator is the responsible
leader of the team. The lay terms principal investigator and
primary investigator are often used for the investigator.
Investigator’s brochure is a comprehensive document

summarizing the information obtained about an investiga-
tional product during a drug trial.
Multisite (or multicenter) clinical trial involves the

implementation of the same clinical protocol at 2 or more
independent investigational sites where participants are
seen for an intervention or outcomes assessment. In a multi-
site trial, investigational sites are typically administratively
or corporately distinct from each other (4).
New drug application (NDA) is the vehicle through which a

drug sponsor formally proposes that the FDA approve a new
pharmaceutical for sale in the United States. To obtain this
authorization, a drug manufacturer submits in an NDA nonclini-
cal (animal) and clinical (human) test data and analyses, drug
information, and descriptions of manufacturing procedures.
Single-site clinical trial uses one investigational site to

conduct and coordinate the protocol. Although a single-site
clinical trial may enroll participants from multiple locations,
those participants will receive an intervention or undergo
outcome assessments under the direction and oversight of
one research team located at one investigational site (4).
Site initiation visit is part of a sponsor’s monitoring plan to

ensure that participating sites comply with protocol require-
ments and conduct the study appropriately. An initiation visit
takes place after the sponsor has selected the site for participat-
ing in a clinical trial and typically before patient enrollment.
Sponsor means an entity that takes responsibility for and

initiates a clinical investigation. The sponsor may be an
individual, pharmaceutical company, governmental agency,
academic institution, private organization, or other organi-
zation. The sponsor does not actually conduct the investiga-
tion unless the sponsor is a sponsor-investigator. The terms
sponsor and sponsor-investigator are deemed to be synony-
mous for the purposes of this article.
Sponsor-investigator means an individual who both ini-

tiates and conducts an investigation and under whose imme-
diate direction the investigational drug is administered or
dispensed. The term does not include anything other than
an individual. The requirements applicable to a sponsor-
investigator under this part include both those applicable to
an investigator and those applicable to a sponsor. The terms
sponsor and sponsor-investigator are deemed to be synony-
mous for the purposes of this article.
Subject means a human who participates in an investiga-

tion, either as a recipient of the IND or as a control. A sub-
ject may be a healthy human or a patient with a disease.

OVERVIEW OF RADIOPHARMACEUTICAL CLINICAL
RESEARCH PROCESSES

21 CFR allows pharmaceutical products to be adminis-
tered to human patients or subjects under any of the follow-
ing 5 conditions:
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1. A U.S. lawfully marketed drug administered under clinical
care. These are drugs that have been studied in an IND clinical
trial process. All data gathered during the clinical trial are sub-
mitted by the sponsor to the FDA in an NDA application. If the
FDA determines that the NDA application meets all require-
ments, including, but not limited to, proving safety and effi-
cacy, the drug will be approved and may be marketed and sold
in the United States.

2. Emergency-use authorization. An FDA emergency-use authori-
zation is a temporary permit to allow a drug to be administered
to human patients without the requirement that clinical trials be
completed and before an NDA application is approved.
Emergency-use authorizations are approved to respond to des-
ignated chemical, biologic, radiologic, and nuclear emergen-
cies. For example, coronavirus 2019 vaccines were approved
under an emergency-use authorization in the United States
before their eventual approval by the FDA.

3. A U.S. lawfully marketed drug administered within a clinical
trial or other research project. Generally, regulations in 21 CFR
§312 require that sponsors who wish to study a drug or bio-
logic product in humans submit an IND application to the
agency. However, these regulations also provide for the exemp-
tion of some studies from the requirement to submit an IND
application if they meet certain criteria (5).

4. An IND administered within a clinical trial, clinical study, or
other research project under an authorized IND application.

5. A U.S. lawfully marketed (i.e., FDA-approved) or investiga-
tional drug administered for basic research within a research
study or project under a radioactive drug research committee
(RDRC) (21 CFR §361).

The remainder of this article will focus on details for con-
ditions 3–5.

IND APPLICATION FOR MARKETED DRUGS

Determining whether an IND application is needed to
conduct a clinical investigation of a marketed (i.e., FDA-
approved) drug depends primarily on the intent of the inves-
tigation and the degree of risk associated with the drug in
the investigation. A clinical investigation of a marketed
drug is exempt from the IND application requirements if all
of the following criteria are met: The drug product is law-
fully marketed in the United States. The investigation is not
intended to be reported to the FDA as a well-controlled
study in support of a new indication and there is no intent
to use it to support any other significant change in the label-
ing of the drug. In the case of a prescription drug, the inves-
tigation is not intended to support a significant change in
the advertising for the drug. The investigation does not
involve a route of administration, dose, patient population,
or other factor that significantly increases the risk (or
decreases the acceptability of the risk) associated with the
drug product. The investigation is conducted in compliance
with the requirements for review by an IRB and with the
requirements for informed consent. The investigation is
conducted in compliance with the requirements of 21 CFR
§312.7 (i.e., the investigation is not intended to promote or
commercialize the drug product).

The potential sponsor of a planned clinical investigation
using an approved drug is responsible for determining
whether the investigation meets the criteria for an exemp-
tion. If there is uncertainty about whether the exemption cri-
teria are met, the potential sponsor can seek advice from the
FDA on the applicability of the IND regulations (5).

IND APPLICATIONS

During a new drug’s early preclinical development, the
sponsor’s primary goal is to determine whether the product is
reasonably safe for initial use in humans and whether the
compound exhibits pharmacologic activity that justifies com-
mercial development. When a product is identified as a viable
candidate for further development, the sponsor then focuses
on collecting the data and information necessary to establish
that the product will not expose humans to unreasonable risks
when used in limited, early-stage clinical studies (6) .
Unless exempted, the sponsor for a clinical study must

obtain authorization from the FDA for conducting the study
by submitting an IND application. Such authorization must
be secured before interstate shipment and administration of
any new drug that is not the subject of an approved NDA (6).

IND Application Categories
The FDA recognizes 2 main IND application categories:

commercial and research. A commercial IND application is
one for which the sponsor (usually a corporate entity) intends
to commercialize the product by eventually submitting a mar-
keting application. A research (noncommercial) IND applica-
tion is one for which the sponsor (generally an individual
investigator, academic institution, or nonprofit entity) does
not intend to later commercialize the product (6).
There are 3 main types of IND applications: investigator,

emergency-use, and treatment or expanded-access applica-
tions. The emergency-use and expanded-access IND appli-
cations have some overlapping similarities. An investigator
IND application (sometimes referred to as an investigator-
initiated IND) is submitted by a physician who both ini-
tiates and conducts an investigation (i.e., the physician is
the sponsor-investigator) and under whose immediate direc-
tion the investigational drug is administered or dispensed. A
physician might submit a research IND application to pro-
pose studying an unapproved drug or an approved product
for a new indication or in a new patient population. An
emergency-use IND application allows the FDA to autho-
rize use of an experimental drug in an emergency situation
that does not allow time for submission of an IND applica-
tion in accordance with 21 CFR §312.23 or 21 CFR
§312.20. It is also used for patients who do not meet the cri-
teria of an existing study protocol or if an approved study
protocol does not exist. A treatment or expanded-access
IND application, sometimes called compassionate use, is
used for experimental drugs showing promise in the clinical
testing for serious or immediately life-threatening condi-
tions while the final clinical work is being conducted and
the FDA review is taking place. This type of application
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covers the use of IND products outside clinical trials to
diagnose, monitor, or treat patients with serious or immedi-
ately life-threatening diseases or conditions when there are
no comparable or satisfactory alternative treatment options.
Under the FDA’s current regulations, there are 3 categories
of expanded access: expanded access for individual
patients, including for emergency use (this differs from an
emergency-use application because it is based on a single
patient), expanded access for intermediate-sized patient
populations (generally smaller than those typical of a treat-
ment IND or treatment protocol—a treatment protocol is
submitted as a protocol to an existing IND by the sponsor
of the existing IND), and expanded access for widespread
treatment use through a treatment IND or treatment protocol
(designed for use in larger patient populations) (7).
The distinction between administering an investigational

drug in the setting of a traditional clinical trial versus emer-
gency use or an expanded-access IND lies in the intended
use. In a traditional clinical trial, the intention is to under-
stand the safety and effectiveness of the investigational
drug; in expanded access and emergency use, the intention
is treatment (7). Emergency-use and expanded-access IND
applications are not part of the clinical research pathway
and are therefore beyond the scope of this article.

IND Application Submission Pathway
INDs progress through FDA-regulated exploratory or tra-

ditional IND clinical research phases.
An exploratory IND (sometimes referred to as phase 0

studies or eIND) is a clinical trial that is conducted early in
phase 1, involves very limited human exposure, and has no
therapeutic or diagnostic intent (e.g., screening studies or
microdose studies) (8). This is not a required phase but is a
useful option in certain circumstances. Depending on the
study, the informational requirements for exploratory IND
studies are more flexible than for traditional IND studies.
The IND is filed separately from a traditional IND applica-
tion submission.
Traditional IND phases include phase 1, with a primary

goal of assessing the safety of the drug; phase 2, with a pri-
mary goal of assessing efficacy and safety and determining
the dose; phase 3, with a primary goal of assessing efficacy
and monitoring adverse effects; and phase 4, which is post-
marketing surveillance.

IND Application Process
The IND application requirements and processes for com-

mercial versus noncommercial (i.e., research) INDs differ
with respect to the route of filing. All commercial IND
applications must be filed electronically, whereas noncom-
mercial IND applications can be filed by electronic or paper
options (9).
Sponsors of IND applications may obtain advice and guid-

ance from the FDA at any stage of IND development. Before
filing an IND application, the sponsor may have questions
regarding key components such as protocol design, drug

specifics or pharmacology, and toxicology information. In
these cases, the FDA allows the IND sponsor to request a
pre-IND meeting (9). If granted, questions are provided to the
FDA in advance of the scheduled meeting. After the meeting,
the FDA provides formal responses to help guide critical
decisions for the IND application submission.
The IND application must contain information in 3 broad

areas: animal pharmacology and toxicology studies,
manufacturing information, and clinical protocols and inves-
tigator information. Animal pharmacology and toxicology
studies provide preclinical data to permit an assessment as
to whether the product is reasonably safe for initial testing
in humans. Also included are any previous experience with
the drug in humans (can include use in countries outside the
United States). Manufacturing information is information
pertaining to the composition, manufacturer, stability, and
controls used for manufacturing the drug substance and the
drug product. This information is assessed to ensure that the
company can adequately produce and supply consistent
batches of the drug. Clinical protocols and investigator infor-
mation are detailed protocols for proposed clinical studies to
assess whether the initial-phase trials will expose subjects to
unnecessary risks. Also, information is provided on the qual-
ifications of clinical investigators—professionals (generally
physicians) who oversee the administration of the experi-
mental compound—to assess whether they are qualified to
fulfill their clinical trial duties. Finally, commitments are
made to obtain informed consent from the research subjects,
to obtain review of the study by an IRB, and to adhere to
the IND regulations in 21 CFR §312 (6).
Once the IND is submitted, the sponsor must wait 30 cal-

endar days before initiating any clinical trials. During this
time, the FDA has an opportunity to review the IND for
safety to ensure that research subjects will not be subjected
to unreasonable risk (6). During or at the end of the 30-d
review, the FDA may either accept the IND application,
allowing the clinical research to go into effect, or it may
place the IND on clinical hold. The FDA does not
“approve” an IND application but will provide authoriza-
tion through a study-may-proceed letter or communication.

Clinical Hold
A clinical hold is an order issued by the FDA to the spon-

sor of an IND application to delay a proposed clinical inves-
tigation or to suspend an ongoing investigation. All or some
of the investigations conducted under an IND application
may be placed on clinical hold. When a proposed study is
placed on clinical hold, subjects may not be given the investi-
gational drug. When an ongoing study is placed on clinical
hold, no new subjects may be recruited to the study and
given the investigational drug; patients already in the study
are expected to be taken off therapy involving the investiga-
tional drug unless treatment continuation is specifically per-
mitted by the FDA in the interest of patient safety. Within
30 d of the clinical hold, the FDA will provide the applicant
with a written explanation of the basis for the hold (10).
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The IND sponsor is expected to address the cited deficien-
cies in writing and submit a complete response to the issues
identified in the clinical-hold letter in a separate submission.
Once the complete response to all clinical hold deficiencies
has been received, the FDA will review the submission
within 30 calendar days and determine whether the appli-
cant’s response to the clinical hold satisfactorily addresses the
issues. The investigation may resume after the FDA has noti-
fied the applicant that the investigation may proceed (10).
If an IND applicant disagrees with the reasons cited for

the clinical hold, the applicant may request reconsideration
of the decision through the ombudsman and in accordance
with dispute resolution procedures (10). If all investigations
covered by an IND application remain on clinical hold for 1
y or longer, the IND application may be considered by the
FDA for inactive status (21 CFR §312.42).

Active INDs
Once an IND application is authorized (active), a drug

manufacturer may legally ship or provide the investigational
drug to the investigators named in the application. An
investigator may not administer an investigational drug to
human subjects until the IND application goes into effect
and the protocol and informed consent form have been
approved by the IRB of record.

IND Management
Sponsors of active INDs are required to provide oversight

to ensure adequate protection of the rights, welfare, and
safety of human subjects and the quality of the clinical trial
data submitted to the FDA. To meet these requirements,
sponsors are responsible for monitoring the trial and send-
ing periodic updates, any necessary amendments, and
reports related to their applications to the FDA (6).
A sponsor may transfer responsibility for any or all obliga-

tions to a contract research organization. Any such transfer
must be described in writing. If not all obligations are trans-
ferred, each of the obligations being assumed by the contract
research organization must be described. If all obligations are
transferred, a general statement that all obligations have been
transferred is acceptable. Any obligation not covered by the
written description is deemed not to have been transferred.
Although the sponsor’s responsibilities for a research

IND versus a commercial IND do not differ, the monitoring
plan may vary significantly because of the intent and com-
plexity of the IND. The monitoring plan should focus on
preventing or mitigating important and likely risks to criti-
cal data and processes. Regulations are not specific about
how sponsors are to conduct such monitoring and are there-
fore compatible with the complexities of the IND and allow
for a range of approaches to monitoring that will vary
depending on multiple factors.
Monitoring. Although the methods of monitoring may dif-

fer, either an on-site or a centralized approach may be used.
On-site monitoring is an in-person evaluation performed by

sponsor personnel or representatives at the sites at which the

clinical investigation is being conducted. On-site monitoring
can identify data entry errors (e.g., discrepancies between
source records and case report forms) and missing data in
source records or case report forms, provide assurance that
study documentation exists, assess the familiarity of the site’s
study staff with the protocol and required procedures, and
assess compliance with the protocol and investigational prod-
uct accountability. On-site monitoring can also provide a
sense of the quality of the overall conduct of the trial at a site
(e.g., attention to detail, thoroughness of study documenta-
tion, appropriate delegation of study tasks, and appropriate
clinical investigator supervision of site staff performing criti-
cal study functions). On-site monitoring can therefore be par-
ticularly helpful early in a study, especially if the protocol is
complex and includes novel procedures with which clinical
investigators may be unfamiliar. Findings at the site may lead
to training efforts at both the site visited and elsewhere. The
on-site monitoring approach is used typically for research
INDs but can also be used for commercial INDs.
Centralized monitoring is a remote evaluation performed

by sponsor personnel or representatives (e.g., clinical moni-
tors, data management personnel, or statisticians) at a loca-
tion other than the sites at which the clinical investigation is
being conducted. Centralized monitoring processes can pro-
vide many of the capabilities of on-site monitoring as well
as additional capabilities.
One notable type of monitoring is the site initiation or site

initiation visit. The site initiation visit is a critical study activ-
ity occurring before study recruitment and often involves
sponsor personnel from a range of disciplines, including mon-
itors. Key components of site initiation include ensuring that
the clinical investigator and site staff understand their respon-
sibilities: applicable regulatory requirements, study processes
and procedures, and the sponsor’s processes for monitoring
the investigation (11).
IND Amendments. For any given IND application, the

FDA may receive either a protocol amendment or an infor-
mation amendment.
Regarding protocol amendments, once an IND applica-

tion is in effect, the sponsor may amend the application as
needed to ensure that the clinical investigations are con-
ducted according to protocols included in the IND applica-
tion. Sponsors are expected to submit protocol amendments
for new protocols or changes to existing protocols before
implementation of the respective changes. However, proto-
col changes intended to eliminate an apparent immediate
hazard to human subjects may be implemented immedi-
ately, provided that the FDA is subsequently notified by
protocol amendment and that the reviewing IRB is also
notified. New studies may begin when the sponsor has sub-
mitted the change to the FDA for its review and the new
protocol or changes to the existing protocol have been
approved by the IRB with the responsibility for review and
approval of the studies. The general types of protocol
amendments are a new protocol, a change in protocol, or a
new investigator.
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An information amendment is any amendment to an IND
application with information essential to the investigational
product that is not within the scope of protocol amend-
ments, safety reports, or annual reports. For example, infor-
mation amendments to IND applications may include new
toxicology, chemistry, or other technical information or a
report regarding discontinuance of a clinical or nonclinical
investigation.
IND Reports. At a minimum, IND safety reports and

IND annual reports are required.
Regarding IND safety reports, the IND application spon-

sors or applicants are required to notify the FDA in a writ-
ten safety report of any adverse experience associated with
the drug that is both serious and unexpected or any findings
from tests in laboratory animals that suggest a significant
risk for human subjects, including reports of mutagenicity,
teratogenicity, and carcinogenicity (12).
Regarding IND annual reports, the IND sponsors or appli-

cants are expected to submit brief reports of the progress of
the investigations conducted under their respective IND appli-
cation within 60 d of the anniversary of the date that the appli-
cation went into effect. An IND annual report is expected to
include individual study information (there may be several
protocols or studies submitted under one IND; information
must be provided for each study), summary information for
each protocol or study, an update to the general investigational
plan for each protocol or study, an update to the investigator’s
brochure if applicable, significant protocol updates for each
protocol or study, an update on foreign marketing develop-
ments, and a log of outstanding business (13).

RDRC

Under 21 CFR §361.1, human research using a radioac-
tive drug or biologic product may be conducted under an
RDRC and without an IND when that research is basic sci-
ence research and is not intended for immediate therapeutic,
diagnostic, or similar purposes, or to determine the safety
and effectiveness of the radioactive drug or biologic product
for such purposes (i.e., the research cannot constitute a clin-
ical trial for the product).
Each RDRC must obtain FDA approval before it may

approve research studies. Approval of an RDRC will remain
in effect unless and until the FDA withdraws such approval.
Approval of an RDRC may be withdrawn at any time for
failure of the RDRC to comply with the requirements.
The regulations list 3 additional requirements for human

subject research that may be conducted under an RDRC.
The first requirement is that the research must be approved

by an RDRC that is approved by FDA on the basis of quali-
fied study investigators, a properly licensed medical facility to
possess and handle radioactive materials, appropriate selection
and consent of research subjects, appropriate quality assurance
of the radioactive drug administered, a sound research protocol
design, reporting of adverse events by the investigator to the
RDRC, and approval by an appropriate IRB.

The second requirement is that the pharmacologic dose of
the radioactive drug to be administered must be known not to
cause any clinically detectable pharmacologic effect in humans.
Investigators must provide pharmacologic dose calculations
based on clinical data in the published literature or from other
valid human studies to show that the radioactive drug has no
clinically detectable pharmacologic effect. This requirement
means that RDRC protocols cannot include the use of drugs
that have no documented previous human experience.
The third requirement is that the total amount of radiation

to be administered as part of the study must be the smallest
radiation dose practical to perform the study without jeopar-
dizing the benefits of the study and must be within specified
limits. Investigators must provide absorbed radiation dose
calculations based on biologic distribution data from pub-
lished literature or from other valid studies; provide an
acceptable method of radioassay of the radioactive drug
before its use to ensure that the radioactivity calculations
actually reflect the administered activity; provide informa-
tion demonstrating that the radioactive drug chosen for the
study has the half-life, types of radiation emitted, radiation
energy, metabolism, and chemical properties that result in
the lowest dose to the whole body or specific organs with
which it is possible to obtain necessary information; and
identify adequate and appropriate instruments for the detec-
tion and measurement of the specific radioactive drug (14).
Human research under an RDRC must be considered

basic science research and be done for the purpose of
advancing scientific knowledge. As described in 21 CFR
§361.1(a), this type of research differs from a clinical trial to
determine safety and efficacy under an IND in several ways.
It is intended to obtain basic information on metabolism
(including kinetics, distribution, dosimetry, and localization)
of a radioactive drug or human physiology, pathophysiol-
ogy, or biochemistry. It is not intended for immediate thera-
peutic, diagnostic, or similar purposes to the study subject. It
is not intended to determine the safety and effectiveness of a
radioactive drug in humans as a therapeutic, diagnostic, or
similar type of medical product.

Types of Studies Appropriate for RDRC Approval
The following are examples of types of basic science

research that would be appropriate to conduct under an
RDRC without an IND.
Metabolism and Excretion Studies. Metabolism and excre-

tion studies usually use nonimaging radionuclides. After
administration of the radioactive drug, samples can be
obtained at various times from blood, urine, feces, accessible
fluid or tissues, and expired gas. Samples can be analyzed to
determine the amount, structure, and persistence of the parent
molecule and various metabolites formed. Separate studies of
metabolism or excretion can be conducted. A combined study
is commonly known as a mass balance study. 14C and 3H are
most commonly used for these studies, but other radionuclides
can also be used, including g-emitting radionuclides that can
be imaged.
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Noninvasive Functional Imaging or Molecular Imaging
Studies. For most other types of research studies, the radio-
active drug is usually selected for its imaging properties
(i.e., PET, SPECT, or g-scintigraphy). The terms noninva-
sive functional imaging and molecular imaging are widely
used to describe this category of studies, which include the
types of studies described in the following paragraphs.
Biodistribution studies investigate the time course for

delivery, uptake, and retention of a radioactive drug at vari-
ous tissue sites in the body. The goal is to determine
whether there are any sites in the body at which the radioac-
tive drug is excluded or at which the radioactive drug pref-
erentially accumulates. An understanding of the variation of
these processes within the population is often the main
objective.
Pathophysiology studies determine whether the presence

or absence of pathophysiologic conditions (e.g., preferential
uptake or exclusion by tumors compared with adjacent tis-
sues) influences the distribution and persistence of the
radioactive drug.
Receptor binding or occupancy studies characterize the

kinetics between the radioactive drug and receptors or other
binding sites throughout the body and characterize the
radioactive drug binding affinity to these receptors. The pri-
mary objective is to determine whether localization is spe-
cific or nonspecific. In some cases, the observed variation
within the population or among populations is a major end-
point. In other studies, the goal may be to develop hypothe-
ses related to disease states, receptor polymorphisms, or
therapeutic interventions.
Transport process studies evaluate transport proteins,

many of which regulate the extracellular and intracellular
distribution of ions and other endogenous compounds in the
body, as well as exogenous molecules, such as drugs.
Radioactive drugs can be used to determine the relative
abundance and specificity of such transporters in various
tissues.
Enzyme activity studies use radioactive drugs as molecu-

lar probes to determine rates of synthesis or degradation of
signaling molecules through enzymes, which help to control
the concentrations of critical signaling molecules.
Multistep biochemical process studies evaluate the many

biochemical and molecular processes that represent the net
effect of a complex array of serial and parallel pathways (14).

What Information Must Be Submitted to the RDRC for
Review and Approval
Investigators should provide sufficient information to the

RDRC so they can determine whether a study meets the
conditions of 21 CFR §361.1(b) and does not need an IND.
The RDRC should be provided with information on the fol-
lowing topics:
Radiation Dose to Subjects. Limits are provided under 21

CFR §361.1(b) (3)(i).
Pharmacologic Dose. Investigators must provide phar-

macologic dose calculations based on clinical data in the

published literature or from other valid human studies to
show that the radioactive drug has no clinically detectable
pharmacologic effect.
Consent. Each investigator must select appropriate

human subjects and obtain the review and approval of an
IRB that conforms to the requirements of 21 CFR §56.
Number of Subjects. The number of research subjects

enrolled in a protocol under an RDRC can vary. Many stud-
ies under an RDRC start with 30 research subjects or fewer.
At the time a research proposal is approved by an RDRC,
to allow the exposure of more than 30 subjects the RDRC
must submit a special summary of information immediately,
but in no later than 7 calendar days, to the FDA.
Women of Childbearing Potential. In 21 CFR §361.1(d)

(5), it is required that a woman of childbearing potential
state in writing that she is not pregnant or that, on the basis
of a pregnancy test, she be confirmed as not pregnant,
before she may participate in a study under an RDRC.
Pediatric Subjects. Although studies involving pediatric

subjects are permissible in special circumstances under
§361.1, few pediatric studies have been conducted in recent
years under the RDRC mechanism. Section 361.1(d) (5)
requires that for studies under an RDRC, subjects be at least
18 y of age and legally competent. Exceptions to this rule
are permitted only when it can be demonstrated to the
RDRC that the study represents a unique opportunity to
gain information not currently available or that the study
requires the use of research subjects less than 18 y of age
and is without significant risk to the subject. When review-
ing proposed pediatric studies under an RDRC, the IRB
must approve only those studies that meet the criteria in,
and satisfy all other requirements of, 21 CFR 50, subpart D.
Quality of Radioactive Drug. All radioactive drugs (PET

and non-PET drugs) produced under an RDRC are required
to meet appropriate sterility, endotoxin, chemical, pharma-
ceutical, radiochemical, and radionuclidic standards of iden-
tity, strength, quality, and purity as needed for safety and be
of such uniform and reproducible quality as to give signifi-
cance to the research study conducted. To ensure product
quality, non-PET radioactive drugs studied under an RDRC
must comply with the current good-manufacturing-practice
regulations in 21 CFR 210 and 211. PET radioactive drugs
must be produced in accordance with the standards under
USP Chapter ,823., “Radiopharmaceuticals for PET:
Compounding.”
Research Protocol. The investigator must provide suffi-

cient information for the RDRC to conclude that scientific
knowledge and benefit are likely to result from the study.
Adverse Reactions. The investigator must, within no more

than 7 calendar days, report to the RDRC all adverse effects
associated with the radioactive drug in the research study.
The RDRC must, within no more than 7 calendar days,
report to the FDA all adverse reactions probably attributable
to the use of the radioactive drug in the research study.
Approval by an IRB. The investigator must obtain IRB

approval of the study protocol. Once obtained, proof of IRB
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approval must be provided to the RDRC. IRBs are required
to conduct continuing review of research at intervals appro-
priate to the degree of risk, but not less than once a year.
Labeling. The packaging, label, and labeling of the radio-

active drug must be compliant with federal, state, and local
laws on radioactive materials (14).

CONCLUSION

Although clinical research using radiopharmaceuticals
may seem daunting to newcomers, one need not be over-
whelmed. As this article has shown, a basic knowledge of
applicable clinical research regulations, terms, and pro-
cesses can equip the reader with the necessary resources to
ensure safe and effective outcomes.
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a-emitting radionuclides provide an effective means of delivering
large radiation doses to targeted treatment locations. 223RaCl2 is
Food and Drug Administration–approved for treatment of metastatic
castration-resistant prostate cancer, and 225Ac (225Ac-lintuzumab)
radiolabeled antibodies have been shown to be beneficial for
patients with acute myeloid leukemia. In recent years, there has
been increasing use of a-emitters in theranostic agents with both
small- and large-molecule constructs. The proper precautionary
means for their use and surveying documentation of these isotopes
in a clinical setting are an essential accompaniment to these treat-
ments.Methods: Patient treatment data collected over a 3-y period,
as well as regulatory requirements and safety practices, are
described. Commonly used radiation instruments were evaluated
for their ability to identify potential radioactive material spills and
contamination events during a clinical administration of 225Ac. These
instruments were placed at 0.32 cm from a 1.0-cm 225Ac disk
source for measurement purposes. Radiation background values,
efficiencies, and minimal detectable activities were measured
and calculated for each type of detector. Results: The median
external measured dose rate from 223RaCl2 patients (n 5 611) was
2.5 mSv h21 on contact and 0.2 mSv h21 at 1 m immediately
after administration. Similarly, 225Ac-lintuzumab (n 5 19) patients
had median external dose rates of 2.0 mSv h21 on contact and
0.3 mSv h21 at 1 m. For the measurement of 225Ac samples, a liquid
scintillation counter was found to have the highest overall efficiency
(97%), whereas a ZnS a-probe offered the lowest minimal detect-
able activity at 3 counts per minute. Conclusion: In this article, we
report data from 630 patients who were undergoing treatment with
the a-emitting isotopes 223Ra and 225Ac. Although a-emitters have
the ability to deliver a higher internal radiation dose to the exposed
tissues than can other unsealed radionuclides, they typically present
minimal concerns about external dose rate. Additionally, a-radiation
can be efficiently detected with appropriate radiation instrumenta-
tion, such as a liquid scintillation counter or ZnS probe, which should
be prioritized when surveying for spills of a-emitters.

Key Words: a-emitters; actinium; radium; nuclear medicine; radiation
efficiency
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Radionuclides that are a-emitters offer a unique and
effective way of treating various types of cancer by deliver-
ing a high–linear-energy-transfer focal radiation deposition
to a treatment site. The physical characteristics of high par-
ticle energy, often 5–9 MeV, and a short (,100 mm) parti-
cle range in tissue make a-emitting radionuclides attractive
sources to deliver large radiation doses to targeted tissues
(1). a-particles create dense ionization tracks that can pro-
duce multiple damages to the DNA, resulting in less repair-
able double-strand break damage (2,3). This ability allows
radiopharmaceutical carriers of a-emitting radionuclides to
produce efficient cell death in targeted tumor cells while
sparing untargeted normal healthy tissues beyond the range
of the a-emissions (4,5).
Certain a-emitting radionuclides, such as 223Ra, 225Ac,

and 227Th, are part of a radioactive decay chain with multi-
ple a-particle emissions that result in a total emission
energy per decay that is typically 2 orders of magnitude
higher than for conventional b-particle theranostics. This
characteristic provides an advantage for clinical applications
because the necessary administered activities for effective
therapy are hundreds of times less than their b-particle or
photon-emitting counterparts (6). Therefore, the radiation
exposure rates due to particle and photon emissions from an
a-emitting radionuclide’s progeny pose little to no external
concern and are not a safety-limiting factor at the submilli-
curie quantities used in clinical practice. This ability to
deliver smaller activities, with minimal radiation exposure
concern, allows a-emitting radionuclides to be advanta-
geous for radiation safety considerations, encompassing
both occupational staff exposure and adherence to patient
release criteria at the federal and state levels.
Initially used in 1912 for the treatment of ankylosing

spondylitis, 224Ra was the first a-emitting radionuclide to
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be used in a clinical application (7). However, it was not until
much later, in 2013, that 223RaCl2, now produced by Bayer
Pharmaceuticals under the name Xofigo, became the first
Food and Drug Administration–approved a-emitting radionu-
clide therapy for the treatment of prostate cancer with meta-
static bone lesions (8). More recently, other a-emitters, such
as 225Ac and 227Th, have begun to see expanded use in clini-
cal trials. 227Th is produced by the decay of the long-lived
parent isotope 227Ac through the same processes already used
for its decay product, 223Ra (9). Found naturally in the neptu-
nium decay series seen in Figure 1, the current supply of
225Ac comes from fissile 233U and its decay product 229Th,
which were first produced during investigation into nuclear
weapons and reactors (10). 225Ac can be separated and puri-
fied from 229Th through a combination of ion exchange and
extraction chromatographic methods (11). Alternative meth-
ods to produce 225Ac have been explored, the most promising
being a 226Ra(p,2n)225Ac reaction, which has not been widely
used but is being further explored (12).
Three a-emitting radionuclides currently in use at Memo-

rial Sloan Kettering Cancer Center under specific institutional
protocols will be addressed in this paper; these include
223RaCl2 for metastatic castration-resistant prostate cancer,
225Ac monoclonal antibody lintuzumab for acute myeloid
leukemia, and the recently initiated 227Th-labeled antibody–
chelator conjugate BAY 2701439 (Bayer) for targeting
tumors expressing human epidermal growth factor receptor
2. 223RaCl2 has been used for treatment of symptomatic
patients with metastatic castration-resistant prostate cancer,
and its use has resulted in an overall improvement in quality
of life and increased length of overall survival (13,14).
Although the therapeutic efficacy of 225Ac, with a half-life of
10 d, is still in the early research stages, 213Bi, the final radio-
active daughter product in the decay chain, has been used in
clinical trials and shown to be safe and therapeutically effica-
cious in patients with acute myeloid leukemia (15).

Here, we provide an overview of our experience using
a-emitting radionuclides in current and recently completed
clinical trials, with a focus on the preparation, administrative
procedures, radiation safety precautions, and regulatory req-
uirements that must be met to safely administer a-emitting
radionuclides in a clinical setting. In addition, radiation detec-
tion equipment is evaluated to see the varying effectiveness
for monitoring the a-emitter 225Ac in the clinical setting, to
help guide individuals on the proper selection of survey
equipment.

MATERIALS AND METHODS

Regulatory Framework
When preparing to administer a-emitting radionuclides, an

institution must first fulfil regulatory requirements. The U.S.
Nuclear Regulatory Commission offers guidance documents on
the types of precautions and instrumentation that must be present
for proper administration of a-emitting radionuclides. These docu-
ments will be addressed alongside perspectives from groups
such as the International Commission on Radiation Protection, the
National Council on Radiation Protection and Measurements, and
the National Research Council.
Many general broad-scope radioactive material licenses for med-

ical use include only “any byproduct material with atomic numbers
1 through 83” as designated by regulation 1,556, volume 11, of the
U.S. Nuclear Regulatory Commission (16). Most a-emitting radio-
nuclides, including all those discussed in this paper, have an atomic
number greater than 83 and must be specifically documented on a
radioactive material license. The maximum possession amount
should be estimated from the proposed patient load, estimated
activity needed per patient, and waste storage capabilities.
Training required by the Nuclear Regulatory Commission for an

authorized user to administer unsealed byproduct material can
be found in title 10, part 35, subpart E, of the Code of Federal
Regulations; included are items related to education, training and
experience, and board certification (17). For individuals to become
authorized users, they must also be approved by an institution’s
internal radiation safety committee. In addition to approving autho-
rized users for the administration of radioactive materials, the most
important part of the radiation safety committee’s job is to instill a
proper safety culture in staff members’ daily routine and make safety
the top priority (18). This task can be accomplished through a pleth-
ora of means, such as a robust radiation safety training program,
proper workflow processes, and widespread monitoring and self-
auditing practices.

Overview of a-Emitting Radionuclide Therapy
In a review of applicable a-emitting radionuclide protocols at

Memorial Sloan Kettering Cancer Center, all radionuclides were
administered according to vendor or internal protocol recommen-
dations. 223RaCl2 was administered as a slow bolus intravenous
injection over 3–5 min, whereas 225Ac- and 227Th-labeled antibod-
ies were administered over a 15- to 30-min infusion. All 3 proto-
cols have completed, or plan to complete, a dose escalation or
expansion study to determine dose-limiting patient toxicity levels.
The results of the completed dose escalation studies are shown in
Table 1. As shown, 223RaCl2 and 225Ac treatment activities were
based on patient weight, whereas planned 227Th doses were based
strictly on fixed activity levels.FIGURE 1. Decay of 225Ac via neptunium series.
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Treatment Preparation
The requirements for the administration of radioactive materials

will vary widely depending on the type of radioactive material being
administered. For staff directly handling these radionuclides, proce-
dures such as the use of long-handled tools or shielded syringes may
be applied to help minimize extremity radiation exposure but are
often unnecessary for the lower activities being used. Before treat-
ment, a-emitting radionuclides should be stored such that both the
b-radiation and the photon radiation are reasonably shielded. The
a-emitters are stored in either Plexiglas or lead, depending on the
isotope. 223Ra Xofigo is shipped (and stored) as unit dose syringes in
a self-made container (Xofigo Plastic Pig [XPP]; Cardinal Health),
remaining in the container until the syringe is removed by the nuclear
medicine physician for treatment. 225Ac and 227Th are shipped (and
stored) in a small lead container from the vendors. The isotopes are
diluted in-house and are placed in a plastic syringe. Once in the
syringe, they are placed under 1/899 lead sheet until administered by
the physician.
Because of minimal external dose-rate readings, patients may

be treated in locations without lead shielding or other radiation-
limiting interventions. Most treatments using a-emitting radionu-
clides involve either an injection or an infusion of radioactive
material through a syringe, allowing for a closed system that deliv-
ers radioactive materials directly into the bloodstream to limit the
risk of contamination events or radiation exposure to staff mem-
bers. Since a-particles are of great concern for inhalation and
ingestion, proper care should be taken to mitigate the risk of these
intake pathways. Proper personal protective equipment, such as
gloves (double preferred) and laboratory coats, should always be
worn by staff administering a-emitting radionuclides. Absorbent
pads should be placed around the injection or infusion site to miti-
gate the risk of spreading contamination in the event of a spill.

Special Considerations
Needle sticks and skin contamination during treatments are con-

sidered special events and must be treated promptly and properly
because of possible intake of radioactive material. Rapid cleaning
of the area and continual monitoring must be performed. Methods
for evaluating radioactive material intake (i.e., bioassay) and the
need for further investigation are described in Nuclear Regulatory
Commission regulatory guide 8.9. In special monitoring situations,
suspected intake of material must be evaluated with a scope com-
mensurate with the potential risk (19).
If radioactive material intake is suspected, a bioassay test is the

preferred method for estimating the amount of material ingested or
inhaled. A single 24-h biospecimen sample may be sufficient,
but regular daily measurements could be needed for higher
intakes. For a-emitting radionuclides, including all 3 of those
reviewed here, fecal bioassays are preferred since feces contain
a larger percentage of the excreta than does urine (20). Intake
retention functions can be used to estimate the total intake of
radioactive material, which can then determine the cumulative
total internal dose (committed effective dose equivalent) to a staff
member. This is done using the values from title 10, part 20,
appendix B, of the Code of Federal Regulations for the appropri-
ate annual limits on intake value for each isotope, as well as any
necessary tissue weighting factors from International Commission
on Radiological Protection publication 103 (21,22). The commit-
ted effective dose equivalent, added to any external occupational
exposure, is called the total effective dose equivalent for an indi-
vidual and carries a limit of 5,000 mrem annually in the United
States. Equation 1 calculates the occupational dose from internal
exposures (committed effective dose equivalent). The annual limit
on intake values is the amount of radioactive material that would
need to be inhaled or ingested to reach the annual occupational

TABLE 1
Memorial Sloan Kettering Cancer Center a-Emitting Radionuclide Dose Escalation and Expansion Clinical Protocols

Radionuclide Activity administered (kBq kg21) Total treatment cycles Period between cycles (wk)

223Ra
Phase 1.1 50 1 NA
Phase 1.2 100 1 NA
Phase 1.3 200 1 NA
Phase 2 50 6 4
Phase 3 50 6 4
NIST-adjusted Xofigo 55 6 4

225Ac
Phase 1.1 18.5 1 NA
Phase 1.2 37 1 NA
Phase 1.3 74 1 NA
Phase 1.4 148* 1 NA
Phase 1.5 111 1 NA

227Th (in progress)
Phase 1.1 1,500 kBq† 4 6
Phase 1.2 2,500 kBq† 4 6
Phase 1.3 3,500 kBq† 4 6
Phase 1.4 4,500 kB† 4 6
Phase 1.5 6,000 kBq† 2 6

Additional 25% increase 2 6

*Dose-limiting toxicity seen at phase 1.4.
†Patients receiving 227Th receive fixed dose values instead of weight-based doses.
NA 5 not applicable; NIST 5 National Institute of Standards and Technology.
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dose limit for a radiation worker without any other exposure, with
examples shown in Table 2.

Committed effective dose equivalent5 intake

3
occupational dose limit

appropriate annual limits on intake
3 tissue weighting factor:

Eq. 1

Contamination Survey Instrumentation
Regular surveying practices, proper radiation instrumentation, and

methods for decontamination should always be present during radio-
active material administration. An a-probe, such as a ZnS scintilla-
tion detector or a similar device, may be preferable to a standard
Geiger–M€uller (GM) detector for the detection of a-emitting radio-
nuclides. a-probes can filter out the measurement of b-particles or
photons, allowing them to have lower background levels of radiation
and a subsequently lower minimal detectable activity (MDA). In
addition, the mica film on the outside of a standard GM detector
makes direct measurement of a-particles difficult and inefficient but
still possible if the film is less than approximately 7 mg cm22 (23).
Such a film filters out most low-energy a-particles and leads to a
lower efficiency for those that can be measured. Coupled with a
higher background reading, such filtering increases the difficulty of
detecting small amounts of a-emitting radionuclides with a standard
GM detector. Instead, GM detectors focus on measuring the associ-
ated b-particle and photon emissions from daughter nuclei. Although
GM detector efficiency can reach about 33% for high-energy b-par-
ticles, photon efficiencies are generally poor and often less than 1%
for low-energy photons such as those produced by 99mTc or 125I
(24). A low MDA, and reasonable efficiency, are crucial for measur-
ing the low levels of surface contamination needed to meet regula-
tory requirements such as the 1,000 disintegrations/(min * 100 cm2)
combined activity for most a-emitters (25).

Radiation Instrumentation Statistics
223Ra efficiencies, MDA levels, dose rates, and decay pathways

were previously examined, in detail, by Dauer et al. (26). The
decay pathway for 223Ra via the actinium decay series can be seen
in Figure 2. 225Ac has a decay pathway similar to that of 223Ra,
which contains a mixture of different decay modalities, including
both a- and b-decay (27). A net value of 4 primary a-particle
decays, 2 primary b-particles, and numerous g-ray emissions is
present in the decay process between radioactive 225Ac and stable
209Bi. The effectiveness of various radiation detection equipment

for 225Ac was measured experimentally by dissolving solid actin-
ium nitrate in a 0.1 M HCl solution. The solution was then diluted
and pipetted onto a 1.0-cm-diameter filter disk. Before application,
the 225Ac used in this process was decayed in storage to ensure
secular equilibrium with daughter products, a process that takes
approximately 24 h (28). Portable instrumentation was placed in
a repeatable geometry in which the detector face was 0.32 cm
from the filter disk. These radiation detectors were connected to an
integrating scaler configured to accumulate counts for 1 min, and
the measurement was repeated 10 times for both background
and source counts. Stand-alone instrumentation, such as that used
for wipe tests, was adjusted to count for 10 min for both sample
and background counts. Efficiencies for each instrument were cal-
culated by the measured count rates divided by the dose-calibrated
activity. MDA was subsequently calculated using Equation 2 with
the empirically determined conversion factor from dpm to other
desired activity unit, if applicable (C), efficiencies (E), background
count rates (Rb), source count times (ts), background count times
(tb), and constant value, k1, of 1.645 representing a 1-sided 95%
CI (29).

MDA5
k1

212k1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rbtsð11 ts

tb
Þ

q
ts E C

: Eq. 2

The portable survey detectors used for efficiency and MDA test-
ing were a ZnS a-probe (model 43-2; Ludlum), a thin windowed
GM probe (model 44-9; Ludlum), and an NaI low-energy g-probe
(model 44-3; Ludlum). These portable detectors are used for real-
time measurements and personnel surveys at the site of use. Stand-
alone ionizing-radiation spectrometers such as a liquid scintillation
counter (model TriCarb 2900TR; Perkin Elmer) and a g-counter
(Wizard2; Perkin Elmer) were also tested. These stand-alone detec-
tors are often used for quantifying removable contamination survey
results for documentation purposes. 225Ac, used for efficiency
measurements, was supplied by the U.S. Department of Energy,
Oak Ridge National Laboratory. Values for the efficiencies of vari-
ous radiation instrumentation, and their associated MDAs, for
225Ac are examined in more detail in Table 3.

TABLE 2
Restrictive Annual Limit on Intake Values for Select
a-Emitting Radionuclides and Radionuclides in

Common Medical Use

Radionuclide
Decay
mode

Restrictive annual limit
on intake (MBq)

18F b 1,850
99mTc IT 2,960
131I b 1.11
223Ra a 0.026
225Ac a 0.011
227Th a 0.011

FIGURE 2. Decay of 223Ra via actinium series.
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RESULTS

Treatment Data and Precautions
Administrations of 223RaCl2 (n 5 611) and 225Ac-lintuzu-

mab (n 5 19) to patients were reviewed for various safety
considerations. The median age of 223RaCl2 patients was
72.26 y 6 8.93 y (range, 46.53–92.94 y), with administered
activities of 4.816 0.95 MBq. The median age of 225Ac-lintu-
zumab patients was 77.90 y 6 9.72 y (range, 56.35–87.60 y),
with administered activities of 3.00 6 1.68 Bq. Radiation
doses to members of the staff and the public from patients
receiving either 223RaCl2 or 225Ac-lintuzumab were consid-
ered minimal. 223RaCl2 dose-rate readings were minimal,
with a median of 2.5 6 0.07 mSv h21 on contact (i.e., on
the external surface of the patient’s body; external dose-rate
readings for these patients were taken near the heart due to
intravenous injections and infusions yielding the highest
results there). Likewise, 225Ac-lintuzumab had similar read-
ings of 1.7 6 1.2 mSv h21 on contact. All activity and
dose-rate readings were taken with ionization chambers
immediately after the therapy.

Radiation Detector Measurements
Radiation detection equipment was evaluated to deter-

mine detector efficiency, MDAs, and the feasibility of use
during administrations of 225Ac. The data for an unshielded
radioactive source of 225Ac are summarized in Table 3.
MDAs were calculated with a k1 value of 1.645, representa-
tive of the 95% CI. Efficiency levels were calculated and
rounded to the nearest whole percentage point.

DISCUSSION

External exposure rates for patients receiving a-emitting
radionuclides were found to be low, as expected. With
median dose rates of less than 0.5 mSv h21 at a 1-m dis-
tance, patients may return to their regular lifestyle immedi-
ately after treatment, without radiation precautions. This
advantage allows for effective treatment while avoiding
some common precautions needed for other types of

radiopharmaceutical treatments. Low external dose rates
also allow for better patient care by staff members by
removing the constraints and limitations of occupational
radiation exposure. Specimens containing bodily fluids
should continue to be handled with care by staff members
to avoid accidental intake of the radioactive material.
Because of low external dose rates, no patient—under rea-

sonable assumptions—will subject a member of the public to
1 mSv of radiation exposure, the necessary requirement for
the release of patients administered radioactive materials as
designated by Regulatory Guide 8.39 of the U.S. Nuclear
Regulatory Commission (30). Instructions for the proper con-
trol of bodily fluids were given to minimize the risk—to the
public or members of the household—of receiving a dose
from accidental ingestion of material after patient release, as
seen in Figure 3. The instructions include sitting while urinat-
ing or defecating, properly washing the hands after encounter-
ing any bodily fluids, promptly cleaning any vomitus or
bodily fluid spills, and using a condom during sexual inter-
course. The instructions are given for 1 wk after therapy,
though data suggest that most excretion of radioactive mate-
rial occurs within the first 72 h (31). Beyond this point, the
amount of radioactive material remaining is inconsequential
to the overall dose received by the public.
From a radiation detection standpoint, as shown in Table 3,

there are advantages and disadvantages to different radiation
detectors. a-probes offer the best mix of efficiency, low back-
ground, and low MDA for surveillance purposes—because of
the sulfide’s ability to filter out non–a-radiation—which
allows for a near-zero background. The extremely low back-
ground allows even the smallest amount of radioactive
material to be detected by the scintillator, as is helpful in
slight-contamination events. Liquid scintillation counters also
offer desirable results but not necessarily the rapid results
needed during regular administrations and surveys; they also
come with both a higher initial cost and higher upkeep
expenses. The data show that a GM detector offers higher
efficiency than a ZnS a-probe but also a higher MDA

TABLE 3
Removable Contamination Efficiencies and MDAs for Commonly Used Radiation Detection Equipment Integrated

over 1-Minute Count Time for 225Ac

MDA

Instrument Background (cpm) Efficiency (cpm/dpm) dpm Bq

Portable survey meters
a-probe (ZnS) 0 0.07 3 0.05
Thin window b-/g-probe (GM) 33 0.18 147 2.47
Low-energy g-probe (NaI) 234 0.06 1,128 18.82

Radiometric detectors
Liquid scintillation counter 36 0.97 13 0.22
g-counter 288 0.13 547 9.13

cpm 5 counts per minute; dpm 5 disintegrations per minute.
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because of higher background radiation levels. With MDAs
below those used for regulatory purposes for most a-emitters,
a GM detector may be a suitable alternative for a program
because of cost and availability. Larger survey areas and lon-
ger count times can always be implemented to help lower a
detector’s MDA when needed. Low-energy scintillation
probes and g-counters should not be used to measure for
a-emitting radionuclides since their MDA may be near or
above the surface contamination levels that require remedia-
tion under normal circumstances.

CONCLUSION

There has been a growth of interest in, and use of,
a-emitting radionuclides in the treatment of cancer because of
their higher radiotoxicity per unit of administered activity rela-
tive to radionuclides emitting b-, g-, or x-rays. With robust
administrative and engineering controls, a-emitting radionu-
clides can be handled and administered safely for clinical use.
Proper personal protective equipment, training techniques, and
radiation detection instrumentation are crucial for reducing
contamination events and protecting the clinical staff and the
public. Patient release instructions for a-emitters can be lim-
ited to only hygiene precautions to prevent the accidental
inhalation or ingestion of radioactive material by another indi-
vidual. This policy allows patients to resume their everyday
lives free of the external radiation restrictions that may accom-
pany other radionuclide therapies. With all their advantages,
a-emitting radionuclides continue to be a leading option in
radionuclide therapy and can be safely administered.
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KEY POINTS

QUESTION: Are current patient precautions and radiation survey
equipment sufficient for safe and compliant radionuclide therapies
containing a-emitting radionuclides?

PERTINENT FINDINGS: External dose-rate readings from
patients receiving radioactive materials continue to be low in
clinical trials and Food and Drug Administration–approved treat-
ments. Radiation detection equipment such as ZnS detectors and
liquid scintillation detectors are preferable to the more commonly
used GM counter.

IMPLICATIONS FOR PATIENT CARE: Radiation safety precau-
tions for patients receiving a-emitting radionuclide therapy can
continue to include only hygiene-related precautions for 225Ac and
227Th while maintaining compliance with federal guidance and
regulations.
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The emergence of PET and MRI as a hybrid modality has
demanded new approaches to protocols and procedures.
Although protocols for MRI and PET individually lend themselves
to synergistic and simultaneous approaches, there are a number
of unique challenges and patient preparations that require consid-
eration. This article provides insight into the protocols, proce-
dures, and challenges associated with simultaneous PET/MRI in
both adult and pediatric populations. Although protocols may be
specific to applications or pathologies of interest, a richer discus-
sion of the clinical applications of PET/MRI is beyond the scope of
this article and will be detailed in part 4 of the series. The founda-
tion of PET/MRI protocols is an understanding of the various MRI
sequences, which are outlined succinctly. The principles outlined
for protocols and procedures are general, and specific application
will vary among departments. Given that the procedures for PET
are well established among the readership of this journal, this arti-
cle emphasizes MRI factors unless specific variations in standard
PET protocols or procedures are driven by the simultaneous MRI.
This article is the third in a 4-part integrated series sponsored by
the PET/MR and Publication Committees of the Society of
Nuclear Medicine and Molecular Imaging–Technologist Section.

KeyWords: PET/MR; PET; MRI; sequences; protocols
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The emergence of PET fused with CT required varia-
tions in protocols to accommodate the sequential PET/CT
procedure. The more complex and time-consuming proto-
cols and procedures for MRI simultaneously obtained with
PET require more careful consideration. Although most
PET/MRI investigations use 18F-FDG, several other 18F
tracers and those chelated to radiometals, such as 68Ga and
64Cu, are expected to emerge. There are 3 main aspects of
PET/MRI protocols and procedures: patient preparation for

both MRI and PET procedures, the imaging procedures
themselves, and quality assurance procedures. Patient prep-
aration and the imaging protocol need to be considered for
both adult and pediatric populations.
PET/MRI combines the high sensitivity and quantifica-

tion of molecular-level tracers of PET with the exquisite
soft-tissue contrast and some functional imaging parameters
of MRI (1). Despite these benefits, the major limitation is
the complex array of MRI sequences that could be per-
formed and the time cost per bed position. For PET/CT,
2–4 min per bed position is typical of a whole-body scan,
but in clinical PET/MRI, as many as 5 MRI sequences
could require 5–10 min per bed position (1). There are sev-
eral benefits to optimizing the MRI sequence timing to the
standardized PET bed position. First, it maintains the con-
sistency associated with quantitation (e.g., SUV) between
and within sites. Second, extending PET bed position tim-
ing has a marginally increased impact (particularly during
the latter part of the acquisition) on both radionuclide decay
and target-to-background ratio. Recent developments in
ultrafast MRI sequences have shortened the MRI acquisi-
tion to 3–5 min per bed position (1), although 2–4 min
might be considered optimal. It is possible to adjust proto-
cols for MRI sequences beyond the PET bed position tim-
ing to accommodate the extended MRI sequences after the
PET acquisition is completed or, alternatively, 15 min
before commencing the PET acquisition.

MRI SEQUENCES

A typical MRI examination consists of imaging the body
part of interest multiple times with varying parameters that
produce images with different tissue weightings. Each tis-
sue weighting serves to provide a different clinical insight.
PET/MRI is generally a whole-body examination, which
for most represents imaging from the base of the skull to
the thighs, consistent with approaches to PET/CT. The
absence of the CT radiation dose issues for the brain and
eyes means that it has become more common in PET/MRI
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to image the vertex through the thighs. For some indications
or in a pediatric setting, the vertex of the skull to the toes is
the norm. PET/MRI acquires the PET and MRI data simul-
taneously, with each bed position having 2–4 different MR
image sequences. Conversely, PET/CT is acquired sequen-
tially with a rapid CT component. Thus, if the MRI sequen-
ces selected do not prolong the bed position, PET/MRI
could be a faster acquisition by the margin of the CT acqui-
sition (seconds). Nonetheless, PET/MRI also has sequential
MRI acquisitions with the localizer before the PET acquisi-
tion and the potential for additional sequences without PET
at the end that extend the protocol marginally (minutes) but
are generally negligible in the overall protocol. Both the
contrast protocols and the positioning of the patient con-
found these times. Nonetheless, optimizing the MRI
sequences for PET/MRI is critical for patient comfort and
compliance and for the diagnostic integrity of the examina-
tion. Perhaps the simplest way to consider sequences is to
first consider T1- and T2-weighted images and then explore
specific sequences. The following sequences are not
exhaustive but represent the more common sequences in
MRI (the more detailed discussion will be reserved for
those sequences relevant specifically to PET/MRI proto-
cols): spin echo (T1 short repetition time and echo time, T2
long repetition time and echo time, fast spin echo, dual
echo, and proton density–weighted long repetition time and
short echo time); gradient echo (GRE) (susceptibility-
weighted imaging; T1-weighted volume-interpolated
spoiled GRE, which could be referred to as volume-
interpolated breath-hold examination [VIBE] or liver acqui-
sition with volume acquisition, depending on the manufac-
turer; T2 and T2*; steady-state free precession; and dual
GRE); inversion recovery (short-tau inversion recovery
[STIR] fat suppression and fluid-attenuated [long tau] inver-
sion recovery [FLAIR] fluid suppression); T1- or
T2-weighted imaging; diffusion-weighted imaging (DWI)
(apparent diffusion coefficient maps [postprocessed
sequence]); diffusion tensor imaging and tractography of
nerves; perfusion-weighted imaging (T1 gadolinium
contrast-enhanced and arterial spin labeling [noncontrast
technique]); functional MRI; MR angiography (MRA) (con-
trast-enhanced MRA, time-of-flight angiography [without
or with contrast], and phase-contrast MRI [noncontrast
technique]). More detailed treatment of less frequent, less
relevant (to PET/MRI), or more novel sequences is beyond
the scope of this article and can be explored in the broader
literature.
In PET images, the shade of gray or color represents

count density or counts per pixel or per voxel. In CT, the
shade of gray represents the degree of attenuation or tissue
density (2). For MRI, the shade of gray of tissues represents
signal intensity, with white typically being a high signal
intensity and black being a low signal intensity. In PET, rel-
ative quantitation is undertaken visually or with calculations
that compare the count density on the structure of interest to
a reference tissue. Examples include a tumor-to-liver

comparison and a comparison of the regional cerebral cor-
tex to the contralateral side or cerebellum. For MRI, inten-
sity is also compared between the tissue of interest and
reference tissues, with the term hyperintense indicating
whiter, brighter, greater intensity than the reference tissue;
hypointense indicating darker or lower intensity than the
reference tissue; and isointense meaning the same bright-
ness or intensity as the reference tissue (e.g., a brain tumor
relative to surrounding brain tissue).
The image formation process and pulse sequences have

been explained in a previous article in this series (3), but
there is a need to briefly define several specific terms. After
radiofrequency excitation, the time for the signal to return
to equilibrium is called relaxation time and the signal pro-
duced is referred to as free induction decay (4,5). The time
between each radiofrequency pulse is called the repetition
time (4,5). The echo signal is termed spin echo, is stronger
than the free induction decay signal, and is measured at the
peak time of the echo (4,5). Free induction decay is formed
by a single radiofrequency pulse (often thought of as 90"

but technically not necessarily). GRE is formed by 1 radio-
frequency pulse with a gradient reversal. Spin echo is
formed with 2 radiofrequency pulses (e.g., 90" and 180"),
and stimulated echo is formed with 3 or more radiofre-
quency pulses. Hahn echo is a term generally used to refer
to echo produced by radiofrequency pulses other than 90"

and 180" (but technically could include 90" and 180"

pulses) (4,5).

T1 Images
T1-weighted images are a standard part of any MRI pro-

tocol. As the term suggests, the T1 pulse sequence high-
lights differences between tissues based on T1 relaxation
times or longitudinal relaxation (sometimes referred to as
spin lattice relaxation time) (3–6). As outlined in Figure 1,
the proton dipoles align with the magnetic field after the
radiofrequency pulse. The proton dipoles then revert back
(relax) to nearly their original orientation. The time it takes
an individual tissue to relax results in different signal inten-
sities. For example, water content, air, and bone have a
slow relaxation, which produces a lower signal and a darker
representation on images. Conversely, fat, protein-rich fluid,
and slow-flowing blood have a rapid relaxation time that
produces a whiter or brighter signal on images.
T1-weighted spin echo produces the truest T1 signal but
generally takes longer to acquire, typically anywhere from
2 to 5 min. An alternative option is to use T1-weighted
GRE, which uses the properties of the gradient coils inside
the MR scanner to generate the T1-weighted images faster
than conventional spin echo techniques. Clearly, this is
advantageous for simultaneous PET/MRI, for which bed
position time needs to be optimized, but as outlined in the
previous article in this series (3), the coils themselves can
produce artifacts in the PET images. GRE images are also
more susceptible to artifacts caused by inhomogeneity in
the magnetic field as a result of metal or blood products
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(e.g., pixel swap). Pixel swap is an artifact associated with
the Dixon technique, in which the algorithm confuses water
and fat pixels; this artifact is most typical of the extremities
or of areas with a low fat signal. These sequences are also
more susceptible to motion artifacts and anatomic wrap-
around artifacts. Regardless, T1-weighted GRE allows mul-
tiple sequences with imaging for less than 30 s. These phe-
nomena can be further exploited using paramagnetic
contrast agents (e.g., gadolinium) to produce several varia-
tions to the T1 pulse sequence.

Gadolinium Enhancement and Fat Suppression
T1 signal intensity is amplified by gadolinium-based con-

trast agents, which, compared with noncontrast T1 images,
produce brighter (more intense) signals from tissues. In
effect, this brightness appears to shorten the T1 relaxation
times, given that the intensity of slow-relaxation-time tis-
sues has now become brighter. Although this phenomenon
helps us understand the process, the reality is that the relax-
ation time is not actually shortened; instead, the signal itself
is increased from tissues. One application would be in dis-
eased tissue in which increased perfusion or tissue perme-
ability (e.g., injury, tumor, or inflammation) results in a
higher concentration of contrast agent and a disproportion-
ate increase in signal intensity compared with normal
tissues.
Unfortunately, fat tissues are already very intense, and

increases in intensity may not be easily distinguished from
normally intense tissues. As a result, fat suppression
sequences are typically imaged after contrast administration
to reduce the fat signal (e.g., phase-contrast techniques and
inversion recovery sequences). These sequences might also
be referred to as fat-attenuated or fat saturation. Nonethe-
less, both fat-saturated and non–fat-saturated images pro-
vide useful insights, but in the context of multiple sequen-
ces and time cost, it is not convenient to run both pulse
sequences. An alternative is the Dixon dual-echo sequence,
which uses algorithms and the inherent properties of the
signal (chemical shift) generated by fat and water in MRI to
generate both fat-saturated and non–fat-saturated image sets

from a single acquisition. In essence,
water and fat precess at different rates,
which means cyclically they will be
in-phase and out-of-phase (a little like
the seconds hand of a clock being out-
of-phase with the minutes hand until
each minute that they approximately
become in-phase). By acquiring
in-phase and out-of-phase images, the
algorithm can produce 4 separate
sequences: in-phase (water plus fat),
out-of-phase (water minus fat), fat
(in-phase minus out-of-phase), and
water- or fat-suppressed/fat-saturated
(in-phase plus out-of-phase). Acquisi-
tion of an ultra-fast GRE Dixon tech-

nique requires about 15–20 s per bed position. In addition,
this acquisition is 3-dimensional and can be reformatted
into multiple planes during postprocessing with minimal
image resolution loss. This technique is essential for gener-
ating the MR attenuation correction sequence maps for the
PET data (3).

T2 Images
As with T1-weighted images, T2 pulse sequences are a

standard part of most MRI protocols and might also be
referred to as T2-weighted images. As these terms suggest,
the T2 pulse sequence highlights differences between tis-
sues based on T2 relaxation times or transverse relaxation
(sometimes referred to as spin–spin relaxation) (4,5). As
outlined in Figure 2, the proton dipoles align with the
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FIGURE 1. Schematic representation of T1 signal produced by longitudinal relaxation.
Proton dipoles have net magnetism in magnetic field (left) but become aligned after radio-
frequency pulse (middle) and produce T1 signal on relaxation (right). B0 5 magnetic field;
M5 magnetism; RF5 radiofrequency.
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FIGURE 2. Schematic representation of difference between T1
(top) and T2 (bottom) signal production. For T1, proton dipoles
become aligned after radiofrequency pulse and produce T1 sig-
nal on relaxation. T2 signals relate to precession of proton dipoles
relaxing back to ground state. FID 5 free induction decay; RF 5
radiofrequency.
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magnetic field after the radiofrequency pulse. The proton
dipoles then revert back (relax) to nearly their original ori-
entation for the T1 signal. Each proton dipole also has pre-
cession altered in alignment by the radiofrequency pulse.
The time it takes an individual tissue to relax precession
alignment results in different signal intensities. For exam-
ple, water content and brain gray matter produce a high
intensity signal whereas muscle, fat, and white brain matter
produce intermediate intensities. A minor issue relating to
T2 sequences is the influence of inhomogeneous magnetic
fields on tissue T2 relaxation times, sometimes referred to
as T2*. T2 then is the truest T2 signal using a spin-echo
sequence. Gadolinium contrast medium is not used because
it shortens T2 relaxation and thus suppresses rather than
amplifies the signal; T2 sequences are therefore run before
contrast enhancement. The exception is the T2 FLAIR
steady-state GRE sequence, which shows contrast enhance-
ment due to a mixed T1 and T2 signal.
Typically, T2-weighted images are used to visualize a

pathologic process such as edema. Again, there are several
ways to achieve this goal. Traditional spin echo techniques
to obtain T2 images are time-prohibitive, and thus, several
methodologies have been developed to decrease the time it
takes to acquire them. The fastest of these is ultra-fast spin
echo, which has image acquisition times under a minute
typically. Another option is the fast relaxation fast spin
echo technique; this technique is slower than the ultra-fast
spin echo technique but substantially faster than spin echo.
Since both fat and water produce a bright signal on T2
imaging, obtaining fat-saturated T2 images can help better
define the nature of what is visualized. Like T1 sequences,
fat suppression can be achieved with STIR sequences,
which are useful from an imaging perspective but limited
by the 5-min sequence time.

Proton Density
Proton density sequences use the nature of MRI (proton

or hydrogen ion imaging) to image the density of protons
(4). Tissues with high density or proton intensity include
fluid and fat, similar to T2. Since the technique was useful
in differentiating high-intensity fluid from low-intensity
fibrocartilage and intermediate-intensity hyaline cartilage, it
is often used for joint imaging, with FLAIR displacing its
use in brain imaging.

Spin Echo
Spin echo uses 90" radiofrequency excitation pulses

(Fig. 3) to flip longitudinal magnetism (T1) and
dephases transverse magnetism (T2). The subsequent 180"

radiofrequency-refocusing pulse rephases the spins to
produce coherence (4,5). Thus, recovery of transverse mag-
netism produces a spin echo. Fast spin echo is the same prin-
ciple as spin echo (Fig. 3) except it uses a series of rapidly
applied 180" radiofrequency-rephasing pulses to produce
multiple echoes (echo train length) within the same repetition
time (4,5), allowing more rapid data collection but having a

limit on echo train length (typically less than 7 for T1). The
echo time may vary from echo to echo in the train and may
produce different characteristics (contrast vs. resolution, for
example). T1 is generated from the initial echoes and T2
from the later echoes. Longer echo train lengths with short
echo times degrade contrast and produce blur but may be use-
ful for enhanced T2 images. Dual echo (Fig. 3) is the same
principle as fast spin echo with an echo train length of 2, with
the first echo usually being proton density and the second
T2-weighted imaging.

GRE
GRE uses bipolar gradient pulses after the 90" excitation

radiofrequency pulse (4,5). For standard GRE, there is no
180" refocusing radiofrequency pulse as depicted in Figure
4. The addition of one or more of the 180" refocusing
pulses produces fast GRE sequences. Standard GRE uses a
negatively pulsed gradient to dephase the spin, which is
then rephased with a second positively pulsed gradient, gen-
erating the echo signal independently of the 180" refocusing
radiofrequency pulse.

90o90o 180o
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180o 180o
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Fast
spin
echo

90o90o 180o
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RF

Echo

180o

TE

1st echo 2nd echo

Dual
spin
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FIGURE 3. Schematic representation of MR sequences. Spin
echo uses 90" followed by 180" radiofrequency pulse to produce
echo. Fast spin echo uses 90" followed by multiple 180" radiofre-
quency pulse to produce multiple echoes. Dual spin echo, as
name suggests, produces 2 echoes from 90" followed by
repeated 180" radiofrequency pulse. TE5 echo time; TR5 repe-
tition time.
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Inversion Recovery
STIR is a fat suppression sequence (Fig. 4) that uses an

inversion time for T1 in which the inversion time is ln2
(#0.693) multiplied by the T1 for fat. The sequence works
because the T1s for fat and water are different (4,5). In the
same way, water suppression can be accomplished using
FLAIR sequences (FLAIR can resemble T2 images).
Although these approaches produce fairly homogeneous
suppression of water or fat, they are not specific for fat and
water so can cause decreased demarcation of tissues. Fur-
thermore, they are incompatible with gadolinium contrast
administration because the apparent shortening of contrast-
enhanced tissues will be impacted (suppressed) by a short
inversion recovery time.

DWI
DWI is a type of MRI that shows how fluid is moving

through tissues (extracellular space). Using a strong gradi-
ent, greater diffusion results in greater dephasing, and the
signal is therefore reduced. As a result, DWI is effective in
identifying restricted diffusion of water molecules as a
higher signal intensity. DWI can be used to assess tissue
edema, ischemia, and cellularity (e.g., proliferation of tumor
cells). DWI represents an image set with different b-values.
The b-value is a value that reflects gradient strength and
timing, and so, the higher the b-value the stronger the diffu-
sion. DWI is a combination of true diffusion values and the
T2 signal, and therefore, the lower the b-value the more
T2-weighted the image is (4). Different tissues and resultant
pathologies exhibit diffusion behaviors different from ran-
dom Brownian motion to constrained motion in 1 voxel

direction. Injury that changes water diffusion will change
the DWI signal. Diffusion tensor imaging is a variation on
DWI that measures diffusion in multiple directions, which
allows mapping of nerve fibers and tractography. An appar-
ent diffusion coefficient map is literally a map or tensor of
the actual diffusion values for tissues without the influence
of T2.

Other Sequences
Functional MRI is a cluster of MRI approaches designed

to reveal regional or time-dependent variations in MR sig-
nal and is associated primarily with brain imaging. Func-
tional MRI targets a variety of physiologic parameters and
uses numerous MRI sequences. Perfusion-weighted imag-
ing is mostly gadolinium T1 images but also arterial spin
labeling without gadolinium (4). Susceptibility-weighted
imaging sequences exploit the T2* sequence susceptibility
to small fluctuations in magnetic field and, consequently,
can distinguish calcium from blood. This ability is useful in
differentiating blood products in various pathologic
processes.
MRA generates images with a high degree of contrast

between tissues and blood. The images are associated with
blood flow rather than vessel structures. Some aspects of
flow are predictable and can be used to generate image con-
trast, whereas other aspects of flow can create procedure
difficulties or artifacts (e.g., turbulence, velocity, or direc-
tion changes). There are several approaches to MRA. The
first is contrast-enhanced MRA, which uses gadolinium
contrast agents to shorten the T1 relaxation time and
enhance the brightness of blood signals (4,5). Time-of-flight
MRA does not use contrast agents but instead captures the
unsaturated spins of flowing blood with GRE sequences to
produce a bright vascular image (4,5). Phase-contrast MRA
uses amplitude and phase information to image blood flow
velocity (4,5).

PATIENT PREPARATION

Patients need to undergo the preparation associated with
both the PET scan and the MRI scan. For PET, this prepara-
tion will include fasting and instructions regarding radiation
safety. For MRI, the screening questionnaire for magnetic
safety and gadolinium contrast needs to be completed.
Additionally, PET imposes limitations on strenuous activity
and requires management of any patients who are diabetic.
Patients need to be screened for metals to ensure there are
no unsafe implants or devices going into the MRI environ-
ment. A lot of the prescreening can be accomplished as the
exam is being ordered or scheduled by asking just a few
questions targeting implants that could contraindicate the
exam (e.g., pacemakers, magnetic spinal rods, cochlear
implants, or palate expanders) or that could impact image
quality (e.g., dental spacers or braces). When patients arrive
for their appointment, they are also required to fill out a
more comprehensive MRI metal screening form, which is
then reviewed verbally with trained MRI personnel to
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FIGURE 4. (Top) Schematic representation of GRE in which 90"

radiofrequency pulse is followed by bipolar gradients first
dephasing free induction decay and then rephasing free induction
decay. (Bottom) Schematic representation of inversion recovery
spin echo in which 180" radiofrequency pulse is followed by
90" radiofrequency pulse. RF 5 radiofrequency; TE 5 echo time;
TR5 repetition time.
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ensure safety. Patients should also undergo a visual inspec-
tion before entering zone 4 (the PET/MRI scan room) as a
final verification that nothing unsafe is going into the
magnet.
Patient history can be especially useful in image interpre-

tation, and taking a robust patient history is therefore
an essential part of patient preparation. In oncology, for
example, some patients receive bone marrow–stimulating
medications at the end of a cycle of therapy that may alter
biodistribution of the radiopharmaceutical in PET imaging.
If a delay in scheduling after these peak effects is not ideal,
this information will assist with the accurate interpretation
of the PET/MRI data.
Protocols vary across clinical sites and across radiophar-

maceuticals; however, an uptake phase of 45–90 min is
typical. Patients are usually injected intravenously in an
ambient environment to minimize stimulation. Recent
investigations have demonstrated higher dose extravasation
rates associated with manual injection using a syringe/nee-
dle or syringe/butterfly apparatus (7–9). Lower extravasa-
tion rates are achieved with canula use with autoinjector
infusion. For patients undergoing gadolinium contrast
sequences, a single canula might be used for both the PET
tracer administration and the later gadolinium administra-
tion. Clearly, care with line security is crucial throughout
the uptake phase and patient positioning.
Patient compliance is an important consideration given

the extended time of the PET/MRI procedure. Compared
with MRI, PET has the additional requirements of fasting
and blood sugar level adjustment, in addition to the long
uptake phase without stimulation. Compared with PET,
MRI has the additional time and complexity associated with
coil and patient setup, screening for magnetism-susceptible
objects, and noise. Additionally, the PET/MRI gantry can
create issues associated with claustrophobia, even in
patients with no previous history of claustrophobia. For
some patients, compliance requires the preadministration of
anxiolytics such as diazepam. In some cases, sedation or
general anesthesia may be required, adding complexity to
both the protocol and patient care. Sedation and general
anesthesia are generally not initiated until at least 30 min
after administration of the PET radiopharmaceutical but in
some circumstances may be administered immediately after
radiopharmaceutical injection.

PET/MRI PROTOCOLS

PET acquisition parameters are generally the same for
both PET/CT and PET/MRI. Each bed position is acquired
at 2- to 4-min intervals. In PET/CT, the PET portion deter-
mines the bulk of the length of the procedure, with CT
being performed very quickly in a sequential model. Con-
trast CT protocols clearly extend the overall imaging proce-
dure. Conversely, in PET/MRI, the images are acquired
simultaneously and PET cannot progress to the next bed
position until all the MRI sequences are completed. PET/

MRI procedures commence with a localizer, comparable to
the topogram in a PET/CT scan, to be used for planning
both the PET bed positions and the MRI sequences at each
bed position. In PET/MRI, a specific MR attenuation cor-
rection sequence is obtained at each bed position to create
the attenuation correction maps for PET reconstruction. In
addition, depending on the region being imaged and the
pathology of interest, several other sequences will be per-
formed at each bed position. Although the Dixon method is
referenced in this article for attenuation correction, there are
several other approaches to attenuation correction in clinical
practice, as well as others emerging from development as
detailed in the second article in this series (3).
Reducing artifacts from respiratory motion is an impor-

tant consideration. Breath-hold techniques can be effective
if the sequence is short enough and the patient is compliant.
Such techniques work particularly well for the short-
duration T1-weighted images, but even ultrafast sequences
are too long for T2 breath-hold approaches. Respiratory
triggering can be used, or images can be gated, or synchro-
nized, to the patient’s respiratory cycle. Respiratory gating
works best when patients are breathing at a steady regular
rate. The third option performs respiratory motion correc-
tion based on liver motion during respiration by tracking an
MRI voxel at the apex of the liver.
More recent interest in accelerated protocols with 4-, 3-,

2-, and even 1-min bed positions have spurred debate about
the benefits of reduced time and the image quality for PET
and MRI (1). The counter debate is that compromising a
full MRI sequence to minimize the time per bed position
undermines the value and insights of MRI. Nonetheless, a
hybrid protocol might permit a longer application of a suite
of MRI sequences and a longer PET acquisition (or poten-
tially dynamic imaging during the uptake phase) for the sin-
gle bed position of interest, followed by reduced sequences
and standard PET bed positions for the remainder of the
acquisition.
MRI-only acquisitions during the radiopharmaceutical

uptake time may assist in reducing the acquisition time
associated with each PET/MRI bed position. For example,
MR images of the total spine that are acquired before the
combined PET/MRI sequence can be coregistered with the
latter if the patient has not moved, with gadolinium contrast
spine sequences added after the PET/MRI sequence. This
approach could save the patient considerable time and opti-
mize the PET/MRI sequence, especially when considering
that the duration of precontrast total-spine imaging can vary
between 30 and 90 min depending on patient-related
factors.

Whole-Body Oncology PET/MRI
Although protocols will vary substantially from site to

site and depending on equipment and clinical indications,
for the purpose of a general overview it is useful to consoli-
date whole-body PET/MRI protocols into several scenarios.
In each scenario, the MRI sequence commences with a
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localizer scan followed by attenuation correction and then
by T1, T2, and then special sequences if appropriate. The
first approach (1,10) is a fairly standard set of 5 MRI
sequences per bed position with a total acquisition time of
5–8 min per bed position that includes T1-weighted Dixon
for attenuation (,15 s), DWI with 3 b-values (almost 1.5
min), T1-weighted volume-interpolated spoiled GRE
(VIBE) (,30 s), T2-weighted single-shot half spin echo
(#30 s to 1 min), T2-weighted STIR (2 min), and
T1-weighted volume-interpolated spoiled GRE, after con-
trast administration if appropriate (18 s).
In this first approach to PET/MRI, after the conclusion of

the whole-body exam a more specific region may be added
to the standard sequences, for example, the prostate bed.
For this approach, it would be prudent to perform the
whole-body PET/MRI first to capitalize on disease localiza-
tion, enhance PET target-to-background contrast in the
targeted region, and acquire critical data to avoid noncom-
pliance issues.
To minimize MRI sequence timing to better match each

PET bed position without compromising diagnostic quality,
some axial MR images can be replaced with images in the
coronal plane. Typically, 3 axial bed positions are equiva-
lent to 1 bed position in the coronal plane. For example,
high-quality T2 and STIR sequences can be run in the coro-
nal plane. Additionally, a coronal VIBE can be imaged in
addition to the axial plane VIBE.
A second approach uses a wider range of sequences per

bed position for the whole-body acquisition, and these
might vary depending on the nature of the investigation.
The result is a more comprehensive suite of MRI sequences
for the whole-body PET/MRI but a longer scanning time
beyond 10 min for key bed positions corresponding to the
region of interest (Fig. 5). In this scenario, a basic set of
sequences (e.g., 3) might be applied to each bed position
whereas the broader suite is applied to the key bed position
(including long PET imaging time). The basic sequences
might be Dixon attenuation correction, coronal T1 fast spin
echo (or coronal VIBE to include fat saturation), and axial
T2-weighted imaging, for example. Advanced sequences

are applied to specific bed positions covering regions of
specific interest and may include, without being limited to,
T2 fast spin echo, STIR, DWI, dynamic contrast-enhanced,
and pre- and postcontrast T1. Specifically, PET/MRI with a
focus on liver neoplasia might insert the extended suite of
sequences as bed position 3 of 5 and include a breath-hold
technique. The thoracic region might insert the extended
suite over 2 bed positions and include respiratory gating.
Head and neck cancer would have the longer sequences at
bed position 1, and pelvic pathology would also have the
broader suite of sequences at bed position one, because for
most whole-body applications imaging commences from
the head and progresses to the thighs. For the pelvis, given
bladder excretion of PET tracers, imaging starts at the pel-
vis and progresses to the head.
This second approach has the advantage of a single imag-

ing session with all data included in a single whole-body
protocol. Unfortunately, this approach can increase the time
per bed position and, thus, impact the SUV for each bed
position because the uptake time after injection for each
bed position is progressively extended. Longer sequences
could threaten later bed positions if compliance becomes an
issue. Importantly, an increased MRI sequence time
increases the potential for heating of patient tissues and
implants, posing a safety issue. In both approaches, the use
of dedicated imaging increases the quality of the procedure
by combining the attributes of PET with the MRI sequen-
ces. Further, the PET/MRI combination enriches, deepens,
and broadens anatomic, physiologic, and biochemical
insights regarding tissues and organs.

Neurologic and Cardiac PET/MRI
The value of PET/MRI in the brain and heart arises from

the simultaneous acquisition and coregistration of structural
information provided by standard MRI sequences, physio-
logic insights provided by advanced MRI sequences, and
molecular and metabolic status provided by PET (11).
Although rapid PET protocols have emerged for brain and
cardiac imaging in 5 min for a single bed position, 10–15
min for a single bed position are more typical. This longer

window (compared with whole-body
oncology bed positions) allows a
broader range of MRI sequences with-
out extending the length of the study.
It is also possible that a standard PET/
MRI study of the brain or heart with
10–15 min per bed position might be
followed by a whole-body PET/MRI
with 3–5 min per bed position. In this
scenario, the sequences are different
from the sequence for the whole
body, reflecting both the change in
time per bed position and the purpose
of the MRI examination.
PET/MRI of the brain generally

requires the following sequences

PET
injection

Uptake (45-90 min)

Sedation if required
+30 min post PET IV

Localizer Dixon AC cor T1 FSE ax T2 fs

PET bed position (2-4 min)

Standard
sequences

Next bed
(2-4 min)

Standard
sequences

Next bed
(2-4 min)

Standard
sequences

Next bed
(2-4 min)

Gd contrast

Dixon AC cor T1 FSE ax T2 fs

PET bed position (>10 min)

ax STIR pre/post Gd
ax T1 or DCE

ax DWI ax VIBE (chest,
abdomen, pelvis)

End

FIGURE 5. Flowchart of example of PET/MRI sequence used for whole-body oncology
studies. 3D 5 3-dimensional; AC 5 attenuation correction; ax 5 axial; cor 5 coronal;
DCE5 dynamic contrast-enhanced; DSC5 dynamic susceptibility contrast; fs5 fat sat-
uration; FSE 5 fast spin echo; Gd 5 gadolinium; IV 5 intravenous injection; LGE 5 late
gadolinium enhancement; SPAIR 5 spectral attenuated inversion recovery; T1WI 5

T1-weighted imaging.
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(Fig. 6): attenuation correction with T1-weighted Dixon GRE;
conventional brain MRI with T1-weighted, T2-weighted, dif-
fusion-weighted, susceptibility-weighted, and contrast-
enhanced T1-weighted imaging; advanced sequences with
perfusion-weighted imaging, functional MRI, diffusion tensor
imaging, contrast-enhanced T1-weighted imaging, fast GRE,
MR spectroscopy, and FLAIR, depending on the clinical indi-
cation; and simultaneous PET acquisition with any of several
radiotracers, including 18F-FDG, 39-deoxy-39-18F-fluorothymi-
dine, 18F-fluoromisonidazole, 18F-florbetapir, O-(2-18F-fluo-
roethyl)-L-tyrosine, or 6-18F-fluoro-L-dopa.
PET/MRI of the heart generally requires the following

sequences (Fig. 6): attenuation correction with T1-weighted
Dixon GRE; conventional cardiac MRI with T1 fast spin
echo, T2 spectral attenuated inversion recovery, and
contrast-enhanced T1-weighted imaging; advanced sequen-
ces with late gadolinium enhancement, rest perfusion
(GRE, echoplanar imaging, and steady state free precession)
and wall motion (electrocardiography gating, harmonic
phase analysis, and spatial modulation of magnetization),
depending on clinical indication; and simultaneous PET
acquisition with any of several radiotracers, including 18F-
FDG for viability, perfusion tracers based on 82Rb, 13N, or
18F, and novel inflammatory or amyloid markers.

CONCLUSION

PET/MRI is a relatively new imag-
ing modality that, to establish a reli-
able niche in the imaging market,
requires development of universal,
practical, and reliable protocols. Pro-
tocol development should have a
foundation of evidence-based stand-
ards for PET, for MRI, and for PET/
MRI combined. Patient compliance
and diagnostic integrity are central
factors for protocol development.
Although the complexity of PET/MRI
protocols appears onerous, sequence
rationalization has produced univer-
sally accepted streamlined protocols
that fit within the time constraints of
standard PET bed positions.
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Sedation if required
+30 min post PET IV

Localizer Dixon AC ax FLAIR ax T1 GRE

PET single bed position (20-30 min)

Gd contrast

ax 3D DCE ax DWI ax 3D DSC pre/post Gd
ax T1

End

PET
injection

Uptake (45-60 min)

Sedation if required
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FIGURE 6. Flowchart of example of PET/MRI sequence used for brain studies (top) and
cardiac studies (bottom). 3D 5 3-dimensional; AC 5 attenuation correction; ax 5 axial;
DCE 5 dynamic contrast-enhanced; DSC 5 dynamic susceptibility contrast; FSE 5 fast
spin echo; Gd5 gadolinium; IV5 intravenous injection; LGE5 late gadolinium enhance-
ment; SPAIR5 spectral attenuated inversion recovery; T1WI5 T1-weighted imaging.
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123I thyroid scintigraphy can be performed with either a low-energy
or a medium-energy (ME) collimator. The high-energy photon
emissions from 123I cause septal penetration with scattered pho-
tons, which deteriorate image quality. The aim of this study was to
evaluate the impact of collimator choice on 123I thyroid scintigra-
phy in clinical practice. Methods: Forty-seven patients who
underwent thyroid planar scintigraphy with both a low-energy,
high-resolution (LEHR) collimator and a ME collimator were pro-
spectively recruited using the same imaging protocol. Image qual-
ity, collimator sensitivity, and estimation of thyroid size were
assessed between LEHR and ME collimators and were compared
with thyroid ultrasonography as the gold standard. Results:
Images acquired with the ME collimator demonstrated reduced
scattered background noise, improved thyroid-to-background
contrast, and increased sensitivity in the thyroid gland compared
with images acquired by the LEHR collimator. Manual measure-
ment of the thyroid length is more accurate using the ME collima-
tor. Automatic estimation of the thyroid area using the same
thyroid threshold is larger in ME collimator images than in LEHR
collimator images. Conclusion: Compared with the LEHR collima-
tor, the ME collimator generates cleaner 123I thyroid scintigraphy
images with less background noise and has higher collimator sen-
sitivity for thyroid imaging. Different thyroid thresholds should be
used to estimate the thyroid area and volume between low andME
collimators.

Key Words: endocrine; image processing; collimator; iodine-123;
medium energy; thyroid scintigraphy
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For thyroid imaging, 123I is a more ideal radioisotope
than 131I because 123I is comparable to 99mTc, has less septal
penetration with better image quality, and exposes the patient
to less radiation (1,2). It has the most abundant g-rays, at 159
keV, which is comparable to the 140 keV from 99mTc, and
can be imaged with pinhole, low-energy, or medium-energy
(ME) collimators (3). A pinhole collimator provides more
details for imaging small organs such as the thyroid glands.
However, a pinhole collimator cannot be used to estimate the
functional thyroid size and volume, which are used fre-
quently for dose calculation in radioiodine therapy. A low-
energy, parallel-hole collimator, especially the low-energy,
high-resolution (LEHR) collimator, is the most widely used
collimator in nuclear medicine imaging, mainly because of
its advantage for imaging 99mTc-labeled radiopharmaceuti-
cals. The LEHR collimator has been frequently used for 123I
thyroid scintigraphy, with the major advantage of avoiding
collimator switching between studies using 99mTc-labeled
compounds and shorter acquisition times.

123I also emits a small percentage (,3%) of higher-
energy photons exceeding 400 keV. These high-energy pho-
tons can penetrate the collimator septum and generate scat-
tered photons, which are detected in the 159-keV window
(4). Septal penetration leads to reduced imaging quality,
especially for the LEHR collimator with a thinner septum,
resulting in more septal penetration. A ME collimator with
a thicker septum results in less septal penetration for 123I
imaging than does a low-energy collimator. The ME colli-
mator has been recommended for several nuclear medicine
studies using 123I with semiquantitative evaluation (5–8).
However, whether the ME collimator is superior to LEHR
for thyroid scintigraphy with 123I in clinical practice has not
been well documented. This study was designed to evaluate
the impact of choosing between LEHR and ME collimators
on 123I thyroid scintigraphy in clinical practice.
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MATERIALS AND METHODS

Patients
In total, 47 consecutive patients referred for thyroid scintigraphy

with 123I were prospectively recruited at the Veterans Affairs Greater
Los Angeles Health Care System between October 2015 and
November 2016. There were 35 men and 12 women, with an average
age of 61 y. Thyroid scintigraphy was performed for evaluation of
hyperthyroidism (37 patients) or thyroid nodules (10 patients).

Thyroid Scintigraphy
All patients underwent thyroid scintigraphy with both a large-

rectangular-field-of-view Siemens BiCore LEHR collimator and
ME collimators sequentially with the same camera. The specifica-
tions of the LEHR and ME collimators are listed in Table 1. To
reduce the influence of different imaging times after 123I adminis-
tration, half our patients underwent LEHR collimator imaging
first, immediately followed by ME collimator imaging, and the
other half underwent ME collimator imaging first, immediately
followed by LEHR collimator imaging. All patients received
7,400 kBq (200mCi) of 123I. Thyroid imaging started at approxi-
mately 4 h 30 min after the 4-h thyroid uptake measurement.
Images were acquired using a Siemens Symbia T16 SPECT/CT
g-camera. The following acquisition parameters were used: ante-
rior view, 128 3 128 matrix, zoom factor of 1, pixel size of 2.4
mm, acquisition time of 7 min for both LEHR and ME collimators,
and an energy window of 15% centered at 159 keV. The distance
between the collimator and the patient’s face was kept to 2.54 cm
(1 in) or as close as the patient could tolerate.

Thyroid Ultrasonography
There were 22 patients who also underwent thyroid ultrasonog-

raphy within 3 mo of thyroid scintigraphy. Thyroid ultrasonogra-
phy was performed using either the Philips EPIQ 7G or the GE
Healthcare XDclear real-time ultrasound scanner with high-
resolution 6- to 15-MHz linear array transducers. Each thyroid
lobe was scanned in both transverse and longitudinal planes. The
maximum length, width, and depth of each thyroid lobe were mea-
sured. The volume of each thyroid lobe was calculated with the
standard formula for ellipsoid volumes: volume (mL) 5 p/6 3
length (cm)3 width (cm) 3 depth (cm).

Image Analysis
All scintigraphic images were viewed and analyzed using an

Oasis general nuclear medicine package, which included a thyroid
analyzing application (Segami Corp.). Using a lower threshold of

30% of the maximum pixel counts in the image frame, an isocon-
tour of the thyroid gland was created automatically with the Oasis
thyroid application. Total thyroid counts, background-corrected
total thyroid counts, and counts per pixel were calculated within
the thyroid isocontour. The length of each thyroid lobe was manu-
ally measured by 5 nuclear medicine physicians using the Oasis
thyroid application. The thyroid area was automatically calculated
with the Oasis thyroid application by applying different thresholds
(20%, 25%, 30%, 35%, 40%, and 45%). The thyroid volume was
calculated using the empiric method that is being used at the VA
Greater Los Angeles Health Care System: thyroid volume (mL) 5
area of thyroid gland (cm2) 3 length (cm) 3 0.321. The differ-
ences between the LEHR and ME collimator for thyroid length
measurement and volume estimation were compared using ultraso-
nography as the gold standard for thyroid measurement.

Statistical Analysis
GraphPad Prism 8 was used to perform statistical analyses. Data

distributions were assessed using the D’Agostino–Pearson omnibus
test. Normally distributed data are summarized as mean 6 SD, and
nonparametric data are summarized as median and interquartile
range. Variables from different groups were compared using the
Student t test (2-tailed paired samples assuming unequal variance)
for parametric variables and the Mann–Whitney test (2-tailed
paired samples) for nonparametric variables. Significance was
defined as a P value of less than 0.05, and the 95% CIs are reported
when appropriate. Comparison of thyroid size measurements
among different methods was analyzed with linear regression and
Bland–Altman plot analyses (9).

RESULTS

There was a clear difference in image quality between
LEHR and ME collimators, as demonstrated in Figure 1. ME
collimator planar images demonstrated significantly less
background noise, better thyroid-to-background contrast, and
an overall much cleaner image than did LEHR collimator
images. The LEHR images demonstrated a slightly better spa-
tial resolution than the ME images, although the difference
was very subtle by visual inspection. Ten patients were
referred for evaluation of known thyroid nodules. There was
no difference between LEHR and ME collimator images in
identifying these nodules.

TABLE 1
Siemens BiCore Collimator Specifications

Parameter LEHR ME

Hole shape Hexagon Hexagon
Number of holes (31,000) 148 14
Hole length 24.05 mm 40.64 mm
Septal thickness 0.16 mm 1.14 mm
Hole diameter 1.11 mm 2.94 mm
Sensitivity at 10 cm 5.46 cpm/kBq (99mTc) 7.43 cpm/kBq (67Ga)
Geometric resolution at 10 cm 6.4 mm (99mTc) 10.8 mm (67Ga)
System resolution at 10 cm 7.5 mm (99mTc) 12.5 mm (67Ga)
Septal penetration 1.5% (99mTc) 1.2% (67Ga)
Weight 22.1 kg 63.5 kg
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The total photon counts from the whole large-field-of-view
camera were 36% higher in the LEHR collimator images than
in the ME collimator images (Fig. 2A). In contrast, the total
thyroid counts (thyroid area was defined by applying 30% of
threshold), background-corrected total thyroid counts, and
count density as determined by counts per pixel in thyroid tis-
sue from the LEHR collimator images were significantly less
than those from the ME collimator images (Figs. 2B–2D).
By visual inspection, the ME collimator images demon-

strate a slightly larger thyroid size than the LEHR collimator
images for most patients. When thyroid length was measured
manually from the planer scintigraphy images, the LEHR col-
limator measurement and ME collimator measurement corre-
lated similarly with the ultrasonography measurement, as
determined by the Pearson correlation coefficient (r 5 0.69
for LEHR and r 5 0.66 for ME). The Bland–Altman plot
analyses demonstrated less bias from the ME collimator

measurement than from the LEHR collimator measurement,
as compared with ultrasonography (Figs. 3A and 3B). Inter-
observer variations in thyroid length measurement were simi-
lar between LEHR and ME as determined by the intraclass
correlation coefficient (LEHR, 0.92, with 95% CI of
0.88–0.96; ME, 0.91, with 95% CI of 0.87–0.95).
The automatically calculated area using the threshold of

the maximum average pixel is inversely proportional to the
threshold percentage being used. For the same image, the
lower threshold resulted in a larger area, and a higher
threshold resulted in a smaller area. For volume estimation
using LEHR collimator images, 35% of the threshold yielded
the closest volume estimation with the least bias, as compared
with ultrasonography (Fig. 4A). For volume estimation using
ME collimator images, the same threshold (35%) yielded an
overestimation with increased bias, and 40% of the threshold
yielded the closest volume estimation with the least bias, as
compared with ultrasonography (Figs. 4B and 4C). As com-
pared with ultrasonography, the LEHR and ME collimators
demonstrated a similar spread of limits of agreement in both
thyroid length and volume estimation.

DISCUSSION

The most striking difference between the LEHR and ME
collimator images is the background noise. The ME collimator
images demonstrate a significantly less noisy background and
are much cleaner than the LEHR collimator images. This effect
is related to a reduction of septal penetration of high-energy
photons from 123I. Septal penetration is most prominent in the
low-energy collimator, which has a thinner collimator septum
(Table 1). Septal penetration produces scattered photons, which
pass through collimator holes and reach the sodium iodine
crystals from the detector. The noisy background counts are
barely visible from the ME collimator images but are quite
obvious from the LEHR collimator images.
It is interesting to notice that, as compared with the ME

collimator, the LEHR collimator yielded more total counts
for the large field of view covering the whole collimator sur-
face (Fig. 2A) but significantly fewer total counts from thy-
roid tissue (Figs. 2B–2D). Other studies have demonstrated
that the LEHR collimator has a higher sensitivity than the
ME collimator for 123I imaging using phantoms (5,7). The

FIGURE 2. Comparison of photon counts between LEHR colli-
mator and ME collimator. (A) Total counts from whole rectangular
field of view of collimator. (B–D) Counts within thyroid isocontour
measured by applying 30% of threshold. A and D represent
mean with SD. B and C represent median with interquartile range.
*Significance was determined by Student t test. **Significance
was determined by Mann–Whitney test.

FIGURE 3. Bland–Altman plot analyses of thyroid length mea-
surement between ultrasonography with LEHR collimators (A)
and ultrasonography with ME collimators (B). LOA 5 limit of
agreement; US5 ultrasonography.

FIGURE 1. Planar anterior view of thyroid scintigraphy from
LEHR collimator and ME collimator.

THYROID SCINTIGRAPHY WITH
123I ! Li et al. 27



increased sensitivity of the LEHR collimator is probably due
to more scattered photons from background. Scattered pho-
tons detected by the detector may be more obvious in
patients than in the phantom study, as the higher-energy
photons may undergo scattering in the human body before
they reach the collimator. These scattered photons deterio-
rate image quality and increase background noise. For thy-
roid tissue evaluation, the ME collimator demonstrates sig-
nificantly higher sensitivity than the LEHR collimator for
thyroid 123I scanning in clinical patients. The increased sensi-
tivity for thyroid scans with the ME collimator is due mainly
to the increased diameter of the collimator holes, allowing
detection of more photons parallel to the collimator holes.
The ME collimator has lower spatial resolution than the

LEHR collimator; however, the difference is not very obvi-
ous for thyroid 123I imaging in patients (Fig. 1), probably
because of an improved imaging quality with less septal
penetration and scattering from the ME collimator. In addi-
tion, the increased total thyroid counts from the ME collima-
tor also contribute to improved image quality, thus partially
compensating for the disadvantage of lower spatial resolu-
tion. No difference was observed in identifying functional
nodules between LEHR and ME collimators in this study.
However, the patient sample size was fairly small, and only
10 patients were referred for evaluation of known thyroid
nodules. The increased sensitivity of the ME collimator with
improved thyroid-to-background contrast suggests that
images can be acquired with less scanning time than for the
LEHR collimator if a fixed-count imaging protocol is used.
This advantage may potentially benefit SPECT imaging,
which requires significantly longer scanning times using a
ME collimator for SPECT imaging and may subsequently
reduce the chance of patient motion.
The slightly larger thyroid gland visualized in ME collima-

tor images is most likely due to increased thyroid photon
counts in ME collimator images. Although thyroid scintigra-
phy is less precise than anatomic imaging modalities such as
MRI or ultrasound in estimating thyroid size or volume, it is
still convenient to have an estimation of functional thyroid vol-
ume using thyroid scintigraphy. This is especially helpful for
131I treatment with a calculated dose protocol, which is fre-
quently used clinically. The LEHR collimator imaging resulted
in slight underestimation of the thyroid length compared with

ultrasonography measurement as the
standard. Manual measurement of thy-
roid length is more accurate in the ME
collimator images than in the LEHR col-
limator images, probably because of
increased collimator sensitivity and
improved thyroid-to-background contrast
with the ME collimator.
Various thyroid volume calculation

methods using scintigraphy include
either manual measurement of thyroid
size or automatic calculation of thyroid

area (10). No universal method has been widely accepted by
the nuclear medicine community. The automatic calculation
of thyroid area by applying different thresholds of the maxi-
mum average pixel using software is the most commonly
applied method to estimate thyroid size. This method is more
precise than a manually drawn thyroid contour or thyroid bor-
der, which usually generates significant variability. Because
of the significant difference in thyroid photon counts and sen-
sitivity between LEHR and ME collimators, applying the
same threshold will result in an increased area estimation in
ME collimator images when compared with LEHR collimator
images. Therefore, different thresholds should be used to esti-
mate the thyroid areas for LEHR and ME collimator images.
A 35% threshold in the LEHR collimator images yielded

the closest volume estimation as compared with ultrasonogra-
phy estimation, and a 40% threshold in the ME collimator
images yielded similar results. These thresholds are higher
than in other studies, which used thresholds of between 20%
and 30% (11,12). This difference is probably due to different
imaging protocols and different formulas to calculate thyroid
volume. Our image acquisition time was 7 min. Other studies
used 5 min, had a longer distance between the collimator and
the patient, or used a fixed-count protocol (11–14). In addi-
tion, volume estimation from planar thyroid scintigraphy
reported by others was larger than from ultrasonography and
was also dependent on different formulas (12,14). Appropri-
ate thresholds should be based on different volume calcula-
tion formulas, different imaging protocols, and different
scanners. Measurement from the ME collimator images was
consistently higher than measurement from the LEHR colli-
mator images when both used the same imaging protocol and
same threshold. Therefore, a higher threshold should be used
for ME collimator images. Alternatively, the difference could
be adjusted by applying a different formula or scaling factor.
Measurement of both thyroid length and thyroid volume

between LEHR and ME collimator images demonstrated a
similar spread of 95% limits of agreement, suggesting that
the LEHR and ME collimators have similar precision and
variation when compared with ultrasonography measurement.
In terms of thyroid volume estimation using planar thyroid
scintigraphy, either the LEHR or the ME collimator could
generate relatively reliable results if an appropriate formula is
being used. It has been reported that SPECT is more accurate

FIGURE 4. Bland–Altman plot analyses of thyroid volume estimation between ultraso-
nography with LEHR collimators (A) and ultrasonography with ME collimators (B and C)
by applying different thresholds.
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and precise than planar scintigraphy to estimate thyroid vol-
ume (12,13). Whether an ME collimator could improve the
imaging quality and volume estimation for thyroid tissue in
SPECT imaging still needs to be determined.

CONCLUSION

123I thyroid imaging with ME collimators produces less
scattered background noise, improved thyroid-to-background
contrast, and higher collimator sensitivity than does imaging
with LEHR collimators. Manual measurement of thyroid
length is more accurate with the ME collimator; however,
different thyroid thresholds should be used to estimate the
thyroid area and volume for the LEHR and ME collimators.
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Global and Regional Variations in Transthyretin Cardiac
Amyloidosis: A Comparison of Longitudinal Strain and
99mTc-Pyrophosphate Imaging
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There are limited data on the head-to-head comparison of 99mTc-
pyrophosphate (99mTc-PYP) and echocardiographic strain imaging
in the assessment of transthyretin (TTR) cardiac amyloidosis.
Methods: At Mayo Clinic Arizona, patients who had undergone
both a 99mTc-PYP scan and a transthoracic echocardiogram within
a 90-d period were retrospectively identified for chart review and
strain imaging analysis. Patients were divided into 2 groups accord-
ing to their 99mTc-PYP results (PYP-positive [PYP1] or PYP-
negative [PYP2]) for the comparison. A standard 17-segment
model was used for segmental, regional, and global longitudinal
strain comparison. A P value of less than 0.05 was deemed signifi-
cant. Results: In total, 64 patients were included, the mean age
was 75.1613.0 y, and 57 (89.1%) were male. Comparing the
PYP1 to the PYP2 group, the left ventricular global longitudinal
strain was significantly worse in the former (PYP1 vs. PYP2,
210.562.6 vs. 213.164.1; P5 0.003). PYP1 patients also had
worse regional basal strain (24.662.6 vs. 28.864.0, P, 0.001)
and a trend toward worse midventricular strain (29.664.0 vs.
211.764.4, P50.07), but there was no statistical difference in the
apical region (217.664.73 vs.219.066.46,P50.35). This is con-
sistent with an apex-sparing pattern shown by the relative apical
longitudinal strain index (1.360.5 vs. 1.060.3, P50.008). Seg-
ment-to-segment analysis demonstrated a significant difference in
strain between PYP1 and PYP2 segments in 4 segments: basal
inferior (P5 0.006), basal anterolateral (P50.01), apical septal
(P5 0.002), and apical inferior (P50.001). Left ventricular diastolic
dysfunction was significantly different, with 17 (77.3%) patients in
the PYP1 group versus 15 (36.6%) in PYP2 participants (P5

0.002). Conclusion: Our study suggested that 99mTc-PYP uptake
is related to overall worse LV segmental, regional, and global longi-
tudinal strain function, as well as diastolic function, compared with
patients without 99mTc-PYP uptake. These data are important for
helping clinicians learn about the echocardiographic function fea-
tures related to 99mTc-PYP uptake and can help generate hypothe-
ses for future studies.

Key Words: cardiology; correlative imaging; 99mTc-pyrophosphate
imaging; longitudinal strain; transthyretin cardiac amyloidosis
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Amyloidosis is a heterogeneous group of disorders inv-
olving the extracellular deposition of insoluble amyloid pro-
tein that can occur in different organs. Amyloidosis can be
either inherited or acquired. The cardiac manifestation of
amyloidosis includes heart failure, conduction disease, syn-
cope, and sudden cardiac death (1). So far, whereas over 30
different amyloidogenic proteins have been described, car-
diac amyloid deposition and the development of cardiomy-
opathy are associated with types of amyloid proteins, most
commonly transthyretin (TTR) and amyloid light chain (AL)
proteins (2).
Concerning the diagnosis of cardiac amyloidosis (CA),

endomyocardial biopsy–demonstrated amyloid deposition
remains the gold standard and is also important for protein
typing (3). However, newer noninvasive approaches can
potentially allow earlier detection of CA with a minimal
side-effect profile. In patients with a noncardiac biopsy dem-
onstrating amyloid deposition, cardiac involvement has been
defined—by a consensus opinion from the 10th International
Symposium on Amyloidosis—as either a positive heart bio-
psy and or increased left ventricular (LV) wall thickness
(interventricular septal thickness . 12 mm) in the absence
of hypertension or other potential causes of true LV hyper-
trophy (4). Making an early diagnosis of cardiac amyloid
has significant clinical implications concerning the poor
prognosis of late-stage CA (1,5). However, as of 2019, TTR
remained underdiagnosed; there were still 10%–15% of
older adults with heart failure who might have unrecognized
wild-type TTR (5).
Historically, the diagnosis of CA had involved a high index

of clinical suspicion and consideration of a constellation of
symptoms. Increased wall thickness noted on the echocardio-
gram was initially seen as a clue to CA; however, the same
finding can also be present in other clinical conditions, such
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as hypertrophic cardiomyopathy and hypertensive heart dis-
ease (6,7). In clinical practice, a comprehensive evaluation of
echocardiography parameters or involving other noninvasive
studies is generally required to better differentiate these condi-
tions. The characteristic apex-sparing pattern of myocardial
strain distribution was suggestive of CA rather than other eti-
ologies when the initial echocardiographic findings raised the
concerns (7–9). The apex-sparing strain pattern has been
observed in both AL- and TTR-type CA (10,11). A difference
in myocardial strain dysfunction between different subtypes
has also been reported (10).
The other widely used noninvasive modality is 99mTc-pyro-

phosphate (99mTc-PYP) imaging, which is highly sensitive
and specific for the diagnosis of TTR-related amyloidosis
without the need for endomyocardial biopsy (12). A recent
European study using 99mTc-hydroxymethylene diphospho-
nate determined the regional distribution of nuclear tracer
uptake in patients with TTR-related CM, a distribution that
was similar to the apex-sparing pattern of strain echocardio-
graphic imaging (13). The difference in uptake by human
TTR and AL cardiac tissues is believed to be related to the
microcalcifications in human TTR cardiac tissue, which are
more common than in AL cardiac tissue (14).
Despite being commonly used for the assessment of CA,

strain echocardiography and 99mTc-PYP imaging findings
have yet to be compared directly with each other. Differ-
ences in echocardiographic parameters were also reported
between the AL and TTR subtypes of CA.
We designed this study to compare the echocardiographic

strain distribution patterns between patients with positive
99mTc-PYP results (PYP1 group) and negative 99mTc-PYP
results (PYP2 group). We hypothesized that 99mTc-PYP
uptake correlates with worse echocardiographic LV strain
function.

MATERIALS AND METHODS

The study protocol complied with the Declaration of Helsinki
and was approved by the Mayo Clinic institutional review board.
Informed consent was waived because the study was deemed to
pose minimal risk (retrospective chart review and data analysis
only).

Patient Population
All consecutive patients who had undergone both 99mTc-PYP

scanning for suspected CA and, within 90 d, transthoracic echocar-
diography from October 2015 to March 2018 at a single center
(Mayo Clinic, Arizona) were retrospectively selected. There was a
high clinical suspicion of CA in these individuals, including
increased LV wall thickness in the absence of significant hyperten-
sion, and findings were more suggestive of CA than of hypertro-
phic cardiomyopathy. These individuals subsequently underwent
serum protein electrophoresis, urine protein electrophoresis, and a
serum free light chain assay and were then referred for 99mTc-PYP
scanning (15).
Each patient’s transthoracic echocardiogram study was reviewed

for image-quality selection criteria, which included acceptable-
quality echocardiogram images of the standard apical 4-, 3-, and

2-chamber views, to allow for complete strain imaging analysis.
Adequate quality was defined as no more than 2 segments of unread-
able strain, which was the only metric that resulted in exclusion of
otherwise eligible participants from final analysis.

Patient Demographics, Electrocardiograms, Biomarkers,
and Ancillary Data
Detailed review of electronic health records yielded a broad

dataset, including participant demographics (age, sex), body mass
index (kg/m2), creatinine, estimated glomerular filtration rates,
troponin, N-terminal prohormone B-type natriuretic protein,
and clinical parameters such as the presence or absence of low
voltage on electrocardiography, pleural effusion, and pericar-
dial effusion.

Echocardiography and Strain Imaging
Measurement of LV diastolic function, including descriptions and

acquisition of specific parameters, has been outlined by Nagueh et al.
(16). The original transthoracic echocardiogram reports were
reviewed to obtain echocardiographic structural, systolic, and dia-
stolic functional parameters, including LV ejection fraction (%), LV
mass (g), LV mass index (g/m2), LV stroke volume (mL), cardiac
index (L/m2/min), mitral E-wave velocity (m/s), mitral A-wave
velocity (m/s), mitral E/A ratio, mitral E wave deceleration time
(ms), tissue Doppler medial e9 velocity (m/s), E/e9 ratio medial, E/e9
ratio lateral, tricuspid annulus systolic excursion by M-mode (mm),
right ventricular systolic pressure (mm Hg), and the presence of dia-
stolic dysfunction. All echocardiographic parameters were measured
according to the American Society of Echocardiography guidelines
(17,18).

Strain imaging was retrospectively completed using commercial
software, EchoInsight (Trust Bio-sonics). Strain imaging was ini-
tially generated using the 18-segment model. Global longitudinal
strain (GLS) and regional longitudinal strain values for the apical,
mid, and basal regions were abstracted as reported by EchoInsight.
Both strain and 99mTc-PYP imaging were represented using the
standard 17-segment American Heart Association model (18).
Strain modeling was converted from the 18-segment model to the
17-segment model to allow direct comparability (Fig. 1). This con-
version process involved averaging of strain segments 13–18 from
the 18-segment model; this average was then taken to represent
segments 13–17 in the 17-segment model.

99mTc-PYP Imaging
99mTc-PYP scanning was performed using a standard American

Society of Nuclear Cardiology protocol containing both planar and
SPECT/CT series (18). After intravenous administration of 370
MBq of 99mT-PYP, 15-min and 3-h delayed anterior-view planar
images of the chest (matrix, 256 3 256) were acquired, followed
by a SPECT/CT scan of the chest.
On the 3-h anterior planar image, circular regions of interest

were placed around the heart and contralateral right chest to mea-
sure the counts and calculate the heart–to–contralateral-lung ratio
(heart-to-contralateral ratio). Heart-to-contralateral values higher
than 1.4 are considered indicative of TTR CA with a high PPV.
Heart-to-contralateral values in the range of 1.3–1.4 can be seen
with TTR amyloidosis, especially when activity is seen in the
myocardium on SPECT/CT.
On SPECT/CT images, semiquantitative grading (0–3 scale) is

based on visual inspection of tracer uptake in the myocardium,
compared with that in the rib (19).
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Other variables include the heart-to-contralateral ratio of the counts
on anterior view planar scintigraphy images and a SPECT/CT-based
semiquantitative scale of the myocardial radiotracer uptake. A positive
99mTc-PYP scan is defined as one on which any of the 17 segments is
deemed to be 99mTc-PYP–positive according to the American Society
of Nuclear Cardiology guidelines (20). 99mTc-PYP scan results were
reported using the bull’s-eye 17-segment model.

Electrocardiograms, Biomarkers, and Ancillary Data
The electronic health records were reviewed for patient demo-

graphic and other clinical data, including participant demographics
(age, sex), body mass index, serum creatinine, estimated glomeru-
lar filtration rates, troponin, N-terminal prohormone B-type natri-
uretic protein, and clinical parameters such as the presence or
absence of low voltage on electrocardiography, pleural effusion,
and pericardial effusion.

Statistical Analysis
Descriptive statistics are used to summarize demographic and

clinical characteristics. Mean and SD, with 2-sample t testing for
group comparison, are presented for normally distributed continu-
ous variables, and median and interquartile range, with Wilcoxon
rank-sum testing, are used to describe nonnormally distributed
continuous data. Categoric variables are summarized as frequency
(%), with Fisher exact testing for comparison. As for strain imag-
ing parameters, a 2-sample t test was used for global, regional, and
segmental analysis. The 17 segments were categorized into 3
regions (basal, mid, and apical) for regional analysis. Relative api-
cal longitudinal strain index (RALSI) was calculated as average
apical LS/average basal LS 1 average mid LS (8). Regional anal-
ysis was done to compare the mean longitudinal strain between
participants with positive 99mTc-PYP findings in any segment and
those with a completely negative 99mTc-PYP scan. Segment analy-
sis was done to compare the mean strain in PYP1 versus PYP2
participants in each corresponding segment. The analysis was
conducted using SAS 9.4 (SAS Institute). All tests were 2-sided,

and a P value of less than 0.05 was con-
sidered statistically significant.
Pearson correlation between 99mTc-PYP

scan findings and strain parameters, with
graphical illustration, is shown in Supplemen-
tal Tables 1–4 (supplemental materials are
available at http://jnmt.snmjournals.org). For
PYP2 participants, GLS correlated strongly
with the apical, mid, and basal regions, with
a Pearson correlation coefficient of more than
0.6 (P, 0.001). The apical region was sig-
nificantly strongly associated with the mid
region, with a correlation coefficient of 0.7
(P, 0.001), but was not significantly associ-
ated with the basal region, with a small corre-
lation coefficient of 0.28 (P5 0.08) (Supple-
mental Tables 1 and 2). For PYP1, GLS
correlated strongly with the apical and mid
regions but not with the basal region, with a
strong Pearson correlation coefficient of
more than 0.8 (P, 0.001) for the apex and
mid region but 0.22 (P5 0.32) for the basal
region. The apical region was significantly
associated with the mid region, with a

medium Pearson correlation coefficient of 0.55 (P5 0.009), but not
with the basal region (P5 0.44). The mid region was not signifi-
cantly associated with the basal region (P5 0.92). The basal region
was not statistically associated with the global, apical, or mid
regions (P . 0.05 for all) (Supplemental Tables 3 and 4).

RESULTS

Patient Demographics and Variables
In total, 77 consecutive patients were identified, and 64

were included in the final analysis. The mean age of the
participants was 75.16 2.9 y, ranging from 41 to 103 y.
PYP1 patients were significantly older than PYP2 patients
(81.06 8.4 vs. 72.06 13.8, P5 0.002). Male participants
represented 89.1% of all participants, and there were no
female participants in the PYP1 group; however, differ-
ences in the sex distributions between the 2 groups were
not statistically significant. LV septal thickness (18.36 3.0
vs. 14.16 3.4 mm, P5 0.0001) and posterior wall thick-
ness (16.46 2.6 vs. 13.16 3.0 mm, P5 0.0004), LV mass
(352.36 108.5 vs. 272.46 101.5 g, P5 0.005), and LV
mass index (175.76 51.8 vs. 137.26 42.5 g/m2, P5 0.002)
were significantly higher in the PYP1 group. There was no
difference in mortality rate between the 2 groups. Patient
demographics and selected variables with a breakdown per
PYP group are outlined in Table 1.

Global and Regional Longitudinal Strain Comparison
The global, apical, mid, and basal regions were compared

between participants with any 99mTc-PYP positivity and those
with a completely negative scan (Table 2). The average GLS
(PYP1 vs. PYP2, 210.56 2.6 vs. 213.16 4.1; P5 0.003)
and the average basal segment longitudinal strain (24.66 2.6
vs. 28.86 4.0, P, 0.001) differed significantly between the
PYP1 and PYP2 groups, with the PYP1 group having

FIGURE 1. Side-by-side comparison of American Heart Association 17-segment model
bull’s-eye color-mapping plots of 99mTc-PYP scan (A) and speckle-tracking strain imag-
ing (B) in representative case with positive 99mTc-PYP findings. Panel A demonstrates
intense LV myocardium uptake in anterior and inferior segments and no uptake at apex.
Panel B demonstrates characteristic apex-sparing distribution pattern of peak LV longitu-
dinal systolic strain. In this case, segments with uptake are associated with worse
strain function. Values in panel B stand for segmental peak longitudinal systolic strain
of each segment. ANT5 anterior; INF5 inferior; LAT5 lateral; POST5posterior;
SEPT5 septal.
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worse myocardial function. A trend was observed in the aver-
age midsegment longitudinal strain (29.66 4.0 vs. 211.76
4.4, P5 0.07). In contrast, there was no statistical difference
in the average apical longitudinal strain between the 2 groups
(217.66 4.7 vs. 219.06 6.5, P5 0.35). RALSI was found

to be 1.36 0.5 in PYP1 patients and 1.06 0.3 in PYP2
patients (P5 0.008). The global and regional longitudinal
strain analysis, along with RALSI, demonstrated overall
worse myocardial function in PYP1 patients, with an apex-
sparing pattern.

TABLE 1
Patient Demographics

Demographic PYP1 (n 5 22) PYP2 (n 5 42) Total (n 5 64) P

Age 81.0 (8.4) 72.0 (13.8) 75.1 (12.9) 0.002*
Sex, male 22 (100.0%) 35 (83.3%) 57 (89.1%) 0.09†

Body mass index 27.0 (3.5) 27.2 (5.3) 27.1 (4.8) 0.89*
Systolic blood pressure

(mm Hg)
119.8 (16.4) 136.6 (27.5) 130.6 (25.3) 0.029†

Diastolic blood pressure
(mm Hg)

73.7 (11.93) 80.5 (15.73) 78.1 (14.74) 0.070†

Hypertension 12 (63.2%) 25 (73.5%) 37 (69.8%) 0.536†

History of coronary artery
disease

6 (31.6%) 10 (29.4%) 16 (30.2%) 1.000†

History of diabetes mellitus 2 (10.5%) 10 (29.4%) 12 (22.6%) 0.174†

b-blocker 10 (52.6%) 22 (64.7%) 32 (60.4%) 0.559†

Calcium channel blocker 1 (5.3%) 9 (26.5%) 10 (18.9%) 0.076†

Angiotensin-converting-
enzyme inhibitor

3 (15.8%) 5 (14.7%) 8 (15.1%) 1.000†

Angiotensin receptor
blocker

5 (26.3%) 5 (14.7%) 10 (18.9%) 0.465†

Spironolactone 4 (21.1%) 5 (14.7%) 9 (17.0%) 0.706†

Amiodarone 0 (0.0%) 1 (2.9%) 1 (1.9%) 1.000†

Creatine 1.3 (1.1–1.5) 1.3 (1.1–1.8) 1.3 (1.1–1.7) 0.44‡

N-terminal prohormone
B-type natriuretic protein

3,095.0 (1,640.0–7,323.0) 3,097.0 (1,238.5–8,832.5) 3,097.0 (1,407.0–7,447.0) 0.99‡

Low voltage on
electrocardiography

6 (28.6%) 5 (11.9%) 11 (17.5%) 0.1575†

LV septal wall thickness
(mm)

18.3 (2.96) 14.1 (3.43) 15.7 (3.83) 0.0001*

LV posterior wall thickness
(mm)

16.4 (2.63) 13.1 (2.99) 14.3 (3.28) 0.0004*

LV mass (g) 352.3 (108.5) 272.4 (101.5) 300.7 (110.1) 0.005*
LV mass index (g/m2) 175.7 (51.8) 137.2 (42.5) 150.4 (49.1) 0.002*
LV End-diastolic diameter

(mm)
44.5 (6.69) 47.2 (6.95) 46.2 (6.91) 0.143*

Ejection fraction (%) 47.9 (15.2) 51.8 (15.2) 50.5 (15.2) 0.34*
Stroke volume (mL) 65.6 (25.7) 76.4 (25.1) 72.5 (25.6) 0.1146‡

Cardiac index (L/m2/min) 2.4 (0.83) 2.8 (0.88) 2.6 (0.88) 0.075†

Tricuspid annular plane
systolic excursion by
M-mode (mm)

12.3 (3.30) 17.2 (5.36) 15.8 (5.29) 0.0250‡

Pericardial effusion 8 (36.4%) 6 (14.3%) 14 (21.9%) 0.0584†

Heart-to-contralateral ratio 1.7 (0.4) 1.1 (0.2) 1.3 (0.4) ,0.001†

PYP scale¶ 0 (0.0%) 30 (71.4%) 30 (46.9%) ,0.001†

0 2 (9.1%) 7 (16.7%) 9 (14.1%)
1 6 (27.3%) 2 (4.8%) 8 (12.5%)
2 14 (63.6%) 3 (7.1%) 17 (26.6%)
3 0 (0.0%) 30 (71.4%) 30 (46.9%)

*Unequal-variance 2-sample t test.
†Fisher exact test.
‡Wilcoxon rank-sum test.
¶Qualitative value for interpretation is determined by comparing uptake in myocardium. Grade 0 5 no myocardial uptake, grade 1 5

myocardial uptake less than bone uptake, grade 2 5 myocardial uptake equal to bone uptake, grade 3 5 myocardial uptake greater than
bone uptake.

Qualitative data are number and percentage; continuous data are mean and SD or median and interquartile range.
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Segment-to-Segment Comparison
Segment-to-segment analysis (Table 3) demonstrated a sta-

tistically significant difference in strain between PYP1 and
PYP2 patients in 4 segments: basal inferior (P5 0.006),
basal anterolateral (P5 0.01), apical septal (P5 0.002), and
apical inferior (P5 0.001). No other segments demonstrated
a statistically significant difference. The segments with a sig-
nificant difference in strain were in either the basal or the api-
cal segments.

Comparison of LV Diastolic Dysfunction
LV diastolic dysfunction significantly differed between

the 2 groups, occurring in 17 (77.3%) patients in the PYP1
group versus 15 (36.6%) in the PYP2 group (P5 0.002).
When the PYP1 group was compared with the PYP2
group, the medial E/e9 ratio was significantly higher in the
PYP1 group, and the mean mitral A wave velocity and the
medial and lateral e9 velocity measurements were signifi-
cantly lower in the PYP2 group. Also, we observed trends

toward a higher mean E/A ratio and lateral E/e9 ratio in the
PYP1 group. These data consistently demonstrated worse
diastolic function in PYP1 patients. Detailed data are sum-
marized in Table 4.

DISCUSSION

Our CA patient cohort had a similar age, sex, and race dis-
tribution to that in published data (10,21–23); the absence of
female cases in the PYP1 group was likely due to the small
sample size, as PYP1 is known to have a male-predominant
population according to previous reports. LV mass and LV
mass index were significantly higher in PYP1 patients.
PYP1 patients were older than PYP2 patients. To the best
of our knowledge, this was the first study that demonstrated
a difference in global and regional strain patterns among the
TTR subtype CA, as determined by 99mTc-PYP imaging, and
provided a segment-to-segment comparison between PYP1
and PYP2 segments. Our study showed the correlations

TABLE 2
Regional Comparison in PYP1 Vs. PYP2 Participants Using 17-Segment Model

Region PYP 1 (n 5 22) PYP2 (n 5 42) Total (n 5 64) P*

Global (%) 210.5 (2.6) 213.1 (4.1) 212.2 (3.9) 0.003
Apex (%) 217.6 (4.7) 219.0 (6.5) 218.5 (5.9) 0.35
Mid (%) 29.6 (4.0) 211.7 (4.4) 211.0 (4.6) 0.07
Basal (%) 24.6 (2.6) 28.8 (4.0) 27.3 (4.1) ,0.001

*2-sample t test.

TABLE 3
Segment-to-Segment Comparison in PYP1 Vs. PYP2 Participants Using 17-Segment Model Individually

PYP2 PYP1

Segment Region n Mean (%) n Mean (%) P*

Basal Anterior 49 28.5 (6.82) 12 25.7 (4.31) 0.17
Anteroseptal 54 213.3 (7.58) 8 214.3 (6.86) 0.73
Inferoseptal 50 219.3 (8.09) 9 220.3 (7.55) 0.71

Inferior 44 28.7 (6.44) 16 23.3 (6.27) 0.006
Inferolateral 46 211.7 (8.40) 15 210.9 (6.51) 0.74
Anterolateral 51 219.7 (8.63) 9 211.8 (8.57) 0.01

Mid Anterior 45 28.3 (6.00) 18 26.3 (4.69) 0.20
Anteroseptal 40 210 (5.92) 21 28.4 (4.63) 0.31
Inferoseptal 41 218.9 (8.91) 22 218.0 (5.69) 0.61

Inferior 45 29.4 (8.64) 18 27.6 (6.12) 0.42
Inferolateral 48 29.1 (6.12) 14 27.9 (4.07) 0.52
Anterolateral 49 216.4 (8.25) 14 215.6 (6.44) 0.76

Apical Anterior 51 212.4 (4.80) 12 210.2 (3.09) 0.15
Septal 41 213.1 (4.96) 22 29.9 (2.85) 0.002
Inferior 42 213.1 (4.90) 21 29.7 (2.80) 0.001
Lateral 51 212.4 (4.76) 12 210.2 (3.31) 0.13
Apex 55 212.2 (4.67) 8 210.5 (3.83) 0.33

*2-sample t test.
Data in parentheses are SDs.
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between 99mTc-PYP uptake and myocardial strain function im-
pairment and provided insight on the underlying mechanism.

Correlations Between 99mTc-PYP Uptake and Myocardial
Strain Function Impairment
Our results demonstrated an overall compromised myocar-

dial strain function and the basal-to-apex gradient (apex spar-
ing) in both PYP1 and PYP2 groups, as is consistent with
prior studies and again supports the concept of apex sparing
regardless of the background pathogenesis of CA (10,11,
24,25). Our study further provided a head-to-head comparison
between the 2 groups and revealed significantly worse LV
GLS and basal regional strain in the PYP1 group, with a trend
toward a worse mid ventricular regional strain and a relatively
spared apical regional strain. This result is also reflected by the
significantly higher RALSI in the PYP1 group, indicating a
larger gradient of longitudinal strain. In the segment-to-seg-
ment comparison, the PYP1 segments generally had worse
segmental strain function, despite not reaching statistical signif-
icance in every segment.
Our findings provided qualitative evidence for the correla-

tions between 99mTc-PYP uptake and impaired myocardial
strain function in patients with suspected CA. A previous
European study found that quantified 99mTc-hydroxymethy-
lene diphosphonate uptake in patients with TTR-related CA
had an apex-sparing pattern similar to that of strain echo
imaging (13) and suggested a higher amyloid burden in the
basal region as the underlying mechanism. Our study sup-
ports the concept and further provided a head-to-head com-
parison of the nuclear tracer uptake and strain function, as
echocardiography was not performed in the other study.
We also attempted to compare our results with prior studies

that assessed myocardial strain function in different subtypes
of CA. However, because of a lack of endomyocardial biopsy
results to confirm the certain subtype, it is difficult to directly
compare our results with these studies. Our PYP1 group con-
tained TTR-related CA; however, this population can still

include wild-type TTR and hereditary TTR, which may pre-
sent with a different LV strain function (10). Quarta et al.
reported better LV GLS in patients with hereditary TTR
(215%64%) than in those with wild-type TTR
(211%63%) or AL-type TTR (212%64%) in 172 endo-
myocardial biopsy–confirmed patients (10). Our PYP1 group
had a mean LV GLS similar to that of the wild-type TTR
group. Compared with Quarta’s report, our PYP1 patients
were 5–6 y older and had a higher LV mass index and mildly
impaired LV ejection fraction (10), which can represent more
severe phenotypes of the disease and therefore can be related
to worse LV GLS. Another study reported no difference in
LV GLS among 3 major subtypes (AL, wild-type TTR, and
hereditary TTR) of CA, with an impaired LV GLS strain at
about 210% (11). Surprisingly, despite the worse LV GLS
across all 3 groups, all LV ejection fractions were within the
reference range in their study. The above studies show that
patients with hereditary TTR might have a heterogeneous pre-
sentation concerning their LV GLS, potentially explaining
our observation of worse LV GLS in the PYP1 group.
Longitudinal strain impairment is known to correlate with

amyloid burden as measured by histopathology staining and
late gadolinium enhancement on cardiac MR images (11). Our
observation suggests that longitudinal strain impairment is also
related to 99mTc-PYP uptake from the segmental to the global
level. Although the exact mechanism of PYP uptake remains
unclear, a potential mechanism such as microcalcification of
myocardial tissue may play a role in the development of strain
function impairment (14). This possibility is also supported by
Gucht et al., who observed an apex-sparing pattern of 99mTc-
hydroxymethylene diphosphonate uptake (13).
The value of investigational amyloid PET agents in clinical

trials and the literature for diagnosis and investigation of CA
has been encouraging. However, there is still a lack of con-
vincing clinical evidence in distinguishing TTR CA from AL
CA (25).

TABLE 4
LV Diastolic Function Parameters

Parameter PYP1 (n 5 22) PYP2 (n 5 42) Total (n 5 64) P

Presence of diastolic dysfunction 17 (77.3%) 15 (36.6%) 32 (50.0%) 0.002*
Peak tricuspid regurgitation velocity (m/s) 2.7 (0.44) 2.9 (0.46) 2.8 (0.46) 0.176†

Right ventricular systolic pressure (mm Hg) 40.3 (12.7) 44.1 (15.1) 42.8 (14.3) 0.3370‡

E-wave velocity (m/s) 0.9 (0.8–1.0) 0.8 (0.7–1.0) 0.9 (0.7–1.0) 0.70†

A-wave velocity (m/s) 0.5 (0.3–0.7) 0.8 (0.6–0.9) 0.7 (0.5–0.9) 0.03†

E/A ratio 2.0 (1.1–3.0) 1.2 (0.9–1.8) 1.3 (1.0–2.0) 0.06†

E deceleration time (ms) 154.5 (140.0–189.0) 178.0 (139.0–205.0) 170.0 (140.0–205.0) 0.46†

Tissue doppler medial e9 . velocity (cm/s) 3.3 (1.9) 4.7 (1.7) 4.2 (1.9) 0.009†

Tissue doppler lateral e9 . velocity (cm/s) 4.4 (2.0) 6.3 (2.3) 5.6 (2.4) 0.009†

E/e9 ratio medial 32.4 (18.3) 22.0 (12.1) 25.8 (15.3) 0.02‡

E/e9 ratio lateral 21.8 (9.2) 17.0 (10.3) 18.8 (10.1) 0.07‡

*Fisher exact test.
†Wilcoxon rank-sum test.
‡2-sample t test.
Qualitative data are number and percentage; continuous data are mean and SD or median and interquartile range.
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In brief, despite having a similar compromised GLS and
basal-to-apex regional strain gradient pattern, the overall
worse global strain function and higher RALSI can poten-
tially be used to characterize PYP1 patients. With the
advantage of being readily available and free of radiation,
speckle-tracking strain imaging can become a more valu-
able noninvasive diagnostic tool in the assessment of CA
by providing additional subtyping and prognostic informa-
tion before an advanced imaging study such as 99mTc-PYP.

Diastolic Dysfunction in PYP1 or PYP2 Patients
Although the apex-sparing strain pattern is characteristic in

CA patients, diastolic dysfunction also plays an important
role in their clinical presentation and can independently pre-
dict mortality (26). Diastolic dysfunction in CA patients has
been observed in early studies and can deteriorate with pro-
gression of the disease (27,28). We observed significantly
worse diastolic function measured by E/A ratio, medial and
lateral e9 velocity, and E/e9 ratio in the PYP1 group than in
the PYP2 group. To the best of our knowledge, this was the
first report to compare PYP1 and PYP2 patients, and our
findings indicate that 99mTc-PYP uptake can be a surrogate
marker for worse cardiac diastolic function patients with sus-
pected CA. Again, because the significantly older age in our
PYP1 group may reflect a later stage of the disease, this
result should be interpreted carefully.

Limitations
The study was limited by its retrospective, single-center

design. The relatively low number of participants was due to
the strict enrollment criteria for participants undergoing
99mTc-PYP scanning and, within 90 d, strain imaging at a sin-
gle center. To sufficiently power future similar studies, partic-
ipants will likely need to be enrolled from multiple centers.
The comparison of strain imaging using the 18-segment
model and 99mTc-PYP imaging using the 17-segment model
was troublesome and may significantly compromise the seg-
ment-to-segment comparison of the apical strain. Efforts were
made to minimize this discrepancy as much as possible.
Because the intervals between 99mTc-PYP injection and scin-
tigraphy scanning can lead to different false-positive rates
among different protocols, caution should be take when gen-
eralizing our results to different scanning protocols.
With limited endomyocardial biopsy results, we were not

able to further identify the patients in the PYP1 group as
hereditary or wild-type TTR, which may present with dif-
ferent levels of myocardial strain dysfunction.

CONCLUSION

With the advance of imaging technology, noninvasive
approaches such as 99mTc-PYP imaging have become an
essential part in the diagnosis of CA, without the need for
endomyocardial biopsy. Our study suggested that 99mTc-PYP
uptake is related to overall worse LV segmental, regional, and
GLS function, as well as diastolic function, than is no 99mTc-
PYP uptake. Our work provides important data allowing

clinicians to appreciate the echocardiographic features related
to 99mTc-PYP uptake and can serve as a hypothesis-generat-
ing tool for future investigators.
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KEY POINTS

QUESTION: How do 99mTc-PYP imaging and echocardio-
graphic strain imaging compare in the assessment of TTR
CA?

PERTINENT FINDINGS: Our study suggested that
99mTc-PYP uptake is related to overall worse LV segmen-
tal, regional, and GLS function, as well as diastolic
function, compared with no 99mTc-PYP uptake.

IMPLICATIONS FOR PATIENT CARE: These data are
important for helping clinicians learn about the echocar-
diographic function features related to 99mTc-PYP uptake
and can help generate hypotheses for future studies.
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Predictive Model for 82Rb Generator Bolus Times as a
Function of Generator Lifetime

Alexander W. Scott1, Mark Hyun1, and Jennifer Kim2
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82Rb cardiac PET is largely used to study myocardial perfusion
with function and to calculate myocardial blood flow (MBF) and
coronary flow reserve or myocardial flow reserve. Although the
dosing activity of 82Rb is determined by the patient weight, the
infusion volume and activity concentration varies with the age of
the 82Rb generator. We sought to predict the needed bolus
volume of 82Rb to help evaluate the accuracy of MBF findings.
Methods: Data were collected from deidentified tickets of an
82Rb generator, including the instantaneous eluted activity flow
rate. The times to reach 4 activity levels—740, 1,110, 1,480, and
1,665 MBq (20, 30, 40, and 45 mCi, respectively)—were also cal-
culated. The activity flow rate for the largest bolus was fitted to
determine the functional form. The time to reach each bolus level
was fitted as a function of the generator age, and 95% CIs were
created. Results: The activity flow rate was fitted with a growth-
saturation model, allowing a calculation of bolus volume. The
amplitude of the fit was observed to also be influenced by the
time since the last elution and possibly other clinical factors. Elu-
tion times to reach the 4 activity levels were plotted versus gener-
ator age. The linearized data were fitted, and 95% CIs were
created symmetrically around the fit. The 95% CI band allowed a
prediction of elution time to achieve each bolus size for future
generators, as a function only of generator age. Conclusion: A
predictive model was created for elution times from this brand of
82Rb generator as a function of generator age. The value of this
model is in determining whether the necessary amount of activity
can be extracted from a generator before reaching one of the
backup infusion settings, such as volume limits per administra-
tion, given a generator age. Some sites may also control the bolus
duration for better MBF calculations, since predicting the time for
the injection to complete may determine whether MBF and coro-
nary flow reserve calculations are meaningful.

KeyWords: 82Rb;modeling; physics
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Although both myocardial perfusion SPECT and PET
imaging provide valuable information on the 3-dimensional
distribution of radiotracers into myocardium, there are

several physical differences by which PET has a clear
advantage over SPECT (1). PET has a high spatial and tem-
poral resolution, reliable attenuation and scatter correction,
short imaging protocols using short-lived positron-emitting
radiotracers to acquire 3-dimensional acquisitions simulta-
neously (which offers tracer kinetic models to obtain abso-
lute myocardial blood flow [MBF] measurements for rest
and stress, where coronary flow reserve or myocardial flow
reserve are terms interchangeable with rest MBF and stress
MBF, respectively), and relative perfusion and function
analysis as well. These important properties of myocardial
perfusion PET imaging translate into high diagnostic accu-
racy, consistent high-quality images, low radiation expo-
sure, short acquisition protocols, routine quantification of
MBF, and strong prognostic power.
According to a position statement by the American Society

of Nuclear Cardiology and the Society of Nuclear Medicine
and Molecular Imaging (2), rest–stress PET myocardial per-
fusion imaging is a preferred test for patients with known or
suspected coronary artery disease who meet appropriate crite-
ria and are unable to exercise adequately. Rest–stress PET
myocardial perfusion imaging is recommended for patients
with suspected coronary artery disease who also meet one or
more of the following criteria: patients with poor-quality,
equivocal, or inconclusive results on prior stress imaging or
results that are discordant with clinical or other diagnostic test
results, including findings at coronary angiography; high-risk
patients with advanced kidney disease, diabetes, or known
disease in the left main coronary artery, multiple coronary
arteries, or the proximal left anterior descending coronary
artery; patients who have undergone heart transplantation;
young patients with coronary artery disease; and patients who
need MBF to assess microvascular function.
According to a joint position paper of the Society of

Nuclear Medicine and Molecular Imaging Cardiovascular
Council and the American Society of Nuclear Cardiology
(3), under resting conditions, autoregulation of myocardial
tissue perfusion occurs in response to local metabolic
demands. Rest MBF has been shown to vary linearly accord-
ing to the product of heart rate and systolic blood pressure
(3,4). Interpretation of the stress MBF results together with
coronary flow reserve (myocardial flow reserve) accounts for
the confounding effects of resting hemodynamics (heart rate
and systolic blood pressure). To ensure accurate estimates of
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MBF and coronary flow reserve (myocardial flow reserve), it
is critical to verify that each dynamic series is acquired and
analyzed correctly. Therefore, it is important to note that con-
sistent tracer injection profiles improve the reproducibility of
MBF measurements and to ensure adequate sampling of the
compete arterial blood input function (3).
Assessment and correction of patient motion between the

first-pass transit phase and the late-phase myocardial reten-
tion images are essential, as motion can otherwise introduce
a large bias in the MBF estimates compared with the rela-
tive perfusion image findings. The peak height of blood
pool time–activity curves at rest and stress should be com-
parable if similar radiotracer activities are injected. If there
are substantial differences, extravasation or incomplete
delivery of tracer may have occurred and may result in
inaccurate MBF estimates. Because variations in the tracer
injection profile can adversely affect MBF accuracy, blood
pool time–activity curve should be visually examined for
multiple peaks or broad peaks, which may suggest poor-
quality injections due to poor-quality intravenous catheters,
arm positioning, or other confounding factors from the
patient’s physiology (3).
Another potential source of variability in radiotracer deliv-

ery is the 82Rb generator itself. The current recommendation
is to inject a weight-based activity level to minimize popula-
tion radiation dose (or collective dose, due to the 82Rb proce-
dures) (5). The ability to deliver a large dose for a large body
habitus may be compromised as the generator reaches the end
of its lifetime, since the activity curve for the daughter isotope
delivered from a generator must vary as the parent isotope
decays. The peak height of the activity curve will vary
depending on whether the activity is injected as a bolus
(activity concentrated in time and location) or is injected con-
tinuously as the generator struggles to produce. A recent
guide from the American Society of Nuclear Cardiology and
the Society of Nuclear Medicine and Molecular Imaging on
PET measurements of MBF (6) recommends the following to
control the duration of a bolus for accurate MBF measure-
ment: ensure a good, free-flowing forearm intravenous line
(20-gauge or larger) for tracer administration; flush with
saline immediately after the tracer administration to help clear
the blood pool activity; review and compare the rest–stress
time–activity curves on dynamic images as a quality control;
apply motion correction on dynamic images as needed; fol-
low the weight- or body mass index–based dosing consis-
tently; and schedule obese patients for an earlier generator
cycle to minimize administering the suboptimum tracer activ-
ity because of the volume limit. The last 2 points, regarding
bolus duration and weight-based dosing, are dependent on
generator performance.
For these reasons, it may be of interest to develop a

method for calculating the bolus length for a patient given
that patient’s weight and the age of the generator (defined
as days after calibration). If the time to achieve a complete
bolus injection exceeds a level set by the nuclear cardiolo-
gist, or would exceed the infusion cart’s infusion volume

limit setting, then the patient will not receive the diagnostic
quality as ordered. The examination may need to be
rescheduled for a time when the generator is fresher or
when the next generator has been installed, or the clinical
approach may need to be changed. This article provides a
formula for this calculation, which is based on deidentified
injection printouts for a CardioGen-82 (Bracco) 82Rb gener-
ator covering its full clinical life.

MATERIALS AND METHODS

The data sample came from deidentified tickets (data output)
produced by 3 CardioGen-82 generators. All 3 were calibrated for
3,700 MBq (100 mCi) and were in use for 1 mo each, for a total
of 491 elutions. Each generator was retired from clinical use after
1 mo, following institutional policy. One generator was studied
independently, and then all generator data were combined for an
overall analysis. The following information was extracted from
each ticket: date, time, total injected volume, total injected activ-
ity, and injected activity rate at each second during the injection.
For each elution, the peak injected activity rate was recorded and a
calculation was made of the injection duration in seconds to inject
up to 4 different activity levels (740, 1,110, 1,480, and 1,665 MBq
[20, 30, 40, and 45 mCi, respectively]).
Two separate datasets were created for the purpose of predicting

generator behavior. The first dataset was the complete injected
activity curve for each injection, for the purpose of predicting the
required time to administer a certain amount of activity. The
injected activity rate curve of one large bolus injection was fitted
using Microsoft Excel to determine the functional form of the
bolus over time, and this functional form was applied to the other
elutions. Once the functional form was verified, the peak injected
activity rate was used as a proxy for the amplitude of the fit when
comparing the individual elutions.
The second dataset consisted of the time to reach 4 different

injected activity level as a function of the age of the generator, in
days since calibration. For each of the chosen activity levels, 95%
CI bands were created by fitting the data in OriginPro (OriginLab
Corp.) using an exponential growth function of the form
y tð Þ5y01A $ exp t

t1

# !
, where y tð Þ is the time to achieve a certain

bolus of activity given a generator age t,y0 is the threshold time
(the generator is being eluted but activity is not injected until a
threshold of 37 MBq [1.0 mCi]/s), A is the amplitude (s), and t1 is
the growth constant. A 95% CI band was created symmetrically
around the fit by shifting y0 (the y intercept) by 6Dy to encompass
95% of the data between the shifted curves. The fit and 95% CI
band allowed prediction of the time to achieve that bolus size for
future generators as a function of generator age.

RESULTS

The plot of injected activity per second over time for a
single large bolus was well fitted by a growth-saturation
model of the form y tð Þ5y01A $ t2t0ð Þ $ exp 2C $ t2t0ð Þð Þ,
shown in Figure 1. The reduced x2 of the fit was 0.61 using
an uncertainty of 5% on the activity from the injection
cart’s dose calibrator. This model allowed calculation of the
total injected activity at any time during the elution. How-
ever, the peak injected activity rate did not follow an expo-
nential decay with the age of the generator but peaked
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within a week of the calibration date of the generator. Also,
the peak injected activity rate fluctuated throughout the day,
as shown by the spread of peak injection activity rates in
Figure 2.
The time to administer 4 different injected activity levels

separated into distinct regions, although the bands that con-
tained 95% of the data did overlap at low generator ages, as
shown in Figure 3. The 740-MBq (20 mCi) activity level
band contained results from 459 elutions, the 1,110-MBq
(30 mCi) band contained results from 454 elutions, the
1,480-MBq (40 mCi) band contained results from 169 elu-
tions, and the 1,665-MBq (45 mCi) band contained results
from 60 elutions. The parameters of the best fit to the data,

along with the Dy of the 95% CI bands, are listed in Table
1. These are the parameters of 4 exponential growth models
(for the 4 target activity levels studied) of the form
y tð Þ5y01A $ exp t=t1ð Þ. Given the age of the generator, the
user can calculate the duration of the bolus (s) that will pro-
duce one of the 4 activity levels described. Alternatively,
the user can take an upper limit for the bolus duration and
use the formula t5t1 $ ln y2y0

A

% $
to calculate the last day of

generator life on which that bolus can (on average) be
achieved.
Some data were excluded from this fit; data from the first

3 d of each generator, when the peak activity rate was
increasing, were removed. Also, a single generator had data
from 2 d that did not conform to the distribution of the other
points, as evidenced by a large residual to the fit, and these
data were removed.

DISCUSSION

Although the injected activity rate was well fitted, the
amplitude did not depend solely on the physics of radioac-
tive decay. The peak output activity rate (used as a proxy
for the amplitude in the growth-saturation fit) increased for
the first few days of use and then decreased throughout the
week, except the rate did not decrease consistently over the
weekend. The generator was not used over the weekend,
but the data in Figure 2 for Fridays and Mondays do not

FIGURE 1. Activity infusion rate data and fit for sample bolus
from February 9, 2017, with fit parameters for growth-saturation
curve of form y tð Þ5y01A $ t2t0ð Þ $ exp 2C $ t2t0ð Þð Þ.

FIGURE 2. Peak activity infusion rate for each study from one
representative generator as function of generator age. Amplitude
of activity rate curve did not decrease exponentially with genera-
tor age as expected. There is also up to 10% variation in peak
activity rates within a single day.

FIGURE 3. Best fit bands for 4 activity levels and time to elute
each, as function of generator age. Each band contains 95% of
data points for each injected activity level. Data are combined
from 3 separate 82Rb generators. Top image is with anomalous
results from day 24; bottom image is without.
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show a consistent pattern. Following a similar pattern, a
correlation between peak injection activity rate and length
of time since the last elution was observed.

82Sr and 82Rb are in secular equilibrium, and a generator
that is eluted every 10 min will have a daughter-to-parent
ratio of 99.7%; because clinical practice dictates no less
than 10 min between elutions, a correlation was unexpected.
The correlation was determined using the Pearson method
to produce a coefficient and correlation likelihood; for 1
generator, 100% of days with clinical use showed a 95%
likelihood or greater correlation between the eluted peak
activity rate and generator rest times. This positive correla-
tion held true even to 350 min since the last elution, which
is more than 2 orders of magnitude greater than the half-life
of the 82Rb daughter isotope. The variation in peak output
due to time since the last elution (a maximum difference of
10%) is greater than the variation between days as the gen-
erator ages, as shown in Figure 4. Although longer rest
times will have some marginal benefit to bolus lengths as

the generator ages, the variability of peak output with gen-
erator rest times is one of the confounding factors in pre-
senting a completely deterministic model.
These 2 complications are consistent with findings from

the initial development of the 82Sr/82Rb generator by TRI-
UMF (7). As the generator was eluted over time, the distri-
bution of 82Sr within the generator column changed from a
narrow band at the top of the column to a much broader
peak toward the bottom. Therefore, one would expect the
diffusion rate to be higher later in the generator’s life
because of the greater surface area covered with 82Sr. In a
private communication with a Bracco scientist (Dr. Adrian
Nunn, oral communication, February 20, 2018), it was con-
firmed that rest periods of longer than 10 min should result
in greater activity in solution because chemical equilibrium
has not yet been reached.
Regarding the fit to the second dataset, the prediction band

for 1,665 MBq (45 mCi) had much less precision than the
bands for other activity levels, having a bandwidth of 8 s

compared with 1–2 s for 740- and
1,110-MBq (20 and 30 mCi) activity
levels. Subtracting 1 d of data from
each of 2 different generators reduced
the bandwidth to 2.5 s while keeping
52 of the 60 data points. Although there
is not a priori justification for this
change to the dataset, it does suggest
that the true distribution of bolus times
is more narrow and that there is an
uncontrolled variable causing longer
elution times on certain days. One pos-
sibility is that the intravenous gauge
used clinically was different for those 2
d, since the elution times were signifi-
cantly longer given the eluted activity.
The clinical significance of the

model was varied across different dose
limits. The effect of the bolus lengthen-
ing can be best seen at 42 d, which is
the generator expiry limit. For an elu-
tion of 740 MBq (20 mCi), the model

TABLE 1
Fit Parameters for Time to Elute Certain Activity Levels as Function of Generator Age, Following Functional Form

y tð Þ5y01A $ exp t
t1

# !
Fit (mCi) y intercept (y0) (s) Amplitude (A) (s) Growth constant (t1) (d

21) Band range (s)

20 6.05 2.31 37.54 61.05
30 6.25 5.21 32.60 61.70
40 9.25 5.70 17.33 65
45 2.93 13.12 20 68
Modified 45 16.22 3.15 10.96 62.5

Additional fit was performed for largest eluted activity (1,665 MBq) to demonstrate that data could be more precisely fitted without
2 days’ worth of generator results.

FIGURE 4. Peak activity injection rate for each elution, compared with time since last
elution. Lines connect data from same day, such that points come from same generator
age. Ten minutes is minimum spacing for clinical use, and no studies had time of less
than this value since last elution. On the basis of secular equilibrium assumptions,
82Rb/82Sr ratio should be 99.7% of its maximum at 10 min. Elution continues to produce
higher peak activity rates with resting times up to 3 h, the longest time measured.
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predicts an elution time of 13 s at day 42, which is not much
more than the 8.5 s predicted for day 2. Meanwhile, the
1,665-MBq (45 mCi) model predicts an elution time of 110 s
at day 42, in contrast to the 17 s required on day 2.
Our institution limits the infusion to 50 mL to a patient,

which although more restrictive than the prescribing infor-
mation limit of 100 mL, may be more relevant to clinical
practice. With a flow rate setting of 50 mL/min, and a start-
up time of approximate 14 s, the maximum elution time is
74 s before triggering the elution to stop. For a cutoff time
of 74 s, the model predicts that the last day to achieve 1,665
MBq (45 mCi) is day 34; the last day to achieve 1,480
MBq (40 mCi) is day 42. The other 2 activity levels, 740
and 1,110 MBq (20 and 30 mCi), will not be limited before
the expiry of the generator.

CONCLUSION

We were able to develop predictions for the time to elute a
bolus of certain durations from an 82Rb generator as a func-
tion of generator age. Given the flow rate (mL/min) setting
selected by the user, the volume of the bolus can be deter-
mined from the duration of the elution. Although the eluted
activity rate over time was well fitted by a growth-saturation
curve, the amplitude of this curve was not dependent just on
generator age but also on factors such as generator rest times
and likely clinical factors such as patient circulatory resis-
tance and gauge of an intravenous line as well.
There were real instances of truncated elutions; within

the datasets collected, there were a few elutions in which
the full prescribed activity was not delivered because of
triggering of the limit on patient volume (50 mL). For a
1,665-MBq (45 mCi) prescribed activity on day 31 of the
generator, the elution was cut off at 72 s because the patient
volume limit was hit, and the observed elution time is
within the prediction range. The prediction bands for differ-
ent activity levels allow for a range of bolus injection times
that run up to 66 6 8 s for 1,665 MBq (45 mCi) on day 31.
The consequences of performing a coronary flow reserve

examination using a bolus duration of 61 s (1,665 MBq, or
45 mCi, on day 30) could include erroneous myocardial
flow reserve calculations. The authors of this article
reviewed our institution’s records for patients with myocar-
dial flow reserve calculations and whose examinations
resulted from different 82Rb generators, but the data were
sparse because this information was not included until
somewhat recently. We plan to test our predictions on
future generators to determine the broader applicability and
to evaluate the clinical impact once more multiyear records
are available.
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KEY POINTS

QUESTION: Can an 82Rb generator bolus duration be
predicted as a function of activity eluted and the generator
age?

PERTINENT FINDINGS: For a particular generator model,
the activity output rate was fitted with a growth-saturation
curve and the times to achieve certain eluted activities
were fitted as a function of generator age using an
exponential curve and symmetric bands to capture 95%
of the data points.

IMPLICATIONS FOR PATIENT CARE: Utilizing these
calculations allows patients to be rescheduled if their
predicted injection time given the prescribed 82Rb activity
and generator age would exceed the preset bolus duration
limit.
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68Ga-prostate-specific membrane antigen (PSMA) ligands are
used for prostate cancer but also show high renal cortical uptake.
In this study, we aimed to assess whether there is any correlation
between renal PSMA PET parameters and renal function tests
using the images of prostate cancer patients. Methods: 68Ga-
PSMA-11 PET/CT images of the patients with prostate cancer
were retrospectively evaluated. The following PET parameters
were obtained: SUVmax, SUVmean, SUVmax corrected for lean body
weight, SUVmean corrected for lean body weight, volume, lean
body weight–corrected total lesion glycolysis (TLGSUL), and
counts of both kidneys, as well as SUVmean of the liver, blood
pool, and spleen. Total TLGSUL, total volume, kidney-to-liver ratio,
and kidney–to–blood pool ratio were calculated. Creatinine values
were obtained, and glomerular filtration rate (GFR) was calculated
using the “Modification of Diet in Renal Disease” formula. Statisti-
cal analysis was performed to understand whether there is a cor-
relation between the above parameters and renal function tests.
Results: Twenty-five patients were included in this study. GFR
was significantly and positively correlated and creatinine was sig-
nificantly and negatively correlated with the ratios of renal SUV to
liver SUV and renal SUV to blood pool SUV. GFR was marginally
positively correlated with renal SUVmean corrected for lean body
weight, and creatinine was marginally negatively correlated with
total TLGSUL. Total renal parenchymal volume was significantly
and directly (positively) associated with GFR and significantly and
inversely (negatively) associated with creatinine. Conclusion:
Renal 68Ga-PSMA uptake appears to be correlated with renal
function tests. Our method of measuring approximate renal
parenchymal volume on PET images appears to be reliable.

KeyWords: PET/CT; 68Ga PSMA-11; kidney; renal function
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Prostate-specific membrane antigen (PSMA), also
known as glutamate carboxypeptidase II or folate hydrolase,
is a type II transmembrane protein that is found mainly in
prostate tissue. PSMA is overexpressed in prostate cancer
and various other malignancies and in extraprostatic normal

tissues, with the highest expression being in the kidneys
and salivary glands (1–3). In immunohistochemical analy-
sis, detectable PSMA levels were identified in the brush
borders and apical cytoplasm of a subset of proximal renal
tubules, where PSMA is responsible for the reuptake of
folates via epithelial brush cells (1,4). Renal folate reab-
sorption seems to be mediated primarily by the glycosyl-
phosphatidylinositol-anchored protein folate receptor a,
which is highly expressed at the brush-border membrane of
proximal tubule cells (1,4–6).

68Ga-PSMA ligands or inhibitors are novel PET radio-
tracers to image prostate cancer and its metastases (7,8).
Recently, 68Ga-PSMA-11 was approved by the Food and
Drug Administration for prostate cancer imaging, and other
PSMA ligands (68Ga and 18F) are currently being evaluated
in Europe for approval by the European Medicines Agency
(9). PSMA ligands radiolabeled with 177Lu and 225Ac are
also used to treat prostate cancer metastases, with increasing
success (10,11). Studies have reported no significant effect
on renal function, although therapeutic radiolabeled PSMA
ligands show high renal uptake and excretion (12,13).
In various articles, Sarikaya et al. have reported that

68Ga-PSMA-11 shows excellent uptake and distribution in
the renal parenchyma and demonstrates defects caused by
various sizes of simple cortical cysts (14–16). In a patient
with chronic pyelonephritis, the image resolution of renal
PSMA PET as part of a prospective study in adults was
superior to that of dimercaptosuccinic acid (DMSA) scan-
ning (17).
DMSA is the current gold standard for renal cortical

imaging, but there is a shortage of this tracer in various
countries, including the United States, and there is a need
for alternative radiotracers to image the renal cortex (18).
Renal uptake of 99mTc-DMSA has been shown to corre-

late well with the effective renal plasma flow, glomerular
filtration rate (GFR), and creatinine clearance (19–23).
In this study, we wanted to determine whether there is a

correlation between renal PSMA PET parameters and renal
function tests. Our aim was to understand whether PSMA
PET is suitable for renal cortical imaging and whether
PSMA uptake parameters can be used to assess or estimate
renal function in patients treated with radiolabeled PSMA
ligands.
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MATERIALS AND METHODS

We retrospectively analyzed the 68Ga-PSMA-11 PET/CT images
of prostate cancer patients who had undergone renal function
testing (creatinine) within 14 d of imaging. All images were
obtained in the Nuclear Medicine Department at Dresden Munici-
pal Hospital.

Tracer Production and Image Acquisition
68Ga-PSMA-11 was radiolabeled with an automated module (Scin-

tomics GRP) as described previously (24).
Whole-body PSMA PET/CT images were obtained using a Bio-

graph 16 PET/CT camera (Siemens Healthineers) approximately
60 min after intravenous injection of 100–150 MBq (2.7–4.0 mCi)
of 68Ga-PSMA-11.
Before PET image acquisition, a low-dose, unenhanced CT

scan from vertex to mid thigh was obtained for attenuation correc-
tion, anatomic localization, and gross anatomic correlation. The
CT parameters included 16 mAs, 120 kV, a 0.8 pitch, 0.5s, 20 3

0.6 mm collimation, and a 5-mm reconstructed slice thickness.
The PET acquisition time was 3 min per bed position. The

images were corrected for attenuation on the basis of the CT data,
reconstructed using an iterative algorithm (Siemens TrueX), and
reformatted, as well as fused online into transaxial, coronal, and
sagittal views with Syngo Via MM Oncology VB40 (Siemens
Healthineers).

PET Image Analysis
Because of intense activity in the kidneys, PET images were

analyzed in low-intensity settings to better see the renal cortical
uptake and distribution and accurately place a volume of interest
(VOI) without including pelvicalyceal activity. For each kidney,
the 3 orthogonal planes on CT and PET were adjusted to optimally
draw an ovoid VOI around the respective kidney and exclude pos-
sible extrarenal or calyceal activity (Fig. 1). After the plane align-
ment, the VOI was drawn around the kidney and fitted around the
external border of the cortex. To exclude the renal pelvis, we used
a lower limit of at least 10 for SUVmax for an automatically cre-
ated isocontour VOI (Fig. 1). Another attempt using a lower limit
of 10% of SUVmax yielded suboptimal results, as a larger part of
the renal pelvis was often included in the isocontour VOI when
the kidney SUVmax was too low.

Measured Values
PET parameters (SUVmax, SUVmean, volume, and total counts)

for each kidney were determined on attenuation-corrected PET
images. The SUVmean of the liver, spleen, and blood pool was also
obtained with standard VOIs provided by the software (Fig. 2).

Calculated Values
From the measured values, SUVmax corrected for lean body

weight (SULmax), SUVmean corrected for lean body weight
(SULmean), and lean body weight–corrected total lesion glycolysis
(TLGSUL) were calculated for each kidney using the lean body
mass that was determined using the Janmahasatian formula to take
into account the highly variant patient body mass index (ranging
from 22.7 to 37.6) (25).
Finally, we calculated the mean renal SUVmax, SULmax,

SUVmean, and SULmean (arithmetic mean of right and left kidneys),
as well as kidney-to-liver and kidney–to–blood pool ratios, using
mean renal SUVmax and SUVmean.

We also calculated the total counts, total TLG, and total vol-
umes of both kidneys (sum of values of both kidneys).
GFR was calculated using the “Modification of Diet in Renal

Disease” formula (26).

Statistical Analysis
Statistics were analyzed using SPSS statistical software (version

27.0; IBM Corp.). Data were checked and cleaned for any abnor-
malities and coded accordingly. Simple descriptive statistics
including mean, SD, minimum, and maximum were calculated.
The most common procedure to get a point estimate for strength

of linear relationship between 2 continuous variables is to use the
Pearson correlation coefficient—provided that the variables follow
normal distributions. In the presence of outliers or when the data
are not normally distributed but can be ranked, the Spearman rank
correlation is the best option.
To get a CI estimate of the correlation coefficient in the case of

nonnormal data or with a small sample size, and to diminish the
effects of outliers, the bootstrap procedure (a computer-intensive
resampling technique) can be implemented to produce a CI esti-
mate for the correlation coefficient.
In this analysis, since some of the covariates were not normally

distributed and there were some outliers, we used the Spearman
rank correlation coefficient to estimate the strength of the linear
relationship, and we used the bias-corrected and accelerated boot-
strap method based on 2,000 resamplings to produce 95% CIs for
the correlation coefficient.
To find the most parsimonious multiple-linear-regression model

with covariates that are significantly associated with GFR and

FIGURE 1. Example of VOI placement. Ovoid VOI is placed
around kidney (black arrow). Software automatically traces edge
with previously defined lower boundary of SUVmax of 10, thus
establishing isocontour VOI with whole cortical kidney volume
(white arrow).
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creatinine, a stepwise regression method with backward substitu-
tion was implemented.
In the final multiple-linear-regression model, which resulted

from the stepwise procedure, only significant covariates, their P
values, and 95% CIs for their effect sizes were estimated. Out-
comes were tested for normality. The linearity assumption
between the outcome and the covariates was checked by Spearman
rank correlation.
The final models were tested for significance, residuals were

tested for normality, and multicollinearity was checked for all
covariates to ensure that no 2 covariates that were highly corre-
lated were included in the final model. All tests were 2-tailed, and
a P value of less than 0.05 was considered statistically significant.

RESULTS

From 2018 to 2020, we included 25 men in this study,
with a mean age of 71.6 y (SD, 9.84 y) and a mean body
mass index of 28.7 (SD, 4.0). Patient characteristics, GFRs,
and creatinine values are shown in Table 1. Two patients
were excluded because of high calyceal activity. All
patients received a diuretic (furosemide) injection. None of
the patients had pyelonephritis or hydronephrosis. The
mean interval between injection and imaging was 64 min,
and the range was 60–70 min.
Isocontour VOIs using a lower threshold of more than 10

for SUVmax made it possible to quickly estimate the approx-
imate renal parenchymal volume (Fig. 1), provided the renal
pelvis contained no residual tracer, which would overesti-
mate the renal counts, SUVs, and renal volumes (Fig. 3). In
most patients, the kidneys had a symmetric appearance and
uptake. Seven patients, however, showed either large cysts

or defects, and 2 of those showed
remarkable asymmetry in measured
volume and TLG but not in uptake
(SUVmax and SUVmean) (Fig. 4).
Table 2 shows the mean SUVmax,

SUVmean, SULmax, SULmean (arith-
metic mean of right and left kidneys),
total volume, and total TLG of the
kidneys and the SUVmean of the liver,
blood pool, and spleen.
The estimated Spearman rank correla-

tion coefficient between GFR and creati-
nine with several covariates, along with
their P value and 95% CI estimate, are

presented in Table 3. GFR was significantly and positively cor-
related with renal-to-liver and renal–to–blood pool ratios (mean
renal SUVmax–to–liver ratio, mean renal SUVmax–to–blood
pool ratio, mean renal SUVmean–to–liver ratio, mean renal
SUVmean–to–blood pool ratio) and age, whereas it was margin-
ally significantly and positively correlated with mean SULmean.
GFR was significantly and negatively correlated with the
SUVmean of the blood pool.
On the other hand, creatinine was significantly and nega-

tively correlated with renal SUV–to–liver and renal
SUV–to–blood pool ratios (mean renal SUVmax–to–liver
ratio, mean renal SUVmax–to–blood pool ratio, mean renal
SUVmean–to–liver ratio, mean renal SUVmean–to–blood
pool ratio) and age, whereas it was marginally significantly
and negatively correlated with total TLGSUL. It was margin-
ally positively correlated with age and marginally nega-
tively correlated with the SUVmean of the blood pool.

FIGURE 2. Example of VOI placement for liver (A), spleen (B), and blood pool (C). VOIs
for liver and blood pool are drawn by software, whereas splenic VOI had to be drawn
manually. Color version of this figure is available as supplemental file at http://tech.
snmjournals.org.

TABLE 1
Descriptive Statistics for Patient Characteristics (n 5 25)

Covariate n Mean SD Minimum Maximum

Age 25 71.6 9.84 34 82
Weight 25 88.4 13.72 68 116
Height 25 175.4 5.07 163 182
Body mass index 25 28.70 4.0 22.7 37.6
GFR 25 78.64 17.71 53 134
Creatinine 25 85.32 17.02 50 114

FIGURE 3. Example of excluded patient. Because of the large
portion of calyceal tracer (circled), patient was omitted from mea-
surement as software would add this area, falsifying measured
values.
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In 2 stepwise regression models for GFR and creatinine as
outcomes, total renal parenchymal volume was significantly
and directly (positively) associated with GFR (b 5 0.12; P 5
0.008; 95% CI, 0.035–0.205) and significantly and inversely
(negatively) associated with creatinine (b 5 20.113; P 5
0.009; 95% CI, 20.195 to 20.032).

DISCUSSION

99mTc-DMSA is a radiotracer widely used to image the
renal cortex. The scan is used mainly to detect renal paren-
chymal defects caused by acute pyelonephritis or renal
sequelae (scarring) 6 mo after acute infection (27–29). It
also helps detect renal abnormalities. The uptake quantifica-
tion (percentage contribution to total renal function or
parenchyma) is used to decide whether surgery is necessary
and to assess the split renal function before surgery.
Currently, there is a shortage of DMSA cold kits in

various countries, including the United States (18).

99mTc-glucoheptonate is another radio-
tracer used to image the renal cortex
when 99mTc-DMSA is not available,
but 99mTc-glucoheptonate is only par-
tially concentrated in the kidneys and
then excreted in the urine (30). 68Ga-
alizarin red S was studied in animals
and humans as a renal cortical PET
radiotracer in the 1980s (30). Recently,
MRI has been gaining popularity in
the diagnosis of pyelonephritis; how-
ever, because of complex planning
and scan times, it is used only occa-
sionally—that is, in cases of preg-

nancy, where it has its own drawbacks (31). In a recent
metaanalysis study, Sarikaya et al. found overall equivalent
sensitivity between MRI and DMSA scanning in detecting
parenchymal changes in pyelonephritis, particularly in scar
detection (32). There is a need for PET radiotracers to
image the renal cortex with a higher resolution. Overall,
PET scanners have higher spatial resolution than conven-
tional g-cameras and can detect smaller defects. On the
other hand, new SPECT systems with cadmium-zinc-tellu-
ride detectors have better resolution than conventional scan-
ners with sodium iodide detectors (33). Recently, Sarikaya
et al. reported that 68Ga-PSMA PET provides excellent
images of the renal cortex, shows defects caused by various
sizes of cysts, and provides higher-resolution images than
DMSA scanning can (14–17).
Renal uptake of 99mTc-DMSA through planar and

SPECT imaging in humans and animals has been shown to
correlate well with renal function tests, such as effective
renal plasma flow, GFR, and creatinine clearance (19–23).

FIGURE 4. Example of strong asymmetry between kidneys. Because of mechanic out-
flow obstruction, right kidney atrophied and, later, nephrostomy was placed. Shown are
PET (A), PET/CT (B), and contrast-enhanced CT (C). Color version of this figure is avail-
able as supplemental file at http://tech.snmjournals.org.

TABLE 2
Measured Values for Renal PSMA PET Parameters (n 5 25)

Covariate n Mean SD Minimum Maximum

Mean SUVmax 25 57.75 20.68 21.90 100.95
Mean SUVmean 25 27.68 10.68 12.97 57.75
Mean SULmax 25 41.86 13.9 15.4 66.97
Mean SULmean 25 18.19 4.59 9.12 25.8
SUVmean liver 25 4.46 1.38 2.1 6.8
SUVmean bp 25 1.16 0.32 0.5 1.70
SUVmean spleen 25 6.13 2.42 2.8 11.4
Renal SUVmax/liver ratio 25 14.33 6.95 3.22 32.65
Renal SUVmax/bp ratio 25 53.61 22.94 19.91 100.95
Renal SUVmax/spleen ratio 25 10.99 6.21 2.55 28.84
Renal SUVmean/liver ratio 25 6.94 3.89 1.91 19.48
Renal SUVmean/bp ratio 25 26.17 13.03 9.43 57.75
Renal SUVmean/spleen ratio 25 5.23 4.86 1.51 16.50
Sum volume 25 354 93.61 194 567
Sum TLG 25 9,968.8 5,042.7 2,520 26,999
Sum TLG (SUL) 25 7,758.4 4,093.8 1,772.3 19,112.9
Sum counts 25 8,077.5 3,985.8 2,176 17,473

bp 5 blood pool.
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Because of high renal cortical parenchymal uptake and an
excellent distribution with 68Ga-PSMA-11, in the current
study we wanted to determine whether PSMA uptake corre-
lates with renal function tests. We found a significant posi-
tive correlation between GFR and renal SUV–to–reference
region ratios (liver and blood pool), as well as a marginal
positive correlation with renal SULmean. Our statistical anal-
ysis also found a significant negative correlation between
creatinine and renal SUV–to–reference region ratios, as
well as a marginal correlation with renal sum TLGSUL.
Because the SUVs are affected by body weight and various
other factors, we used renal SUV–to–reference region ratios
and lean body mass–corrected SUVs. Blood pool SUV cor-
related negatively with GFR and positively with creatinine,
as expected. Age also correlated negatively with GFR and
positively with creatinine, as expected. In 2 stepwise regres-
sion models, total renal parenchymal volume was signifi-
cantly and directly (positively) associated with GFR and
significantly and inversely (negatively) associated with cre-
atinine, as expected. With aging, kidney volumes reduce
(34). Our method of measuring the approximate renal
parenchymal volume on PET images appears to be reliable.
Other studies tried to correlate CT kidney volume with
renal function but found only weak or moderate correlations
in selected patient populations (35).
Because radiolabeled PSMA ligands show high renal

parenchymal uptake and renal excretion, studies have

assessed renal function after 177Lu-PSMA ligand treat-
ments in metastatic prostate cancer patients. Studies have
reported low renal toxicity in castration-resistant metastatic
prostate cancer treated with 177Lu-PSMA-617 (12,13).
However, it would be interesting to study larger numbers
of patients who underwent 177Lu-PSMA therapy and corre-
late the renal function with the renal PSMA uptake param-
eters as we did in the current study. In animal models,
DMSA uptake correlated with renal function loss in
patients receiving chemotherapy (36). In a recent study,
PSMA PET quantification of split renal function was com-
pared with mercaptoacetyltriglycine scintigraphy, which
showed a significant correlation between the 2 methods
(37).
The limitations of our study include the relatively small

number of patients and having no patients with a GFR
below 50 mL/min, thus measuring GFR only in or just
below the reference range for the ages. Further work on the
mechanism and physiologic meaning of 68Ga-PSMA-11
renal cortical uptake is also required.

CONCLUSION

68Ga-PSMA-11 renal cortical uptake correlates with renal
function tests, such as GFR and creatinine. Our method of
measuring the approximate renal parenchymal volume on
PET images appears to be reliable.

TABLE 3
Spearman Rank Correlation Coefficient Estimate Between GFR and Creatinine, with Several Covariates Along with Their CI

Using Bootstrapping with Bias-Corrected and Accelerated Method Based on 2,000 Resamples

GFR Creatinine r

Covariate r P 95% CI r P 95% CI

SUVmean liver 20.310 0.132 20.634, 0.118 0.218 0.295 20.246, 0.606
SUVmean bp 20.415 0.039 20.753, 0.064 0.346 0.090 20.105, 0.723
SUVmean spleen 20.130 0.535 20.519, 0.285 0.057 0.786 20.423, 0.514
Mean SUVmax 0.199 0.340 20.224, 0.596 20.226 0.278 20.583, 0.161
Mean SUVmean 0.317 0.123 20.090, 0.645 20.329 0.108 20.653, 0.063
Renal SUVmax/liver ratio 0.402 0.046 0.028, 0.706 20.364 0.074 20.731, 0.124
Renal SUVmax/bp ratio 0.471 0.018 0.115, 0.736 20.422 0.036 20.738, 0.017
Renal SUVmax/spleen ratio 0.245 0.237 20.160, 0.614 20.210 0.314 20.631, 0.287
Renal SUVmean/liver ratio 0.505 0.010 0.102, 0.786 20.451 0.024 20.800, 0.041
Renal SUVmean/bp ratio 0.574 0.003 0.220, 0.832 20.515 0.008 20.820, 20.075
Renal SUVmean/spleen ratio 0.353 0.083 20.075, 0.689 20.304 0.140 20.708, 0.209
Sum counts 0.124 0.554 20.245, 0.467 20.159 0.446 20.537, 0.269
Sum volume 20.005 0.982 20.391, 0.397 20.038 0.856 20.398, 0.324
Sum TLG 0.225 0.280 20.166, 0.570 20.268 0.195 20.617, 0.164
Age 20.683 0.001 20.907, 20.344 0.565 0.003 0.175, 0.839
Weight 0.133 0.528 20.224, 0.473 20.175 0.402 20.530, 0.220
Height 0.158 0.452 20.279, 0.513 20.194 0.354 20.546, 0.217
Body mass index 0.061 0.773 20.392, 0.466 20.100 0.635 20.481, 0.341
Mean SULmean 0.343 0.093 20.031, 0.622 20.329 0.108 20.640, 0.075
Mean SULmax 0.171 0.413 20.229, 0.532 20.190 0.362 20.555, 0.230
Sum TLG (SUL) 0.334 0.103 20.080, 0.644 20.361 0.076 20.653, 0.031

bp 5 blood pool; r 5 estimated Spearman rank correlation coefficient.
P values are based on 2-sided test.
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We previously reported the 68Ga-labeled prostate-specific mem-
brane antigen (PSMA)-11 and 99mTc-dimercaptosuccinic acid
(DMSA) images of the first patient in our prospective research
comparing renal 68Ga-PSMA-11 PET with 99mTc-DMSA scanning
in adults with pyelonephritis. Here, we present the renal cortical
68Ga-PSMA-11 PET and 99mTc-DMSA images of our second
patient, who had chronic recurring pyelonephritis and demon-
strated renal parenchymal defects secondary to scarring in the
kidney.

Key Words: DMSA scan; 68Ga-PSMA-11; PET; pyelonephritis; renal
scar
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Renal cortical imaging with 99mTc-dimercaptosuccinic
acid (DMSA) is widely used to detect renal parenchymal
changes due to acute pyelonephritis (reduced uptake) and
renal sequelae (scars) (absence of uptake) 6 mo after acute
infection (1). 99mTc-DMSA scanning is also used to quan-
tify differential renal function, detect various renal abnor-
malities, and assess the functional status of multicystic
kidneys (1). The ability to depict renal scarring via a 99mTc-
DMSA scanning is important because scarring is a common
cause of hypertension and because extensive scarring can
lead to progressive renal impairment and end-stage renal
disease (2). The presence of scarring can lead to a change
in the treatment plan, such as starting different antibiotics,
starting corticosteroids, treating bladder or bowel dysfunc-
tion, or performing surgical interventions to prevent further
scar formation (3). Potential new treatments such as cyclo-
oxygenase-2 inhibitors, superoxide dismutases, and matrix
metalloproteinase-9 inhibitors may also prevent scar forma-
tion (3). A nonfunctioning or poorly functioning kidney
due to chronic recurrent pyelonephritis may be surgically

removed, as it may cause systemic complications such as
sepsis, septic shock, and hypertension (2).

68Ga-labeled prostate-specific membrane antigen (68Ga-
PSMA) ligands or inhibitors are currently used for initial
staging of high-risk prostate cancer and, in cases of bio-
chemical recurrence, for identifying the site of recurrence
(4–6). These radiotracers also exhibit high physiologic
uptake in the renal cortex. PSMA is a type II transmem-
brane protein, also known as glutamate carboxypeptidase II
or folate hydrolase, which is found mainly in prostate tissue
and is overexpressed in prostate cancer, in some extrapro-
static normal tissues such as the kidneys and salivary
glands, and in various other malignancies (7–9). Immuno-
histochemical analyses demonstrated detectable PSMA lev-
els in the brush borders and apical cytoplasm of a subset of
proximal renal tubules (7,10). The reason for the presence
of PSMA in the renal proximal tubules is unknown but may
be due to folate metabolism—that is, potential reuptake of
folate in the kidneys (11).
We previously published 68Ga-PSMA-11 PET images of

the renal cortex of prostate cancer patients with and without
cortical defects caused by various sizes of cysts (2,12,13).
Given the high renal cortical uptake and excellent renal paren-
chymal distribution of 68Ga-PSMA-11, we started a prospec-
tive research study comparing renal 68Ga-PSMA-11 PET
with 99mTc-DMSA scanning in adults with pyelonephritis.
Our study was interrupted by the coronavirus disease 2020
Pandemic, but renal 68Ga-PSMA-11 PET and 99mTc-DMSA
images of our first patient have been published (14). In our
first patient, neither 68Ga-PSMA-11 PET nor 99mTc-DMSA
scanning showed cortical defects, but 68Ga-PSMA-11 PET
demonstrated image quality superior to that of 99mTc-DMSA
scanning. In the current report, we present renal 68Ga-PSMA-
11 PET and 99mTc-DMSA images of our second patient, who
demonstrated cortical defects caused by scars.

MATERIALS AND METHODS

Our prospective study was approved by the Ethical Committee
of the Health Sciences Center at Kuwait University and the
Kuwait Ministry of Health. The study was conducted at Mubarak
Al-Kabeer Hospital in Kuwait.
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The patient provided written informed consent before the study.
We obtained 68Ga-PSMA-11 PET/CT and DMSA images of the
kidneys.

68Ga-PSMA ligand (PSMA-11) was radiolabeled at another
institute (Radiopharmacy Unit at Kuwait Cancer Control Center)
using a 68Ge/68Ga generator and a manual synthesis module (Iso-
tope Technologies Garching).
Renal PET/CT images were obtained on a time-of-flight PET/

CT camera (Philips Gemini) 60 min after intravenous injection of
48.1 MBq (1.3 mCi) of 68Ga-PSMA-11. We intentionally used a
low activity to reduce the radiation dose to the patient. A low-
dose, unenhanced CT scan of the region of the kidneys was
obtained for attenuation correction, anatomic localization, and
gross anatomic correlation before the PET acquisition (30 mAs,
120 kV, pitch of 0.829, 0.5-s rotation time, 64 3 0.625 collima-
tion, and 5-mm slice thickness). The PET acquisition time was 10
min per bed position for 2 bed positions. Because a low dose of
activity was administered, the image acquisition time was longer
than usual. The PET images were corrected for attenuation on the
basis of the CT data, reconstructed using a standard iterative algo-
rithm, and reformatted into transaxial, coronal, and sagittal slices.
Maximum-intensity-projection images were also generated.
Because of intense activity in the kidneys, the PET images were
reviewed in a low-intensity setting to better assess the renal corti-
cal uptake and distribution. Attenuation-corrected (AC) PET
images, uncorrected (non-AC) PET images, PET/CT images, and
low-dose CT images were reviewed to assess the anatomic loca-
tion, size, and morphology of the kidneys; the uptake and distribu-
tion of radiotracer in the renal parenchyma; and any parenchymal
defects or other abnormalities. Quantification of renal 68Ga-
PSMA-11 uptake was also performed. Because of unexpected
high splenic uptake in this patient, we could not use automated
volume-of-interest analysis with the software we had. We manu-
ally drew regions of interest around the kidneys in multiple
transaxial slices to calculate the total activity in each kidney. In
addition, we measured SUVmax and SUVmean in both kidneys in
both normal areas and areas with a parenchymal defect by placing
a spheric region of interest over the renal cortex without exceeding
the renal border.
Four days after PET imaging, 99mTc-DMSA images were obtained

3 h after intravenous injection of 111 MBq (3 mCi) of 99mTc-DMSA
using a Symbia S SPECT scanner (Siemens) equipped with a high-
resolution parallel-hole collimator. Multiple planar images were
obtained in anterior, posterior, right posterior oblique, and left poste-
rior oblique projections (10min each, with a 20% window centered
at 140 keV, a 256 3 256 matrix, and a zoom of 1.3). SPECT
images of the kidneys were also obtained (a 20-s acquisition per
view, 60 views, a 360" rotation, a 128 3 128 matrix, no zoom, and
a 20% window centered at 140 keV). A standard iterative algorithm
was used for image reconstruction. Images were reformatted into
transaxial, coronal, and sagittal views. Uptake for each kidney was
quantified using anterior and posterior planar images and the geo-
metric mean.

RESULTS

The patient was a 49-y-old woman with a history of
recurring pyelonephritis over the previous 14 mo. The last
episode was a severe emphysematous pyelonephritis that
occurred 2 mo before the current study (positive urine cul-
ture for Candida albicans) and was treated with antibiotics

for 1 mo as an inpatient treatment. At the time of the study,
the patient did not have any symptoms and urine cultures
were negative. Renal ultrasound performed a month before
the study demonstrated a dilated left renal pelvis and caly-
ces with stones, preserved cortical thickness, and corticome-
dullary differentiation.
Planar and SPECT 99mTc-DMSA images demonstrated

cortical defects, reduced uptake, and cortical irregularity in
the upper and lower poles of the left kidney (Fig. 1). In the
right kidney, no cortical defects were identified, with only
slightly reduced uptake in the upper and lower poles, which
could be a normal finding.
In the upper pole of the right kidney, the AC PET images

had an artifact that seemed secondary to some possible uni-
lateral patient motion that occurred as the patient passed
urine during imaging. AC PET also showed reduced uptake
and cortical defects in the upper and lower poles of the left
kidney (Fig. 2). Splenic uptake was higher than usual in
this patient, likely because of 68Ga-colloid formation. In the
normal physiologic distribution of 68Ga-PSMA-11, splenic
uptake is much lower than renal uptake and does not inter-
fere with image interpretation (Fig. 3).
Non-AC PET images demonstrated similar findings to

99mTc-DMSA images, with cortical defects, reduced uptake,
and irregularity in the upper and lower poles of the left kid-
ney (Fig. 1). In the upper and lower poles of the right kid-
ney, there was mildly reduced uptake similar to that on
99mTc-DMSA images. Bowel activity in the left upper
quadrant did not affect the assessment of the left kidney but
caused some overlap on the left kidney on maximum-inten-
sity-projection images. Low-dose CT demonstrated small
calculi in the lower pole of the left kidney. There were no
cysts in the kidneys on low-dose CT.
Renal uptake was 35.5% on the left and 64.5% on the

right with 99mTc-DMSA and 34.5% on the left and 65.5%
on the right with 68Ga-PSMA-11.
SUVmax and SUVmean were 53 and 43, respectively, in the

normal right-kidney parenchyma. In the left kidney, SUVmax

and SUVmean were 6.4 and 4, respectively, for the upper
pole; 21.6 and 17.6, respectively, for the lower pole; and 52
and 41, respectively, for the mid cortical region.

DISCUSSION

99mTc-DMSA scanning is the current gold standard to
assess the renal parenchyma and detect renal scarring, as
has been described in detail in our recently published
articles (2,12–14). Identification of renal scarring in patents
with pyelonephritis is important because scarring is a com-
mon cause of hypertension and extensive scarring can cause
progressive loss of renal function (2). In the management of
patients with scarring due to pyelonephritis, further scarring
might be prevented by a change in treatment plan, such as
starting different antibiotics, supporting with other medica-
tions, treating bladder and bowel dysfunction, or performing
surgical intervention (correcting vesicoureteral reflux) (3).
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Potential new treatments may also pre-
vent further scar development (3).
There is a shortage of DMSA cold

kits in various countries, including the
United States, and 99mTc-DMSA was
therefore added to the drug-shortages list
of the U.S. Food and Drug Administra-
tion in 2014 and has been commercially
unavailable since then (15). Currently,
there is not a good alternative to 99mTc-
DMSA scanning. 99mTc-glucoheptonate
is only partially concentrated in the kid-
neys and then is excreted in the urine
(1). 68Ga-alizarin red S was studied
in animals and humans as a renal corti-
cal PET radiotracer in the 1980s but
was not used after that time (16). In a
recent metaanalysis study, we compared
99mTc-DMSA scanning with MRI and
found MRI and 99mTc-DMSA scanning

to have overall equivalent sensitivity in detecting parenchymal
changes in pyelonephritis, particularly in scar detection (17).
MRI also has certain limitations and is not commonly in rou-
tine use to assess patients with pyelonephritis (18). We need
new radiotracers, particularly PET tracers, that can selectively
accumulate in the renal parenchyma and, compared with
99mTc-DMSA scanning, provide higher-resolution images of
the kidneys, detect smaller cortical defects, and better quantify
split renal function.
In our current patient, both 68Ga-PSMA-11 PET (AC and

non-AC) and 99mTc-DMSA scanning demonstrated cortical
defects or scars in the left kidney with comparable image
quality. Because of high splenic uptake from 68Ga-colloid
formation and some motion-related artifacts in the right kid-
ney, image quality in our current patient was lower than in
our previously reported patient (Fig. 3) (14). During the label-
ing procedure, formation of 68Ga-colloid may occur and
68Ga-colloid will accumulate in the spleen, liver, and bone
marrow (19). Thin-layer chromatography is used to measure
colloid content. We did not repeat the 68Ga-PSMA-11 PET
study in this patient because we did not want our patient to
receive additional radiation exposure. Despite splenic uptake
and some motion on the right side, AC and non-AC images
successfully demonstrated scars in the left kidney.
Previously reported studies have demonstrated a good

correlation between renal 99mTc-DMSA uptake and renal
function tests such as effective renal plasma flow, glomeru-
lar filtration rate, and creatinine clearance (20–24). In our
recently submitted retrospective study on 25 prostate cancer
patients (Jan Henning Schierz et al., unpublished data,
2021), renal 68Ga-PSMA-11 uptake appeared to correlate
well with the results of renal function tests (creatinine and
glomerular filtration rate).
There are certain advantages of 68Ga-PSMA-11 PET over

99mTc-DMSA scanning, such as a shorter waiting time after
injection (1 h vs. 3 h), a shorter half-life (68 min vs. 6 h),

FIGURE 1. 99mTc-DMSA planar (posterior and left posterior oblique), 99mTc-DMSA
SPECT (maximum-intensity projection in posterior view and selected coronal slice), and
68Ga-PSMA-11 (non-AC maximum-intensity projection in posterior view and non-AC
selected coronal slice) images demonstrating cortical defects or scars and reduced
uptake in upper and lower poles of left kidney. Non-AC PET can be seen to have higher
resolution than non-AC SPECT. LPO 5 left posterior oblique; MIP 5 maximum-intensity
projection.

FIGURE 2. 68Ga-PSMA-11 PET/CT (selected transaxial CT [top],
PET [middle], and AC PET/CT [bottom]) images demonstrating re-
duced uptake in lower pole of left kidney and small cortical defect.
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and superior image quality, particularly with AC PET. The
image acquisition time for our current patient was 20 min
with 68Ga-PSMA-11 PET because we used a low dose of
activity to reduce the radiation dose to the patient (2 bed posi-
tions, 10 min per bed position, 48.1 MBq [1.3 mCi]).
The image acquisition time for DMSA scanning was 55 min
(30-min planar, 25-min SPECT). A longer acquisition time
can cause patient discomfort and patient motion and result in
image artifacts, requiring additional images and sedation in
pediatric patients. The image acquisition time with 68Ga-
PSMA-11 PET can be further reduced to 6–7 min per bed
position for 74 MBq (2 mCi), 4–5 min per bed position for
111 MBq (3 mCi), and 2–3 min per bed position for 148
MBq (4 mCi), but the kidney and effective doses will
increase with higher activities. As we reported in our previ-
ous articles, absorbed adult kidney doses of 68Ga-PSMA-11
and 99mTc-DMSA are 0.24 and 0.18 mGy/MBq, respec-
tively, and effective adult doses are 0.022 and 0.0088 mSv/
MBq, respectively (25,26). In our previously reported
patient, estimated effective doses of 111 MBq (3 mCi) of
99mTc-DMSA and 74 MBq (2 mCi) of 68Ga-PSMA-11 were
0.98 and 1.63 mSv, respectively. In our current patient, 48.1
MBq (1.3 mCi) of 68Ga-PSMA-11 yielded an effective dose
of 1.05 mSv, which is similar to the effective dose of 99mTc-
DMSA. The additional radiation dose from CT in PET/CT is
low because it is a low-dose CT scan and covers only the
region of the kidneys. Non-AC PET also provides high-
quality images of the renal parenchyma as seen in our cur-
rent patient and in previous reports, and low-dose CT can
therefore be omitted.
PET/CT cameras provide higher-resolution images than

standard g-cameras. In our patient, even low-dose non-AC
PET provided images higher in quality than—or comparable
in quality to—99mTc-DMSA SPECT. SPECT/CT provides
higher-resolution images than SPECT, but we intentionally
did not perform SPECT/CT on our patient to reduce the
radiation dose in this research patient. Overall, PET/CT is
known to provide higher-resolution images than SPECT/CT.
On the other hand, SPECT systems with cadmium-zinc-tel-
luride detectors have better resolution than conventional
scanners with sodium iodide detectors (27).

The use and availability of 68Ga-
PSMA ligands for prostate cancer have
been increasing. Recently, 68Ga-PSMA-
11 has been approved by the Food and
Drug Administration for prostate cancer
imaging. One limitation of 68Ga-PSMA-
11 PET is that it costs more than 99mTc-
DMSA scanning: approximately $450
and $300, respectively, in our institute.
Quantification of uptake for each

kidney showed results similar to those
of 99mTc-DMSA scanning and 68Ga-
PSMA-11 PET. Because of high splenic
uptake and limitations in our software,

we could not perform automated volume-of-interest analysis
on PSMA images, but in our recently submitted study, auto-
mated volume-of-interest analysis successfully provided total
counts, volume, and SUVs for each kidney.
In our current patient, and in our previous patient with

chronic pyelonephritis, 68Ga-PSMA-11 PET appears to be a
potential alternative to 99mTc-DMSA scanning. As discussed
for our previous patient, its biodistribution and radiation
dose in the pediatric population are not known, and further
work is required to understand its mechanism of uptake, to
determine the optimal injected activity, and to determine its
dosimetry before its use as a renal cortical tracer can be
supported.

CONCLUSION

The renal cortical scars caused by pyelonephritis were
demonstrated well by 68Ga-PSMA-11 PET.
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The diagnostic reference level (DRL) is a patient-exposure optimiza-
tion tool used to evaluate and provide guidance for radiation doses
in medical imaging. In the past few decades, there has been a
global increase in the number of diagnostic imaging procedures,
including nuclear medicine procedures, and consequently in patient
radiation exposure. This increase has encouraged international and
national health-care organizations to take action and keep up with
such changes to meet the expectation of increasing use of ionizing
radiation in medicine. Methods: DRLs in Kuwait were established
by investigating the administered activity of radiopharmaceuticals
and CT radiation doses in hybrid imaging systems. The DRLs
were determined on the basis of the 75th percentile of radiophar-
maceutical administered activity distribution as recommended
by the International Commission on Radiological Protection.
Results: The DRLs determined in Kuwait agree well with other
published DRLs in Europe, Japan, Korea, Australia, and the United
States. Conclusion: This study presents the establishment pro-
cess and the results of the first national DRLs for nuclear medicine
procedures in Kuwait as a way to optimize radiation exposure.

Key Words: DRL; hybrid imaging; radiation exposure; ALARA dose
optimization; radiation safety
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Over the past few decades, clinical use of diagnostic
imaging procedures has been growing in an attempt to
improve the accuracy of diagnosis and to resolve clinical
dilemmas. This growth has included both the use of anatomic
and radiologic modalities and the use of functional nuclear
medicine modalities, including conventional and hybrid proce-
dures such as SPECT/CT and PET/CT. Nearly 13.5 million
nuclear medicine procedures were performed in the United
States in 2016 (1). In Kuwait, more than 5,000 nuclear medi-
cine procedures are performed every year. Unfortunately, the
radiation dose to patients determined from the amount of

administered radiopharmaceutical activity might vary by as
much as 20-fold among different nuclear medicine depart-
ments (2). At the moment, no information is available on dose
reference levels for nuclear medicine in Kuwait, and there is a
similar lack of information from neighboring countries in the
region. Therefore, the International Atomic Energy Agency
has encouraged national and international initiatives to stan-
dardize and optimize activities administered to patients.
More than 20 years ago, the International Commission on

Radiological Protection (ICRP) established the concept of
reference dose guidelines for different imaging modalities to
reduce and manage patient radiation exposure (3,4). The
diagnostic reference level (DRL) is an effective tool for pro-
tection optimization in patient radiation exposure, particu-
larly as dose limits are not applicable in medical exposure.
DRL quantities should evaluate the amount of ionizing radi-
ation used to perform a diagnostic, interventional, or nuclear
medicine procedure and to assess the effective dose to
patients. The radiation metric used as a DRL quantity should
be easily measured or available, such as volume CT dose
index and dose–length product for CT and administered
activity in nuclear medicine (4). In this context, when a
hybrid imaging procedure is performed—that is, 2 imaging
modalities are used together—it is appropriate to set and
present DRLs for both modalities independently. Two major
guidelines for the recommended administered activities for
nuclear medicine have been developed in Europe (5) and
North America (6). Recent studies published in reputed
medical journals have demonstrated multiple national initia-
tives to establish DRLs for nuclear medicine as a tool to
control and reduce patient radiation exposure (7–10).
In 2012, a nuclear medicine global initiative was estab-

lished that aims to promote human health by advancing the
fields of nuclear medicine and molecular imaging, to encour-
age global collaboration in education, and to harmonize pro-
cedure guidelines and other policies that ultimately lead to
improvements in quality and safety in the fields throughout
the world (11). One of the recommendations of this initiative
was that countries with no current guidelines on administered
nuclear medicine activities in children should either develop
their own or officially adopt currently existing ones.
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Nuclear medicine and hybrid imaging procedures may also
increase radiation exposure to the general public because of
the characteristics of the administered radiopharmaceuticals
compared with diagnostic radiology procedures. This poten-
tial increased exposure has raised many concerns about poten-
tial radiation risks (12). Subsequently, various methods to
reduce patient radiation exposure and optimize doses were
developed, such as reference levels. In addition, there is a
need to assess, monitor, and regularly review patient radiation
doses during medical exposure. This study presents the estab-
lishment process and the results of the first DRLs for nuclear
medicine procedures in Kuwait.

MATERIALS AND METHODS

The study was performed with Kuwait’s Ministry of Health ini-
tiative to collect information about radiation doses from nuclear
medicine studies and to set up national DRLs. A committee was
formed by the Ministry of Health in 2016 to conduct a nationwide
survey on the type of examinations commonly performed, admin-
istered activities of radiopharmaceuticals, types of imaging equip-
ment available, quality control records, and standard procedures
used to determine patient doses for nuclear medicine imaging stud-
ies as explained by ICRP publication 135 (4).
The amount of equipment and status of nuclear medicine in

Kuwait were previously described and published by our academic
group (13). The data were collected from 11 nuclear medicine
departments as recommended by ICRP 135 to collect data from at
least 10 facilities for the establishment of local DRLs. Each depart-
ment was asked to enter the average administered activities used for
nuclear medicine examinations. The number of reported protocols
was 51 for general nuclear medicine and 4 for PET. Some protocols
were conducted by only a few departments or were rarely used;
hence, the DRL was calculated only if the protocol was used by
more than 4 departments. Only 31 protocols met this condition. The
Ministry of Health Ethics Committee approved this retrospective
study, and the requirement to obtain informed consent was waived.
For each protocol, the dose distributions derived from current prac-

tice were generated in terms of 25th percentile, 50th percentile, 75th
percentile, minimum, maximum, SD, and effective dose. The third
quartile (75th percentile) of the average dose distribution reported by
survey participants was used to establish national DRLs. The effective
radiation dose received by patients from nuclear medicine procedures
was estimated on the basis of the dose coefficients extracted from
ICRP 106 and the Society of Nuclear Medicine and Molecular Imag-
ing radiation dose tool (14,15). The results were compared with other
countries’ DRLs as indicated in international references. The
conversion factors for administered activities for the most com-
mon nuclear medicine procedures in Kuwait were determined on
the basis of patient weight. The recommended pediatric DRLs
based on the European Association of Nuclear Medicine dosage
card for administered activities with reference to weight or age
(,15 y) were also presented.
The CT component of hybrid systems was used for attenuation

correction or localization purposes only. The CT data were col-
lected for the most commonly used protocols for PET/CT and
SPECT/CT procedures. The 75th percentiles of the average vol-
ume CT dose index and dose–length product for the scanner were
used to establish DRLs for the CT component in hybrid examina-
tions as described by the CT working group in the United Kingdom

(16). To estimate the effective radiation dose from the CT compo-
nent of hybrid imaging, the dose–length products from the scanner-
generated dose reports were multiplied by a conversion factor (17).
All data analyses were undertaken using Excel (Office Pro Plus
2019; Microsoft).

RESULTS

Completed surveys of current practice were received from
nuclear medicine departments in Kuwait for the protocols that
met the conditions. For each procedure, the statistical distribu-
tions of the administered activities, proposed DRLs, and esti-
mated effective doses for adult patients derived from current
practice were generated (Table 1).
The DRLs in Kuwait were compared with DRLs recently

internationally reported (Table 2). Pediatric reference DRLs
are generally based on adult DRLs multiplied by a correc-
tion factor that was adopted from the European Association
of Nuclear Medicine dosage card (Table 3). The recom-
mended conversion factors adopted from the European
Association of Nuclear Medicine dosage card and the North
American consensus guidelines for administered activities
based on patient weight are presented in Table 4.
Regarding hybrid imaging examinations, the DRLs of the

CT component of SPECT/CT are listed in Table 5 for most
commonly used protocols. The DRLs for the CT irradiation
dose from PET/CT protocols for head and brain, vertex to
thighs, and vertex to toes are listed in Table 6.

DISCUSSION

The ICRP introduced 3 principles that became a corner-
stone in radiation protection. These principles evolved into 3
key words: justification, optimization, and limitation. Optimi-
zation aims to ensure that every exposure is performed with
the lowest ionizing radiation needed to execute the procedure,
following the “as low as reasonably achievable” principle.
DRLs are considered an effective optimization tool for improv-
ing radiation protection in diagnostic medical imaging (4) and
are not in any way dose limits or constraints, nor do they serve
regulatory purposes. However, they aim to identify whether
some common procedures present unusually high values, alert-
ing the department to act accordingly by, for instance, review-
ing procedures, protocols, or equipment.
The first national DRLs for commonly performed nuclear

medicine imaging procedures in Kuwait, including hybrid
imaging procedures such as PET/CT and SPECT/CT, were
established in this study. Table 1 shows that there is a large
variation in the reported administered activities. For instance,
there is a dispersion (as variance) between the activities used
for 99mTc-methyl diphosphonate bone scanning, as indicated
by the large SD and the 3-fold difference between the maxi-
mum and minimum values. Thus, there is a need for refer-
ence levels and standardization of activities. The effective
radiation doses for average-weight adults can be categorized
according to Towson and Smart (18) into the following:
high-dose (.10 mSv) procedures (67Ga for infection and 131I
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for thyroid cancer), moderate-dose (,10 mSv) procedures
(18F-NaF for bone imaging; 18F-FDG for tumor and brain
imaging; and 99mTc for bone, cardiac, brain, renal, lung, hepa-
tobiliary, salivary, thyroid, and parathyroid scans), and low-
dose (,1 mSv) procedures (the rest of the procedures).
It is noteworthy that the average reduction in effective

doses when using DRLs in routine work is up to 25%. The
impact of dose reduction is estimated by comparing the
maximum to the DRL-recommended activities and is stron-
ger when applied to high-dose procedures involving 67Ga
and 131I radioisotopes. Additionally, the DRLs can also
have a lower value, that is, the 25th percentile, as shown in
Table 1, indicating that below a certain dose, the resulting
image quality could be diagnostically insufficient. Thus, the
25th percentile is an indicator of the minimum dose that
can be used to achieve acceptable image quality. As
described by Korpela et al. (19) the first step in optimizing
medical exposure is the establishment of national DRLs,
which allow identification of unusually high or low activi-
ties compared with the national distribution.

Table 2 shows that the DRLs in Kuwait are comparable
to, and agree well with, those reported from other countries.
The DRL in Kuwait for 18F-FDG tumor imaging is gener-
ally lower than those in the United States, the United King-
dom, Australia. The large differences between the 18F-FDG
DRL in Kuwait and those reported for other countries could
reflect the fact that the data in this study were gathered
recently (many years later than other reported data), at a
time when scanners with more advanced imaging technol-
ogy and sophisticated dose-saving technologies have been
used; since that time, a greater awareness of the need for
optimization may have come about.
For myocardial perfusion scans, especially rest studies,

the DRLs tend to be higher than other values presented in
Table 2. The higher DRLs could be due to the fact that the
stress and rest parts of the study are performed on 2 differ-
ent days and that the 1-d protocol is not routinely performed
in Kuwait. Optimization of radiopharmaceutical activities
for myocardial perfusion scans has been widely promoted
by the establishment of the national DRLs.

TABLE 1
DRLs for Most Common Procedures in Kuwait

Scan Radiopharmaceutical
25th

percentile
50th

percentile
75th

percentile Maximum Minimum SD
DRL
(MBq)

Effective
dose (mSv)

PET tumor 18F-FDG 222 228 230 231 185 18 230 4.4
PET brain 18F-FDG 223 228 231 231 222 3.9 231 4.4
PET 18F-NaF 185 220 230 231 185 22 230 6.2
PET 68Ga (DOTATATE/PSMA) 150 150 217 231 150 38 217 0.9
Gated blood pool 99mTc-RBC 740 740 850 1,100 740 115 850 5.6
MPI rest 99mTc-tetrofosmin, MIBI 914 958 976 1,039 884 49 976 7.4
MPI stress 99mTc-tetrofosmin, MIBI 914 958 976 1,039 884 49 976 7.4
Renal 99mTc-DMSA 185 200 200 250 180 20 200 1.5
Renal 99mTc-DTPA (GFR) 73 85 90 100 60 14 90 0.7
Renal 99mTc-MAG3 204 260 370 407 185 90 370 2.8
Bone 99mTc-methyl diphosphonate 897 927 944 1,110 459 171 944 7.2
Brain 99mTc-HMPAO 828 850 893 900 800 39 893 6.8
Gastrointestinal 67Ga-citrate 13 15 20 25 10 5 20 2.0
Esophageal reflux 99mTc-DTPA 36 40 40 40 30 3 40 0.3
Hepatobiliary 99mTc-HIDA 200 200 210 220 190 10 210 1.6
Lung perfusion 99mTc-MAA 200 204 218 220 190 11 218 1.7
Parathyroid 99mTc-MIBI, tetrofosmin 850 875 900 900 800 35 900 6.8
Salivary gland 99mTc-pertechnetate 186 190 200 200 180 8 200 1.5
Testicular 99mTc-pertechnetate 500 550 600 600 400 82 600 4.6
Thyroid 131I-iodide 200 200 200 250 180 25 200 10.4
Thyroid 99mTc-pertechnetate 185 185 185 250 185 21 185 1.4
Gastric emptying 99mTc-DTPA 13 15 37 37 10 5 37 0.3
Meckel diverticulum 99mTc-pertechnetate 250 264 278 278 220 24 278 2.1
Salivary gland 99mTc-pertechnetate 194 197 200 200 10 59 200 1.5
Renal cystogram 99mTc-pertechnetate 91 94 94 100 90 4 94 0.7
Testicular 99mTc-pertechnetate 500 520 520 555 500 17 520 4.0
Infection 67Ga-citrate 200 200 220 220 200 10 220 22.0
Infection 99mTc-WBC (colloid/HMPAO) 663 725 750 800 500 94 750 5.7
Lymphoscintigraphy 99mTc-nanocolloid 36 40 40 40 30 3 40 0.3
CSF leak 99mTc-DTPA 386 370 370 407 370 14.7 370 2.8
CSF shunt patency 99mTc-pertechnetate, DTPA 80 80 80 100 80 8 80 0.6

PSMA5 prostate-specific membrane antigen; RBC5 red blood cell; MPI5 myocardial perfusion imaging; MIBI5 methoxyisobutylisonitrile;
DMSA5 dimercaptosuccinic acid; DTPA5 diethylenetriamine pentaacetic acid; GFR5 glomerular filtration rate; MAG35 mercaptoacetyltriglycine;
HMPAO 5 hexamethylpropyleneamine oxime; HIDA 5 hepatobiliary iminodiacetic acid; WBC 5 white blood cell; MAA 5 macroaggregated
albumin; CSF 5 cerebrospinal fluid.

Dose distributions are presented in terms of 25th percentile, 50th percentile, 75th percentile, maximum, minimum, SD and effective
dose associated with DRL of administered activity.
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Recently, there have been several reviews of child and
adolescent administered activities that led to development of
pediatric guidelines in nuclear medicine (20,21). Table 3
shows the minimum recommended pediatric administered
activities that can be used to minimize variations in the prac-
tice of pediatric nuclear medicine in Kuwait. These calcu-
lated activities are weight- and age-based. Table 4 shows the
recommended conversion factors for administered activities
based on patient weight. These factors can be used for chil-
dren, adolescents, and adults who weigh more than average.
CT scanning in hybrid imaging procedures is performed for

different purposes, ranging from obtaining diagnostic-quality
high-dose images to ultra-low-dose images for attenuation-
correction protocols (22). The variations between CT radiation
doses delivered to the patient in hybrid imaging examinations
is due mainly to the varied types of equipment settings and
acquisition protocols. A detailed analysis of current practice in
Kuwait for CT in hybrid imaging studies was demonstrated in

a reported national dose audit (23). The DRLs of the CT por-
tion associated with hybrid imaging procedures performed for
attenuation correction and localization purposes in Kuwait are
presented in Tables 5 and 6. CT dose can be optimized for
PET/CT examinations by further investigating the CT protocol
parameters that contribute to the dose received by patients.
The DRLs in Kuwait are consistent with those presented in

the literature for nuclear medicine centers around the world. It
is recommended that DRLs be reviewed periodically—for
example, every 5 years. Periodic review of DRLs is required
because imaging technologies and radiopharmaceuticals are
rapidly advancing, and these advances can result in reducing
the radiation doses to patients. Comparison with reference val-
ues such as DRLs is an effective tool to alert professionals in
some departments that have not fully implemented the “as low
as reasonably achievable” principle of dose optimization (24).
Because a DRL is supposed to be the activity needed for

good, diagnosable image quality, it is not enough to evaluate

TABLE 2
DRLs (MBq) in Kuwait Compared with Other Countries as Reported in the Literature

Scan Radiopharmaceutical Kuwait Korea Japan Australia U.K. Brazil
United

States (27)
European
Union (28)

Tumor 18F-FDG 230 370 240 310 400 370 461–710 200–400
Brain 18F-FDG 231 370 240 250 250 350 — —

Bone 99mTc-diphosphonate 944 925 950 920 600 1,110 848–1,185 500–1,110
Leukocyte 99mTc-HMPAO-WBC 892.5 888 — 800 200 — — 300–600
Thyroid 99mTc-pertechnetate 185 217 300 215 80 444 — 75–222
Thyroid carcinoma 131I-NaI 200 185 — 185 400 185 — 90–400
Parathyroid 99mTc-MIBI 900 740 800 900 900 740 — 400–900
Brain 99mTc-HMPAO 892.5 925 800 750 750 1,203 887–1,294 500–1,110
Cardiac 99mTc-MIBI or TF (MPI, rest) 976 555 900 620 800 444 519–1,153 560
Cardiac 99mTc-MIBI or TF (MPI, stress) 976 1,110 1,200 1,520 800 1,110 945–1,402 1,100
Cardiac 99mTc-RBC 740 740 — 1,030 800 — 916–1,301 600–1,000
Lung perfusion 99mTc-MAA 217.5 222 260 240 100 333 147–226 100–296
Lymphangioscintigraphy 99mTc-phytate 40 148 52 40 74 — 74–150
Hepatobiliary 99mTc-phytate 210 185 200 200 80 370 110–259 —

Salivary 99mTc-pertechnetate 370 370 370 200 80 555 — —

Gastric emptying 99mTc-DTPA 37 111 — 44 12 — 31–50 150–540
Renal dynamic 99mTc-DTPA 90 555 400 500 300 449 407–587 —

Renal dynamic 99mTc-MAG3 370 500 400 305 100 — 283–379 100–370
Renal static 99mTc-DMSA 200 185 210 200 80 185 189–289 70–183
Radionuclide cystography 99mTc-pertechnetate 94 74 — 94 25 — — —

TABLE 3
Pediatric Minimum Recommended Administered Activities (5)

Scan Radiopharmaceutical 1 y old (10 kg) 5 y old (19 kg) 10 y old (32 kg) 15 y old ($55 kg)

Tumor 18F-FDG 70 120 189 200
Brain 18F-FDG 70 70 102 180
Bone 99mTc-diphosphonate 80 162 255 408
Bone 18F-NaF 70 70 102 163
Lung perfusion 99mTc-MAA 15 26 41 65
Hepatobiliary 99mTc-phytate 28 49 77 122
Renal dynamic 99mTc-MAG3 23 33 45 61
Renal static 99mTc-DMSA 33 48 64 87
Radionuclide cystography 99mTc-pertechnetate 20 20 20 20
Meckel scan 99mTc-pertechnetate 20 26 41 65
Gastric emptying 99mTc-sulfur colloid 10 13 20 33

Data are in megabecquerels.
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TABLE 4
Recommended Weight-Based Dosing Guidance on Administered Activities Based on Patient Weight

Scan Radiopharmaceutical MBq/kg

PET (tumor) 18F-FDG 5.18
PET (brain) 18F-FDG 3.7
PET 18F-NaF 2.22
PET 68Ga (DOTATATE/PSMA) 1.85
Gated blood pool 99mTc-RBC 8.14
MPI rest 99mTc-tetrofosmin, MIBI 10.73
MPI stress 99mTc-tetrofosmin, MIBI 10.73
Renal 99mTc-DMSA 1.85
Renal 99mTc-DTPA (GFR) 2.59
Renal 99mTc-MAG3 3.7
Bone 99mTc-methyl diphosphonate 9.25
Brain 99mTc-HMPAO 2.775
Gastrointestinal 67Ga-citrate 1.85
Esophageal reflux 99mTc-DTPA 0.37
Hepatobiliary 99mTc-HIDA 1.85
Lung perfusion 99mTc-MAA 2.59
Parathyroid 99mTc-MIBI, tetrofosmin 5.55
Salivary gland 99mTc-pertechnetate 1.11
Testicular 99mTc-pertechnetate 7.4
Thyroid 131I-iodide 0.555
Thyroid 99mTc-pertechnetate 1.11
Gastric emptying 99mTc-DTPA 0.37
Meckel diverticulum 99mTc-pertechnetate 1.85
Renal cystogram 99mTc-pertechnetate 0.37
Infection 67Ga-citrate 1.11
Infection 99mTc-WBC (colloid/HMPAO) 27.75
Lymphoscintigraphy 99mTc-nanocolloid 0.259
CSF leak 99mTc-DTPA 2.59
CSF shunt patency 99mTc-pertechnetate 1 99mTc, DTPA 0.259

PSMA5 prostate-specific membrane antigen; RBC5 red blood cell; MPI5 myocardial perfusion imaging; MIBI5 methoxyisobutylisonitrile;
DMSA5 dimercaptosuccinic acid; DTPA5 diethylenetriamine pentaacetic acid; GFR5 glomerular filtration rate; MAG35 mercaptoacetyltriglycine;
HMPAO5 hexamethylpropyleneamine oxime; HIDA5 hepatobiliary iminodiacetic acid; WBC5 white blood cell; MAA5 macroaggregated
albumin; CSF5 cerebrospinal fluid.

TABLE 5
DRLs for CT Used for Attenuation Correction and Localization in SPECT Scans in Terms of Volume CT Dose Index

and Dose–Length Product and Effective Dose Associated with Hybrid CT of SPECT/CT

SPECT/CT protocol Volume CT dose index (mGy) Dose–length product (mGy$cm) Effective dose (mSv)

Brain 5.6 163 2.44
Head and neck 4.5 181 2.74
Lung 2.1 69 1.03
Cardiac 1.2 32 0.48
Abdomen 1.7 65 0.98
Bone, general 2.7 166 2.49
Bone, extremities 2 169 2.53

TABLE 6
DRLs for CT Used for Attenuation Correction and Localization in PET Scans in Terms of Volume CT Dose Index

and Dose–Length Product and Effective Dose Associated with Hybrid CT of PET/CT

PET/CT protocol
Volume CT dose index

(mGy)
Dose–length product

(mGy$cm)
Effective dose

(mSv)

Brain 5.7 211 3.16
Oncology, vertex to mid thigh 4.2 677 5.66
Oncology, whole body (head to toe) 4.4 616 6.10
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patient doses and set DRLs on the basis of only adminis-
trated activity regardless of image quality. Introduction of
reference doses, including image quality criteria and the
acceptable-quality dose (AQD principle), has been proposed
(25). Thus, efforts are needed to develop reliable patient-
specific methods to objectively analyze image quality in
relation to dose. There are some large variations in the sub-
jective analysis of image quality due to differences in physi-
cian preferences on what constitutes an image of diagnos-
able quality. Some of the approaches used to evaluate image
quality need further evaluation, as demonstrated by the Japa-
nese Society of Nuclear Medicine Technology (26).

CONCLUSION

This study established the first DRLs for adult and pediat-
ric nuclear medicine imaging studies in Kuwait. The values
should be periodically reviewed and updated as recom-
mended by the ICRP. DRLs are an effective tool that can be
used to reduce unnecessary patient exposure and to optimize
radiation protection in the field of nuclear medicine imaging.
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KEY POINTS

QUESTION: Can national DRLs be established for nuclear
medicine in Kuwait, to be used as a tool to alert professio-
nals when the “as low as reasonably achievable” principle
of dose optimization is not fully implemented?

PERTINENT FINDINGS: National DRLs were established
and used to identify variations in administered activities for
nuclear medicine imaging procedures and to reduce
unnecessary patient radiation exposure. The findings
showed that the average reduction in radiation dose for
nuclear medicine examinations based on national DRLs is
up to 25%, compared with the range of doses observed
previously in clinical practice.

IMPLICATIONS FOR PATIENT CARE: The DRL concept
is a key component of radiation protection and optimiza-
tion of patient imaging in the field of nuclear medicine.
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Coronavirus disease 2019 (COVID-19) has spread around the world.
Its effects go far beyond health care: education has to be conducted
so as to prevent infection among students and faculty. Accordingly,
changes have occurred in Japan’s educational institutions, including
methods of preparing students for examinations for nuclear medi-
cine. To assess the quality of training for radiologic technologists, we
investigated the related changes undertaken at educational institu-
tions. We investigated the lecture format for teaching nuclear medi-
cine technology at Japanese institutions during COVID-19 and
efforts to ensure the quality of conventional education. Methods:
We sent a questionnaire to 19 Japanese institutions. It addressed
the lecture format and initiatives in examinations for nuclearmedicine
technology in the first and second semesters of 2020. Results: We
obtained responses from 17 institutions. In the first semester of
2020, the lecture format for nuclear medicine technology included
remote, hybrid (combination of remote and face-to-face), and video-
on-demand lectures. To reinforce the effect of the new teaching for-
mats, institutions adopted various methods, such as enhancing the
possibility of allowing students to ask questions, increasing the num-
ber of quizzes during lectures, delivering lectures to YouTube, and
introducing an e-learning system. In the second semester of 2020,
the lecture format included face-to-face, remote, hybrid, and video-
on-demand lectures. In that second semester, the number of institu-
tions providing face-to-face lectures while taking thoroughmeasures
against infection showed a marked increase. Conclusion: The insti-
tutions introduced various educational techniques and initiatives.
They prioritized students’ understanding of lecture content and
applied what they considered the best teaching methods. Sharing
information about the changes adopted at different institutions
should help promote good radiologic technologists—even during a
pandemic.

Key Words: lecture format; infection control; initiatives; new
approaches; student education, COVID-19
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Coronavirus disease 2019 (COVID-19) has had an imp-
act on medicine and education. In many educational institu-
tions, lectures have changed from a traditional face-to-face
format to a remote or hybrid format (a hybrid format is a
combination of face-to-face and remote lectures to hinder
COVID-19 infection) (1–5). Teaching has to be undertaken
in such a way as to prevent infection among students and
faculty. Accordingly, changes have taken place in teaching
at Japan’s educational institutions, including teaching related
to examinations for nuclear medicine technology. The exami-
nations for nuclear medicine technology at universities in
Japan have traditionally been based on a face-to-face lecture.
Face-to-face lectures are adopted because teachers can pro-
ceed with the lecture while visually observing the level of
understanding and satisfaction of students. However, because
of the spread of COVID-19, Suzuka University of Medical
Science shifted from face-to-face lectures to remote and
hybrid formats in 2020. The usefulness of remote lectures has
been cited (2,5–7). It has also been reported that remote lec-
tures are becoming the standard for lectures in the future (8).
In a previous study, we obtained information from stu-

dents using a questionnaire survey about their degree of
understanding and satisfaction with remote lectures related
to examinations for nuclear medicine technology. In that
study, we reported very high levels of understanding and
satisfaction with that remote format (1). To ensure the
ongoing quality of training for radiologic technologists, we
determined in the present study the changes that had taken
place in educational methods at different institutions. We
wanted to share information about the educational methods
adopted by the institutions and investigate efforts toward
infection control (during the lecture as a useful tool for
training) for promoting high-quality medical personnel. We
investigated the lecture format for teaching nuclear medi-
cine technology at Japanese institutions during COVID-19,
and we investigated efforts to ensure the quality of conven-
tional education.
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MATERIALS AND METHODS

Questionnaire Requests
We asked the lecturers responsible for proctoring examinations

for nuclear medicine technology at 19 educational institutions in
Japan to complete the questionnaire. We randomly selected 19
institutions from among all educational institutions teaching
nuclear medicine technology in Japan. We asked that the question-
naire be completed between December 2020 and February 2021.

Questionnaire Content
For the first and second semesters of 2020, we asked lecturers

about the lecture format they use before examinations for nuclear
medicine technology and their assessment method for assigning
grades. We asked the participants to provide free descriptions of
initiatives and methods for preventing infection. We inquired
about the lecture formats participants found most appropriate dur-
ing COVID-19 and their reasons for choosing them. In Japan, the
first semester is from April to September and the second from
October to March.

RESULTS

Questionnaire Response Rate
In all, 17 institutions completed the questionnaire; 2 did

not.

Lecture Format in First Semester of 2020
Figure 1 shows the results regarding lecture format for the

first semester of 2020. Figure 1A indicates the lecture format
for that first semester, and Figure 1B presents the results
according to the number of students in each class. One partici-
pant was not responsible for teaching nuclear medicine in that
first semester; thus, Figure 1 displays the data for the other 16
institutions. For the same reason with later results, Figures 2–4
show data from 16 institutions. Figure 1A indicates that the
numbers of institutions that provided the lectures in remote,
hybrid, video-on-demand, and other formats were 8, 5, 1, and
2, respectively. The other formats were a mixture of face-to-
face, remote, and video-on-demand lectures (1 institution) or
a mixture of face-to-face and video-on-demand lectures
(1 institution). No institutions held only face-to-face lec-
tures. Figure 1B indicates that many remote lectures were
held at institutions where the number of students in each

class was either small or large. Most of the institutions with
classes of 51–100 students offered hybrid lectures.

Regular Examinations in First Semester of 2020
Figure 2 shows the results regarding the methods for regu-

lar examinations (assessment methods that evaluate the com-
prehension of a lecture and for assigning grades) in the first
semester of 2020. Figure 2A presents details of the regular
examination methods for that semester, and Figure 2B indi-
cates the regular examination methods classified by lecture
format. Figure 2A shows that the numbers of institutions that
held regular examination in face-to-face, remote, reports,
face-to-face-plus-computer-based, face-to-face-plus-reports,
remote-plus-reports, and reports-plus-a-little-testing formats
were 9, 1, 2, 1, 1, 1, and 1, respectively. Figure 2B indicates
that when the lectures were held remotely, various examina-
tion methods were adopted to prevent infection.

Lecture Format in Second Semester of 2020
Figure 3 shows the results regarding the lecture format in

the second semester of 2020. Figure 3A presents details of the
format in that semester, and Figure 3B shows the results
according to number of students per class. Figure 3A indicates
that the numbers of institutions that held face-to-face, remote,
hybrid, and other lecture formats were 7, 3, 5, and 1, respec-
tively. The other lecture format, adopted by 1 institution, was
a mixture of face-to-face and video-on-demand. Figure 3B
shows that there was no difference in the lecture format
according to the number of students. Some institutions held
face-to-face lectures regardless of the number of students.

Regular Examination in Second Semester of 2020
Figure 4 shows the results for regular examinations

(assessment method for assigning grades) for the second
semester of 2020. Figure 4A presents the findings for regu-
lar examination methods in that semester, and Figure 4B
show the results for regular examination methods according
to lecture format. Figure 4A shows that the numbers of
institutions adopting face-to-face, remote, remote-plus-
reports, and reports-plus-a-little-testing formats were 13, 1,
1, and 1, respectively. There was a clear increase in the
number of face-to-face examinations.

A B

FIGURE 1. Lecture format in first semester of 2020: aggregation
(A) and number of students per class (B). Other 5 combination of
face-to-face, remote, and video-on-demand lectures (1 institution)
and face-to-face and video-on-demand lectures (1 institution).

A B

FIGURE 2. Regular examinations in first semester of 2020
(assessment method for assigning grades): aggregation (A) and
categorization by lecture format (B). CBT 5 computer-based
testing.
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Free Descriptions of Initiatives and Approaches
Table 1 presents the results related to initiatives and new

approaches at the institutions. The comments relate to free
descriptions obtained in the questionnaire responses. We
obtained many comments about new approaches to infec-
tion control. Regarding remote and video-on-demand lec-
tures, there were many comments about improving student
understanding. With respect to hybrid lectures, many com-
ments related to reducing the number of class days.

Most Suitable Lecture Format During COVID-19
Figure 5 shows the results related to the optimal lecture for-

mat during the pandemic. The numbers of institutions that
chose face-to-face, remote, and hybrid lectures were 7, 4, and
6, respectively. Some of the reasons for selecting face-to-face
lectures were as follows: they facilitate confirmation of stu-
dents’ understanding; the risk of infection is higher off than
on campus; and by attending lectures while taking measures
against infection, students become more aware of such meas-
ures. Some of the reasons for choosing remote lectures were
as follows: they prevent infection among faculty and students,
and the quality of conventional education can be guaranteed
when designing the content of remote lectures. One of the
reasons for selecting hybrid lectures was that face-to-face lec-
tures are also necessary because remote lectures may not
monitor student achievement in real time.

DISCUSSION

In this study, we investigated the lecture format with
respect to teaching nuclear medicine technology before
examinations at Japanese educational institutions during
COVID-19. We also examined novel efforts to ensure the
quality of conventional educational approaches and meas-
ures to achieve infection control.
We found that the methods adopted by the surveyed institu-

tions changed significantly as a result of the pandemic. In the
first semester of 2020, none of the institutions undertook
face-to-face lectures: they switched to such formats as remote
or hybrid lectures. The spread of COVID-19 caused the Japa-
nese government to declare a state of emergency during April
and May 2020. As a result, Japan’s residents were asked to
avoid unnecessary outings and maintain social distance (9).
In the first semester of 2020, remote and hybrid lecture

formats were introduced toward controlling the infection.
We observed that educational institutions with few students
in classes tended to opt for remote lectures. Accordingly,
the small class sizes meant that students could communicate
and interact with lecturers remotely. In that way, lecturers
were able to assess the learning levels of each student,
which supported the remote lecture strategy.
Institutions with many students in each class provided

remote and video-on-demand lectures, which meant that
students did not have attend in person. To prevent clustering
in the case of large classes, the studied institutions adopted
a lecture format such that students did not come into close
contact with one another.
By contrast, most of the educational institutions with classes

of 51–100 students offered hybrid lectures. With the hybrid
format, students who wished to take lectures remotely were
able to do so, reducing the number attending face-to-face lec-
tures. That format allowed lecturers to monitor students’
understanding and satisfaction and teach accordingly. The
hybrid format allowed adequate measures against infection.
In the first semester of 2020, the face-to-face format was

the most frequently applied method for conducting regular
examinations. However, some institutions that used remote
lectures in the first semester adopted various test formats to
prevent infection. Some institutions conducted testing
remotely. Among the comments received from institutions
that conducted remote testing were comments indicating that
such tests did not allow confirmation that students were rely-
ing solely on their academic ability. When taking such tests,
students showed their own face on the computer monitor.
However, it would have been possible to browse study mate-
rials and cheat in such a way that it could not be seen on the
monitor. Remote testing can prevent students from being
infected, but the biggest disadvantage is that it cannot
exclude such fraudulent activities. We received many com-
ments stating that face-to-face testing was the best approach.
In the second semester of 2020, the number of institutions

offering face-to-face lectures increased significantly. The rea-
son for the increase was that COVID-19 infection control had

A B

FIGURE 3. Lecture format in second semester of 2020: aggre-
gation (A) and categorization by number of students per class (B).
Other 5 combination of face-to-face and video-on-demand lec-
tures (1 institution).

A B

FIGURE 4. Regular examination in second semester of 2020
(assessment method for assigning grades): aggregation (A) and
categorization by lecture format (B). Other 5 combination of
face-to-face and video-on-demand lectures.
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begun to be established. Around March of 2020, the Prime
Minister’s Office of Japan announced that the “Three Cs”
should be avoided: closed spaces, crowd places, and close-
contact settings. The notification was introduced because of
the increased risk of COVID-19 infection (1,10). Educational
institutions that considered face-to-face lectures more effective
could conduct teaching in that manner while avoiding the
Three Cs. With face-to-face lectures, it is necessary to
implement adequate infection control measures throughout
the university. In the first half of 2020, there was no way
of providing lectures while avoiding the Three Cs. There-
fore, no educational institutions gave face-to-face lectures
in the first semester.
In the second semester of 2020, the face-to-face format

for regular examinations had also increased markedly. In

that semester, the institutions had become accustomed to
face-to-face infection control. Accordingly, regular exami-
nations were often held in face-to-face format. But some
institutions continued with remote or other examination for-
mats because of the infection risk.
Regular examinations are essential for assessing student

comprehension. In the regular examination for the lecture held
in the second semester, infection control measures were taken,
and face-to-face methods were adopted by many educational
institutions. However, it cannot be denied that there is a risk
of infection. Therefore, we would like to examine the methods
used by some educational institutions in the regular examina-
tions in the first semester of 2020. Some educational institu-
tions have adopted the face-to-face-plus-reports format for reg-
ular examinations. By adopting this method, it is possible to
reduce the risk of infection and evaluate the level of under-
standing of students in a short time. In the future, we would
like to incorporate this type of regular examination into our
lectures.
In the free description portion of the questionnaire, we

received many comments related to methods of infection
control. All institutions that held face-to-face lectures took
thorough infection control measures. Many comments
related to remote lectures addressed methods of improving
student understanding. Unlike face-to-face lectures, the

FIGURE 5. Optimal lecture
format during COVID-19.

TABLE 1
Free Description of Suggested Initiatives and Approaches During Pandemic

Face-to-face lectures Remote lectures Hybrid lectures Video-on-demand lectures

Distribute COVID-19–related
information all at once so
that students, faculty, and
staff can keep up with
latest information on
COVID-19. Strengthen
infection control.

Distribute health observation
cards, and require students
to measure their
temperature and check
their symptoms every
morning. Stagger start time
of lectures in each major so
that student traffic will not
be dense.

Give lectures in classrooms
that can accommodate
more than twice actual
number of participants.
Maintain distance between
students, and secure social
distance. Always open
window.

Install acrylic dividers,
students always wear
masks, disinfect
microphones, disinfect
hands before entering
room, disinfect desks after
lectures, and always
ventilate.

Always administer quizzes
online (e-learning system).
Remote lectures provided
more assignments than
face-to-face lectures
assignments, giving more
time to review.

Post videos and lesson
materials online, and
distribute all slides in PDF
format. Provide increased
explanations and figures in
handouts.

Take questions in real time
using chat. Communicate
with students via chat or
email to eliminate points
of confusion.

Remote lectures eliminate
time it takes to travel to
school, allowing more
time for studying.

Video distribution of board-
style lectures with
Keynote presentation
software. Record lecture
for day, and distribute it
on YouTube.

For small classrooms,
capacity of classroom is
set to 50%, and lectures
are given in 2 classrooms
(teachers move between
2 classrooms). For large
classrooms, capacity will
be 50%, and lectures are
given in classroom.

Limit school days by study
year. Reduce school
days. Divide class in half
and alternate between
face-to-face and remote
lectures every other
week.

For students who do not
have remote study
environment, we have
established a style that
allows students to attend
school by setting up
listening area on
campus.

Two videos of 40-min
recorded lectures are
screened in 90-min lecture.
At end of each video, 10
review questions are
prepared, and answers are
submitted.

Recorded video can be
reviewed many times later.
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remote format does not permit real-time evaluation of stu-
dents’ comprehension and satisfaction. Further, with the
remote format, the lecturer is not physically present; the
comments therefore indicated concern about the decline in
concentration level with such teaching. This finding has
been reported in previous studies (1). Accordingly, lecturers
at institutions that conducted remote lectures devised meth-
ods that could obtain the same level of student understand-
ing and satisfaction as did the face-to-face format.
The free descriptions of hybrid lectures included methods

of reducing the number of class days. Lecturers wished to
have direct contact with students to determine whether they
understood the lecture content. Thus, institutions provided
hybrid lectures and devised ways to reduce the number of
attendance days.
Regarding video-on-demand lectures, the free descrip-

tions mentioned ways of improving student understanding.
Few institutions offered video-on-demand. However, there
were comments about its merits because it allows multiple
reviews of a lecture. It was evident from the free description
that educational methods have changed completely to pre-
vent COVID-19 infection. Each institution offered ways to
prevent infection and improve understanding.
In the questionnaire, we asked about the optimal lec-

ture format for COVID-19. Evidently, there were no clear
differences in a comparison of face-to-face, remote, and
hybrid lectures in terms of educational suitability; each
institution held different views in this regard. All the
institutions made efforts to prevent infection and improve
understanding: they believed it was possible to teach in a
way that ensured the quality of conventional education in
any lecture format.
We investigated various lecture formats and initiatives

undertaken by educational institutions under COVID-19.
COVID-19 has completely changed all institutions, and they
have moved away from conventional education. All the
institutions we examined had addressed new educational
challenges as a result of COVID-19. We wish to share these
initiatives and methods adopted, thereby contributing to the
promotion of medical education in society—even during a
pandemic. In 2021 and 2022, we will continue to give the
same lectures as in 2020. Now, mutant strains of COVID-19
are also prevalent, and lectures are given with strict infection
control measures. If education policy in Japan changes in
the future as a result of COVID-19, it will be necessary to
prepare for such changes using the findings of this study.
Finally, we would like to talk about future prospects. It is

unclear whether the new initiatives and lecture formats in
COVID-19 investigated here will be used permanently. We
would like to continue this survey to see what kinds of
changes will be brought about in the future. In addition, we
would like to investigate changes in student attitude ratings
and satisfaction levels and student board examination scores
in lectures at each educational institution. Each educational
institution may make a difference by instituting these
changes. In previous research, remote lectures were found

to give students the same level of satisfaction and under-
standing as the conventional face-to-face lectures (1).
Therefore, we believe that by designing lectures that satisfy
students in any lecture format, we can provide lectures with
a high degree of understanding and satisfaction in any lec-
ture format. Moreover, regarding employment, the chances
of getting hands-on training with radiation equipment are
decreasing at all educational institutions to prevent infec-
tion, and many students are worried about whether they will
be able to do their jobs well after finding employment. We
would also like to investigate changes in methods of hands-
on training that have resulted from COVID-19.

CONCLUSION

We investigated the lecture formats in nuclear medicine tech-
nology at educational institutions in Japan during COVID-19;
we also examined new efforts to maintain the quality of edu-
cation and ideas for infection control. We wish to share the
related initiatives and ideas among teaching staff and to pro-
mote education of medical personnel who can contribute to
society.
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KEY POINTS

QUESTION: During the time of COVID-19, what changes
have been made to lecture formats for teaching nuclear
medicine technology at Japanese educational institutions,
and what efforts are being made to ensure the quality of
conventional education?

PERTINENT FINDINGS: In case-control studies of 17
educational institutions in Japan, the lecture format during
COVID-19 was not the conventional one; various school-
specific methods were adopted to prevent infection.
Associations between lecture styles were not observed in
17 institutional case-control studies.

IMPLICATIONS FOR PATIENT CARE: By sharing the
results of this survey with each educational institution, it is
possible to strengthen infection control measures and pro-
vide a high-quality conventional education.
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Yindyamarra Winhanganha: A Conduit to Indigenous
Cultural Proficiency
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The First Nations peoples in the United States, Canada, Australia,
and around the world are substantially disadvantaged by colonial-
ization, including health inequity. For nuclear medicine, the cul-
tural competence of the staff and cultural proficiency of the
institution are important minimum expectations. This minimum
can be achieved through a scaffold of Indigenous cultural training
and immersion programs that allow the nuclear medicine depart-
ment to be a culturally safe environment for Indigenous patients.
Development of such programs requires careful planning and
inclusivity of Indigenous people as the key stakeholders but, done
appropriately, can positively drive the Indigenous equity pipeline.
Central to this undertaking is an understanding of Indigenous
ways of learning and the nexus of these ways of learning and
learning taxonomies. There remain substantial gaps between the
most culturally insightful and the least culturally insightful (individ-
uals and institutions)—gaps that can be addressed, in part, by
rich immersive professional development activities in nuclear
medicine targeting cultural proficiency and creating culturally safe
clinical environments. The opportunity lies before us to provide
leadership in nation building and in yindyamarra winhanganha: liv-
ing respectfully while creating a world worth living in.

KeyWords: nuclearmedicine; social asymmetry; Indigenous peoples;
diversity; equity; equality
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The First Nations peoples around the world are substan-
tially disadvantaged by colonialization (1–4). The histories
of colonialization are similar in Australia, New Zealand, Can-
ada, and the United States (5); however, there are more than
370 million Indigenous people in 70 countries globally (1).
Inequity manifests in almost all aspects of the Western per-
ceived quality of life, including health and education. Specifi-
cally, the average life expectancy across the world is 10 y
lower for Indigenous people than for non-Indigenous people
(2) whereas higher suicide rates and poorer general health are
characteristic of Indigenous people (1). Key social determinants
of health for Indigenous people relate to overcrowded housing,
homelessness, lower levels of education (westernized), poorer

numeracy and literacy, and lower incomes. Central to health-
care inequity is that the Indigenous people’s paradigm (square
peg) does not fit the Westernized paradigm (round hole) of
health or education. There are disparities between Indigenous
and non-Indigenous Australians in chronic disease, communi-
cable disease, infant health and mortality, mental health,
and life expectancy (6). This situation reflects social and
socioeconomic factors, including inequitable access to
health services, lack of Indigenous people in the health-care
workforce, leading to delayed attendance and underuse of
services even when available, and sociocultural factors that
combine with geographic and economic factors to decrease
accessibility to health-care (6). A significant cultural issue is
that institutionalized medicine provides a western strategy to
closing the gap, thus failing to deliver pathways to services
that embrace Indigenous beliefs and knowledge (1).
Health-care inequities are sustained, in part, by implicit and

explicit racial bias but are also driven by extrinsic and intrinsic
barriers to accessing health-care services among Indigenous peo-
ples (2–4). Cultural competence and Indigenous cultural compe-
tence more specifically are critical parts of the curriculum for
health-care professions—including professions in nuclear medi-
cine—yet health asymmetry continues to be problematic. This
difficulty reflects several complex processes associated with dif-
ficulties in changing engrained culture using a bottom-up
approach (i.e., student education) and a lack of confidence
among non-Indigenous health-care professionals in meeting the
cultural needs of Indigenous patients (7–9). It is crucial, there-
fore, to develop—in parallel to the curriculum—initiatives to
implement cultural competence in professional activities, con-
tinuing professional development activities, and postgraduate
activities. The manner in which education providers and profes-
sional bodies develop and apply cultural competence to enhance
understanding of social, historical, and cultural determinants and
then apply this understanding to adapt and implement culturally
appropriate health-care is important in the move toward cultural
proficiency and equity.
Understanding of Indigenous needs and barriers can create

culturally safe and more productive clinical environments for
Indigenous patients, Indigenous colleagues, and the broader cul-
turally diverse patient and staff populations. Although this dis-
cussion focuses on the Indigenous people of Australia, the
knowledge is readily transferable to other Indigenous peoples
across the globe and, more generally, to those confronting
ethnicity-based social or health-care inequity. Indeed, the
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Indigenous people of one land may be displaced geographically
to another land (i.e., become a refugee), carrying social asymme-
try associated with both their Indigenous status and their refugee
status. The chasm of social and health inequity is deepened and
widened by implicit, explicit, and historical racial bias. These
biases reinforce social injustice weaved through the culture and
policies of the institution (i.e., the establishedwesternized culture
in which implicit and explicit attitudes and behaviors are
engrained in the policy and practice of an organization, govern-
ment, or community collective) to drive systematic disadvantage
to those in most need. Yindyamarra winhanganha is Wiradjuri
language indigenous to the lands on which many of the Charles
Sturt University (CSU) campuses occupy and translates to
“living respectfully in a world worth living in.” The phrase
promotes “nation” building through respect, equity and unity.
Yindyamarra winhanganha provides a sentinel to direct the path
toward and a conduit to realize, Indigenous cultural proficiency.
Institution refers to the established westernized culture where

implicit and explicit attitudes and behaviors are ingrained in the
policy and practice of an organization, Government or commu-
nity collective. Nation is a community of people who share
language, culture and history. This people-focused and planet-
focused (with the planet being defined as the land for which
Indigenous people are proud stewards) Indigenous context of
nation and nation building contrasts with the industrial and eco-
nomic focus of colonized nation building.

CULTURAL SAFETY

Recent research identified 3 key characteristics valued by
Indigenous Australians that are important in the nuclear
medicine department and in health-care more generally (10).
The first relates to accessibility of services. Nuclear medi-
cine departments are not always open, easy-to-locate, or
welcoming spaces. Furthermore, the nature of the services
provided in nuclear medicine makes it difficult to colocate
with other health services (excepting radiology). Second,
consistent with the principle of personalized medicine and
even precision medicine, Indigenous people value health-
care that is appropriate and responsive to their holistic needs
and beliefs. Some cultural norms are not easily accommo-
dated within the nuclear medicine department, driven in part
by issues of safety and in part by a lack of insight into cul-
tural beliefs. Third, Indigenous people value culturally safe
places where ethnicity and beliefs are respected. To provide
a culturally safe environment requires more than cultural
knowledge and awareness; it demands engagement through
cultural values and attitudes (Fig. 1).
Part of cultural safety in nuclear medicine is related to

patient education. The unequal power relationships between
health practitioners and Indigenous patients contribute to
health inequalities and health asymmetry at the individual
and community levels (5). Cultural safety must recognize
the historical and contemporary impacts of colonization on
Indigenous people’s capacity to trust social, institutional,
and political structures (5).

CULTURAL COMPETENCE

Broadly, cultural competence is the capacity to respond to
cultural diversity inside health-care systems (11), including
understanding and respecting variations in patient health
beliefs, values, preferences, behaviors, symptom recognition,
thresholds for seeking care, expectations of health-care,
compliance, and attitudes about diagnostic procedures (12).
Cultural competence is an important strategy for addressing
inequities, such as those in health and education, for Indige-
nous people but requires more than cultural awareness (6).
Cultural competence is the attitudes and behaviors, rein-
forced through policy and practice, that enable effective
cross-cultural collegiality and collaboration at the individual
and system levels (6).
Endeavors to instill cultural competence in health-care

delivery have confronted barriers because of a lack of strat-
egy coherence and because evidence and insight are largely
descriptive (6). Success in building a culturally competent
health workforce is constrained by a lack of a consistent
definition for—and language around—cultural competence,
a lack of evidence of the impact of interventions, and a lack
of identification of appropriate performance indicators. Cul-
tural competence requires being capable of cultural self-
assessment, valuing diversity, managing cultural dynamics,
having cultural knowledge, adapting one’s actions through
cultural understanding, recognizing cultural differences, and
understanding the impact that such differences make.
Recognizing cultural differences and understanding the value

that those cultural differences bring to a community or team are
an important part of cultural competence (Fig. 1). This quality
allows easy demarcation from lower levels of cultural develop-
ment—levels at which cultural differences might be seen as an
opportunity for exploitation and discrimination or are recog-
nized but either ignored or inappropriately responded to.

CULTURAL PROFICIENCY

Cultural proficiency requires, at the individual and institu-
tional levels, the following: knowledge and skills to work
effectively in cross-cultural environments; esteem for all forms
of cultural difference; cultural reflection and self-assessment
around values, beliefs, and bias; cultural humility; commitment
to and valuing of diversity and justice; management of cultural
dynamics; learning of cultural practices; adaptation of beliefs,
systems, policy, and actions through cultural understanding;
recognition and facilitation of bidirectional cultural conduits;
and knowledge of how to learn about cultural differences.
Beyond the capabilities of cultural competence, cultural profi-

ciency recognizes cultural differences and is equipped to respond
effectively and affirmingly both individually and institutionally
(Fig. 1). Cultural proficiency is a journey, not an endpoint.

TRAINING IN CULTURAL COMPETENCE AND
PROFICIENCY

There have been initiatives and research outlining the value
of stand-alone cultural competence workshops for health-care
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workers. Such workshops are often seen as a tick-the-box men-
tality that satisfies some tokenistic metric to build awareness.
Research in Australia found that most industry-based Indige-
nous cultural training was at the cultural awareness level—well
below the expected level of health-care practitioners (13). Con-
versely, university-sector Indigenous cultural training tended to
provide a foundation of knowledge and awareness that scaf-
folded to values, attitudes, sensitivity, empathy, and entry-level
cultural competence (14). Even when research indicates partici-
pants are now more confident working with Indigenous
patients, confidence in this aspect of medicine, as in medicine
generally, should not be mistaken for competence. Indeed, con-
fidence in the absence of competence can produce deleterious
and paradoxic effects. More effective programs include cultural
immersions because they develop stronger insights into the
connection between culture, history, tradition, beliefs, values,
and the interplay with health and health behaviors. Through
these rich and deep cultural experiences, a better understanding
can be gained of barriers to health and health engagement and
of language and communication styles, and potential strategies
can be developed to better meet the health-promotion, health-
education, and health-safety needs of Indigenous patients.
The journey through cultural awareness to enlightenment

and cultural competence or proficiency is tortuous at best and
demands commitment, patience, respect, empathy, and perse-
verance. The task for non-Indigenous health professionals is to
challenge the ways of knowing, with the goal of decolonizing
their attitudes, beliefs, and actions—a task that is tortuous and
challenging yet rich and revelatory (1). There are challenges to
confront as a result of historical injury to Indigenous people or
cultural incompatibilities. Short-term strategies or changes in
policy do not instill trust and confidence among Indigenous
people. Strategies driven by well-intended white policy makers
confront resistance and overlook the insights of the Indigenous
people. Indeed, the idea that policy makers know what is best
to improve the health and well-being of Indigenous peoples
leaves a sense of tokenism and inevitable failure. Worse is the
political point scoring of policy makers that parachute in and
disrupt any real progress being made.

HEALTH-CARE INEQUITY

Inequity and bias associated with Indigenous health-care
might manifest as a lack of diversity in the teams of health-care

professionals. Diversity in the health-care
team enables creative problem solving
and implementation of solutions better
suited to Indigenous patients. Inequity
may also manifest from policy developed
with homogeneous patient data (lacks
Indigenous inclusivity). It is critical that
data reflect diversity and be inclusive of
Indigenous people; otherwise, there is a
significant risk of widening health-care
inequities for Indigenous populations.
There are numerous examples of

bias that drives the Indigenous health-care inequity gap.
Implicit bias or intrinsic bias relates to the attitudes and
stereotypes that can unintentionally prejudice or bias.
Explicit bias or extrinsic bias is our conscious attitudes and
stereotypes that intentionally cause prejudice and bias, of
which racial bias is prominent. Both implicit bias and
explicit bias cause harm in society and health-care, and
both can be deeply engrained in health-care culture and pol-
icy. Institutional bias refers to that which is weaved into the
culture of the “institution” (a western paradigm) and creates
a systematic advantage typically to those already enjoying
advantages via social asymmetries. Historical biases are a
type of institutional bias in which implicit or explicit bias
has shaped historical records. As a result, when those
records are used, the biases not only are learned by health-
care workers and policy makers but are reinforced. Cogni-
tive bias, a systematic bias common in human health
interactions, is that in which observations from the environ-
ment around a patient are used in judgment and decision
making. These observations can be discriminatory and rely
heavily on intuition, which, in turn, is shaped by the per-
sonal experiences of the observer. Health-care is neither
neutral nor objective; rather, it is embedded in and driven
by social, political, and economic agendas. Indeed, health-
care policy is frequently designed with parameters for dis-
crimination and amplification of social inequalities. An
essential element of the professional development and
undergraduate training of nuclear medicine professionals is
to develop the capability for critical reflection that reveals
intrinsic bias to ensure not only that Indigenous people find
nuclear medicine a culturally safe place but also that they
encounter health-care professionals who exhibit the atti-
tudes and behaviors of cultural competence. In turn, learn-
ing from structured and hidden curricula, and through
cultural mentoring, will reengineer the cultural framework
of the institution and produce cultural proficiency, thus
debugging policy and practice from historical bias.
Indigenous health-care, including in nuclear medicine, con-

fronts issues associated with accessibility to, and opportunity
for, access when services are available. Many of the barriers
are intrinsic to Indigenous people (e.g., lower uptake of avail-
able services), but it remains an expectation that health-care
professionals will bridge any divides and work with Indige-
nous communities to develop culturally safe and appropriate

FIGURE 1. Indigenous cultural proficiency pipeline.
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spaces. In turn, this work will increase Indigenous access to
and use of expertise and assets. Inclusive in this effort is the
obligation to make careers in health, including nuclear medi-
cine, attractive and achievable for Indigenous people. In rural
and remote Western Australia, the nuclear medicine needs of
Indigenous Australians (oncology, cardiology, and renal serv-
ices) are provided using a fly-in, fly-out service to provide
access to remote communities. Indigenous people in these
communities have a 30 times higher myocardial infarction
rate than non-Indigenous people and a 50% lower 5-y cancer
survival rate. But the success comes from culturally proficient
nuclear medicine teams who are committed to closing the
inequity divide and who work with the Indigenous commu-
nity to meet its needs. Accessibility creates equality, but
equity also demands opportunity. Well-thought-out strategy
by culturally proficient teams is essential to ensure opportu-
nity. Taking the services to the patient in communities that
would otherwise not sustain a nuclear medicine service, and
using telemedicine, overcome the cultural and socioeconomic
barriers to services. A study in Western Australia showed
comparative hospital services between metropolitan and
regional communities (900 beds with 5,700 staff in the metro-
politan hospital and 800 beds with 6,000 staff in the regional
hospital) and revealed disparities (15). In metropolitan serv-
ices, only 0.9% of the staff and 0.8% of the patient population
were Indigenous. For regional services, 3.7% of the staff and
8% of the patient population were Indigenous. Although the
study indicated that Indigenous people are underrepresented
in the workforce of regional services, it also signaled that
metropolitan services are lacking in cultural preparedness for
local Indigenous patients and for those referred from lower-
tier regional sites for specialist services. Also of note, health
policy, including funding and rebates, is driven by metropoli-
tan teaching hospitals whose data not only overlook the
unique features of regional and rural communities but,
expressly and grossly, underrepresent Indigenous people.

THE INDIGENOUS EQUITY PIPELINE

Traditionally, health and education institutions have lacked
vertical and horizontal diversity, and it is only in recent
decades that a shift has been seen to more inclusivity to
overcome barriers to diversity. In health-care generally
and nuclear medicine specifically, the philosophy is to “first
do no harm” (nonmaleficence) and then improve outcomes
(beneficence). To that end, development and implementation
of a strategy to close the gap in health-care equity should
not create or potentiate inequities but rather should actively
mitigate inequities. The equity pipeline can be broken into 6
steps (Fig. 2):

1. Identifying the problem
2. Gathering supporting evidence
3. Defining outcomes
4. Developing a strategy
5. Implementing the strategy
6. Evaluating, reflecting, and refining

Problem identification can be driven by political, commer-
cial, or economic forces. Institutional bias can be engrained
in identifying the problem, gathering the evidence, and
defining the outcomes. In health-care, the first 3 of these
steps are frequently focused on issues associated with the
health needs of those already advantaged or privileged.
Policy-driving data generally reflect a metropolitan major
teaching hospital cohort and seldom include socially or
geographically isolated communities. There can also be cen-
soring of data in a way that drives minority underrepresenta-
tion and lack of diversity in the data and demands more con-
sidered data curation. Outcomes associated with health-care
costs discriminate against patients with, for example, higher
degrees of morbidity, which in turn create inequity and bias
associated with Indigenous groups with higher levels of
morbidity. In essence, this discrimination redirects resources
away from those in most need, perpetuating the inverse-care
law. Strategy and policy development will reflect the diver-
sity, or lack thereof, of the development team and any asso-
ciated biases. Particular care is needed to ensure that policies
do not embed and reinforce the lack of neutrality of the
institution and data. There is a potential for bias and inequity
when lack of objectivity influences performance metrics.
Strategy implementation needs careful consideration and
ongoing evaluation to ensure appropriateness for Indigenous
populations. In the absence of evaluation of postimplementa-
tion performance and appropriate identification of those per-
formance indicators, significant inequity and social injustice
may emerge. Among the 6 steps in the pipeline, a spectrum
for both diversity and inequity provides clues to cause and
solution (Fig. 2). Central to the entire Indigenous equity
pipeline is the mantra “nothing about us without us.” Indige-
nous equity in health-care requires key-stakeholder engage-
ment and inclusivity; too often, the institution rather than the
nation is identified as the key stakeholder.

INDIGENOUS LEARNING

In nuclear medicine and health more generally, communi-
cation with Indigenous people is a key cultural competence
skill but is also a valuable tool in creating a culturally safe
environment for all patients. Understanding Indigenous ways
of learning will drive improved promotion of health and
improved dissemination of patient information, which in turn
will drive trust, compliance, and increased health-care engage-
ment. Understanding Indigenous ways of learning or knowing
will also provide valuable insight to help the non-Indigenous
health practitioner more deeply understand Indigenous barriers
to health and health equity. Reflecting meaningfully on Indige-
nous ways of learning is a conduit to cultural proficiency. The
first principle to consider, perhaps more broadly in health pro-
motion than specifically in nuclear medicine, is the barriers to
Indigenous learning. If Indigenous patients do not find that hos-
pitals or clinical departments are a culturally safe place for
learning, then health professionals need to venture into cultur-
ally safe places to better deliver key messages. At a macro
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level, this venture means engaging with Indigenous people in
their communities—an effort that would be helped by including
Indigenous members on the health-care team. At a micro level,
this venture might be reflected by an individual health-care
practitioner who exercises cultural proficiency skills in negating
a culturally inappropriate physical space and providing the
Indigenous patient with a culturally safe emotional and cogni-
tive environment. In principle, such skills should be no different
from the emotional intelligence and cultural competence skills
that health-care practitioners use to create safe places for all
patients, each with a unique suite of cultural needs. If patients
do not learn where we teach, let us teach where they learn.
Likewise, when examining the ways by which Indigenous

people learn or acquire knowledge, it is easy to focus on the
unique media for the learning, and perhaps the challenges
associated with them, rather than appreciating that the core phi-
losophies are largely universal for all learning. Consider the fol-
lowing list of 8 ways of learning for Indigenous people (https://
www.8ways.online/); perhaps with the exception of number 8,
these are all important tools for learning regardless of ethnicity.

1. Story telling: use of a narrative to make a better connection
with the patient and the information being communicated

2. Learning maps: mind maps that draw on the visual nature of
learning to create visual pathways and connections among bits
of information

3. Nonverbal communication: a vital tool in engagement and in
conveying the importance of information

4. Symbols: metaphors or images that are used to reinforce under-
standing of concepts

5. Nonlinear learning: a way to accommodate lateral thinking and
synthesis of new knowledge

6. Deconstruction-and-reconstruction models (learning in whole:
watch one, do one, teach one) or scaffold learning (learning in
parts)

7. Community links: use of the community to contextualize the
value of learning and to provide a repository for sharing of
learning within the community

8. Land links: connection of learning to local land, nature, and
places, as captured perhaps in part by an emphasis on sustain-
ability in general learning

Valuable insight comes from community engagement and cul-
tural immersion. Australian Indigenous people tell dreamtime

stories that survive intact over thousands
of years. Like Indigenous people across
the globe, Australian Indigenous people
tell stories through a cultural bubble of
song, dance, ceremony, art, and family
that preserves the integrity of the mes-
sage. If learning is weaved into cultural
significance, we create not only a richer
understanding and appreciation of the
learning but also a map to guide us back
to unremembered learning. Cultural
acuity, competence, and proficiency
are capabilities that health-care prac-
titioners and educators alike should

develop so that learning can be crafted into a cultural bubble
for enhanced understanding by Indigenous and non-Indigenous
patients and students.

TAXONOMIES OF INDIGENOUS CULTURAL
PROFICIENCY

The journey to Indigenous cultural proficiency requires deep
insight into Indigenous culture, Indigenous ways of learning,
and one’s own ways of learning. The journey is less tortuous
through a cultural immersion style of learning and through
appreciating the impact of learning taxonomies. Bloom’s cog-
nitive taxonomy can provide a valuable framework for learning
that is widely cited in the educational literature. As learning
outcomes are developed in university courses, Bloom’s cogni-
tive taxonomies are used to scaffold the learning from lower-
order capabilities such as knowing and understanding through
to higher-order capabilities such as evaluation and synthesis.
Indeed, the knowledge domain that the cognitive taxonomies
apply is also scaled from factual information through to meta-
cognitive. This 2-dimensional taxonomy of learning is the very
foundation of formal education yet simply affords early capa-
bilities in the Indigenous equity pipeline (Fig. 3). In some
regards, it is easy to understand why a focus on cognitive and
knowledge domains, even collectively, reinforces bias and
inequity. Progression to cultural safety and sensitivity (acuity)
along the pipeline requires attention to the less-often-discussed
affective domain of Bloom’s taxonomy, in which feelings, atti-
tudes, and values are scaffolded from receiving and responding
through to internalized values. The step to cultural competence
and proficiency requires command of the capabilities of
Bloom’s taxonomies in the psychomotor domain. Here, the
emphasis is on behaviors, skills, and what individuals actually
do and has a scaffold from perception through to adaption and
organization (Fig. 3). The key point here is that overcoming
barriers might be viewed as an insurmountable task but that
the decolonized mind easily identifies the synergies between
ways of learning and the application of westernized education
taxonomies. It is not a case of abandoning or reengineering
western approaches to learning but rather of adopting a more
objective view of similarities to refine and integrate into an
approach that is better for all.

FIGURE 2. Focus of bias associated with the equity pipeline, beginning with underlying
problem of diversity in data and development teams and transforming into outcomes of
inequity.
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THE CSU EXPERIENCE

CSU is a culturally proficient organization built on genuine
respect for and engagement with our Indigenous communities.
At an institutional level, Indigenous culture is authentically and
visibly weaved through strategy, philosophy, and branding.
Indigenous culture is respected during the course of any event,
meeting, or class. At major university events, Indigenous elders
perform a welcome-to-country address, which acknowledges
the land and cultural significance of themeeting place. All meet-
ings, whether in person or virtual, include an acknowledgment
of country and a paying of respect to Indigenous elders and peo-
ple—past, present, and future. At its inception, this comprised
the meeting chair’s reading an institutionally approved script.
Today, meeting chairs deliver their own version of the original
acknowledgment that reflects their own values and experiences.
This is an authentic insight into the growing of cultural compe-
tence and proficiency through personal engagement with Indig-
enous cultural competence initiatives. The start of each class
begins the same: for some, with the formally crafted statement,
and for many others, with a personalized acknowledgment that
embraces the cultural identity of Indigenous people.
The growth in the Indigenous cultural competence of the

CSU staff is driven intrinsically by the strategy and brand-
ing of the university and extrinsically by programs designed
to enrich Indigenous cultural proficiency. At an entry level,
CSU offers an online Indigenous cultural competency pro-
gram for all staff and students focused on the lower-order
taxonomies of enhancing awareness and sensitivity. The
significant impact of this program is the development of
CSU as a culturally safe place for Indigenous staff and stu-
dents. The program decolonizes thinking and helps individ-
uals feel more confident about their contribution to closing
the inequity gap. Beyond this foundation program, several
staff members undergo enrichment through Indigenous cul-
tural immersions. This might be, for example, participation
in a traditional smoking ceremony that, for some, provides
a cultural epiphany. For others, an overnight or 2- to 3-d
immersion in an Indigenous community provides insight

not only into how to develop cultural proficiency but also
into barriers Indigenous communities confront that drive
social asymmetry. In turn, this exercise arms participants
with the rich insight they need to become effective policy
makers in health, education, and other areas of governance.
Students too, in some programs, are afforded the opportu-
nity to undertake enrichment programs as primary health
workers or educationalists in Indigenous communities.
Such programs impart insights, values, and capabilities that
can drive change in communities where Indigenous people
are minorities.
CSU staff, students, and members of local, national, and

professional communities can undertake postgraduate stud-
ies in the Wiradjuri language, culture, and heritage. The
program creates awareness and motivation to reverse the
colonization, dislocation, and dispossession of Indigenous
people with immersion in and celebration of the Wiradjuri
nation. All coursework programs at CSU—undergraduate
and postgraduate—are mandated to include at least 1 sub-
ject (12.5% of an annual full-time study-load equivalent)
approved as an Indigenous subject by the Indigenous Board
of Studies. This requirement drives awareness in some stu-
dents who are at a foundational level (cognitive domain)
whereas other students, who have already mastered the cog-
nitive foundation, may be driven to engage more deeply.
One key performance indicator that speaks to the success of
these programs is that CSU is the Australian university with
the highest proportion of Indigenous students and, more
importantly, with the highest retention and completion rates.
One observation is that the increase in the proportion of stu-
dents who are Indigenous reflects both an absolute increase
in Indigenous enrollment and an increase in students identi-
fying as Indigenous who might otherwise not share that
identity. In either case, it speaks to the strategies that create
culturally safe environments and reflect institutional cultural
proficiency.
CSU has also invested in physical resources that support

cultural safety and mirror Indigenous ways of learning—
resources that are excellent for all students and staff. At the

Wagga Wagga campus, open native
spaces, including a large amphitheater,
are often used for outdoor classes.
Wagga Wagga campus also hosts an
Indigenous food garden that not only
provides an education resource but also
supports biodiversity in a rich habitat.
Each campus has a First Nations stu-
dent center to bring Indigenous students
together and provide culturally safe
places. The Bathurst campus has a
vibrant space dedicated as a meeting
place for Wiradjuri elders. On the Port
Macquarie campus, outdoor spaces
include a lecture space (Fig. 4 back-
ground) and a fire pit that allows meet-
ing and teaching in a yarning circle

FIGURE 3. Bloom’s taxonomy mapped against Indigenous cultural proficiency
pipeline.
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around the fire (Fig. 4). The significance of the yarning cir-
cle is equity (all facing the center), engagement, and open
communication.

CONCLUSION

The divide associated with Indigenous inequities, despite
the efforts of individuals, corporations, and policy makers,
continues to be problematic. This divide reflects 2 maxims:
that the health-care system is only as strong as its weakest
link and that, unfortunately, there is a substantial gap
between the most culturally insightful and the least cultur-
ally insightful. In turn, this gap perpetuates the inverse-care
law, by which those in most need of health-care have dispro-
portionately decreased access to it. Indigenous health-care
without diversity and inclusivity in the workforce, and with-
out rich immersive professional development activities tar-
geting cultural proficiency using cognitive, affective, and
psychomotor taxonomies, is counterintuitive to the first-do-
no-harm mantra of western medicine and nonmaleficence.
More importantly, such immersive strategies toward Indige-
nous cultural training and toward diversity and inclusivity
help create culturally safe clinical environments for patients,
helping reduce social and cultural barriers to Indigenous

people accessing medical services. The commitment of non-
Indigenous health-care professionals to developing cultural
competence and proficiency is the essence of nation building
and of living respectfully in a world worth living in: yindya-
marra winhanganha.
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T E A C H I N G C A S E S T U D I E S

18F-Fluciclovine–Avid Axillary Lymph Nodes After
COVID-19 Vaccination on PET/CT for Suspected
Recurrence of Prostate Cancer
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Abnormally increased 18F-FDG avidity of axillary lymph nodes has
become a frequent diagnostic dilemma on PET/CT in the current
climate of global vaccinations directed against severe acute respi-
ratory syndrome coronavirus 2. This avidity is due to the inflam-
matory response evoked by vaccines and the nonspecific nature
of 18F-FDG uptake, which is increased in both malignant and
inflammatory processes. Similarly, 18F-fluciclovine, an amino acid
analog indicated for the assessment of biochemical recurrence of
prostate cancer, may also demonstrate nonspecific inflam-
matory uptake. We report a case of 18F-fluciclovine PET/CT
obtained for concern about prostate cancer. In this case, iso-
lated avid lymph nodes were seen in the left axilla. A screen-
ing questionnaire revealed that the patient had recently
received the second dose of the Pfizer-BioNTech coronavirus
disease 2019 vaccine in his left shoulder, and hence, the
uptake was determined to be reactive.

Key Words: PET/CT; COVID-19 vaccine; 18F-fluciclovine; axillary
lymph nodes; inflammation; prostate cancer
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Abnormal axillary lymph node avidity associated with
vaccination was first reported in 2003 on 18F-FDG PET/CT
images of healthy individuals who had received the killed
influenza vaccine in a study assessing lymphocyte activation
(1). Since then, similar findings have been reported from
numerous other vaccinations (2). Such findings are due to the
inflammatory response elicited by vaccines and the resulting
upregulation of glucose transporters by activated immune
cells (3). With the widespread implementation of vaccinations
in response to the coronavirus disease 2019 (COVID-19) pan-
demic, there has been a marked increase in this phenomenon,

resulting in significant diagnostic challenges with 18F-FDG
PET/CT (2).

CASE REPORT

A 65-y-old man underwent surgery for prostate cancer.
Subsequent pathologic evaluation revealed a Gleason score
of 7 (3 1 4) with evidence of perineural invasion and 1 of
5 local lymph nodes positive for spread. There was no semi-
nal vesicle invasion or extracapsular extension, and the sur-
gical margins were negative. The overall stage was IVA
(pT2, N1, M0). At 4 mo after surgery, there was a persistent
detectable prostate-specific antigen level of 1.0 ng/mL, and
18F-fluciclovine (Axumin; Blue Earth Diagnostics) PET/CT
was performed for further assessment. The examination
revealed 4 foci of avidity (SUVmax, 3.2) in the left axilla
localizing to mildly enlarged but morphologically normal
lymph nodes (Fig. 1). The remainder of the uptake was physi-
ologic, with no other sites of pathologic radiotracer avidity. A
review of the intake questionnaire showed that the patient had
received the Pfizer-BioNTech COVID-19 vaccine in his left
shoulder 17 d previously, and hence, the uptake was deter-
mined to be reactive. Subsequent clinical follow-up revealed
an undetectable prostate-specific antigen level at 6 mo and
again at 9mo, confirming the benign nature of the uptake and
the absence of residual malignancy.

DISCUSSION

Although 18F-FDG is by far the most frequently used
radiotracer in PET/CT, several additional radiotracers are in
clinical use, including 18F-fluciclovine for imaging in men
with suspected prostate cancer recurrence. 18F-fluciclovine
is an amino acid analog and is taken up by prostate cancer
(4). However, like 18F-FDG, 18F-fluciclovine can show
increased uptake in inflammatory processes due to uptake
by white blood cells. Given this fact, false-positive uptake
has been reported in nonmalignant entities such as pneumo-
nia, lymphadenitis, and ring worm infection (4,5). As with
18F-FDG, 18F-fluciclovine uptake by inflammatory pro-
cesses tends to be mild compared with that by malignancy
and most commonly has an intensity less than that in nor-
mal bone marrow (as in this case, with the L3 vertebra
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having an SUVmean of 3.5). Hence, it is to be expected
that, as with 18F-FDG, low-grade avidity by axillary
nodes will be a potential finding on 18F-fluciclovine PET/
CT after COVID-19 vaccination.
Recently, several prostate-specific membrane antigen

PET tracers have received approval for use in the United
States as an additional means for detecting prostate can-
cer. Despite their excellent performance, these, too, can

demonstrate nonspecific uptake by inflammatory diseases
such as pneumonia, and hence, it is likely only a matter of
time before a case of COVID-19 vaccination–related
uptake in the axillary lymph nodes is reported with these
agents (6).

CONCLUSION

The case underlines the importance of correlating exami-
nation findings with disease pathophysiology, radiotracer
mechanism of action, and clinical history to optimize the
accuracy of PET/CT interpretation.
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FIGURE 1. (A) 18F-fluciclovine PET maximum-intensity projec-
tion revealed 4 foci of unexpected avidity in left axilla (arrow).
Remainder of uptake was physiologic. (B and C) Axial CT (B) and
axial 18F-fluciclovine PET/CT (C) images show avidity localizing 4
mildly enlarged but morphologically normal lymph nodes
(arrows). Remaining images (not shown) confirmed no other sites
of potentially pathologic radiotracer avidity.
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99mTc-Sulfur Colloid SPECT/CT in Diagnosis of
Splenogonadal Fusion

Fatimah Ahmed Daghas, Jaber Abdulwahab Asiri, Habib Hassine, and Ali Ibrahim Aamry
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A congenital abnormal connection between an accessory spleen
and a gonad is called splenogonadal fusion. The parent of a 3-y-
old boy brought him to King Saud Medical City because he had
left scrotal swelling that had begun 1 y previously. 99mTc-sulfur
colloid (SC) imaging has superior sensitivity and specificity in tar-
geting the liver, spleen, and bone marrow, in that these are the
only organs that 99mTc-SC can visualize. Furthermore, if these tis-
sues appear anywhere other than their usual locations, such as in
the case of an accessory spleen, 99mTc-SC imaging can identify
them even without biopsy or—in the case of splenogonadal
fusion—orchiectomy. In the current case, the patient underwent
laparoscopy, the masses were removed, and orchiectomy was
avoided. Histopathologic examination confirmed normal splenic
tissue, matching the imaging results.
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splenogonadal fusion; sulfur colloid
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Accessory spleens, which appear when there are defi-
cient mesenchymal buds during development, can arise
from the spleen when the gonads descend. The type of
accessory spleen that is associated with the gonad is called
splenogonadal fusion (SGF) (1).
SGF is also called ectopic scrotal spleen and usually presents

before the age of 20 y; appearance in the left testis only is pos-
sible in boys younger than 10 y. The male-to-female ratio of
SGF is 16:1 (2). Another published case (3) used nuclear medi-
cine to rule out SGF. In the current case, SGF was diagnosed
successfully using 99mTc-sulfur colloid (SC) imaging.

CASE REPORT

A 3-y-old boy was brought to King Saud Medical City by
his parent because of left scrotal swelling that had first been
noticed 1 y previously. Physical examination revealed unusual
scrotal swelling that was painless and did not change in size
on palpation. There was no history of trauma.

Ultrasound showed both testicles in the scrotum. The
right measured 1.8 3 0.7 cm and had normal echogenicity
and vascularity (Fig. 1A). The left measured 1.2 3 0.8 cm
and also had normal echogenicity and vascularity. How-
ever, inseparable from the left testis was a well-defined,
oval abnormal area of soft tissue that was of homogeneous
echogenicity, measured 3 cm in length by 1.2 cm in diame-
ter, and was adjacent to a feeding vessel (Fig. 1B). No obvi-
ous calcification was seen, and there was no evidence of a
hydrocele or enlarged lymph nodes. The imaging differen-
tial diagnosis included an underlying testicular neoplasm,
and 99mTc-SC imaging was performed to diagnose SGF.

Mass

Left testicle

Right testicle

A

B

FIGURE 1. Ultrasound of scrotum. (A) Right testicle (arrow)
measures 1.83 0.7 cm and shows normal echogenicity and vas-
cularity. (B) Left testicle (horizontal arrow) measures 1.2 3 0.8 cm
and shows normal echogenicity and vascularity. Well-defined,
oval abnormal soft-tissue mass (vertical arrow) inseparable from
left testis shows homogeneous echogenicity, measures 3 3 1.2
cm, and is adjacent to feeding vessel.
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The patient was injected
with 92.5 MBq (2.5 mCi)
of 99mTc-SC. First, a static
image over the anterior
and posterior abdomen
was obtained for 10 min.
Afterward, SPECT/CT was
performed over the same
region, using a 360" rota-
tion, a 128 3 128 matrix,
and a rate of 30 s per
frame.
The liver was found to

be in its normal anatomic
location and to measure 11
3 10.5 cm, with adequate,
homogeneously distributed
tracer uptake throughout.
The spleen, in its normal
anatomic location, was
visualized as well. It mea-
sured about 7 3 5 cm. The
images also showed 2 ab-
normal focal areas of up-
take (Fig. 2). The more
intense of these was in the
scrotum (anterior to the left
testicle), measured about 2

3 2 cm, and matched the mass noted on
the previous ultrasound (Fig. 1). The
mass was hyperdense, compared with
the normal density of the testis. The sec-
ond focus of abnormal uptake was
smaller (#1 cm of diameter) and less
active, was in the anterior part of the left
iliac fossa between the abdominal wall
and the urinary bladder, and was highly
suggestive of accessory spleen tissue.
The imaging report concluded that the
study gave a strong impression of SGF,
with a small accessory spleen in the left
iliac fossa and left testicle.
After these diagnostic tests, the

patient underwent left laparoscopy with
excision of the splenules in both the tes-
tis and the abdomen. The area was
approached through an inguinal inci-
sion. Both specimens were sent for his-
topathologic examination, which found
that they represented splenic tissue with
no significant pathologic change.

DISCUSSION

SGF is an unusual medical disorder
that presents from birth. This congenital

malformation appears as splenic tissue in the gonad (4).
Historically, SGF was first mentioned in 1913, by Sneath,
a demonstrator of anatomy at the University of Manchester
(5). There are 2 types of SGF, depending on whether the
spleen and gonad are connected or unconnected (4). SGF is
reported mostly in children and presents as an abnormal
mass in the testicle. The first step to diagnosing SGF is the
physical examination: the patient presents with pain in the left tes-
tis and swelling in the left scrotum. Ultrasound, CT, and MRI
will show an abnormal mass in such cases.
In the current case, ultrasound, MRI, and CT revealed a discrete

hemiscrotal soft-tissue mass inseparable from the left testis but
failed to characterize themass. 99mTc-SC imaging is a noninvasive
modality capable of detecting ectopic functioning splenic tissue
and, in this case, helped to characterize the scrotal mass and diag-
noseSGFnoninvasively (Fig. 3).
Although our literature review indicated that few cases of

SGF have been diagnosed with 99mTc-SC (3), we decided
to send our patient to the nuclear medicine department for
99mTc-SC imaging to rule out SGF because this modality
has a superior ability to differentiate between the distinctive
tissues in such cases, on the basis of the percentage of the
radiotracer distributed in the body. About 92% of 99mTc-SC
bonds with the cells of the reticuloendothelial system. In
other words, if the 99mTc-SC is prepared in the proper way
in the hot lab and is imaged using the proper protocol, it
will concentrate in only 3 organs: the liver, the spleen, and
the bone marrow. In the current case, we saw high tracer

FIGURE 2. 99mTc-SC image.
Anterior planar view of abdomen
and pelvis shows normal biodis-
tribution of tracer, with 2 abnor-
mal focal areas of uptake. One
(green arrow) is more intense
than the other, is in scrotum,
measures about 2 3 2 cm, and
matches mass noted on previ-
ous ultrasound. The other (red
arrow) is in anterior part of left
iliac fossa.

A B

C D

FIGURE 3. (A–C) 99mTc-SC SPECT/CT images showing 2 abnormal focal areas of
uptake (white arrows) in axial (A), coronal (B), and sagittal (C) views and a second, less
active focus (yellow arrow). (D) Axial SPECT/CT image showing that the less active focus
(yellow arrow) is smaller (#1 cm in diameter) than the other focus and is in anterior part
of left iliac fossa between abdominal wall and urinary bladder; as such, it is highly sug-
gestive of accessory spleen tissue.
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uptake in the liver and spleen (Fig. 2), but the rest of the
body had no tracer uptake except for the 2 foci of abnor-
mally high uptake that turned out to be accessory spleens.

CONCLUSION

99mTc-SC imaging helps to diagnose SGF noninvasively and
has a potential role in the evaluation of testicular masses.
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D E P A R T M E N T S
L e t t e r s t o t h e E d i t o r

Editorial Board Gender Balance

TO THE EDITOR: I read with interest a recent commentary in
the European Journal of Nuclear Medicine and Molecular Imag-
ing detailing the gender inequity associated with the composition
of the journal editorial board (1). This was followed by further
analysis (2) of 25 nuclear medicine journals across the United
States, Europe, and Asia that reported the universality of the gross
disparity between male and female members of the editorial boards
for journals. Clearly, gender diversity on an editorial board pro-
vides valuable perspective and builds a culture of equality in the
profession and research. Nonetheless, the analysis was at a loss to
explain the gender differential (on the order of 4:1 favoring men).
Although the specific journals were not identified by name, the

Journal of Nuclear Medicine Technology (JNMT) may have been
overlooked because this analysis is far from representative. Indeed,
the JNMT is a model for gender equality, with 11 female and 9
male editorial board members comprising a female editor, 8 female
associate editors, 7 male and 1 female consulting editors, 2 male
international consulting editors, and a female managing editor.
The historically inclusive culture of the Society of Nuclear Medi-
cine and Molecular Imaging Technologist Section and JNMT,
combined with more equitable gender distribution among profes-
sional colleagues, provides a benchmark and formula for others to
follow. Yet it also provides an insight that reflects the traditional
male predominance of physician, physicist, and radiochemist

numbers in the editorial board composition of medical and physics
journals. The emergence of a greater gender balance across sci-
ence, technology, engineering, and medicine (STEM) provides
encouragement that the expertise of the profession, and thus jour-
nal editorship, will also find a balanced gender equilibrium.
It should be noted that this discussion, and the original works

(1,2), do not accommodate nonbinary gender classifications or,
indeed, other important aspects of diversity that enrich an editorial
team (e.g., ethnicity, age/experience, and sexual orientation)—
something to consider moving forward. But for now, this is an
opportunity to celebrate the JNMT as an international leader and
benchmark for gender equity.
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J R C N M T R E P O R T

Accreditation Standards for Nuclear Medicine Technologist
Education: Revisions to Accredit Diagnostic CT Education
in NMT Programs

Andrew T. Trout, MD, and Rodney C. Fisher, PhD, RT(R)(N)(CT)(BD), CNMT, JRCNMT Directors

The Joint Review Committee on Educational Programs
in Nuclear Medicine Technology (JRCNMT) is recognized
by the Council for Higher Education Accreditation to accre-
dit postsecondary nuclear medicine technology (NMT) pro-
grams in the United States. The mission and vision of the
JRCNMT are to ensure quality NMT education through
programmatic accreditation and to advance NMT education,
respectively. Toward these ends, the board continually eval-
uates the NMT educational landscape with a goal of main-
taining and advancing education standards.
In 2020, in response to an assessment of the state of the field,

the board revised the accreditation standards to provide accredi-
tation for education in diagnostic computed tomography (CT)
occurring in NMT programs sufficient to allow students to sit
for CT certification. These new standards will go into effect in
August 2022. The purpose of this article is to convey the per-
spective, intent, and expectations of the JRCNMT related to
diagnostic CT education in NMT programs.
Hybrid and correlative imaging have long been an impor-

tant part of the practice of nuclear medicine, and both clini-
cal and didactic education in hybrid imaging have been
required by the standards since 2011. CT is the dominant
form of hybrid imaging performed in nuclear medicine
departments, and many modern SPECT and PET cameras
include CT scanners to allow sequential hybrid imaging.
These CT scanners are not only capable of imaging for
attenuation correction and localization but also able to pro-
duce diagnostic-quality CT images. Where permitted by
state licensure, NMTs may be asked to perform diagnostic
CT imaging as part of nuclear medicine examinations or as
stand-alone examinations. Further, the board understands
that in some markets, NMTs with additional certification in
CT may be more sought after for employment as they can
cover multiple needs for an imaging department.
Educational programs have responded to these market dem-

ands with some NMT programs already providing education in
diagnostic CT sufficient for students to sit for CT certification.
This combination of education has the chief benefit for students
of preparing them to sit for dual certification upon graduation.
Inclusion of CT content, however, has the potential to impact
the broader NMT education and student experience within a
program.

In providing accreditation for diagnostic CT education
occurring in NMT programs, it is the intent of the board to
recognize the importance and relevance of diagnostic CT to
NMT, to recognize those programs that provide education in
both modalities sufficient to allow students to sit for certifica-
tion, and to ensure the quality of education in both NMT and
diagnostic CT when combined in a program. Importantly,
accreditation for diagnostic CT education applies only to pro-
grams providing complete education in diagnostic CT, suffi-
cient to allow students to sit for certification upon graduation.
Diagnostic CT content taught as part of an NMT program
that is insufficient to allow students to sit for certification
will not be separately accredited. Further, it is not the intent
of the board to accredit diagnostic CT programs independent
of NMT programs.
Revising the standards to provide accreditation for diagnos-

tic CT education followed the formalized process for revision
of the accreditation standards outlined in JRCNMT policies.
In this case, a JRCNMT taskforce with physician, NMT pro-
gram director, and technologist representation, including a
technologist certified in CT who teaches in a CT program
embedded in a radiography program, proposed initial revi-
sions to the standards. Revisions were crafted to avoid bias
toward a particular CT certification examination/board and it
was the intent of the board to ensure that accredited programs
provide sufficient didactic and clinical education to prepare
students for either the ARRT or NMTCB CT examinations
after the students pass their NMT examination(s). After board
approval and modification, the proposed revisions were made
available for public comment and for comment by the
JRCNMT’s collaborating organizations (The American Col-
lege of Radiology [ACR], American Society of Radiologic
Technologists [ASRT], The Society of Nuclear Medicine and
Molecular Imaging [SNMMI], and the SNMMI Technologist
Section [SNMMI-TS]) prior to adoption.
In revising the standards to include education in diagnos-

tic CT, the board sought to structure the CT standards to par-
allel the NMT standards as much as possible. CT standards
are additional requirements that must be met by programs
offering diagnostic CT content sufficient for any number of
students (does not have to be all students) to sit for certifica-
tion. Programs seeking accreditation for diagnostic CT must
also meet the accreditation standards for NMT education.
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The revised standards, including the diagnostic CT standards,
are available on the JRCNMT webpage (www.jrcnmt.org), and
full description of the standards is beyond the scope of this arti-
cle. The standards incorporate specific requirements for didac-
tic and clinical education in diagnostic CT. Beyond standards
specific to education requirements, there are standards that may
require program attention to personnel credentials and experi-
ence. Specifically (paraphrased):

B2.3 – At least one faculty member must be credentialed in
diagnostic CT

B3 – It is preferred, but not required, that affiliate education
supervisors (AES) at affiliates offering diagnostic CT compe-
tencies hold current certification and registration in diag-
nostic CT. In the absence of this, the AES must have at least
2 years post-certification experience performing diagnostic
CT

D3.3 – One member of the Advisory Committee must rep-
resent the diagnostic CT component of the program

The intent of these standards is to ensure that personnel with
diagnostic CT certification or specific diagnostic CT experi-
ence (AES) contribute to student education in diagnostic CT.
The JRCNMT recognizes that it is not feasible at this time to
require that the program director or clinical coordinator have
CT certification. Further, the JRCNMT has not stipulated the
employment status of the CT-certified faculty—they may be
full-time, part-time, or adjunct. Programs should expect and
be prepared to provide documentation of CT certification and/
or experience as part of the accreditation process.
In addition to standards requiring personnel with certifi-

cation and experience in CT, there are standards specifi-
cally aimed at ensuring that programs providing diagnostic
CT education sufficient to allow students to sit for certifi-
cation are programmatically structured to do so. Specifi-
cally (paraphrased):

D2.1 – Programs must have program and course level stu-
dent learning outcomes specific to diagnostic CT

The intent of these standards is to ensure that education in
diagnostic CT receives the same program-level attention
and assessment as NMT education. As part of the process
of accreditation, the JRCNMT will be looking for one or
more CT-specific program-level outcome and associated
assessment methods and results.
The standards related to clinical education in diagnostic

CT parallel the NMT standards, defining a competency list
to which programs are expected to teach. Like for NMT,
this is a list of tasks, skills, and knowledge that an entry-
level CT technologist should be capable of upon program
completion. This is not a list of examination types or
procedures (e.g. CT of the head). It is the responsibility of
the program to ensure that in the process of documenting
diagnostic CT competencies that students receive sufficient
breadth of exposure to meet clinical experience requirements
necessary to qualify for certification. The standards are spe-
cifically written to allow diagnostic CT competencies to be
obtained on either stand-alone CT machines or hybrid CT
machines (SPECT/CT and PET/CT). Just like for NMT cer-
tification, programs will need to be aware of the specific
didactic and clinical experience requirements of certifying
organizations to which their students will be applying.
Finally, the revised standards include a requirement that

programs must publish and disclose to students that certifi-
cation in CT is a post-primary certification. Specifically
(paraphrased):

E1.4i – Eligibility to take either national certification exam-
ination in CT requires certification in nuclear medicine
technology, radiography or radiation therapy first.

The JRCNMT recognizes that the revised standards will
increase the reporting and documentation burden for pro-
grams. However, accrediting diagnostic CT education within
NMT education programs serves the important purposes
described above and provides an opportunity for programs
to be recognized for the expanded education they may be
providing to students.
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