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In recent years, radiopharmaceutical innovations have greatly improved our

ability to detect and localize prostate cancer. Until recently, conventional

imaging, including bone scan, computed tomography (CT), and magnetic

resonance imaging (MRI), has been the standard of care in prostate cancer

imaging. These conventional imaging modalities have limitations, including

diagnostic performance at low prostate-specific antigen (PSA) levels.1,2

Technological advances have led to the research and development of more

sensitive imaging agents and modalities.1,3 Specifically, positron emission

tomography (PET) radiopharmaceuticals are increasingly being used to

target prostate-specific membrane antigen (PSMA), and a growing body

of scientific evidence supports their favorable imaging performance.1

Blue Earth Diagnostics is exploring a new investigational PSMA targeting

technology with unique potential.4-6

PSMA as a target

PSMA is an obvious target for PET imaging in
prostate cancer. It is a well characterized type II
transmembrane protein with folate hydrolase
activity. Present in normal prostatic tissue, PSMA
is upregulated in the majority of primary and
metastatic prostate cancer lesions.7-9

Several characteristics make PSMA an ideal
target for molecular imaging, including:

• High expression on prostate cancer cells10

• Limited expression on benign prostate tissue
and extraprostatic tissue10

• Well-characterized binding site that can be
targeted by small-molecule ligands10

• Internalization of bound agents, allowing for
concentration within tumor cells10

• PSMA expression can be correlated with
Gleason grade and has been shown to be
enhanced in metastatic and castrate-resistant
prostate cancer9,10

PSMA imaging agents are designed to bind to
the extracellular domain of PSMA to then be
internalized by prostate cancer cells via
endocytosis. When labeled with a ß+ emitting
radioisotope, these agents can detect
extracellular expression of PSMA with PET
imaging.9-11 PSMA-targeting radiopharmaceuticals
are characterized by rapid clearance from
the blood and nontarget tissue, which can
result in low background activity.9

Advertisement

A novel investigational
PSMA-targeting technology for
prostate cancer imaging

Currently available
PSMA agents are either
labeled with gallium-68
(68Ga) or fluorine-18
(18F), 2 ß+ emitting
radioisotopes. In recent
years, 18F has been
recognized to have certain
advantages over 68Ga.9

While 68Ga can be
produced with either a
cyclotron or generator,
production capacity
via generator is limited
to 2 to 4 patient doses
daily. 68Ga also has a
relatively short half-
life of 68 minutes,
limiting its transportation

to centers.9 18F has an
110-minute half-life
and may be produced
in large batches via a
cyclotron, which
allows for centralized
production and
subsequent broad
distribution to imaging
facilities (see Table 1).12,13

Radioisotope
selection and
labeling



Blue Earth Diagnostics is at the forefront in the
investigation of prostate cancer imaging, with
worldwide exclusive licenses to radiohybrid
PSMA (rhPSMA) technology.

The rhPSMA design features 2 radionuclide
acceptor sites that can be labeled with α or
ß emitting radionuclides (Figure 1). Figure 1A
depicts the rhPSMA molecule for potential
diagnostic use, where one acceptor site is
labeled with a radioactive imaging isotope,
and the other site with a nonradioactive
isotope. Figure 1B depicts the molecule for
potential therapeutic use, where one
acceptor site is labeled with a radioactive
therapeutic isotope and the other site with
a nonradioactive isotope.6

Review the phase 3 clinical studies for
rhPSMA technology4,5:

• Learn more about the LIGHTHOUSE study
in men with newly diagnosed prostate
cancer at clinicaltrials.gov/ct2/show/
NCT04186819

• Learn more about the SPOTLIGHT study
in men with suspected prostate cancer
recurrence at clinicaltrials.gov/ct2/show/
NCT04186845

Blue Earth Diagnostics is committed
to breaking new ground

Blue Earth Diagnostics is an established
leader in the development of novel PET
imaging agents to inform clinical
management decisions with the goal of
positively impacting overall outcomes for
patients with prostate cancer.

Our goals are to:

• Develop cutting-edge technology

• Build innovative solutions

• Enhance access to radiopharmaceuticals and
provide customer and practice support

©2022 Blue Earth Diagnostics, Inc. All rights reserved. MLR22-P003A 08/22

Radiohybrid PSMA technology is investigational and not approved by the US Food and Drug Administration (FDA).

References: 1. Jadvar H, Calais J, Fanti S, et al. J Nucl Med. 2022;63(1):59-68. doi:10.2967/jnumed.121.263262 2. Expert Panel on Urologic Imaging;
Froemming AT, Verma S, Eberhardt SC, et al. J Am Coll Radiol. 2018;15(5S):S132-S149. doi:10.1016/j.jacr.2018.03.019 3. Crawford ED, Koo PJ, Shore N,
et al. J Urol. 2019;201(4):682-692. doi:10.1016/j.juro.2018.05.164 4. Blue Earth Diagnostics. March 17, 2022. Accessed July 27, 2022.
https://clinicaltrials.gov/ct2/show/NCT04186819 5. Blue Earth Diagnostics. March 17, 2022. Accessed July 27, 2022. https://clinicaltrials.gov/ct2/show/
NCT04186845 6. Wurzer A, Di Carlo D, Schmidt A, et al. J Nucl Med. 2020;61(5):735-742. doi:10.2967/jnumed.119.234922 7. Sarkar S, Das S. Biomed
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Register at prostatecancer-blueearthdx.com for the latest company news and developments.

Adapted from Wurzer A et al. J Nucl Med. 2020.6

PSMA-
inhibitor

18F

18F-natLu-rhPSMA

natLu PSMA-
inhibitor

19F

19F-177Lu-rhPSMA

177Lu

Figure 1. Example of a radiohybrid structure
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In addition, 18F has an
energy profile that may
contribute to a more
favorable spatial resolution,
which may enable 18F to
better detect lesions that
are small and near each
other compared with
68Ga (see Table 1).9,12-14

Table 1. Radioisotope features9,12-14

18F 68Ga

Half-life 110 minutes 68 minutes

Positron decay ratio 97% 89%

Maximum positron energy 0.635 MeV 1.899 MeV

Mean positron range 0.6 mm 3.5 mm

Production method Cyclotron Generator or cyclotron

Advertisement
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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

SNMMI-TS Is Working for YOU!

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

Many exciting things are on the horizon for the world
of nuclear medicine and molecular imaging. The SNMMI-
TS has its finger on the pulse of the latest and greatest
aspects of diagnostics and therapeutics. There are many ini-
tiatives and projects being worked on and developed by our
talented committee members, and there are also new chal-
lenges that we are diligently working to overcome. I would
like to take the time to discuss some of these.

Barriers to Access and Workforce Pipeline Challenges

This is a main focus of the Biden Administration. In January
of this year, the U.S. Department of Health and Human Ser-
vices (HHS) secretary hosted a virtual roundtable to discuss
challenges related to the health care workforce pipeline, which
have been further exacerbated by the COVID-19 pandemic.
Nuclear medicine technologists (NMTs) are not alone in this
issue. Employment in health care occupations is projected to
grow 16 percent from 2020 to 2030—much faster than the aver-
age for all occupations—adding about 2.6million new jobs.
In addition, almost 50 percent of technologists working in

the field are 501 years of age, so there may be a large number
of retirements in the next 10–15 years. Also, fewer students
entered the NMT programs in 2021, and this, coupled with a
lower graduation rate due to COVID-19 in 2020, begs the
question, “Who is going to fill our future workforce needs?”
Moreover, we are seeing exponential growth in radiopharma-
ceutical therapies. There will need to be additional education
and specialization needed for NMTs specific to therapies.

What Is the SNMMI-TS Doing to Address These Challenges
with the NMT Workforce Pipeline?

The SNMMI-TS has initiated the creation of a Workforce
Pipeline Task Force to better understand the current chal-
lenges of entry into the field and understand the way students
are exposed to nuclear medicine as a career pathway during
high school and undergraduate education. In addition, through
outreach, education, and the exchange of knowledge, the
SNMMI-TS hopes to create communication bridges for NMT
programs to work collaboratively with institutions around the
country who need to hire qualified NMTs.
The purpose of this task force is:

$ To gather data regarding the current number of NMT posi-
tions available versus the number of practicing NMTs

$ To identify challenges and opportunities for entry and
retention within the field of nuclear medicine technology

$ To create comprehensive pathway
options for students into the field

The SNMMI wants to ensure that
there is a sufficient number of pro-
fessionals who are qualified to prac-
tice in all aspects of nuclear medicine
and molecular imaging both now
and in the future. In order to accom-
plish this goal, we have partnered
with IMV to complete a compre-
hensive Nuclear Medicine Workforce
Study. IMV is a recognized leader in market research and
online publishing for the medical imaging and clinical
diagnostic instruments markets. The company is looking spe-
cifically at factors affecting the future outlook for nuclear
medicine departments.
The SNMMI also wants to increase awareness of nuclear

medicine and molecular imaging as an appealing and re-
warding field for students interested in STEM (science,
technology, engineering, and mathematics) careers. For the
technologist pipeline, we are focused on 3 main areas:

$ Chapter Collaboration—Creating a panel on workforce
challenges
2 There will be discussion on how to solve challenges

with a regional focus—we realize that different geo-
graphic areas have different challenges at times.

2 This will be a place to share best practices in order
to disseminate the information to all regions.

$ Career Pathways—Showcase different career options for
technologists
2 “How did you get to where you are today, and what

was needed to get there?”
2 SNMMI-TS has created a 4- to 5-minute video and

social media uploads that are available this fall.
$ Program Directors—Survey program directors (both cur-

rent and ones from recently closed programs)
2 We want to determine why programs are closing.
2 We also want to identify possible institutions that

can collaborate to train across the country.

Advancement through Advocacy

With nuclear medicine and molecular imaging rapidly ex-
panding, it is critical that professionals within the field have
a dedicated society working for them on behalf of their
best interests. I am proud to say that the SNMMI truly is

Krystle W. Glasgow, MIS,
CNMT, NMTCB(CT),
NMAA, FSNMMI-TS
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working for YOU! By working together, we can bring
greater value to the fields of imaging and medicine, ad-
vancing scientific discovery, and further improving patient
outcomes.
The SNMMI monitors state-level issues impacting the

field, with our Technologist Advocacy Group (TAG) mem-
bers representing all 50 states. Our focus is seeking licensure
and appropriate regulation for nuclear medicine technologists
at the state level as well as appropriate reimbursement at the
physician level. The SNMMI also advocates for members on
national and local levels by monitoring news, laws/regula-
tions, and policy changes that affect SNMMI’s technologists.
Current advocacy efforts include 3 states:

$ Pennsylvania: We are continuing to work on a bill that
would make changes to the Medical Practices Act and
require licensing of imaging professionals.

$ Michigan: Administrative rules are being debated con-
cerning which jurisdiction nuclear medicine falls into
related to state legislation and agencies. SNMMI pro-
vided policymakers with a list of Nuclear Regulatory
Commission state licensure statutes and regulations and
continues to work to pass our bill.

$ Georgia: We are currently working on a certification
requirement to perform medical imaging or radiation
therapy. We are collaborating and negotiating on lan-
guage beneficial to nuclear medicine technologists.

Molecular Therapy Task Force

Because radiopharmaceutical therapy is rapidly growing,
SNMMI-TS leadership recognized that we needed to put
special focus and emphasis on this area. I am very excited
to see what this group does this year. There are 4 major
goals for this task force:

1. Create a comprehensive radiopharmaceutical therapy ed-
ucational program for technologists.

2. Develop radiopharmaceutical therapy clinical tools and
resources for technologists.

3. Serve as the leader in identifying and managing profes-
sional practice issues for technologists within radiophar-
maceutical therapy.

4. Create a comprehensive outreach strategy to disseminate
education and resources to technologists.

Technologist Quality Committee

This committee has been going strong for several years
now. The SNMMI-TS is committed to quality, and I wanted
to take the time to highlight what this group is currently work-
ing on. The 4 main charges for this committee this year are:

1. Develop a quality survey to identify metrics (KPIs) used
routinely in nuclear medicine to assess quality.

2. Create education for gap areas (these were identified in
the 2022 Quality Survey) and develop working docu-
ments for reference and publication.

3. Develop educational materials and presentations/webi-
nars related to improving quality in nuclear medicine
and molecular imaging.

4. Meet with stakeholders to ensure buy-in collaboration to
move initiatives forward.

The committee is currently developing a white paper with
an analytical comparison of the 2015 and 2022 quality surveys.
The group is also developing educational resources regard-
ing dose calibrator calibration, quality control, and appropri-
ate usage. Be on the lookout for these in the near future!

Nuclear Medicine ARRT Clinical Refreshers

The SNMMI partnered with the American Registry of Radio-
logic Technologists (ARRT) to develop nuclear medicine–
specific Continuing Qualification Requirements (CQRs). This
project began in 2018 and was completed in late 2021. Under
the guidance of the SNMMI-TS CE Committee, the Clinical
Refreshers were born. These refreshers are designed to meet
the new CQRs of the ARRT and were developed by 32 sub-
ject matter experts, 7 SNMMI staff and consultants, and
3 ARRT reviewers. The Clinical Refreshers provide quick
(15 minutes or less) basic information, in video format, on
how to do nuclear medicine procedures. The videos follow
the clinical competency outline and provide information on
44 specific topic areas. The clinical refreshers are available on
the ARRTwebsite.

Wellness Initiative

Finally, I want to leave you with a discussion on one of
the newest initiatives of the SNMMI. The purpose of the
Wellness Initiative is to help members identify and reflect
on internal and external factors impacting personal well-
being in a supportive environment of professional peers.
We want to provide an avenue to combat burnout impacting
the emotional, mental, and physical well-being of health care
professionals around the world. The focus areas are burnout,
emotional and mental exhaustion, guilt and anxiety, depres-
sion, and loneliness. This initiative is sponsored by the
SNMMI In-Training Committee and Early Career Profession-
als Committee.
Remember, the SNMMI-TS is working for YOU… but

also know that your membership matters and YOU matter.
I look forward to the rest of this year and to helping to facil-
itate the exciting things that are coming!
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E D I T O R ' S P A G E

Five Years in Review

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

Editor, JNMT

This December 2022 issue marks my fifth year as JNMT
editor. In my first December editorial, I took readers on a
walk down memory lane to highlight the successes achieved
in my first year. We launched new sections in JNMT, in-
cluding the Educators’ Forum, Practical Protocol Tips, Brief
Communications, increased CE offerings, and the JNMT
Twitter Club. Although the JNMT Twitter Club met with
limited success, the other new sections remain strong today.
Thanks to the fantastic work of Mary Beth Farrell, CE Asso-
ciate Editor, and the expertise shared by my associate and
consulting editors as mentors and authors, JNMT has published
at least 12 continuing education (CE) articles in each of the
past 5 years. In that same period, many new authors took
advantage of our “Help is available” offer and successfully
published educational or scientific manuscripts in JNMT.
Additionally, the Educators’ Forum continues to support the
vital work of our educators; the Practical Protocol Tips provide
clinical technologists with concise imaging or therapeutic pro-
tocols that can be easily incorporated into a department’s pro-
cedure manual; and JNMT content continues to explore and
identify new opportunities to support the rapid and ever-
changing world of nuclear medicine technology today. It’s im-
portant to note, however, that these successes were possible only
through the continuous help and support of my associate and
consulting editors, as well as the patience and continued guid-
ance of Susan Alexander, Paulette McGee, Mark Sumimoto,
and Susan Nath, SNMMI’s journals team, and Caroline Krystek
and JaneKamm in the EducationDepartment.
As we look forward to 2023 and beyond, it’s time to re-

measure JNMT’s content with the needs of the professional
community. Does JNMT meet your professional needs? In
the coming months, a new survey will be developed; and
yes, I know, no one likes surveys! However, without your
input, the growth and development of JNMT content is a
“best guess” that it is meeting your needs. So please, when
you receive your survey, take a few moments to answer the
questions and, most importantly, be honest and frank. What
works? What is no longer relevant? What could be added to
(or deleted from) JNMT to meet your professional needs?
With your help and input, JNMT content will continue to
grow with the rapidly changing technology in nuclear medi-
cine and molecular imaging.
This issue offers a wide diversity of CE articles. The Clini-

cal Trials Network returns with an informative discussion on
the use of imaging agents in developing and approving thera-
peutic drugs (1). The adage “to err is human” extends to

every medical setting where the com-
plexity of providing medical care can
result in unexpected and sometimes
catastrophic events that require a care-
ful review and assessment to avoid
similar occurrences in the future. The
discussion on root cause analysis
provides one example of a system-
atic approach to pinpoint the cause of
a sentinel or near-miss safety event (2).
The final CE offering explores the
role of diuretic renal scintigraphy to
differentiate obstructive and nonobstructive hydronephrosis (3).
A diuretic renography Practical Protocol Tip follows the CE,
which can be used to update or can be incorporated into the
department’s procedure manual (4).
Three discussions on brain imaging are offered in this issue.

Sugiura et al. provide statistical data on the influence of mini-
mum count in brain perfusion SPECT in phantom and clinical
studies (5); Kong et al. review 68Ga-DOTATATE PET/CT in
the diagnosis of recurrent meningioma (6); and Djekidel
presents the use of a subtraction technique using 18F-FDG
PET in medically refractory epilepsy (7).
The Educators’ Forum returns with two practical discus-

sions. Currie and Currie introduce the concept of emotional
intelligence as it relates to better patient care and improved
well-being of healthcare professionals (8), and Patchoros
and Tursi-Wenzler explore the use of Joint Review Com-
mittee on Educational Programs in Nuclear Medicine Tech-
nology (JRCNMT) compliance forms in building program
efficiencies (9).
Additional scientific manuscripts and teaching case studies

offer a diverse variety of topics to provide helpful infor-
mation and techniques that can be useful in the clinical
setting.
And I would be remiss if I didn’t step up on my soapbox

once again to solicit new authors and reviewers for JNMT.
So many potential authors are reluctant to share their exper-
tise because they don’t know how—but how many times
have you heard me say, “Help is available!”? If you would
like to share scientific information or develop an educa-
tional offering but don’t know where to start, please get in
touch with me! And the quality of JNMT relies on the vol-
unteer efforts of its reviewers. If you would like to share
your expertise by becoming a reviewer, please contact me
at ksthomas0412@msn.com!

Kathy S. Thomas, MHA,
CNMT,PET,FSNMMI-TS
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Finally, I would like to wish you all a wonderful holiday
season and a very happy and healthy New Year!
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The process of bringing a new drug to market is complex and has
recently necessitated a new drug-discovery paradigm for the
pharmaceutical industry that is both more efficient and more eco-
nomical. Key to this task has been the increasing use of nuclear
medicine and molecular imaging to support drug discovery efforts
by answering critical questions on the pathway to development
and approval of a new therapeutic drug. Some of these questions
include whether the new drug reaches its intended target in the
body at sufficient levels to effectively treat or diagnose disease
without unacceptable toxicity; how the drug is absorbed, metabo-
lized, and excreted; and what the effective dose is in humans. To
conduct the appropriate imaging studies to answer such ques-
tions, pharmaceutical companies are increasingly partnering with
molecular imaging departments. Nuclear medicine technologists
are critical to this process, as they perform scans to collect the
qualitative and quantitative imaging data used to measure study
endpoints. This article describes preclinical and clinical research
trials and provides an overview of the different ways that radio-
pharmaceuticals are used to answer critical questions during ther-
apeutic drug development.

Key Words: clinical research; nuclear medicine; PET and SPECT;
drug development; clinical trials

J Nucl Med Technol 2022; 50:291–300
DOI: 10.2967/jnmt.122.264372

For pharmaceutical companies, the process of discovering a
new diagnostic or therapeutic drug and developing it for mar-
ket is enormously complex (Fig. 1) and includes preclinical
testing, investigational-new-drug (IND) applications, clinical

trials, new-drug applications (NDAs), marketing approval from
the U.S. Food and Drug Administration (FDA), and postmar-
keting studies. The goal is to bring safe and effective drugs to
market as quickly as possible, but it can take up to 10 y to
complete this drug development process, and the lifetime of a
U.S. patent (during which pharmaceutical companies need to
complete drug discovery, translation, and approval; establish
the drug’s market share; recoup the research investment; and
turn a profit) is only 20 y. Recent studies estimate the average
cost of therapeutic drug development at $1.3 billion per drug,
but it can be as high as $5.5 billion (1,2). This challenge is fur-
ther exacerbated when promising drug candidates fail to meet
prespecified endpoints in later-stage clinical trials after many
years of expensive investment. Reimbursement from the Cen-
ters for Medicare and Medicaid Services and other insurance
carriers also goes through a review process.
These challenges have necessitated a new drug-development

paradigm for the pharmaceutical industry that is both more
efficient and more economical, and as a result, new technolo-
gies are being used to reduce both the costs and the risks asso-
ciated with drug development. Molecular imaging and nuclear
medicine are tools that play a key role in modern drug devel-
opment because of their ability to address important questions
at each step of the drug discovery process (2,3). For example,
imaging studies costing a few tens to hundreds of thousands
of dollars enable companies to reduce risk and more confi-
dently make key go/no-go decisions about advancing drugs to
clinical studies costing millions to billions of dollars (depend-
ing on size and scope). Such imaging studies require access to
different radiopharmaceuticals (e.g., established radiotracers,
new radiotracers, and radiolabeled drug candidates) and can
be both preclinical and clinical. For example, early drug
discovery efforts involve preclinical studies (e.g., in vitro auto-
radiography, in vivo animal imaging, and ex vivo biodistribu-
tion), whereas later drug development trials pivot to clinical
studies on human volunteers (phase I, II, and III clinical trials
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conducted under approved IND applications). On completion
of phase III studies, an NDA can be filed and, once approved,
give the sponsor marketing authorization for the drug. Post-
marketing phase IV trials may be required by the FDA for
long-term surveillance of drug safety and efficacy.
In this primer, we describe regulatory and logistical con-

siderations for nuclear medicine departments to participate
in preclinical and clinical research, as well as an overview
of the different ways that radiopharmaceuticals can be used
to answer critical questions pertaining to therapeutic drug
development (2,3). This paper is a companion to other
articles in this series published to date (4).

TYPES OF IMAGING STUDIES CONDUCTED DURING
DRUG DEVELOPMENT PROCESS

Nuclear medicine imaging (with PET and SPECT) enables
industry and academic teams to answer questions central to
new-drug development. PET and SPECT are increasingly
used to answer questions during both preclinical in vitro (cells)
and in vivo (animal models) studies and during clinical trials
(human research subjects), including the following: Does a
drug reach the tissue of interest in pharmacologically active
concentrations? Does the drug go anywhere else in the body
that could cause unwanted side effects? Does the molecule
engage with the target (e.g., receptor or protein) of interest?
What is the quantitative relationship between the extent of the
drug’s interaction with the target and the dose administered to
a patient (e.g., receptor occupancy)? Can the pharmacologic
effects of a therapeutic dose be determined using an imaging
biomarker (e.g., tumor shrinkage or 18F-FDG metabolism and
uptake (3)), and how long do these effects persist? The
answers to these questions are critical to translating a drug to
initial clinical trials, as well as to advancing the drug through
clinical trials (phases I–III), and imaging offers a powerful
means for drug discovery teams to address such questions.
The questions concerning the distribution and target en-

gagement of a drug can often be answered by labeling a
drug molecule itself. For example, radiolabeling of a drug
with a PET radionuclide, such as 11C, can be accomplished

without altering the properties of the
drug. Since it is estimated that about
20% of prescribed drugs and about 30%
of leading blockbuster drugs contain
a fluorine atom (5), in such cases the
same can also be accomplished with
18F (6). The labeled drug can then be
used in preclinical and clinical biodis-
tribution studies.
PET imaging can also be used to

quantify the pharmacologic effects of a
therapeutic dose. Such imaging capital-
izes on the concept of biologic markers
(i.e., biomarkers). A biomarker is an
objective measurement that is an indica-
tor of a biologic process in a patient and

can serve as an indicator of health. Classic biomarkers are
based on laboratory tests (e.g., blood, urine, and tissue biopsy),
whereas an imaging biomarker is a measurement of a biologic
process, such as quantification of amyloid burden using amy-
loid PET. Frequently, these types of studies might use compan-
ion PET radiotracers rather than a radiolabeled drug. Before
commencing such studies, it is necessary to confirm that a
radiotracer is appropriate for that purpose. When validating a
PET tracer, a test–retest experiment is usually conducted to
measure the repeatability of the measurements and determine
within-subject variability (7). The test–retest is particularly
important if a PET radiotracer is to be used in studies involving
multiple measurements on the same subject (e.g., receptor
occupancy or before and after a therapeutic intervention).
If an imaging biomarker exists for a given condition, it can

be used to diagnose disease and both predict and monitor
patient response to experimental new therapeutics in clinical
trials. Extending the latter concept further, imaging bio-
markers can also be used as a surrogate endpoint in a clinical
trial. A surrogate endpoint is defined by the FDA as “a clini-
cal trial endpoint used as a substitute for a direct measure of
how a patient feels, functions, or survives” (8). Imaging bio-
markers and surrogate endpoints are recognized by the
agency and have been widely used in the drug approval and
licensure process (8,9). The main difference between an
imaging biomarker and a surrogate endpoint is the level of
validation. For an imaging biomarker to function as a surro-
gate endpoint, there must be clinical trials demonstrating the
relationship between the imaging biomarker and the true
clinical endpoint. Imaging biomarkers have been reviewed
(10), and in the case of cancer trials, an imaging biomarker
road map has been established (11). Examples of imaging
biomarkers used as surrogate endpoints include amyloid
imaging (12), assessment of tumor response (13–15), and
11C-raclopride PET for antipsychotic efficacy (16,17).

REGULATORY CONSIDERATIONS

Use of nuclear medicine imaging techniques to support
drug development involves both preclinical and clinical

FIGURE 1. Drug development process. A(NDA) 5 abbreviated NDA; cGMP 5 current
good manufacturing practice; CMS5 Centers for Medicare and Medicaid Services.
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studies. Such work must be conducted in compliance with
applicable institutional, state, and federal regulations gov-
erning the use of radioactive material, as well as the rules
and regulations describing responsible and ethical conduct
in animal and human research. These various regulatory
requirements are summarized briefly here and are covered
in detail in other articles in this series (4).
Radioactive materials need to be handled under the aus-

pices of approved radioactive materials licenses granted by
the Nuclear Regulatory Commission or the local state gov-
ernment for agreement states. Such work must also be per-
formed according to the as-low-as-reasonably-achievable
principles, which involve making every reasonable effort to
ensure that worker exposures to ionizing radiation are as
low as practical.
In the United States, PET radiopharmaceuticals are prepared

according to the principles of current good manufacturing
practices outlined in the U.S. Pharmacopeia chapter ,1823.
(18) or chapter ,825. (19) and in part 212 of title 21 of
Code of Federal Regulations (CFR) (20). Other radiopharma-
ceuticals (e.g., radiotherapeutics) are often prepared according
to requirements outlined in 21 CFR parts 210 (21) and 211
(22). The regulations on current good manufacturing practices
cover types of facilities, cleanliness and maintenance of the
facilities, laboratory controls, equipment, personnel, training,
quality assurance, documentation about materials and pro-
cesses, drug product controls, packaging and labeling require-
ments, complaint handling, and record keeping.
Preclinical (animal) studies need to be conducted under

the purview of an Institutional Animal Care and Use Com-
mittee, and it is typical for pharmaceutical companies to also
require collaborating sites to hold Association for Assess-
ment and Accreditation of Laboratory Animal Care Interna-
tional certification. The use of animals to advance medicine
and science when there are no nonanimal alternatives
remains a critical part of drug development, and preclinical
work should be conducted in accord with the highest scien-
tific, humane, and ethical principles as laid out in the Guide
for the Care and Use of Laboratory Animals (23).
Clinical studies can be conducted only after receiving

both FDA approval (e.g., Radioactive Drug Research Com-
mittee [RDRC] or IND application) and institutional approval
(e.g., Institutional Review Board). Regulations for using
radiopharmaceuticals under RDRC approval are described
in 21 CFR part 361, whereas the requirements for conduct-
ing research under an IND are laid out in 21 CFR part 312.
For a detailed description, refer to a companion article in
this series (4).

TYPES OF RESEARCH STUDIES

Preclinical Studies
Although nuclear medicine technologists work predomi-

nantly in clinical PET imaging, some may find themselves
working in academic PET centers or pharmaceutical companies.
In the latter instances, they will likely be involved in preclinical

studies. Preclinical studies are intended to get earlier answers to
many of the same questions that will ultimately be investigated
clinically and often to make go/no-go decisions about costly
clinical translation. There are 4 main types of preclinical proto-
cols: cell studies, autoradiography experiments with postmor-
tem tissue samples (in vitro or ex vivo), in vivo PET (or SPECT)
imaging studies on living animals, and ex vivo biodistribution
studies in which animals are euthanized after injection of the
tracer, dissected, and their organs counted in a g-counter to
establish the biodistribution and dosimetry of the tracer.
Cell Studies. Cell uptake studies evaluate uptake of a

new radiotracer in a cell expressing the drug target of inter-
est. These studies are an economic starting point as they
cost considerably less than animal studies. Cell uptake stud-
ies offer a preliminary indication of target engagement for a
new radiotracer and also help researchers decide promising
ones to advance to animal studies.
Binding Affinity Experiments. Binding studies quantify

the binding characteristics of a new radiopharmaceutical,
such as affinity for its target, which is expressed as the dis-
sociation constant (KD). Lower KD values correspond to
higher-affinity molecules. Such studies can be conducted
using tissue pellets or autoradiography.
Autoradiography Experiments. Autoradiography is a tech-

nique in which tissues are incubated with a radiotracer (24)
and then exposed to photographic film or phosphor imaging
plates to visualize the location of the radiolabeled molecules.
In vitro autoradiography studies use postmortem animal or
human tissue samples (e.g., a histologic slice of brain or
tumor) that have been previously harvested. The radiolabeled
molecule is incubated with postmortem tissue samples, giving
the molecule time to bind to its target (e.g., receptor or pro-
tein). The samples are then washed and exposed to film or
plates. In vitro autoradiography does not account for the
in vivo environment (e.g., metabolism). If such information is
needed, ex vivo autoradiography studies can be undertaken.
The radiotracer is first administered intravenously, and after
some time point, the animals are euthanized (with or without
in vivo PET imaging first) and organs and tissues of interest
are harvested for autoradiography. The postmortem tissue
samples are washed and exposed to film or plates analogously
to in vitro autoradiography.
Autoradiography has been used to quantify and localize

drugs in organs, tissues, and cells for decades. The data can
be used to determine KD for a radiotracer, and target en-
gagement of a therapeutic drug can be confirmed by observ-
ing a reduction in the signal of the specific radiotracer in
the presence of a therapeutic dose (either dosed to the ani-
mal [ex vivo autoradiography] or added to the incubation
solution [in vitro autoradiography]). Alternatively, the tech-
nique can be combined with immunohistochemistry on an
adjacent slice of tissue, and colocalization of the autoradiog-
raphy signal with the fluorescence of target-specific antibod-
ies can be observed. Such datasets are critical in validating a
new radiotracer and deciding whether to advance to preclini-
cal and eventual clinical in vivo imaging studies.
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In Vivo PET (or SPECT) Imaging Studies. In vivo imag-
ing study logistics closely resemble human studies in that
doses, imaging protocols, timing, intravenous catheter place-
ment, interventions, attenuation correction, reconstruction, and
radiation safety all have to be accounted for and planned in
the same way. An additional consideration with animal work
is that, unlike human subjects, animals need to be anesthetized
for the duration of the study. Depending on the mechanism
of action of a drug, the choice of anesthesia can affect the
PET data and may need to be accounted for in study design
(25). For preclinical PET imaging, small mice typically
receive no more than 9.25 MBq of radiotracer, whereas
larger animals receive higher doses depending on weight
(e.g., rodents receive #37 MBq and primates receive
#185 MBq). PET scans can be dynamic, and typical scan
lengths are 60 min for a 11C-labeled tracer or up to 120 min
for an 18F-labeled tracer. Static scans, which could be
5–20 min, can also be acquired at one or more time points
after administration of the radiotracer. Baseline scans will
give pharmacokinetic and distribution information on a
given tracer or labeled drug candidate, whereas intervention
studies (e.g., with a dose of therapeutic) can be used to answer
questions about specific binding, target engagement, and recep-
tor occupancy at a given dose, among others. In some studies,
the animal may be euthanized immediately after the imaging
study and organs harvested for further evaluation using auto-
radiography. Figure 2 shows a baseline nonhuman-primate
PET scan obtained with 18F-AH114726, a new radiotracer
targeting the g-aminobutyric acid type A receptor (26). The
scan reveals high uptake in the cortical region, which is
known to have high expression of g-aminobutyric acid type
A receptors. To confirm selectivity of the new compound
for the target, the scan was repeated in the presence of a
1 mg/kg dose of flumazenil, a known selective g-aminobu-
tyric acid type A receptor antagonist. The repeated scan
confirmed target engagement and selectivity of AH114726,

as complete displacement of the radiotracer was apparent on
dosing with flumazenil.
Biodistribution Studies. Ex vivo biodistribution studies are

operationally more complex than in vivo imaging, as they
involve euthanizing animals at a predetermined time point
after dosing the radiotracer, dissecting them, and counting the
individual organs in a g-counter. Such studies provide com-
prehensive biodistribution data (percentage injected dose per
gram of tissue) that can be input into software programs such
as OLINDA (27) to generate the human dosimetry estimates
that need to be included in any IND filings supporting transla-
tion of PET radiotracers into clinical studies.

Clinical Studies
Clinical studies, using PET, most frequently apply estab-

lished radiotracers that are either FDA-approved or investi-
gational. Investigational radiotracers can be used under the
approval of an institutional RDRC committee or an FDA-
approved IND, depending on the intended application (4,28).
Approved radiotracers are used under the auspices of either
an NDA or, in the case of generic drugs, an abbreviated
NDA. The different phases of clinical trials are summarized
in Table 1 and described in detail in a previous article in this
series (4).

HOW RADIOPHARMACEUTICALS CAN BE DEPLOYED
IN RESEARCH

Several types of radiopharmaceuticals are used in imaging
collaborations with pharmaceutical companies (Table 2).
They include use of FDA-approved products as tracers or bio-
markers to study aspects of disease, investigational agents to
interrogate biologic systems and functions, investigational
imaging or therapeutic radiopharmaceuticals being devel-
oped for FDA approval, and radiolabeled drug compounds
to study biodistribution and receptor occupancy. The selec-
tion of an appropriate imaging agent depends on the study

in question and on local availability.
For example, different imaging agents
might be used at various sites in the
same clinical trial, depending on avail-
ability from nearby commercial nuclear
pharmacies.

FDA-Approved Imaging
Radiopharmaceuticals for
Diagnosis, Staging, and Monitoring
of Therapy
Approved radiopharmaceuticals can

be used for diagnosis of disease, staging,
and monitoring of response to therapy
(experimental or approved). Importantly,
if patients respond to therapy they
continue receiving the same treatment,
whereas if they do not respond they can
be switched to alternate therapies rap-
idly, saving both time and money and

FIGURE 2. Representative coronal small-animal PET images of control animal imaged
with 18F-AH114726 at baseline and after displacement with 1 mg/kg dose of flumazenil.
(Reprinted with permission of (26).)
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reducing the duration of unnecessary side effects. Pioneering
work was conducted by the team of Van den Abbeele at the
Dana-Farber Cancer Institute to diagnose and treat gastroin-
testinal stromal tumors (GISTs) (28). 18F-FDG PET can be

used to diagnose, localize, and stage GISTs and to monitor
response to imatinib (Gleevec; Novartis) therapy (Fig. 3). The
functional information on tumor metabolism of glucose from
serial 18F-FDG scans can be used to detect both short-term

TABLE 1
Overview of Clinical Trial Process

Phase No. of subjects Scope

0/I Few dozen (therapeutic); 10–30
(diagnostic)

New drug is first given to small number of people; studies might be
exploratory, involving several candidate molecules to select lead
for development (46), and are intended to demonstrate safety of
new agent and dose-limiting toxicity

II Few hundred (therapeutic); 20–40
(diagnostic)

Study is undertaken to demonstrate proof of efficacy and to reveal
less common side effects; if enough patients benefit from new
drug, and side effects are acceptable, then phase III trials can be
initiated; additional safety data are obtained

III Several hundred (therapeutic); 50–100
(diagnostic)

Trials are intended to compare safety and efficacy of new
diagnostic or therapeutic agent against standard of care and
typically are large and multicenter; research subjects are picked
at random to receive standard of care or new treatment; when
neither doctor nor subject knows which treatment subject is
getting, trial is considered double-masked; additional safety data
are obtained, and if new drug is found to be as effective as or
more effective than existing drugs, or is safer, NDA can be
submitted to FDA

IV Thousands Postapproval studies are intended to monitor FDA-approved drugs
over long period (e.g., several years)

TABLE 2
Radiopharmaceuticals Used in Clinical Trials

Type Examples

FDA-approved imaging radiopharmaceuticals* 18F-FDG
18F-florbetapir (Amyvid)
18F-florbetaben (Neuraceq)
18F-flutemetamol (Vizamyl)
18F-flortaucipir (Tauvid)
68Ga-DOTATATE (NETSPOT; Advanced Accelerator Applications)
64Cu-DOTATATE (Detectnet; Curium US LLC)
68Ga-PSMA-11 (University of California San Francisco and UCLA)
18F-DCFPyL (Pylarify; Progenics Pharmaceuticals, Inc.)
123I-ioflupane (DaTscan; GE Healthcare)
18F-fluciclovine (Axumin; Blue Earth Diagnostics)
8F-fluroestradiol (Cerianna; Zionexa US Corp.)
99mTc-sestamibi
18F-fluorodopa (Feinstein Institutes for Medical Research)
68Ga-PSMA-gozetotide (Locametz; Novartis)

FDA-approved therapeutic radiopharmaceuticals 177Lu-DOTATATE (Lutathera; Advanced Accelerator Applications)
177Lu-PSMA-617 (Pluvicto; Novartis)

Investigational agents for research under RDRC or IND 11C-Pittsburgh compound B
18F-fluorothymidine
18F-FEOBV

Investigational imaging and therapeutic agents for
commercialization

18F-flupiridaz (imaging)

225Ac-PSMA-617 (therapy)
Investigational radiotracers to support therapeutic trials

(e.g., receptor occupancy)

18F-SPARQ

Radiolabeled drugs or drug candidates 11C-ibrutinib
11C-docetaxel
18F-lansoprazole

*For diagnosis, staging, and monitoring of therapy or as biomarker or surrogate endpoint.
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and long-term tumor responses that may not be obvious with
CT. The team noted that 18F-FDG PET responses were appar-
ent even 24 h after the first dose of imatinib. Significant
changes in 18F-FDG uptake (.25% decrease in SUVmax

relative to baseline) were apparent within 1 mo of starting
imatinib therapy in all GIST patients who responded. Any
lack of response was quickly apparent on the PET scans,
such that treatment could be changed to sunitinib (Sutent;
Pfizer), which is a second drug approved for treatment of
GIST and to which non–imatinib-responding patients may be
more sensitive.

Use of FDA-Approved Imaging Agents as Biomarkers
or Surrogate Endpoints in Clinical Trials
A recent example of using PET radiotracers to support

therapeutic trials applied amyloid imaging (18F-florbetapir

[Amyvid; Eli Lilly], 18F-flutemetamol
[Vizamyl; GE Healthcare], and 18F-
florbetaben [Neuraceq; Life Molecular
Imaging]) and tau PET (18F-flortaucipir
[Tauvid; Eli Lilly] and MK6240) to
support development of Alzheimer dis-
ease therapeutics such as aducanumab.
Such therapeutic agents are recombi-
nant human monoclonal antibodies that
bind aggregated types of b-amyloid that
form the hallmark amyloid plaques
in Alzheimer disease. PET imaging
played a crucial role in confirming the
initial eligibility of a given patient to
participate in a clinical trial and in
monitoring the subsequent response to
therapy. In clinical trials of aducanu-
mab, amyloid PET revealed decreases
in b-amyloid neuritic plaque accumula-
tion on treatment (Fig. 4) (29).

Investigational Agents for
Research Use Under RDRC or IND
Imaging agents can be used for

research applications under the approval
of an institutional RDRC (30) or under
an approved IND (31). To use a radio-
tracer according to the RDRC mecha-
nism, the following provisions must be
met: the research must be considered
basic science research and be done
for the purpose of advancing scien-
tific knowledge; the research study
must be authorized by an FDA-approved
RDRC; the pharmacologic dose of the
radioactive drug must be known not to
cause any clinically detectable pharma-
cologic effect on humans; and the radi-
ation dose to be administered must be
justified by the quality of the study and

the information it seeks to obtain. If these provisions cannot be
met, an approved IND application is required for the agent
before any human research can be conducted (32,33). Academic
medical centers frequently have many established radiotracers
available for use in RDRC protocols and likely also hold IND
approvals for several additional radiotracers. Additional research
protocols can be added to INDs by submission of amendments
to the FDA. After a radiotracer has been used in humans under
an IND, it can be advanced to additional clinical trials with a
goal of commercialization. Alternatively, if the pharmacologic
dose did not cause any clinically detectable pharmacologic
effects, it can subsequently be transitioned to RDRC studies
for additional research, assuming the other criteria are met.
The transition from RDRC to IND can be illustrated by 18F-

(–)5-fluoroethoxybenzovesamicol (18F-FEOBV), a PET radio-
tracer that was developed at the University of Michigan and is

FIGURE 3. 18F-FDG PET maximum-intensity projections (A–C), axial PET images (D–F),
and axial CT images (G–I) through pelvis in patient with metastatic GIST. Normal physio-
logic 18F-FDG uptake is seen in urinary collecting system in both kidneys (kd), in myocar-
dium (my), and in bladder (bl). (A) Intense 18F-FDG uptake is seen in left lower pelvis and
contiguous to right proximal ureter (TU) at baseline before imatinib therapy, consistent
with metastatic GIST. (B) Resolution of abnormal 18F-FDG uptake is noted in both tumor
masses as early as 1 wk after treatment. (C) Continuous metabolic response to imatinib
is seen in this patient 2 mo after initiation of therapy despite presence of residual mass
on CT. (Reprinted with permission of (29).)
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based on a vesamicol analog used to image the vesicular ace-
tylcholine transporter (34). After preclinical development
along the lines described in this article, the team wrote an
IND and received approval from the FDA to proceed with
first-in-humans studies. Whole-body 18F-FEOBV scans were
initially conducted on 3 healthy volunteers. Seven additional
subjects underwent dynamic brain imaging (Fig. 5), and kinetic
modeling revealed agreement between reference tissue
modeling and late single-scan imaging. This study allowed
quantification of human dosimetry, indicating that more
than 400 MBq could be administered without exceeding radi-
ation dose limits. No pharmacologic or physiologic changes
were observed after intravenous administration of no more
than 1.3 mg of 18F-FEOBV. This information subsequently
enabled use of 18F-FEOBV under RDRC approval (and
related mechanisms in other countries) by other research
teams in the United States and elsewhere (35–37). For exam-
ple, Kanel et al. recently used 18F-FEOBV to investigate
age-related declines in regional cholinergic neuron terminal
density (Fig. 5) (38).

Investigational Imaging and Therapeutic Agents Being
Developed for Commercialization
Development of new radiopharmaceuticals for commer-

cialization follows the process illustrated in Figure 1. Since
companies do not have access to research subjects, clinical
trials are usually conducted in collaboration with academic
medical centers. After preclinical work, an IND is obtained
to enable clinical trials with new agents to prove safety and
efficacy. High-profile examples are the theranostic agents
targeting prostate-specific membrane antigen (PSMA) for

FIGURE 4. 18F-florbetapir (Amyvid) amyloid PET images at
baseline and 1 y after aducanumab treatment, showing amyloid
plaque reduction after different doses of aducanumab but not
placebo. (Reprinted with permission of (30).)

FIGURE 5. (Left) 18F-FEOBV PET, MR, and overlay images from healthy control subject. (Reprinted from (35).) (Right) Age-related
reduced Vesicular acetylcholine transporter binding reductions (Reprinted from (39).)
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imaging and treatment of prostate cancer. In the case of
68Ga-PSMA-11, after pioneering work from Heidelberg, an
NDA for 68Ga-PSMA-11 was obtained by UCLA and the
University of California San Francisco through an academic
partnership (39). They conducted a phase III trial, and sepa-
rate NDAs for each institution were approved by the FDA.
Subsequent approvals for kits to produce 68Ga-PSMA-11
have been obtained by Telix and Novartis, and the agent
has been used to image thousands of patients (40).
Concurrently with these efforts, 177Lu-PSMA-617 was

developed for radiotherapy of prostate cancer. PSMA PET is
used to confirm patient eligibility and to monitor response to

therapy. Phase 2 studies showed promis-
ing results (Fig. 6) (41), and the rights
for development were acquired by
Endocyte (later purchased by Novar-
tis). In the large, international, multi-
center phase 3VISION trial, 831 patients
underwent randomization. VISION
provided evidence for significantly im-
proved progression-free and overall sur-
vival in late-stage prostate cancer patients
who were treated with 177Lu-PSMA-617
(compared with the standard of care)
(42,43). FDA approval for 177Lu-PSMA-
617 was granted earlier this year.

New Radiotracers Developed to
Support Therapeutic Trials
If radiotracers do not exist for a

given therapeutic target, it is neces-
sary to develop the appropriate com-
panion diagnostic when PET studies
are needed. One seminal report on the
use of PET imaging to guide therapeu-
tic development was Merck’s work
with Emend (aprepitant), a neurokinin
1 receptor antagonist being developed

both for treatment of chemotherapy-induced nausea and as an
antidepressant (44). Instead of labeling the drug itself, Merck
developed a companion tracer, 18F-SPARQ (Substance P
Antagonist Receptor Quantifier), and used it to determine
the receptor occupancy achieved by different doses of
Emend in healthy humans. Importantly, greater than 95%
receptor occupancy was found at the proposed dose (Fig. 7),
indicating the correct dose selection. Merck knew that this
dose was effective for managing nausea caused by chemo-
therapy, moved forward with the antinausea indication, and
gained marketing approval from the FDA. In contrast, Merck
also knew that the study dose of Emend had no antidepressant

effects, and the PET study revealed that
a larger dose would not increase recep-
tor occupancy. As such, the results of
this study (likely costing tens of thou-
sands of dollars) allowed Merck to
cancel development of Emend for
depression and save millions of dollars
on what would have been a futile phase
III trial (44).

Radiolabeled Drugs or
Drug Candidates
Important questions concerning a

drug can be answered by labeling the
drug molecule itself. Clinical imaging
studies using labeled drugs allow drug
developers to obtain information about
biodistribution and target engagement.

FIGURE 6. 68Ga-PSMA-11 PET before and after treatment with 177Lu-PSMA-617.
(Reprinted from (42).)

FIGURE 7. (Left) 18F-SPARQ PET images of subject who received 100 mg of aprepi-
tant: predosing (top row) and postdosing (bottom row) are shown, with estimated recep-
tor occupancy of 94%. (Right) Relationship between plasma concentration of aprepitant
and receptor occupancy. NK15 neurokinin-1. (Reprinted with permission of (45).)
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This information can be used to confirm patient eligibility
for a given treatment, as well as to predict response. This
approach holds particular promise for anticancer drugs. In a
given malignancy, certain chemotherapeutics will be used
on the basis of demonstrated clinical efficacy (e.g., tumor
response or improved survival). A one-size-fits-all approach
has been used in which patients are started on a standard
regimen for their cancer. However, failure of a given chemo-
therapeutic occurs in certain patients because many cancers
do not respond consistently. Therefore, nonresponders are
often subjected to the psychologic burden of chemotherapy
along with frequent associated toxicities without gaining
any benefit. In this age of personalized medicine, a new
era of chemotherapy that abandons this one-size-fits-all
approach is needed. Molecular imaging has an important
role to play in this paradigm shift.
Proof of concept for docetaxel has been demonstrated by

van der Veldt et al. at VU University Medical Center in
Amsterdam. This cytotoxic drug is a taxane that was ini-
tially approved for treatment of anthracycline-refractory
metastatic breast cancer and has subsequently been approved
for treatment of several other cancers (e.g., metastatic pros-
tate cancer, head and neck cancer, and non–small cell lung
cancer). However, cancers often do not respond consistently
to chemotherapeutics. Docetaxel failure in some patients
means that they experience associated toxicities without any
benefit. To explore a more personalized approach to decid-
ing which patients would benefit from docetaxel therapy, the
team prepared 11C-docetaxel (45). Using PET imaging in
conjunction with microdoses of 11C-docetaxel (to elimi-
nate toxicity concerns), the team was able to quantify tumor
uptake of the labeled drug across patients. This work showed
that 11C-docetaxel PET can be used to predict tumor uptake of
the drug during subsequent docetaxel therapy, and the team
also demonstrated that high tumor uptake of 11C-docetaxel was
related to improved tumor response after treatment.
Going forward, PET with radiolabeled drugs will enable

straightforward confirmation of target engagement in humans
and, in turn, predict treatment outcome in advance. The work
with 11C-docetaxel also suggests that radiolabeled drugs can
help to reveal underlying mechanisms of treatment failure in
subpopulations of patients (e.g., poor accumulation in a tumor
or poor target engagement).

CONCLUSION

The power of nuclear medicine and molecular imaging to
provide key information about new therapeutic candidates
has become an integral part of the modern drug development
paradigm. Preclinical studies can allow early go/no-go deci-
sions about whether to advance a new drug to clinical trials.
After clinical translation, imaging can be used to enrich
clinical trials, predict response to therapy, monitor response,
and obtain valuable information about target engagement and
dosing. In this way, it is expected that nuclear medicine and
molecular imaging using radiotracers or radiolabeled drugs

will continue to provide insights during drug development.
When combined with other emerging technologies, this ap-
proach will usher in a new era of personalized medicine in
which rational treatment choices tailored to individual patients
to improve outcomes will replace a one-size-fits-all approach
to disease management.
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A sentinel event is any unexpected event that results in death or
serious physical or psychologic injury to a patient unrelated to a
patient’s illness. Establishing and determining cause-and-effect
relationships are key to preventing future sentinel or near-miss
events. However, it can be challenging to establish a cause-and-
effect relationship when a process involves multiple steps or peo-
ple. Root cause analysis (RCA) is a technique that can pinpoint
the causes of sentinel events for medical procedures involving
numerous steps and people. This article provides a rationale for
RCA and the basic steps in a nonmedical RCA investigation. The
article then describes a more detailed, 9-step, RCA approach for
investigating sentinel events and illustrates the technique with a
nuclear medicine example.
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A sentinel event is any unexpected event that results in
death or serious physical or psychologic injury to a patient
unrelated to a patient’s illness (1). In contrast, near-miss events
are errors occurring during medical care that are detected and
corrected before a patient is harmed. Health-care providers
must be aware of and scrutinize both event types critically to
improve the safety and quality of care.
When investigating sentinel events and near misses, one

must first identify the cause—or why something happened—
and the effect of what happened. Establishing and determin-
ing cause-and-effect relationships are key to preventing future
sentinel or near-miss events.
Determining the cause and the effect is usually straightfor-

ward for simple processes involving only one step or person.
However, it is difficult to establish a cause-and-effect rela-
tionship when a process involves multiple steps or people.
Root cause analysis (RCA) is a technique that can pinpoint

the causes of sentinel or near-miss events for processes
involving multiple steps and people.

FACTORS GIVING RISE TO THE NEED FOR RCA IN
HEALTH CARE

The United States’ current, multifaceted health-care sys-
tem has led to increased attention on sentinel and near-miss
events and the need for providers to be familiar with how to
perform a systematic RCA. When the causes of events are
identified, problems can be addressed and health-care qual-
ity improved.

Need for Efficiency
First, the demand for scarce health-care financial resources

in the United States is at critical levels (2). One reason is
that life expectancy has increased from 70.1 y in 1960 to 76
in 2021 (3,4). Meanwhile, the percentage of gross domestic
product spent on health care has increased from $247 billion
(9.4% of the U.S. gross domestic product) in 1980 to around
$4 trillion (18% of the U.S. gross domestic product) in 2020
(5). Thus, health-care spending has increased considerably,
with only a modest increase in life expectancy. This finding
points to the need for increased efficiency.

Medical Error Prevention
One strategy to increase efficiency is to decrease cost and

waste. Medical errors are one of the leading causes of not
only waste and increased cost but also morbidity and mortal-
ity. Original estimates in 2000 published in the Institute of
Medicine’s landmark report, To Err Is Human: Building a
Safer Health System, pegged annual deaths related to medi-
cal errors at 98,000 (6). Today that number is estimated to
be over 200,000 (7). In response to the unacceptable number
of medical errors, the Joint Commission adopted the time-
out, or call-to-order, concept in 2003 to curb the rising num-
ber of medical errors.
A time-out is an immediate pause by every surgical team

member before any medical intervention or procedure to
verify the correctness of the patient, procedure, and site (8).
The initial time-out process evolved and expanded to
become a review of detailed checklists—a concept borrowed
from the airline industry, the industry with the best safety
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record. The checklist model was further popularized in
health care by Atul Gawande (9).
Time-outs and checklists have become standard practice.

However, the number of sentinel events did not significantly
change between 2005 and 2016 (1,10). In 2021, the Joint
Commission registered 1,197 sentinel events (11). Although
time-outs and checklists play a significant role in preventing
medical errors, their weakness is that they cannot address a
sentinel event or medical error after it happens.

Teamwork Care Delivery Model
Another factor supporting the need for RCA is the substan-

tial change in how health care is delivered. In the past, solo
or small groups were the typical practice model. However,
solo practices decreased from 41% to 17% between 1983
and 2014 (12). Large medical groups and hospital conglom-
erations are now the norm. As a result, health care has
become more team-based.
To become more efficient, health care unwittingly adopted

the team-based assembly line approach of the auto industry
popularized by Henry Ford in the early 1900s (13). The
assembly line approach subdivides processes into multiple
sequential tasks involving numerous people. Many steps are
simple. However, a few steps are always more complex.
For example, in the nuclear medicine scenario, tasks are

divided into scheduling, patient preparation, scan perfor-
mance, interpretation, transcription, and coding and billing.
With various personnel completing each task, the physician’s
time is spent interpreting images and making diagnoses
(more complex tasks), whereas the other steps are distributed
among schedulers, nurse navigators, technologists, transcrip-
tionists, or coders (less complex tasks).
Another feature of the assembly line approach is that it

matches task complexity to the skills and pay of the staff on
the team (13). The more complex the task, the higher the
wage. With only a fraction of the tasks paid at the higher
rate and most tasks paid at the lower rate, overall payroll
costs are reduced. However, the distribution of work into
multiple steps performed by various people increases the
risk of errors.

ORIGIN OF RCA AND THE 5 WHYS

Sakichi Toyoda, a Japanese inventor and industrialist, rec-
ognized the trade-off between the distribution of labor in the
assembly line approach and mistakes. He developed the
“5-whys analysis” to determine and eliminate the root causes
of problems in the Toyota Motors manufacturing process (14).
The 5 whys is a simple problem-solving method for

quickly getting to the root of a problem (15). The technique
starts by identifying a problem and then asking “why?” 5
times sequentially to drill down and determine what caused
a problem. Each time a why is questioned, the answer
becomes the premise for the next why question. The tech-
nique forces the investigator to dig more deeply to find a
problem’s true cause.

To demonstrate, consider an example of administration of
a bone scan dose to the wrong patient:

1. Why did the patient receive the wrong radiopharmaceutical?
Because the technologist escorted the wrong patient from the
waiting room.

2. Why was it the wrong patient? Because 2 patients with the
same last name but scheduled for different tests were in the
waiting room.

3. Why did the wrong patient come forward? Because the tech-
nologist only called out “Mr. Smith” in the waiting room.

4. Why did the technologist not realize it was the wrong Mr.
Smith? Because the technologist did not use 2 patient-specific
forms of identification.

5. Why did the technologist not use 2 forms of patient identifica-
tion to identify the correct patient? Because use of 2 patient-
specific identifiers was not standard practice at the clinic.

When asking and answering the 5 whys, one must obtain
clear and concise answers, avoiding answers that are too
simple or that overlook important details. The answers to
the questions should be logical and backed by proof. One
should look for patterns and not just at the isolated event,
look for causes for which practical recommendations can be
recommended, and ask why—multiple times—to identify
the cause and not just the symptoms of a problem. Problems
will usually resurface if only the symptoms are treated and
the root cause is not identified and corrected.
For example, suppose a patient with chest pain were to go

to the doctor to get a prescription to make the chest pain go
away. If the doctor merely gives the patient nitroglycerin to
make the chest pain go away, the chest pain would probably
return and worsen. However, suppose the doctor were to
ask why the patient has chest pain and investigate further.
In that case, the doctor could diagnose a coronary artery
blockage and fix the root of the problem with a stent or
bypass.

BASIC RCA STEPS

RCA is a useful technique for pinpointing the cause of
safety events. The term event is used here to refer to sentinel
or near-miss events. To prevent similar recurrences, RCA
discovers why, what, and how something happened (16).
There are 4 primary steps in the RCA process (Fig. 1).

The first is to collect data. Data collection is critical for
obtaining complete information, understanding the event,
and identifying causal factors. Diagraming, the second step,
helps to organize and analyze information and to identify
knowledge gaps. After the causal factors have been identi-
fied, the third step is pinpointing the root cause. Finally,
the fourth step is generating and implementing a solution. The
solution should be achievable and aimed at preventing the
event’s recurrence.

APPLYING RCA TO SENTINEL EVENTS

Use of RCA to examine sentinel events, in which a patient
could be harmed or die needlessly, must be systematic and
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comprehensive. The analysis should focus on systems and
processes and not just the human element of error. Nine
steps are recommended (Fig. 2) (17).

Step 1: Identifying an Event
The Joint Commission clearly defines and provides a

long list of what is and is not considered a sentinel event
(18). Common examples of sentinel events include falls,
unintended retention of foreign objects, suicide, wrong sur-
gery, and treatment delay. All staff should be trained to rec-
ognize sentinel events or close-call incidents and report
them within the system. Usually, a risk-based triage system
or committee is used to evaluate the incident and determine
the need for RCA.
A fundamental principle of RCA is honest reporting with-

out fear of reprisal. Regrettably, fear of retaliation can be a
significant barrier that inhibits staff reporting of incidents.
Besides the candid reporting of events, reporting must be
prompt (without delay) to ensure that details are thoroughly
and accurately documented (17).

Step 2: Assembling a Team
Once the need for RCA is established, a small team is

assembled to analyze the incident. First, the team collects
preliminary data to understand what the event was, where it
happened, when it happened, who was involved, and how it
happened.

Teams are usually made up of 4–6 individuals experienced
in the field and conversant with the nuances of the process
leading to the sentinel or near-miss event. Typically, teams
include physicians, supervisors, staff, and quality improvement
experts. The team members who perform an RCA investiga-
tion should not have been directly involved in the event, as
bias can be an undesirable source of problems and inaccurate
analysis.

Step 3: Creating an Initial Flowchart
Flowcharts are one of the best tools to describe a process

or event graphically, in a manner that usually can be better
understood than an essay description. Using the preliminary
data, the team creates a flowchart to display the processes
leading to the event and organize the facts (Fig. 3).

Step 4: Establishing the Event Story
The flowchart should trigger questions to guide the inves-

tigation into contributing factors. The 5-whys technique is

FIGURE 1. At its simplest, basic RCA involves 4 steps.

FIGURE 2. Because sentinel events happen in health-care set-
tings involving multiple people and steps, RCA process is more
involved than basic RCA.

ROOT CAUSE ANALYSIS $ Dhingra et al. 303



used at this point. The goal is not only to assess the sentinel
event but also to thoroughly evaluate the processes lead-
ing to the event. Therefore, fine granularity is essential
in pinpointing the root cause or causes. The information
gathered from the investigation adds detail to the initial
flowchart for development of the event story map.

Step 5: Creating a Cause-and-Effect Diagram
Once the event story map is generated, the next step is to

produce a cause-and-effect diagram. A cause-and-effect dia-
gram is another visual tool to logically organize potential
causes of a problem (effect). The diagram’s purpose is to
help the investigating team identify causal links and con-
tributing factors to the root cause.
The components of a cause-and-effect diagram include a

problem statement, potential causes (categories), and poten-
tial reasons for the causes. Using the same example of
administering the wrong radiopharmaceutical to the patient
(effect), there could be multiple causes related to schedul-
ing, patient identification, pharmacy error, or patient factors
(Fig. 4).

It is helpful to place the flowchart and event story map
side by side when identifying causes. Potential causes are
then repeatedly identified until knowledge of the event is
exhausted. If few causes are identified, additional investiga-
tion is required.

Step 6: Identifying the Root Cause
The cause-and-effect diagram will show multiple causes

for, steps to, or reasons that led to the event. It is crucial to
single out the one cause of the cascade of failed steps that led
to the event. Each cause is examined and discussed along
with the contributing factors until a root cause is identified.

Step 7: Developing and Implementing
Corrective Actions
The identified root cause is then examined again to

develop corrective actions. The team should identify barriers
and risk reduction strategies to ensure that the root cause
does not recur. Multiple corrective steps may be required for
each cause. Planning of the corrective action should include
policy changes, training, and other steps to ensure and sus-
tain compliance. In addition, the planning must eliminate
implementation barriers and identify outcome measures. The
corrective actions are then implemented.

Step 8: Identifying Outcome Measures
The success of any intervention or change implementa-

tion can be measured only by outcome analysis. The out-
come metrics should be specific, quantifiable, and able to
be measured over time. The time required for accurate out-
come analysis depends on how frequently the procedure or
process in question is done. The more frequently a proce-
dure is performed, the shorter the period of outcome
analysis.

Step 9: Communicating Results
The last step is communication of the results. The event,

RCA, corrective actions, and outcome results should be
reported to all staff involved and, more broadly, throughout
the institution. If deemed important and not institution-
specific, reporting an RCA in a peer-reviewed publication
can have a more significant positive impact.

SPECIAL CIRCUMSTANCES FOR RCA IN
NUCLEAR MEDICINE

The nuclear medicine and molecular imaging field is
diverse, comprising nearly 100 diagnostic examinations and
a rapidly increasing number of theranostic procedures (19).
Numerous procedures require several staff members or the
assistance of personnel from outside the department, such
as personnel from cardiology, endocrinology, or oncology.
In theranostic procedures, opportunities for variability are
multiplied, with the added burden of risk of harm. This
diverse number of procedures with multiple steps and vari-
ous personnel presents many different opportunities for
error (Tables 1 and 2).

FIGURE 3. Initial flowchart for misadministration demonstrates
facts surrounding situation in which technologist administered
bone scan dose instead of liver scan dose.
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NUCLEAR MEDICINE RCA EXAMPLE

Let us apply the RCA process to a potential nuclear medi-
cine sentinel event (a patient falls off the scan table) to
make the RCA steps more understandable and meaningful.
Was the technologist just careless?

Step 1: Identifying an Event
On August 26, 2022, an elderly patient, Mrs. Darling,

underwent whole-body bone scanning and fell off the table
while unattended. The incident happened at approximately
12:30 PM. Technologist Ray Gamma started the acquisition
and left the room. About 15 min later, he found Mrs. Dar-
ling on the floor, moaning and complaining of hip pain.

Technologist Gamma immediately re-
ported the event to his nuclear medicine
supervisor, who completed the incident
form and notified the risk manage-
ment department. Subsequent radiog-
raphy and examination found that Mrs.
Darling had a broken right hip. The
risk management director, Dr. Guardian,
determined that the harm was not re-
lated to the patient’s illness or the pro-
cedure. The harm was thus classified
as a sentinel event.

Step 2: Assembling a Team
Dr. Guardian appointed an RCA team

to investigate the event. The team in-
cluded Dr. Roentgen, a staff nuclear
medicine physician vacationing in Flo-
rida on the day of the event; the radiol-
ogy department nurse, Nurse Ivy Line;
the nuclear medicine scheduler, Ms. Ida

Arrang!er; a nuclear medicine technologist who works at a sat-
ellite office, Mr. Pho Ton; and one of the risk managers who
is an expert in RCA, Nurse Al Waysmad.

Step 3: Creating an Initial Flowchart
The team created a simple flowchart to organize the pre-

liminary facts and began the investigation (Fig. 5)

Step 4: Establishing the Event Story
Using the 5 whys, the team asked questions and inter-

viewed other staff, such as the receptionist, lead technolo-
gist, and other technologists. The team asked questions such
as why did Technologist Gamma leave the patient unat-
tended? Why did not another staff member inject the patient

FIGURE 4. Effect and potential causes of misadministration of bone dose instead of
liver dose are demonstrated in this fishbone diagram. Each probable cause has multiple
reasons or contributing factors.

TABLE 1
Opportunities for Error in Diagnostic Nuclear Medicine

Procedure stage Opportunities for error Staff involved

Scheduling Single vs. multiple-day procedures; procedures with
delay between injection and imaging

Scheduler/referring physician

Screening Scan appropriateness, medication interference,
pregnancy/breastfeeding

Nuclear medicine physician

Patient preparation Medications (prescribed and over counter), NPO status,
hydration, caffeine avoidance, oral contrast agent
(barium), intravenous contrast agent (iodinated)

Scheduler/technologist

Radiopharmaceutical
administration

Correct radiopharmaceutical, amount, route, and timing Technologist

Special techniques Stress testing, injections in other departments (e.g.,
surgery)

Technologist/stress test
personnel/other physician

Image acquisition Collimator; energy window; matrix size; acquisition type
(e.g., static vs. dynamic); planar vs. SPECT, SPECT/
CT, or PET/CT; positioning; technical quality

Technologist

Image processing and display Region-of-interest placement, image summation,
filtering, reference database comparison, archiving

Technologist

Interpretation and reporting Misdiagnoses, missed pathology, incomplete reporting,
delayed reporting

Nuclear medicine physician

NPO 5 nothing by mouth.
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who was to undergo rest myocardial perfusion imaging (See
Fig. 5)? Could Technologist Gamma maintain visual surveil-
lance of the patient? What was the patient’s mental acuity?
Did Technologist Gamma tell Mrs. Darling he was leaving
the room? Why did Mrs. Darling fall off the table?

During the investigation, the team discovered several
contributing factors. First, between the bone scan injection
and the image acquisition, Mrs. Darling was told to drink
1.9 L (64 oz) of water. Second, Mrs. Darling did not empty
her bladder right before the scan began because the rest-
room, located outside the department, was occupied. Third,
Mrs. Darling had mild dementia and was hard of hearing.
Fourth, half the technologists were at lunch when the
myocardial perfusion patient was scheduled for injection;
there were no other technologists available to inject the
patient. Fifth, the hook-and-loop straps on the table were
worn and would not fasten well. Finally, Mrs. Darling
was uncomfortable and had to use the restroom. These
factors and several others contributed to the patient’s fall
(Fig. 6).

Step 5: Creating a Cause-and-Effect Diagram
The team organized all the discovered factors to create

the cause-and-effect diagram (Fig. 7). The problem (effect)
was that the patient fell off the scan table. The major causal
factors were related to the patient, department operation,
equipment, and technologist. There were also multiple
underlying reasons for each of the major causal factors.

Step 6: Identifying the Root Cause
The team evaluated the fishbone diagram related to Mrs.

Darling’s fall and identified the root cause. The department
was short-staffed during lunch, but patients were routinely
scheduled during that time, resulting in technologists caring
for multiple patients simultaneously. Technologist Gamma
believed he had no choice but to leave Mrs. Darling and
inject the myocardial perfusion patient because no other
technologists were available and the department was
running behind schedule. Contributing factors were the
nature of bone scan hydration requirements, lack of an
available restroom near the nuclear medicine department,

TABLE 2
Opportunities for Error in Therapeutic Nuclear Medicine

Procedure stage Opportunities for error Staff involved

Scheduling Single vs. multiple-day therapies; radioisotope
availability

Scheduler/referring physician/
nuclear medicine physician

Screening Therapy appropriateness, medication interference,
pregnancy/breastfeeding

Referring physician/nuclear
medicine physician/physicist

Consult Pretreatment history, laboratory and other diagnostic
testing results, patient factors (e.g., breastfeeding,
incontinence, inability to swallow), and home
environment

Patient/family/nuclear medicine
physician

Patient preparation Preparation length (e.g., few days to weeks),
medications (prescribed and over counter), NPO
status, hydration, oral contrast agent (barium),
intravenous contrast agent (iodinate)

Scheduler/technologist/nurse/
nuclear medicine physician

Time-out/radioisotope
administration

Correct patient, therapy, radioisotope, amount, route,
and timing; complete dose administration

Technologist/authorized user/
nuclear medicine physician

Posttherapy Imaging and timing, medical and radiation safety
instructions

Technologist/nuclear medicine
physician

NPO 5 nothing by mouth.

FIGURE 5. Initial flowchart for patient’s falling off scanner table
describes facts related to this sentinel event. These facts are used
to stimulate questions for investigation and to create event story.
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malfunctioning table straps, and the patient’s need for con-
tinuous monitoring. Although Technologist Gamma could
have made other choices, there was more to the story than
that he was simply careless.

Step 7: Developing and Implementing
Corrective Actions
The team, the nuclear medicine supervisor, and other staff

reviewed the cause-and-effect diagram and discussed the root
cause. They implemented several changes. First, lunches
were staggered over a more extended period so that fewer

technologists were simultaneously ab-
sent from the department. Second, the
schedule was adjusted so that technolo-
gists would not be responsible for more
than one patient at a time. For example,
a technologist would not have to inject
one patient while scanning another.
Finally, the table straps were replaced
as a minor corrective action.

Step 8: Identifying
Outcome Measures
To assess the effectiveness of the

intervention, the team and nuclear
medicine department monitored the
number of times technologists had to
care for more than one patient at a
time. Because numerous procedures
were performed daily, the team col-
lected data for 1 mo and then evalu-
ated and made changes as necessary.

Step 9: Communicating Results
To ensure that the corrective actions

were implemented and sustained, the
nuclear medicine supervisor created
a new scheduling grid and shared
instructions with the scheduling depart-

ment. The supervisor also made a lunch schedule, which she
posted on the lounge wall and shared during a staff meeting.
Finally, the entire nuclear medicine department attended
training on caring for patients with varying needs.

LIMITATIONS OF RCA

The limitations of applying the RCA methods of the auto-
mobile manufacturing industry to medicine have been well
documented (20). Although RCA may be well suited to
automobile manufacturing, in which the parts and final prod-
uct are standardized in the form of model, year, and make

of the vehicle, medicine deals with
humans without the same model, year,
and make. The diverse composition of
the patient population and the unique
needs of individual patients, including
emotional and psychologic, create a
situation far more complex than in an
automobile assembly line. Conse-
quently, RCA in health care must be
more detailed and more involved, as
described in the 9 steps for RCA in
sentinel event investigation.
Another limitation of RCA is that it

must be supported by the top adminis-
tration and then by all administrative
levels downward to improve safety
and induce cultural changes (21).

FIGURE 6. Event story flowchart adds factors contributing to patient-fall sentinel event,
as determined during RCA.

FIGURE 7. Effect and potential causes of, and contributing factors to, patient’s falling
off scanner table are demonstrated in this fishbone diagram.
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There must be a blame-free environment so that individuals
feel safe and can be persuaded to talk openly about events.
Effective sentinel event communication is key to institu-
tional learning and preventing future events (20).
Finally, RCA can be time-consuming and requires adequately

trained personnel. RCA is a complex, multistep process that is
operator-dependent. The fact that it is often not properly per-
formed affects the tool’s utility. As a result, there is limited pub-
lished research demonstrating the effectiveness of RCA in
reducing sentinel events and near misses. Thus, to be effective,
nuclear medicine personnel, including technologists, must be
knowledgeable and skilled in the technique.

CONCLUSION

The reliability and accuracy of nuclear medicine procedures
are highly dependent on the competency of the nuclear medi-
cine technologist. Despite a technologist’s training and skill,
the complexity of nuclear medicine procedures increases the
likelihood of sentinel events and near misses. Therefore, tech-
nologists play a pivotal role in RCA performance and the sub-
sequent prevention of future events.
Team members need to know not only their assigned job

but also the jobs of those who work in earlier and later steps
of the multistep procedure. This knowledge can help to
identify and correct errors before a small error snowballs
into a catastrophic avalanche.
The technologist team player should not only understand

and follow protocols but also understand the principle
behind a protocol. Because of the diversity of procedures
and of human anatomy and physiology, along with the need
for patient-centered care, nuclear medicine technologists
must be able to modify protocols without affecting the out-
come. The use of RCA in nuclear medicine is an invaluable
tool to address the many challenges encountered in the field.
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Diuretic renal scintigraphy plays a critical diagnostic role by provid-
ing a physiologic means for differentiating between obstructive and
nonobstructive hydronephrosis and by assessing the function of the
affected kidney. The examination accuracy is highly dependent on
and benefits from close attention to the protocol. This article reviews
kidney anatomy and physiology, patient preparation, available
radiopharmaceuticals, diuretic administration, acquisition, proc-
essing, quantification, and interpretation criteria in the United
States.
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The role of the kidneys is to cleanse the blood of waste
and turn the waste into urine while also maintaining the bal-
ance of fluid and electrolytes, particularly sodium. The paired
organs are located along the posterior abdominal wall, on each
side of the spine, between the levels of T12 and L3. Measur-
ing about 10–13 cm in length, the kidneys are bean-shaped,
with their long axis lying almost parallel to the body. The
indentation of the bean, called the renal hilum, is oriented
toward the spine. It is where arterial blood containing waste
enters the kidney, cleansed venous blood exits, and urine con-
taining waste exits. The renal parenchyma consists of an outer
cortex and an inner medulla, encompassing the urine-collect-
ing system (CS) comprising calyces and the renal pelvis
(Fig. 1A). Each kidney has approximately a million small
filters called nephrons within the parenchyma. Each nephron
is a long, fine convoluted tubule 3–6 cm long, originating in
the cortex at its glomerulus and ending in the medulla at the
collecting duct (Fig. 1B). At the end of the collecting ducts,
urine containing waste passes into the calyces and is then

collected in the funnel-shaped renal pelvis. The pelvis drains
via the ureter to the bladder.
The normal drainage of urine can be blocked because of a

wide range of congenital and acquired disorders. Obstruction
to urinary outflow may, in turn, lead to increased pressure in
the renal CS and its subsequent dilatation and swelling of the
kidney (Fig. 2). This condition, termed hydronephrosis, can
lead to injury of the parenchyma and loss of function. Concern
about obstruction is usually raised by detection of an elevated
serum creatinine level versus imaging findings of a dilated
renal pelvis or calyces. Occasionally, it may also be suspected
in a patient undergoing follow-up after attempted correction
of a previous obstruction (1). Unfortunately, neither a decline
in renal function nor CS dilation on imaging is specific for
obstruction; these findings may be due to a wide variety
of nonobstructive disorders such as infection, vesicoureteral
reflux, congenital anomalies, or residual changes after the
resolution of a previous obstruction. Hence, in this scenario,
diuretic renal scintigraphy (DRS) plays a critical diagnostic
role by providing a noninvasive physiologic means for dif-
ferentiating between obstructive and nonobstructive hydro-
nephrosis as well as assessing the function of the affected
kidney (2). The examination is based on the principle that
under physiologic conditions, urine may be retained in a
hydronephrotic renal pelvis for 1 of 2 reasons: either an ana-
tomic obstruction preventing outflow or the reservoir effect, in
which urine pools in the dilated renal pelvis until enough accu-
mulates to spill over into the ureter. The reservoir effect is a
pseudoobstruction that can mimic a mechanical obstruction,
leading to unnecessary urologic interventions. DRS takes
advantage of the fact that the reservoir effect can be overcome
under high-flow conditions created with diuretic administra-
tion. By evaluating the washout of radiopharmaceutical from
the CS and analyzing the parenchymal function, the presence
of an obstruction and risk of renal damage can often be cor-
rectly assessed.

BACKGROUND

Before the advent of DRS, obstructive hydronephrosis was
distinguished from nonobstructive by an invasive means: a
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pressure perfusion study, commonly known as the Whitaker
test. The Whitaker test involved percutaneous kidney access
via a posterior approach. A catheter was introduced into the
dilated renal pelvis, and fluid was instilled at a flow rate of
5–10 mL/min while the pressure was monitored in the renal
pelvis and bladder (3). An unobstructed renal pelvis and ure-
ter tolerated this high flow readily, with no or only a small
rise in pressure from baseline. However, if the pressure
between the renal pelvis and bladder rose significantly, often
greater than 15–20 cm of water, then the system was deemed
obstructed (4). Fortunately, in 1979, DRS was introduced
using 131I-hippuran (orthoiodohippurate) and furosemide, offer-
ing a simpler, noninvasive means for evaluating equivocal pel-
viureteral obstruction (5,6). Soon thereafter, in 1980 (7) and
1986 (8), 99mTc-diethylenetriaminepentaacetate (99mTc-
DTPA) and 99mTc-mercaptoacetyltriglycine (99mTc-MAG3),

respectively, were introduced, both of
which are still in widespread use today.
The examination accuracy is highly

dependent on and benefits from close
attention to patient preparation, timing
of diuretic, method of acquisition, proc-
essing, quantification, and interpretation
criteria (Tables 1 and 2).

PREPARATION

The ability of the kidneys to signifi-
cantly increase urine production in re-
sponse to diuretic administration is
central to the diagnostic accuracy of
DRS. An increase in urine production
is determined by both renal function
and hydration.
To best ensure appropriate hydra-

tion, the patient should be instructed
to increase fluid intake the day before

and the morning of the examination while avoiding natural
diuretics (typically coffee, tea, and other caffeinated bever-
ages). An additional 12 ounces of fluid with each of the
3 meals (totaling approximately 1 L) before the examination
is a reasonable goal. This step is contraindicated in individ-
uals on a fluid-restricted diet, which is most commonly a
treatment for congestive heart failure and for rare disorders
such as adrenal insufficiency and hyponatremia. Addition-
ally, unlike many other nuclear medicine examinations, fast-
ing beforehand should be discouraged since this could
impair efforts to prehydrate.
Once the patient arrives at the clinic, additional oral hydra-

tion is recommended during the 30–60 min immediately pre-
ceding the examination. The preferred amount of oral hydration
is 5–10 mL/kg based on an international scientific commit-
tee’s consensus report (9), which was subsequently endorsed
by the Society of Nuclear Medicine and Molecular Imaging
(SNMMI) and the European Association of Nuclear Medi-
cine (EANM) (10).
Patients prescribed diuretics as part of their routine medical

care should be instructed to refrain from taking these medica-
tions the morning of the examination. Diuretics are most com-
monly prescribed for hypertension and to treat edema from
heart, kidney, or liver failure. Having the patient withhold
diuretics helps ensure adequate prehydration while avoiding
the possibility of commencing the examination during an
ongoing prescribed diuresis, which can last for 6–8 h after
oral administration of furosemide (11).
Additionally, though not explicitly recommended in the

applicable guidelines and parameters, kidney function assess-
ment before the examination can help ensure the likelihood of
a diagnostic examination. As renal function decreases, urine
production and responsiveness to diuretics decrease. Hence,
patients with impaired renal function may not have an adequate
escalation in urine flow from the standard 40-mg intravenous

FIGURE 1. Kidney anatomy and glomerulus function. (A) Kidney is bean-shaped paired
organ. Indentation is called hilum and is where renal artery enters, whereas renal vein and
ureter exit. Parenchyma comprises outer cortex and inner medulla, with medulla further
subdivided into pyramids and columns. This all surrounds CS, which is made up of multi-
ple calyces feeding into pelvis. (B) Blood enters glomerulus containing waste and then
leaves filtered. Nephron travels into and out of cortex (separated by dashed line), whereas
electrolytes are exchanged and urine concentrated before being excreted into calyces.

FIGURE 2. (A) Normal kidney demonstrates small calyces and
decompressed renal pelvis. (B) With obstruction (and other disor-
ders), calyces and pelvis become dilated.
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TABLE 1
Approach to Best Practices for Adult DRS: Patient Preparation and Acquisition

Parameter Best practice

Patient preparation
Increase in fluid intake day before and morning of

examination
It may be optimal also to have patient avoid natural diuretics,

though some experts believe effect is less than fluid consumed
Withdrawal of prescribed diuretics on morning of

examination
Thiazides: hydrochlorothiazide, indapamide, metolazone,

chlorthalidone
Loop diuretics: furosemide, bumetanide, torsemide, ethacrynic acid
Potassium sparing: amiloride, spironolactone, triamterene,

eplerenone
Carbonic anhydrase inhibitors: acetazolamide

Oral hydration 30–60 min beforehand Patient drinks 5–10 mL/kg
450–900 mL (15–30 oz, or 2–4 cups) for adults weighing 90.7 kg
(200 lb)
385–770 mL (13–26 oz, or 1.5–3 cups) for adults weighing 77.1 kg
(170 lb)

Prevoiding Patient voids immediately before beginning of examination
Acquisition
99mTc-MAG3, 37–185 MBq (1–5 mCi) intravenously 99mTc-MAG3 is preferred over 99mTc-DTPA despite cost; lower

doses are adequate given that flow/arterial phase can be omitted
Furosemide, 40 mg intravenously If patient is on higher dose of furosemide at home, increase to

match; consider 80–120 mg if known renal insufficiency
Serum creatinine level . 1.2 ng/dL (women) or . 1.4 ng/dL (men)
Estimated GFR , 90 mL/min/1.73 m2 (either sex)

Acquisition and timing of diuretic (most common
source of variability; remains actively debated topic
with no clear best practice for all situations)

F50 single acquisition or F120 2-part acquisition; F110, F115, and
F130 are also used by many practices, and F110sp is also
considered suitable technique

Postvoid image (maximizes pressure differential
between kidneys and bladder, facilitating
physiologic drainage)

Patient stands or walks for 5 min, voids, and then is imaged in
same position as examined

Many quantitative values are dependent on protocol and cannot be universally applied.

TABLE 2
Approach to Best Practices for Adult DRS: Processing and Quantification

Parameter Best practice

Processing
WK ROI Is essential for relative function measurement; generally adequate if kidney function is normal
Cortical ROI Includes only parenchyma, not CS and calyces; optimal for assessing functional parameters

such as 20-min/max (renal retention) and Tpeak
CS ROI Excludes parenchyma and has been shown to better represent CS drainage when

calculating T-1=2
Background ROI Is C-shaped or reniform, 2 pixels wide, and 1 pixel away from cortex
Relative (split) function Must be derived from WK ROIs; may be measured using 2- to 3-min intervals, but intervals

of 1–2 or 1–2.5 min are recommended if F50 protocol is used
Quantification
Relative (split function) Normal is 45%–55%; abnormal if ,40%
Tpeak Normal is ,5 min
T-1=2 emptying Normal is ,10–15 min; abnormal does not equate to obstruction
20-min/max Normal is ,0.35 as measured 20 min after Tpeak
Tissue transit time Activity should be seen in CS by 5 min; .8 min is delayed
Postvoid kidney to maximum Postvoid image is acquired 30 min after start, and activity is compared with Tpeak
Output efficiency Helps overcome confounding effect of poor renal function on CS drainage assessment;

requires special processing software
Normalized residual activity Normal is ,1.0 for 20- to 21-min interval and ,0.10 when using 1-min interval acquired after

voiding at 60 min from examination start

Many quantitative values are dependent on protocol and cannot be universally applied.
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dose of furosemide. Therefore, the dose may need to be in-
creased to achieve significant enough diuresis for diagnostic
DRS results (12). Fortunately, in many cases, renal function
testing is obtained as part of clinical care, and the resulting
serum creatinine or estimated glomerular filtration rate (GFR)
may be used to determine an optimal diuretic dose. It is gen-
erally agreed on that an abnormal serum creatinine level
(.1.2 ng/dL in women and .1.4 in men) usually indicates a
50% loss of renal function (i.e., GFR) and the need to
increase the dose administered for DRS (10).
Unfortunately, only case reports are available comparing

the effectiveness of higher doses of furosemide with the
standard 40-mg dose in patients with compromised renal
function, and thus no evidence-based recommendations can
be made (13). Given this, the SNMMI–EANM recommends
a simple approach of doubling the dose of furosemide to
80 mg for patients with an elevated serum creatinine level
or a depressed estimated GFR (,90 mL/min/1.73 m2).
Some practices have further increased the dose to 120 mg

or more in individuals with severe renal impairment (estimated
GFR , 30 mL/min/1.73 m2), given that prior research has
shown that up to 171 mg may be necessary to achieve maxi-
mal diuresis when the estimated GFR reaches 15 mL/min/
1.73m2 (14). One caveat to this approach is that individuals
on chronic diuretic therapy are usually given at least the intra-
venous equivalent of their prescribed outpatient oral dose,
with 1:2 being an acceptable intravenous-to-oral conversion
for furosemide. The conversion for bumetanide and torsemide
is 1:1 (15).
The final recommended preparation step is to start an intra-

venous line and have the patient void the bladder immediately
before the examination begins. Voiding can reduce the possi-
bility of patient motion from discomfort or needing to termi-
nate the study prematurely for the patient to urinate. It also
minimizes the backpressure effect that a distended bladder
may have on slowing the draining of the upper tracts (16–19).

RADIOPHARMACEUTICAL

Two radiopharmaceuticals are currently in use for DRS:
99mTc-DTPA and 99mTc-MAG3. 99mTc-DTPA is entirely
filtered by the glomerulus, allowing it to be used to measure
GFR and assess the differential or relative function of each
kidney and potential outflow obstruction (20). However, the
kinetics of 99mTc-DTPA are poor in the setting of reduced
renal perfusion and function, potentially leading to spurious
results (21). In contrast, 99mTc-MAG3 undergoes extraction
predominately by the tubular cells and is then secreted into
the renal CS. Because its extraction fraction is more than
twice that of 99mTc-DTPA, 99mTc-MAG3 kinetics are much
less affected by impaired renal perfusion and function, pro-
viding superior image quality and making it the preferred
agent 3:1 by institutions despite increased cost (22–24).
For this reason, 99mTc-MAG3 is recommended for DRS
by the SNMMI, EANM, and Society of Fetal Urology
(16,25,26).

The appropriate administered activities of 99mTc-MAG3
and 99mTc-DTPA are not clearly established. Documentation
of the American College of Radiology and Society of Pedi-
atric Radiology states that up to 370 MBq (10 mCi) of
99mTc-MAG3 and up to 555 MBq (15 mCi) of 99mTc-DTPA
may be used (20). The SNMMI–EANM procedure standard
says that up to 370 MBq (10 mCi) is acceptable for either
radiopharmaceutical, but 37–185 MBq (1–5 mCi) is pre-
ferred since a higher administered activity is significantly
helpful only when higher counts are necessary for evaluating
the arterial flow of a transplanted kidney (10,27).
The recommendation for using a lower administered

activity was supported, in part, by a masked comparison of
DRS examinations with and without the aid of the initial
1-min flow images. The results showed no significant dif-
ference in the ability to determine whether a kidney was
obstructed (28). Furthermore, this same paper demonstrated
the diagnostic equivalence of a lower (62.9 MBq [1.7 mCi])
and a higher administered activity (303 MBq [8.2 mCi]) of
99mTc-MAG3 for determining relative or split renal function.
That said, no head-to-head studies of a higher (222 MBq
[6–10 mCi]) versus a lower (37–185 [1–5 mCi]) administered
activity have been performed to confirm the SNMMI–EANM
recommendation for using a lower administered activity when
evaluating for urine outflow obstruction. Interestingly, a recent
survey of 110 U.S. nuclear medicine labs seeking Intersocietal
Accreditation Commission (IAC) accreditation showed that
a median administered activity of 370 MBq (10 mCi) for
99mTc-MAG3 and 447.7 MBq (12.1 mCi) for 99mTc-DTPA
is used for DRS. The study also revealed that 10% of sites
successfully use an administered activity averaging 185 MBq
(5 mCi) (29).

DIURETIC

By far the most commonly used diuretic for DRS is furo-
semide, being universally used by 107 of 110 sites in the
study of IAC-accredited nuclear medicine labs (24). Furose-
mide is a loop diuretic, meaning it decreases sodium and
chloride absorption in the kidney at the ascending loop of
Henle, which in turn increases water excretion (30). The
adult dose of intravenous furosemide recommended by
SNMMI–EANM is 0.5 mg/kg, versus 0.5–1.0 mg/kg rec-
ommended by the American College of Radiology–Society
of Pediatric Radiology, with agreement on a maximum
dose of 40 mg in healthy adults. A 40-mg intravenous dose
of furosemide has been shown to achieve maximal diuresis
in adults with normal renal function (10).
When administered intravenously, furosemide has an onset

of action of approximately 5 min and reaches peak effect
starting at 15 min, achieving 200–300 mL of urine production
within 20–30 min after injection (31). In young, healthy
adults, however, 20–30 mg may produce a diuresis sufficient
for DRS and is preferred by some, given that it may avoid
premature study termination in these patients because of the
need to urinate (10).
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Given the average weight of U.S. adults, the 40-mg dose
is suitable for most patients without a history of renal insuf-
ficiency. However, those with decreased kidney function
may benefit from an increased dose of 80 mg or higher in
the setting of severe renal failure, whereas those on furose-
mide as an outpatient should receive at least as much as the
intravenous equivalent of their prescribed oral dose. When
higher doses of furosemide are being considered, particu-
larly in elderly or fragile patients, it is important to consider
the possibility of inducing severe drops in blood pressure,
including stroke. One should consider discussing the use of
high-dose furosemide with the ordering clinician.
Though infrequently used, 1 mg of intravenous bumetanide,

another loop diuretic, is an acceptable alternative to DRS if
furosemide is unavailable (14). Both furosemide and bumeta-
nide contain a sulfonamide moiety similar to sulfur-containing
antibiotics. Therefore, some practitioners prefer to avoid these
drugs in patients with a known sulfa allergy and instead
choose mannitol or ethacrynic acid (32,33). However, the
concern for sulfur cross-reactivity has not been supported by
research. A retrospective review of 88 patients who had a his-
tory of sulfa allergies and received intravenous furosemide
demonstrated only 2 instances of potential allergic reactions.
In both cases, minor rashes were treated effectively with a
single dose of diphenhydramine (Benadryl; Johnson & John-
son) (34). Another study had similar reassuring results, show-
ing no allergic reactions in 34 patients who had a reported
history of sulfa allergies and were treated with sulfonamide-
containing diuretics for intracranial hypertension (35). Hence,
many experts now agree that these diuretics are safe for DRS
in patients with a known sulfa allergy.
One of the most significant sources of debate in DRS

concerns the timing of diuretic administration in relation
to radiopharmaceutical administration. The parameter of the
American College of Radiology and Society of Pediatric
Radiology discusses 3 options, the F120 (furosemide admin-
istered 20 min after the radiopharmaceutical), the F10 (furo-
semide and radiopharmaceutical administered simultaneously),
and the F215 (furosemide administered 15 min before admin-
istration of the radiopharmaceutical).
The F120 protocol is probably the most widely recognized

approach, having been originally endorsed as the technique of
choice by the SNMMI Pediatric Nuclear Medicine Council
along with the Society of Fetal Urology (36). Unfortunately,
up to 25% of examinations may result in equivocal results
when a dilated renal pelvis empties very slowly after adminis-
tration of the diuretic, preventing exclusion of a partial
obstruction (37). This finding may occur when a large portion
of the administered radiotracer is eliminated from the renal
pelvis before the diuresis has a large enough impact on urine
flow to demonstrate normal emptying (38).
In an attempt to reduce the number of equivocal results,

the F215 min approach was developed, taking advantage
of the fact that maximal diuresis occurs 15–18 min after the
intravenous administration of furosemide. Unfortunately,
when this technique has been used, the examination has not

been completed in up to 30% of patients because of the
need to urinate before the study is over (10,39).
As a result, some experts have advocated for the F10

protocol, a hybrid approach that shortens the procedure,
reduces equivocal results, and improves patient comfort
(40,41). However, the drawbacks to the early administration
of diuretic (F215 or furosemide and radiopharmaceutical
administered simultaneously [F50]) is that it precludes the
observation of natural urine drainage kinetics, and in the
setting of a poorly functioning kidney, these protocols may
not allow enough time for filling of the CS and hence deter-
mination of outflow obstruction.
Thus, some experts still prefer to wait until 20 min (or later,

such as F130 or Fmax, a protocol in which the diuretic is not
given until CS activity appears to have reached a maximum)
after radiopharmaceutical administration to give the furose-
mide, whereas others have created additional protocol variants,
such as F12, F15, and F110, all of which likely provide
diagnostic results in a large percentage of cases (10). Hence, it
is still a matter of institutional and provider preference as to
which approach is best for their patients. This preference is
reflected in current practice patterns, with a total of 34 differ-
ent approaches to the timing of diuretic administration in use
among 107 sites undergoing genitourinary imaging accredita-
tion with the IAC (24). That said, most of these sites (56%)
use 1 of 5 approaches, F50, F110, F115, F120, or F130,
with the F120 approach being most common (21% of sites).
One final note on the subject is that recently, there has been

increasing interest in a variation termed F110sp, which per-
forms the examination with the patient in the seated position
(sp) instead of supine as recommended in the guidelines. The
seated position was used in the original 1978 F120 studies
introducing DRS but was changed to supine positioning as
the test became widely adopted to reduce patient movement
and avoid the risk of a fall secondary to potential diuresis-
induced hypotension (42,43). The seated position takes into
account the recognized importance of gravity assistance for
the physiologic drainage of urine from a dilated CS.

ACQUISITION

For either 99mTc-MAG3 or 99mTc-DTPA, images from
g-cameras with a large field of view (400 mm) are ideally
obtained with a low-energy all-purpose collimator or, as an
acceptable alternative, a low-energy high-resolution collima-
tor (20). A low-energy all-purpose collimator is preferred
because, despite the slightly lower resolution, the higher
counting rates result in reduced noise for quantitative meas-
urements, particularly when using small cortical regions of
interest (ROIs) (10).
Current guidelines and parameters recommend that the

patient be positioned supine with the camera at the patient’s
back, to take advantage of the typically posterior position of
native kidneys. However, for a transplanted pelvic kidney,
the camera should instead be anterior (10,20). Given that
drainage of a dilated CS may be delayed in this position,
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even in the absence of obstruction, there is renewed interest
in performing the examination with the patient seated to
allow gravity to assist (44). Nevertheless, only 1 of the 107
sites undergoing nuclear medicine genitourinary accredita-
tion at the end of 2018 used the seated position (4).
One topic of debate is how to address nephroptosis, a con-

dition in which a native kidney drops into the pelvis when the
patient is standing, potentially resulting in a transient obstruc-
tion. This finding has been observed in up to 22% of individ-
uals referred for DRS and may negatively impact both the
measured relative function and the CS drainage of the ptotic
kidney, depending on the position used during imaging (45).
Thus, 2 examinations of the patient—supine and seated—
might be best in this scenario.
When DRS begins, the first minute of imaging is typically

acquired using 1- to 3-s images to assess renal arterial flow
(Fig. 3A). Starting with minute 2, all subsequent images are
acquired for 15–60 s and are used to evaluate the parenchy-
mal function and urine outflow from the CS (Fig. 3B). This
technique can be performed as either a single or a 2-phase
acquisition, depending on the timing
of diuretic administration. Traditionally,
if the diuretic is given before or simulta-
neously with the radiopharmaceutical, a
single acquisition is used. If the diuretic
is administered 20 min or later into the
study, the acquisition is typically 2
separate phases based on the Santa Fe
consensus (10). The first acquisition
is performed for 20–30 min without
diuretic augmentation; afterward, the
patient stands or walks for a while and
then voids. If the baseline study is sug-
gestive of obstruction, the intravenous
diuretic is given and an additional 20min
of imaging is performed (Fig. 4) (16).

Although imaging of renal perfusion using 1- to 3-s
images of the initial radiopharmaceutical bolus as it transits
the aorta and renal arteries is typical, it has not been demon-
strated to provide useful information for interpretation of DRS.
Therefore, experts agree that this traditional protocol compo-
nent can be omitted, simplifying both interpretation and report-
ing while also lowering administered activity (28).
CS emptying can be delayed in the absence of obstruction

when the patient is supine. A postvoid image is recommended
by both the SNMMI–EANM guideline and the American Col-
lege of Radiology–Society of Pediatric Radiology parameter to
account for this delay. The image is obtained after the patient
stands, ambulates for 5 min, and then voids before getting
back into the supine position for this final image. The image
should be acquired using the same interval (15–60 s) as the
previous images to optimize comparison (10). Some experts
consider measurement of the voided urine volume helpful. At
least 200 mL of urine produced over a 20-min acquisition and
300 mL over a 30-min acquisition indicate adequate hydration
and response to the diuretic (44). Despite the simple nature of

FIGURE 3. (A) First-minute blood flow phase with frames acquired every second (first 12 s displayed). (B) Dynamic phase with frames
acquired every 30 s (minutes 2–7 displayed). Phase is helpful for assessing both parenchymal function and urine drainage.

FIGURE 4. Dual-phase acquisition. (A) First 20 min of findings for right kidney are con-
cerning for obstruction, necessitating diuretic administration. (B) Postdiuretic T-1=2 of
slightly less than 10 min excludes obstruction. Green curve 5 right kidney; red curve 5

left kidney; Lasix (Aventis Pharma)5 furosemide.
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this potentially helpful adjunct, none of the facilities undergo-
ing IAC accreditation during the cycle ending in 2018 included
this step in their adult DRS protocol (24).

PROCESSING

Time–activity curves are generated by placing ROIs around
all or portions of the kidneys. The whole-kidney (WK) ROI,
which includes all of the renal parenchyma and pelvis, is
necessary to assess relative function accurately. It may also
be used to evaluate other parameters such as time-to-peak
(Tpeak—the time from baseline to maximum activity in the
WK ROI), T-1=2 emptying (the time for activity in the ROI
to decrease by 50% from Tpeak), and 20-min/max (the per-
centage of activity remaining 20 min after Tpeak) (Fig. 5A).
Because this curve is affected by activity in both the paren-
chyma and the pelvis, an abnormality in one can give the per-
ception of an abnormality in another. As such, a diseased cortex
as seen with chronic renal failure from disorders such as hyper-
tension or glomerulonephritis can lead to a prolonged T-1=2
emptying in the absence of urine outflow obstruction, whereas
stasis of activity in a dilated CS may result in a spuriously high
20-min/max and the appearance of cortical dysfunction.
To address problems from the WK ROI, additional ROIs

may be created explicitly encompassing the renal cortex or
the CS, and their subsequent time–activity curves can be used
for analysis. The cortical ROI is created by delineating the
cortex while excluding any activity in the pelvis and calyces,
making it optimal for assessing parenchymal function param-
eters such as Tpeak and renal retention (Fig. 5B). In contrast,
the CS ROI is limited to outlining the pelvis and calyces and
has been shown to allow for more accurate measurement of
T-1=2 emptying than the WK ROI (Fig. 5C) (46).
The relative function (also called the differential renal

function or split function) is the percentage of renal function
performed by each kidney in relation to the overall function.
It is relative since it does not indicate the absolute function
of each kidney (mL/min), just the percentage. Hence, a kid-
ney with 50% renal function may be healthy but could also
be poorly functioning in cases of bilateral medical renal

disease, such as frequently seen with long-standing diabetes.
Therefore, some facilities choose to combine the DRS exam-
ination with a plasma- or camera-based clearance measure-
ment, such as the Christensen and Groth iterative method
(single-sample plasma method) or the Gates method (cam-
era-based method for 99mTc-DTPA) (47,48). The relative
function is measured by 1 of 2 methods: either by placing a
WK ROI over each kidney and measuring the integral of the
counts between 1 and 2 min, 1 and 2.5 min, or 2 and 3 min
after injection of the radiopharmaceutical (deconvolution
method) or by using a technique called the Rutland method,
which results in a Rutland–Patlak plot. Details and advan-
tages of these techniques are provided in the consensus
report by the Scientific Committee of Radionuclides in
Nephrourology (9). In the integral method, if the diuretic is
administered at the same time as the radiopharmaceutical,
the 1- to 2-min or 1- to 2.5-min periods are preferred to min-
imize the possibility that activity will already have drained
into the ureters and bladder and thus not be included in the
WK ROI measurements, since asymmetric CS emptying
would artifactually skew the results (10).
A background correction needs to be performed to correct

for activity in the ROIs that is not actually in the kidney but in
the blood, interstitial spaces, and tissues superficial and deep
to the kidney. A separate background ROI is created beside
each kidney ROI and is then normalized to account for the dif-
ferences in size. The SNMMI–EANM guideline states that
a perirenal background ROI, either C-shaped around most of
the kidney or reniform-shaped and completely surrounding the
WK ROI, 2 pixels in thickness, and 1 pixel away from the
WK ROI to reduce scatter, is preferred over background rect-
angular or triangular shaped ROIs superior, medial, or inferior
to the WK ROI (Fig. 5) (49). Fortunately, automated back-
ground assignments are an acceptable approach that reduces
processing time and enhances reproducibility (10). When auto-
mated background assignments are used, it is important to
review the location of the ROIs to ensure that an ROI is not
drawn outside the body.
Before quantification, it is important to qualitatively eval-

uate the time–activity curve to assess for possible obstruction,
nonobstruction, or other renal pathology.
A standard, nonobstructed, time–activity
curve demonstrates a rapid uptake phase
based on the renal vascular supply and
then a concentration and cortical transit
phase, followed by an exponential
excretion phase through the renal CS
(left kidney in Fig. 4A). Obstruction can
be suspected if a time–activity curve
flattens after the peak, continues to rise
throughout the time–activity curve (right
kidney in Fig. 4B), or demonstrates an
incomplete or delayed return to base-
line. The qualitative analysis should
always accompany the quantitative
analysis to ensure fidelity.

FIGURE 5. Kidney and background ROI techniques. (A) WK ROI with perirenal back-
ground. (B) Cortical ROI with perirenal background. (C) CS ROI with perirenal background.
Yellow 5 left kidney background; red 5 left kidney; green 5 right kidney; blue 5 right kid-
ney background.
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QUANTIFICATION

Although the shape of the time–activity curves created
from the WK ROI, and cortical or CS ROIs, if used, are
central to the accurate assessment of DRS, several quantita-
tive values have been recognized as helpful in determining
obstruction and risk of future renal function decline.
Relative function is a measure of what percentage of the

total renal function is performed by each kidney. It is calcu-
lated by comparing the area under the left and right WK
time–activity curves from anywhere between 1 and 3 min,
with the 1- to 2-min and 30-s intervals preferred. If the mea-
surement is made after a significant amount of activity has
passed into the ureter or bladder, the relative uptake measure-
ment may be skewed because the initial amount of urine
drainage from each kidney may not be proportional (10).
Normal values are between 45% and 55%, but many physi-
cians allow for greater variability and consider 40%–60% the
upper limit of normal for relative function. It is important to
avoid the pitfall of using the cortical data for this measure-
ment. Although cortical ROIs are optimal for other parenchy-
mal assessments, they do not include the entire parenchyma
and thus could artificially skew the results because of ROI
asymmetry (Fig. 6).
Tpeak is a marker of parenchymal function. It should

occur no later than 5 min after injection of the radiotracer
for either 99mTc-MAG3 or 99mTc-DTPA, whether derived
from the WK or the cortical ROI. One source of error is that
this value is often derived automatically, with the software
assigning it on the basis of the time of the highest point of

the time–activity curve. However, there
are often significant errors in the first
minute of the time–activity curve dur-
ing the flow-phase acquisition because
of the very short acquisitions (1–3 s
each), which are highly prone to motion
artifacts. Hence, the time–activity curve
and derived Tpeak should be reviewed
and corrected appropriately (Fig. 7).
A second marker of parenchymal

function is 20-min/max. No more than
35% of the activity should be remain-
ing 20 min after Tpeak, as measured
using the cortical ROI (50). A known
pitfall is to calculate the value using
the time point 20 min after the start
of the examination instead of 20 min
after Tpeak, leading to a spuriously
high value.
T-1=2 emptying is an assessment of

how quickly activity is leaving the CS.
It is ideally obtained using the CS ROI
but may also be accurately obtained
from the WK ROI in the absence of
significant parenchymal dysfunction.
There is wide agreement that a value
of no more than 10–15 min excludes

obstruction (51). That said, a prolonged T-1=2 emptying is not
diagnostic of obstruction given the other factors that may neg-
atively impact this value (dehydration, poor renal function,
severe hydronephrosis, and the presence of significant back-
pressure from a full or noncompliant bladder).

Additional Measures
In addition to the values discussed above, some supplemen-

tary values are recommended by the guidance documents of

FIGURE 6. Cortical vs. WK for determination of relative function. (A) Cortical ROIs, cal-
culated relative (split) function, and cortical time–activity curves. (B) WK ROIs, calculated
relative (split) function, and WK time–activity curves. Cortical data incorrectly show right
kidney to have decreased function compared with left, 46% vs. 54%. Correct data are
shown by WK data, with right kidney having greater function than left, 55% vs. 45%, dif-
ference of 9%. Also note, a crescent shaped background region of interest is preferred
over square background region (yellow and blue).

FIGURE 7. Extensive motion artifact involving first minute of
time–activity curve representing flow phase acquired at 1 s per
frame. This results in erroneous elevated value at 1 min due to
ROIs overlapping vascular activity in liver and spleen (red arrow).
Actual right kidney Tpeak is delayed (.5 min) in 7- to 9-min range
(green arrows).
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the SNMMI–EANM and International Scientific Committee
of Radionuclides in Nephrourology for a more robust DRS
interpretation (10,44). However, these values were assessed
using specific protocols for the timing of the diuretic injection
in relation to radiopharmaceutical administration. Thus, they
cannot be universally applied to all approaches.
Postvoid kidney-to-maximum count is a simple ratio that

incorporates gravity into the emptying assessment and pro-
vides valuable information. After the acquisition, the patient
stands, walks, and then voids. Then, typically at 30 min
after administration of the radiopharmaceutical, a supine
1-min postvoid image is acquired, and the postvoid counts
in the WK or CS ROI of the kidney of concern are divided
by the maximum counts normalized for time (50). In a
study of 18 variables by Bao et al. at Emory, this value was
most helpful for excluding obstruction (46).
Tissue transit time (also called parenchymal transit time) is

based on the fact that urine outflow obstruction negatively
affects the function of the nephrons (obstructive nephropathy).
This impairment of nephron function results in slow transit of
the radiotracer through the tissue. Although a prolonged tissue
transit time is not specific for obstruction, it increases the like-
lihood that obstruction is present (10). The simplest method
for determining tissue transit time is visual assessment based
on the appearance of activity in the CS, which should occur
within 5 min of the radiopharmaceutical injection. Appearance
at 8 min or more is considered delayed (52,53).

Output Efficiency and Normalized Residual Activity
Even with these parameters, diseased kidneys with a sub-

optimal response to diuretics are still a diagnostic challenge,
because the shape of the parenchymal phase influences the
shape of the CS-emptying phase of the time–activity curve.
Output efficiency was developed as a metric to help over-

come the negative effect that impaired renal function has on
the perceived CS drainage. Output efficiency allows for an
evaluation of the amount of activity remaining in the kidney
as a percentage of what entered the kidney and is derived
using the integral of the heart activity curve. A value of at
least 82% has been shown as normal in a study of healthy
individuals, though results are protocol-specific (18,54).
Given the relative complexity of determining the output effi-

ciency and the need for specific processing software, a more
simplified approach was developed with normalized residual
activity. Normalized residual activity is simply a measurement
of the renal activity at a given 1-min interval divided by the
renal activity at 1–2 min after radiopharmaceutical injection
(55). A value of less than 1.0 when comparing the 1- to 2-min
interval with the 20- to 21-min interval or a value of less than
0.10 when using the 1-min interval acquired after voiding at
60 min from the examination start represents good renal drain-
age (56). Unfortunately, this technique lacks standardization
and appears to be influenced more by renal function and back-
ground selection than by output efficiency. It also necessi-
tates an accurate assessment of when the radiopharmaceutical
reaches the kidneys (57).

Despite their diagnostic utility, output efficiency and nor-
malized residual activity have not yet entered routine clini-
cal practice. Neither variable appeared in the 174 adult
DRS reports reviewed in a survey of IAC-accredited facili-
ties (24).

CONCLUSION

DRS plays a critical diagnostic role by providing a physi-
ologic means for differentiating between obstructive and
nonobstructive hydronephrosis and by assessing the function
of the affected kidney. The examination accuracy is highly
dependent on and benefits from close attention to patient
preparation, timing of diuretic, method of acquisition, proc-
essing, quantification, and interpretation criteria. Until stan-
dardized guidelines exist, it is critical for facilities to ensure
application of a consistent high-quality approach that best
meets the diagnostic needs of the referring providers and
allows for accurate follow-up and comparison of results.
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P R A C T I C A L P R O T O C O L T I P

Diuretic Renal Scintigraphy

Mary Beth Farrell, Kevin P. Banks, and Justin G. Peacock

RATIONALE/INTRODUCTION

Hydronephrosis can be caused by obstruction or by nonob-
structive disorders such as infection, vesicoureteral reflux,
or congenital anomalies. Diuretic renal scintigraphy is criti-
cal in differentiating between obstructive and nonobstruc-
tive hydronephrosis. Under physiologic conditions, urine
may pool in the renal pelvis during hydronephrosis because
there is an anatomic obstruction or because of the reservoir
effect, in which urine remains in the dilated renal pelvis
until enough accumulates to spill over into the ureter.
During diuretic administration, the resultant high flow
condition can overcome the reservoir effect. The presence
of obstruction can be assessed by evaluating the washout
of radiopharmaceutical from the collecting system and
assessing parenchymal function.

INDICATIONS

$ Evaluation of obstructive renal nephropathy.
$ Evaluation of hydronephrosis.
$ Differentiation between obstructive hydronephrosis

and nonobstructive collecting system dilation.

CONTRAINDICATIONS/TECHNICAL CONSTRAINTS

$ Pregnancy/breastfeeding (pregnancy must be excluded
in accordance with local institutional policy; if the
patient is breastfeeding, appropriate radiation safety
instructions should be provided).

$ A recent nuclear medicine study (radiopharmaceuti-
cal-dependent).

$ Furosemide (contraindicated in anuric or dehydrated
patients).

PATIENT PREPARATION/EDUCATION

$ The patient may eat and take medications as neces-
sary before the study.

$ The patient should be well hydrated and instructed to
increase fluid intake the day before and morning of
the study. Thirty minutes to 1 h before the study, the
patient should drink an additional 500 mL (16 oz) of
water. Children should receive intravenous hydra-
tion with a 10- to 15-mL/kg volume of normal
saline over 30 min (5% dextrose for patients younger
than 1 y).

$ Diuretics should be discontinued 24h before the study.
$ A focused history containing the following elements
should be obtained:
! Past medical history, including diabetes, hyperten-
sion, kidney disease (urinary tract infections, calculi,
renal surgery, stents), and autoimmune disease.

! Signs and symptoms.
! Current medications, especially the chronic use
of diuretics.

! The results of clinical laboratory tests, including
serum creatinine or estimated glomerular filtration
rate.

! The results of other diagnostic tests, including
ultrasonography, MRI, and CT (including contrast
administration).

! Fluid input and output.

RADIOPHARMACEUTICAL IDENTITY, DOSE, AND
ROUTE OF ADMINISTRATION

Table 1 provides the radiopharmaceutical identity, dose,
and route of administration.

ACQUISITION PARAMETERS: DYNAMIC/
STATIC/PLANAR

Table 2 provides the dynamic, static, and planar acquisi-
tion parameters

ACQUISITION INSTRUCTIONS

$ Instruct the patient to void immediately before the study
to reduce the possibility of patient motion or of the need
to terminate the study prematurely. Voiding also mini-
mizes the backpressure effect of a distended bladder,
which may slow draining of the upper urinary tracts.

$ Position the patient supine on the imaging table with
the camera in the posterior position, ensuring that
the kidneys and bladder are in the field of view.

$ Administer the radiopharmaceutical intravenously as
a bolus, and begin imaging when the activity is
about to enter the abdominal aorta.

$ Acquire immediate blood flow images at 2–4 s/frame
for 60–120 s to assess renal arterial flow.

$ Acquire serial sequential images at 1–2 min/frame
for 20–30 min to evaluate parenchymal function and
urine outflow from the collecting system.

$ On the basis of the Santa Fe consensus, have the
patient stand and walk around for a few minutes,
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followed by voiding of the bladder. The furosemide
is then administered over 1–2 min by slow intrave-
nous injection at the start of an additional 20-min
acquisition at 1–2 min/frame.

$ Obtain a prevoid and postvoid kidney and bladder
60-s image; an erect postvoid image is optional.

COMMON OPTIONS

If the patient is unable to void, bladder catheterization
may be required. Increased bladder pressure may diminish
the effect of the diuretic.

PROCESSING INSTRUCTIONS

$ Draw regions of interest around the entire kidney
and pelvis. Draw additional C-shaped perirenal

background regions 2 pixels thick and 1 pixel away
from the whole kidney region (Fig. 1).

$ Generate time–activity curves.
$ Calculate the collection system clearance half-time
or washout half-time (T1=2). T1=2 may be measured
from the time the diuretic is given to the time it
takes to reach half the original level. Computer
quantitative software can more precisely calculate
T1=2 by fitting a curve to the steepest portion of the
washout time–activity curve. Normally, a T1=2 of
less than 10 min indicates that no obstruction is
present.

$ Use the automatic software to calculate relative
function (if available), which is the percentage of the
total function of both kidneys. It is calculated by

TABLE 1
Radiopharmaceutical Identity, Dose, and Route of Administration

Identity Dose Route of administration

99mTc-MAG3 (recommended) or… 74 MBq (2 mCi); range: 37–185 MBq (1–5 mCi) Intravenous
99mTc-diethylenetriamine pentaacetic acid 185 MBq (5 mCi); range: 185–370 MBq (5–10 mCi) Intravenous
Pediatric dose: 99mTc-MAG3 Without flow study: 3.7 MBq/kg (0.10 mCi/kg); with

flow study: 5.55 MBq/kg (0.15 mCi/kg); minimum
administered activity: 37 MBq (1.0 mCi); maximum
administered activity: 148 MBq (4 mCi)

Intravenous

Furosemide (based on creatinine level; mg/dL) Intravenous
1.0 20 mg
.1.5 40 mg
2.0 60 mg
3.0 80 mg

Pediatric dose: furosemide 1 mg/kg to maximum of 40 mg Intravenous

MAG3 5 mercaptoacetyltriglycine.
99mTc-MAG3 is preferred tracer in patients with known impaired renal function.

TABLE 2
Acquisition Parameters: Dynamic/Static/Planar

Parameter Characteristics Standard/optional/preferred

Camera type Large-field-of-view g-camera Standard
Energy peak 140 keV Standard
Energy window 20% Standard
Collimator Low-energy, all-purpose, or low-energy, high resolution Standard
Patient position Supine Standard
Camera position Posterior Standard
Injection-to-imaging time Immediately on injection Standard
Acquisition type Dynamic Standard

Static Standard
Views Posterior Standard
Additional views Prevoid and postvoid supine kidneys and bladder Standard

Postvoid erect image Optional
Matrix 128 3 128 Standard
Number of views 2–3 Standard
Time per view Dynamic: 2–4 s/frame for 60–120 s and then 1–2 min/frame for 30 min Standard
Additional view time

per projection
Static: 500,000 to 1 million counts Standard

✄
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comparing the area under the curve for both kidneys
between the 1- and 3-min intervals. Normal values
are between 45% and 55%.

$ Sum the dynamic images, and display them for opti-
mal visualization of the area of interest.

$ Scale planar images to accurately visualize areas of
normal anatomy and increased uptake.

PRECAUTIONS

Caution should be used when furosemide is given to
patients who have just undergone urologic surgery, because
of the increased urine flow rate.
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FIGURE 1. Whole kidney region of interest with perirenal back-
ground region. Yellow5 left kidney background; red5 left kidney;
green5 right kidney; blue5 right kidney background.
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I M A G I N G

Accuracy of 123I-Sodium Thyroid Imaging in Calculating
Thyroid Volume

Christopher Fecca1, Jee Moon2, David Posocco1, Huaqing Zhao1, and Simin Dadparvar2

1Lewis Katz School of Medicine, Philadelphia, Pennsylvania; and 2Division of Nuclear Medicine and Molecular Imaging, Department
of Radiology, Temple University Hospital, Philadelphia, Pennsylvania

Hyperthyroidism is often managed with radioactive iodine ther-
apy. The dose of 131I administered to the patient is based on the
calculated size of the thyroid gland in grams and 24-h iodine
uptake. Ultrasonography is a validated modality for determination
of thyroid volume. Though necessary for assessing the degree of
123I uptake, nuclear scintigraphy also allows for estimating thyroid
volume. Here we compare volume measurements calculated on
the basis of ultrasonography and nuclear scintigraphy in a cohort
of hyperthyroid patients. Methods: This prospective study was
designed to evaluate 110 consecutive hyperthyroidism patients
who were undergoing thyroid ultrasonography and 123I scintigra-
phy. Scintigraphy was performed after oral administration of
approximately 11 MBq of 123I-sodium, and uptake at 2 and 24h
was measured. At 24 h, thyroid scintigraphy was performed using
a nuclear medicine camera with a low-energy high-resolution col-
limator next to the patient’s chin. Thyroid measurements were
calculated via the formula for determining a prolate ellipsoid. The
formula was modified for radioactive iodine uptake because it is
a planar image. Volumes calculated with these 2 modalities were
subsequently analyzed and compared by linear regression. All
patients had undergone ultrasonography at an average of 3 mo
from nuclear scanning. All our patients’ 131I dosages were based
on the thyroid measurements obtained by thyroid scintigraphy.
Results: We included 110 patients (95 women, 15 men) with an
age range of 20–95 y and an average age of 566 17.4 y. Diagno-
ses included 66 cases of nodular goiter and 44 of Graves dis-
ease. There was a linear relationship between measurement of
thyroid gland weight by the 2 modalities, which can be explained
in the following formula: log US (g) 5 0.84 1 [0.65 3 log NM (g)],
where NM is thyroid scintigraphy and US is ultrasonography.
Conclusion: We have validated that this method has helped
obtain more accurate measurements of the thyroid gland by thy-
roid scintigraphy. Additionally, we have derived factors that con-
vert the estimated thyroid volume calculated from thyroid
scintigraphy to the expected ultrasonography value.

Key Words: Graves disease; toxic nodular goiter; antithyroid medica-
tion; thyroid scintigraphy; thyroid ultrasound; radioactive iodine therapy
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Hyperthyroidism is one of the most common endocrine
disorders in the United States, affecting more than 1 in 100
people (1). Thyrotoxicosis describes the syndrome that occurs
secondary to systematically elevated thyroid hormone levels
and is characterized by symptoms such as fatigue, heat intoler-
ance, tremor, and weight loss, among others (2). The 2 major
causes of hyperthyroidism are Graves disease and toxic nodu-
lar goiter (3,4), whereas Hashimoto thyroiditis accounts for
most cases that occur as a result of passive release (5). These
hyperthyroid conditions are diagnosed with the aid of thyroid
scintigraphy, also known as thyroid scanning or radioactive
iodine (RAI) uptake (6).
Per the American Thyroid Association, there are 3 clinical

options for treating hyperthyroidism: antithyroid medication,
surgical thyroidectomy, and RAI treatment (7). Importantly,
treatment with RAI is feasible only in the context of thyroid
hormone overproduction, such as Graves disease or toxic
multinodular goiter.
Hyperthyroidism is generally treated in a stepwise fashion

and begins by achieving a euthyroid state with antithyroid
medication (8). Although antithyroid medication such as
methimazole and propylthiouracil can be effective in achiev-
ing euthyroidism in hyperthyroid patients, this treatment is
not a definitive approach to treating hyperthyroidism (9,10). The
remission rate after a standard 12–18 mo of treatment is only
50%–55%, with some patients requiring antithyroid medication
for up to 6 y if used as the sole method of treatment. Thus, in the
event of recurrence after an antithyroid medication regimen,
which has been shown to occur in over 52% of patients, either
RAI or surgical thyroidectomy is recommended (11).
Surgical thyroidectomy is a highly effective treatment but

is indicated in only certain circumstances. These indications
include abnormal cytology on fine-needle aspiration, very large
goiters, goiters that cause airway obstruction or dysphagia, and
pregnancy (12). In the absence of these indications for surgical
thyroidectomy, RAI treatment is the definitive treatment of
choice if antithyroid medication proves ineffective. RAI is
especially used in postmenopausal women and male patients,
as there is no risk of fetal abnormalities as there is in fertile
female patients who may unwittingly be pregnant at the time
of treatment (13).
For the past 80 y, since Saul Hertz first applied 131I as a

treatment for hyperthyroidism in 1941 (14), RAI therapy
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has been the most commonly used definitive treatment for
hyperthyroidism (15,16). The dose of 131I administered to
the patient is determined by 2 factors: the percentage of 123I
uptake in the thyroid at 24 h of an RAI uptake study and
the calculated size of the thyroid gland in grams (17). For
the calculation of the thyroid mass in grams, the density
of the thyroid is generally assumed to be 1 g/cm3 (18). More
specifically, the equation for 131I dose calculation (converted
to MBq) in RAI is (17)…

2:8 – 7:4 MBq 3 thyroid weight ðgÞ
% of 123I uptake at 24 h

:

As such, it is crucial to be able to determine the weight of
the thyroid with great accuracy in order to establish a safe
and effective dose for RAI.
Ultrasonography is a validated modal-

ity for determining thyroid volume
(19,20). Though necessary for assessing
the degree of 123I uptake in RAI uptake
studies, nuclear scintigraphy also allows
for estimating thyroid volume. This study
compared volume measurement calcu-
lations based on ultrasonography and
nuclear scintigraphy in a cohort of
patients with hyperthyroidism.

MATERIALS AND METHODS

From January 2018 to December 2019,
this prospective study evaluated 110 consec-
utive hyperthyroid patients, all of whom
had undergone thyroid ultrasonography and
123I scintigraphy within 1d to 6mo of each
other (91 d on average). Institutional review
board approval for review of the patients’
records was obtained. However, consent
forms were not obtained from patients be-
cause thyroid ultrasonography is a routine

evaluation for all hyperthyroid patients to
rule out thyroid malignancy before potential
131I therapy. Patients with a clinical diagno-
sis of hyperthyroidism and elevated results
on thyroid function tests were referred.
Patients with a diagnosis of thyroid carci-
noma were excluded. Thyroid imaging was
performed at 24 h after administration of
approximately 11.1 MBq of 123I-sodium
in anterior, left anterior oblique, and right
anterior oblique views. Patients lay supine
with the neck extended and were imaged at
the level of the chin using a Millennium
camera with low-energy high-resolution
parallel-hole collimators (GE Healthcare)
to best evaluate the thyroid gland dimen-
sions. In patients with a normal or high
count rate, the images were obtained for
35,000 counts. In patients with a low count
rate, a 10-min image was obtained. Ultra-
sonography was conducted using dedicated

IU 22 ultrasonography L12-5 linear transducers (Philips). Thyroid
lobe volumes from ultrasonography were calculated by 0.5 3

length 3 width 3 depth. This formula was derived from the geo-
metric method for calculating the volume of a prolate ellipsoid
(21). In a similar fashion, thyroid lobe volumes from 123I scintigra-
phy were calculated by 0.5 3 length 3 width 3 width. The vol-
umes of both lobes and, if present, that of the isthmus were added
together, resulting in the total thyroid volume. Representative images
used for thyroid volume estimation for both Graves disease and mul-
tinodular goiter are shown in Figures 1 and 2, respectively. All thy-
roid scintigraphy and calculations were reviewed and analyzed by 3
experienced nuclear medicine physicians. All ultrasonography was
performed and reviewed by the expert radiologists in the Radiology
Department. Volumes calculated with these 2 modalities were subse-
quently analyzed.

A B C

D E

FIGURE 1. Planar 123I scintigraphy imaging and ultrasonography of patient with Graves
disease. (A) Thyroid scintigraphy (right lobe, 6.19 3 2.52 cm; left lobe, 6.48 3 25.4 cm).
(B) Ultrasonography, left lobe (length 3 width, 6.4 3 1.7 cm). (C) Ultrasonography, left
lobe (depth, 2.7 cm). (D) Ultrasonography, right lobe (length 3 width, 5.9 3 1.8 cm).
(E) Ultrasonography, right lobe (depth, 2.4 cm).

A B C

ED

FIGURE 2. Planar 123I thyroid scintigraphy and ultrasonography of patient with multi-
nodular goiter. (A) Thyroid scintigraphy (right lobe, 5.4 3 2.9 cm; left lobe, 4.3 3 2.4 cm).
(B) Ultrasonography, left lobe (length 3 width, 5.1 3 2.0 cm). (C) Ultrasonography, left
lobe (depth, 2.4 cm). (D) Ultrasonography, right lobe (length 3 width, 5.2 3 1.7 cm).
(E) Ultrasonography, right lobe (depth, 2.5 cm).
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Paired t testing was used to compare the thyroid gland weight
between the ultrasonography and the thyroid scintigraphy. Pearson
correlations were calculated between the thyroid gland weights
measured by ultrasonography and thyroid scintigraphy. Linear
regression models were used to explore the relation between mea-
surement of thyroid gland weight by the thyroid scintigraphy and
ultrasonography. To achieve normality, reduce variability, and fit
the model better, logarithm transformations were used for meas-
urements by the thyroid scintigraphy and ultrasonography in the
linear regression model. All statistical analyses were done using
Stata, version 17.0 (StataCorp LLC).

RESULTS

We included 110 patients (95 women, 15 men) with an age
range of 20–95 y and an average age of 56 6 17 y. Diagnoses
included 66 cases of nodular goiter and 44 of Graves disease.
The mean thyroid gland weights for patients with Graves dis-
ease were 33.1 6 50.1 g via ultrasonography measurement
and 50.06 45.6 g via thyroid scintigraphy (P5 0.001).
For patients with a nodular goiter, however, the mean thy-

roid weight calculated by ultrasonography measurement was
34.1 6 18.9 g whereas the thyroid scintigraphy method
resulted in a mean of 47.8 6 28.7 g (P , 0.001). In both
Graves and nodular goiter patients, there was a good correla-
tion between measurements by thyroid scintigraphy and by

ultrasonography (r 5 0.8327 and r 5 0.7174, respectively;
P , 0.001). The overall correlation coefficient regardless of
diagnosis was 0.7804 (P , 0.001). There was a linear rela-
tionship between measurement of thyroid gland weight by the
2 modalities (regardless of diagnosis), as can be explained
in the following formula: US (g) 5 0.84 1 [0.65 3 log NM
(g)], where NM is thyroid scintigraphy and US is ultrasonog-
raphy (r 5 0.59, P, 0.001 for the slope; Fig. 3C). Moreover,
there are separate linear relationships between measurement of
thyroid weight between the 2 modalities with respect to the
diagnosis of either Graves disease or nodular goiter.
For Graves patients, log US (g) 5 0.77 1 [0.62 3 log

NM (g)] (r 5 0.57, P , 0.001; Fig. 3B), whereas for nodu-
lar goiter patients, log US (g) 5 1.03 1 [0.63 3 log NM
(g)] (r 5 0.61, P , 0.001; Fig. 3A). Figure 3 shows that
the relationship holds up better for thyroid glands of 20–55 g
(exp3 to exp4), with a narrowed 95% CI. Linear regressions
for log US (g) using log NM (g) as a predictor are shown in
Table 1 by diagnosis and for all patients.
Figure 1 depicts both the 123I thyroid scintigraphy and the

thyroid ultrasonography for a 27-y-old woman with hyper-
thyroidism. The thyroid scintigraphy showed uniform uptake
throughout the enlarged lobes of the thyroid gland, consis-
tent with Graves disease. Thyroid uptake at 2 h was 26.5%
(range, 5%–10%) at 2 h and 62.2% (range, 10%–35%) at
24 h. Ultrasonography showed bilaterally enlarged lobes
with no nodules.
Figure 2 depicts both the 123I thyroid scintigraphy and the

thyroid ultrasonography for an 89-y-old woman with hyper-
thyroidism. The thyroid scintigraphy showed nonuniform
uptake in the right lobe of the gland, consistent with multi-
nodular goiter. Thyroid uptake was 4.2% (range, 5%–10%)
at 2 h and 16.3% (range, 10%–35%) at 24 h, consistent with
subclinical hyperthyroidism. Ultrasonography showed bilat-
erally enlarged glands with a nodule in the right upper pole.

DISCUSSION

Here, we have shown the ability to obtain accurate thy-
roid volume measurements through planar 123I scintigraphy
and imaging with a g-camera using a high-resolution paral-
lel-hole collimator. We used a modified ellipsoid formula
based on dimensions obtained from a single anterior view,
as well as a modified acquisition protocol characterized by
placing a wide-view g-camera at the patient’s chin with the
neck in hyperextension. We reasoned that these changes

FIGURE 3. (A) Linear relationship between volume estimations
from log US (g) and log NM (g) in patients with nodular goiter. (B)
Linear relationship between volume estimations from log US (g)
and log NM (g) in patients with Graves disease. (C) Linear rela-
tionship between volume estimations from log US (g) and log NM
(g) from all patients included in study, regardless of diagnosis as
nodular goiter or Graves disease.

TABLE 1
Linear Regression for Log US (g) Using Log NM (g) as Predictor by Diagnosis

Diagnosis Intercept SE P Slope SE P

Multinodular goiter 1.031 0.381 ,0.001* 0.632 0.101 0.028*
Graves disease 0.775 0.512 0.14 0.613 0.140 ,0.001*
Total 0.841 0.321 0.01* 0.649 0.086 ,0.001*

*Statistically significant.
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would aid in curtailing the volume overestimations that we
had previously seen with scintigraphy at our institution. The
ability to assess thyroid volume via scintigraphy has been
well investigated and previously reported (22–24). How-
ever, the standard methodologies for estimation generally
result in inaccuracies in measurement—either underestimat-
ing or overestimating the volume depending on the formula
and the architecture of the gland (22). Ultrasonography has
been shown to estimate volume more accurately and, for
this reason, has generally been adopted as the gold standard
imaging modality for volume estimation before RAI ther-
apy (23,25,26).
To improve the accuracy of scintigraphy-based volume esti-

mations, linear regression was used to compare scintigraphi-
cally obtained volumes with ultrasonographically obtained
volumes. Regression analysis revealed a fairly strong linear
relationship between the volumes derived from ultrasonogra-
phy with those derived from scintigraphy (Fig. 3C). Impor-
tantly, this relationship allowed for derivation of a correction
factor such that scintigraphically obtained volumes could be
corrected to align more closely with volumes obtained ultra-
sonographically. This correction factor—which in our study
predominantly corrected for the overestimation of scintigra-
phy relative to ultrasonography—allows for accurate volume
estimation with scintigraphy alone (Figs. 3A–3C). Impor-
tantly, this estimation can be made more accurate by strati-
fying patients by Graves and nodular goiter, as the slopes of
the regression lines obtained differ between these 2 patient
cohorts (Figs. 3B and 3C). This, in turn, could streamline
the preprocedural workup in patients awaiting radioiodine
therapy, as scintigraphy could be used to determine radioiodine
uptake and thyroid volume simultaneously. Although ultraso-
nography is generally considered accessible and cost-effective
(24), scintigraphy is a requirement before RAI therapy.
Extending its role to estimate volume in addition to radioio-
dine uptake would spare patients an additional test—a net
gain to both patients and the health-care staff treating them.
Currently, there is debate on whether hyperthyroidism is

better treated with standardized or calculated doses of 131I.
Treatment with standardized doses is based on general size
(small, medium, or large) and applies a 185-, 370-, or 555-
MBq dose of 131I, respectively. Calculated doses use a for-
mula that accounts for thyroid weight and RAI to determine
the treatment dose. Peters et al. determined that outcomes
are dependent on the radiation dose absorbed, which is
inversely proportional to thyroid size (26). As such, patients
with standardized doses had lower treatment success in
larger thyroid goiters than patients who received calculated
doses. Although an additional study found the 2 methods to
be equally effective, this study did not take into account dif-
ferences in thyroid volume (27). Furthermore, with the
importance of personalizing treatments to the patient’s own
gland size, nodularity, treatment history, and longevity of
illness, using a set dose for all patients may not adequately
treat the patient or may expose patients with smaller

thyroids to unnecessary levels of radiation. Therefore, tak-
ing into account each patient’s thyroid volumes and diagno-
ses helps to individualize treatment.
Although our methodology improves volume estimation

via scintigraphy, the methodology itself requires that a
series of previous ultrasonography measurements be avail-
able on which regression analysis can be performed. For
this reason, volume estimation using this correction factor
suffers from the limitations inherent in ultrasonography: a
tendency to underestimate volume and a lack of precision
relative to slightly more robust modalities such as CT and
MRI (25,28,29). Although CT and MRI have shown supe-
rior performance in volume estimation, both have shortcom-
ings. MRI is expensive and time-consuming, whereas CT
increases exposure to unnecessary radiation. The negative
aspects of these 2 imaging modalities, relative to ultraso-
nography, make them less desirable in preprocedural thy-
roid volume estimations. It is generally uncommon for CT
and MRI to be used as stand-alone modalities for estimation
of thyroid volume. When these modalities are used for thy-
roid evaluation, it is usually in response to an incidental
finding (30) such as was demonstrated in our study, in
which only 3 of the 110 subjects had undergone CT specifi-
cally to evaluate the thyroid. Though reports from these 3
scans commented on the heterogeneity and overall appear-
ance of the thyroid, only 1 of these scans reported a thyroid
measurement for comparison with ultrasonography and scin-
tigraphy. No patients underwent MRI specifically for evalua-
tion of the thyroid—all thyroid evaluations stemmed from
incidental findings on studies ordered for alternative indica-
tions. Thus, although some in the field have shown CT and
MRI to be the most accurate modalities in thyroid volume
determination, our institution did not have available the
data needed to create a correction factor to convert volumes
obtained via thyroid scintigraphy to more closely align with
measurements obtained via CT and MRI (28). The task of
creating such a correction factor should be further investi-
gated at an institution in which thyroid volume estimations
by CT and MRI are more commonplace.

CONCLUSION

The thyroid gland can be measured accurately using a
g-camera with a low-energy high-resolution parallel-hole
collimator and by positioning patients accurately. Through
this technique, we have validated thyroid scintigraphy as an
accurate modality for determining thyroid weight before
decision making in the treatment of hyperthyroidism. Addi-
tionally, we have derived conversion factors with which the
estimated thyroid volume calculated from thyroid scintigra-
phy can be converted to the expected ultrasonography
value. These conversion factors provide physicians with the
potential to streamline the treatment pathway for patients
with hyperthyroidism by obviating ultrasonography thyroid
volume estimation before the RAI uptake study.
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KEY POINTS

QUESTION: Can 123I thyroid scintigraphy be used to
accurately assess thyroid volumes before treatment with
131I-sodium?

PERTINENT FINDINGS: Thyroid volumes calculated
with ultrasonography and thyroid scintigraphy showed
a statistically significant linear relationship, creating a
formula conversion factor that can accurately assess for
thyroid weight using scintigraphy alone.

IMPLICATIONS FOR PATIENT CARE: Using an
already-needed 123I scan to evaluate both uptake values
and thyroid volumes gives physicians the potential to
remove the need for additional ultrasonography before
treatment. This change would not only streamline the
treatment process but also improve the cost effectiveness
of hyperthyroidism management, as well as decreasing
the financial and temporal burden on patients.
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Total-body PET/CT allows simultaneous acquisition of all body
parts at a single bed position during the radiotracer uptake phase.
Dynamic imaging protocols using total-body PET might demon-
strate findings that may not have been previously visualized or
described using conventional PET/CT scanners. We examined the
characteristics of blanching defects—areas of markedly reduced
(partial defect) or absent (complete defect) radiotracer uptake seen
at the skin and subcutaneous tissues opposite the bony prominen-
ces at pressure points. Methods: In this observational study, 77
participants underwent dynamic total-body PET/CT imaging using
18F-FDG (group 1, n 5 47, 60-min dynamic, arms down, divided
into 3 subgroups according to the injected dose) or 18F-fluciclovine
(group 2, n5 30, 25-min dynamic, arms up). Forty of the 47 partici-
pants in group 1 were reimaged at 90 min after being allowed off
the scanning table. Blanching defects, partial or complete, were
characterized opposite the bony prominences at 7 pressure points
(the skull, scapula, and calcaneus bilaterally, as well as the
sacrum). The association of the blanching defects with different
clinical and technical characteristics was analyzed using uni- and
multivariate analyses.Results: In total, 124 blanching defects were
seen in 68 of the 77 (88%) participants at one or more pressure
points. Blanching defects were higher, on average, in group 2
(3.5 6 1.7) than in group 1 (2.1 6 1.4; P , 0.001) but did not vary
within group 1 for different 18F-FDG dose subgroups. All defects
resumed a normal pattern on delayed static (90-min) images,
except for 14 partial defects. No complete blanching defects were
seen on the 90-min images. By multivariate analysis, arm position-
ing above the head was associated with skull defects; scapular and
sacral defects were significantly more common in men and in those
with a lower body mass index, whereas calcaneal defects were not
associated with any factor. Conclusion: Blanching defects oppo-
site the bony pressure points are common on dynamic total-body
PET/CT images using different radiopharmaceuticals and injection
doses. Their appearance should not be immediately interpreted as
an abnormality. The current findings warrant further exploration in a
prospective setting and may be used to study various mechanopa-
thologic conditions, such as pressure ulcers.

Key Words: total-body PET/CT; dynamic scans; pressure points;
blanching defects; skin and subcutaneous tissue
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Total-body PET/CT has recently been implemented in
both research and clinical fields (1,2). The uEXPLORER
total-body PET/CT scanner’s long axial field of view of 194
cm not only allows for simultaneous acquisition of radiotracer
kinetics across the entire body but also improves signal collec-
tion efficiency, which, coupled with high spatial resolution,
results in high-resolution and high-quality images (3). For the
first time, it is now possible to obtain high-quality total-body
dynamic images that can be used in both research and the
clinic (4). In the research field, total-body dynamic imaging
has been described and is useful for such purposes as obtain-
ing biomarkers characterizing the delivery and uptake of
18F-FDG (e.g., K1 and inhibition constant) via kinetic model-
ing (5–9). In the clinical field, dynamic imaging has been sug-
gested by different groups for a variety of applications. For
example, in the imaging of prostate cancer, dynamic imaging
helps tumor detection and characterization, especially in the
pelvis (10–12). Several guidelines have incorporated dynamic
acquisitions as part of their recommended imaging protocols
(13–17). However, the implementation of high-resolution and
high-quality total-body acquisitions may enhance the promi-
nence of additional findings that have not been previously
described in the literature.
In this work, we characterized, for the first time to our

knowledge, the presence of markedly reduced or absent radio-
tracer uptake at the skin and subcutaneous tissues opposite the
bony prominences at pressure points, described hereafter as
blanching defects, which were noted on dynamic total-body
PET images performed with 18F-FDG or 18F-fluciclovine.

MATERIALS AND METHODS

Study Participants
This was a retrospective review of 4 institutional review board–

approved studies prospectively acquired for other research pur-
poses (approvals 1341792, 1374902, 1470016, and 1480948).
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All participants provided written informed consent before being
scanned. The participants were categorized into 2 groups accord-
ing to the injected tracer: group 1 (18F-FDG) included 47 partici-
pants under 3 subgroups according to the injected radiotracer
dose (Table 1), and group 2 (18F-fluciclovine) included 30 men
with prostate cancer who were referred for a standard-of-care
evaluation using 18F-fluciclovine total-body PET/CT.

Total-Body PET/CT Scanning
All participants underwent list-mode dynamic PET/CT as part

of their respective study protocol, on a total-body PET/CT scanner
(uEXPLORER; United Imaging Healthcare) (3). The scanner has
an axial field of view of 194 cm, a PET spatial resolution of no
more than 3.0 mm in full width at half maximum near the center
of the axial field of view, and an 80-detector-row CT component
with a minimum slice thickness of 0.5 mm. Before acquisition of
the dynamic PET data, a low-dose (tube current, #50 mA) or
ultralow-dose (tube current, #5 mA) CT scan (both with a tube
voltage of 140 kVp) was acquired for attenuation correction and
anatomic localization. The tube current was automatically modu-
lated by the scanner manufacturer’s algorithm.
All PET data were acquired in list-mode format with the partici-

pants supine. Positioning aids were provided according to the partici-
pant’s comfort level. For group 1, all participants were positioned
with arms down and underwent dynamic, 60-min acquisitions, starting
at the time of intravenous injection of an 18F-FDG dose ranging from
17.2 to 393.8 MBq (dose groups are summarized in Table 1). The last
20 min of acquisition (40–60 min after injection) were reconstructed
into a single frame for the purpose of reviewing. According to their
respective protocols, 40 of the 47 participants in group 1 were reim-
aged for 20 min starting at 90 min after injection (i.e., #30 min after
the end of the dynamic acquisition). Participants were allowed to get
off the scanner table between scans and empty their urinary bladder.
The second scan was used to assess changes within the blanching
defects noted on the first set of images (the dynamic acquisition).
Seven participants in group 1, all with cancer, underwent a follow-up
dynamic scan after a median of 16 d (range, 14–24 d) for other
research purposes. These follow-up scans were used to monitor the
stability of the distribution of blanching defects.
For group 2, arms were positioned above the head in 29 of the 30

subjects and to the sides in a single subject. PET images were
acquired for a total of 25 min, starting immediately after injection of
314.6 6 19.7 MBq (range, 287.2–389.6 MBq) of 18F-fluciclovine.
The PET data were reconstructed into two 10-min frames (4–14 min
and 15–25 min) for the purpose of reviewing.
All images were reconstructed using the vendor’s software, which

uses a time-of-flight, ordered-subset expectation maximization algo-
rithm, with 4 iterations and 20 subsets. Attenuation-corrected and
non–attenuation-corrected images were generated for analysis. All
PET corrections were applied to the attenuation-corrected images
(scatter, randoms, dead time, and normalization). No point-spread
function modeling or postreconstruction smoothing was applied. The
reconstruction matrix size was 2563 256, generating 2.344-mm iso-
tropic voxels. The described reconstruction parameters are the same
as used for the routine clinical readouts (1,2).

PET/CT Image Analysis
The reconstructed PET/CT images were transferred to an image

viewing workstation running OsiriX MD, version 12.0 (Pixmeo),
and reviewed independently by 2 nuclear medicine physicians
(5 and 13 y of PET/CT experience after training). Agreement

between the 2 readers was considered the final reading. For discor-
dant readings, a third nuclear medicine physician (20 y of experi-
ence) was consulted, masked to prior readings, and the final
decision was based on the agreement of any 2 readers.
Both attenuation-corrected and non–attenuation-corrected images

were reviewed side by side for any skin or subcutaneous areas of
complete (grade 2) or partial (grade 1) absence of the expected nor-
mal radiotracer uptake (grade 0) compared with the surrounding
tissues at different pressure points. Figure 1 illustrates examples of
partial and complete defects. The pressure points were defined as the
anatomic locations where a bony structure could restrict blood flow
to the overlying tissues because of patient positioning or weight bur-
den. For the current analysis, 4 locations, named after their bony
prominences, were studied: skull, scapulae, sacrum, and calcaneus.
Except for the sacrum, laterality was also noted as right, left, or bilat-
eral. In the presence of bilateral defects with different defect grades,
the higher grade was recorded for that pressure point.

For participants who underwent additional static scans at 90 min
after injection, the images were read after recording the impression
from the dynamic dataset.
PET/CT images were reviewed for any visual gross misregistra-

tion between PET and CT at the pressure points and for the pres-
ence of any anatomic abnormality in the studied pressure points
(e.g., skin ulceration or masses). The CT window level was
adjusted to identify and precisely locate the different positioning
aids (e.g., back or knee cushions) on the CT images (Fig. 1).

Statistical Analysis
Differences in continuous data (e.g., age and body mass index

[BMI]) were compared between the 2 primary groups (with and
without blanching defects) using the independent-samples t test
for normally distributed data and the Mann–Whitney U test for
nonnormally distributed data. Differences in qualitative features
were compared using the x2 test or the Fisher exact test, as appro-
priate. Both participant- and site-based analyses were performed.
A participant with a blanching defect at one or more sites was con-
sidered positive for blanching defects. Individual factors that
showed some association with the presence of blanching defects
(P , 0.05) in univariate analysis were further analyzed using mul-
tivariate analysis with binary logistic regression. All models were
adjusted for age, sex, injected dose, and BMI, in addition to the
interactions between correlated variables (e.g., arm position and
tracer group), as appropriate.
Agreement between the 2 primary readers on the total count of

blanching defects per participant was compared using the intra-
class correlation coefficient. Agreement on the qualitative evalua-
tion (i.e., the presence or absence of blanching defects, laterality,
and grade) was compared using Cohen k-analysis.

RESULTS

Study Participants
The general characteristics of the study population are

given in Table 1. Group 1 (18F-FDG) included 18 women
and 29 men with a mean age of 51.2 6 13.2 y (range,
26.0–78.0 y). Compared with group 1, group 2 participants
were all men (P , 0.001), older (71.0 6 8.3 vs. 51.2 6
13.3 y, P , 0.001), taller (178.1 6 7.8 vs. 171.8 6 9.8 cm,
P 5 0.002), and marginally heavier (91.0 6 16.7 vs. 83.5 6
16.9 kg, P 5 0.06); however, their mean BMI was compara-
ble to group 1. The groups had comparable setups regarding
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the positioning aids (namely, the use of knee and back cush-
ions). A head support was used for all participants.
Of the 77 participants, 37 had cancer (30 prostate and 7

with urothelial tumors) and 10 had cardiovascular disease
(with a history of recent myocardial infarction), whereas the
remaining 30 were healthy participants not known to have
had a recent myocardial infarction or cancer.

Agreement Analysis
There was no significant difference in the number of

reported blanching defects per participant between the 2 read-
ers (2.5 6 1.8 vs. 2.6 6 1.6, P 5 0.5), with an intraclass cor-
relation coefficient of 0.90 (95% CI, 0.85–0.94). Also, there
was moderate to substantial agreement (range, 0.66–0.88) on
reporting of the blanching defect laterality and grade, both on
a participant basis and on a site basis (Table 2).

Characteristics of Blanching Defects
All encountered blanching defects from both groups were

seen in both attenuation-corrected and non–attenuation-cor-
rected images. On the final reading, 124 blanching defects
in total were seen in 68 of 77 (88%) participants at one or
more pressure points.
The average number of defects was higher in group 2 (3.5 6

1.7) than in group 1 (2.1 6 1.4; P , 0.001) but did not vary
within group 1 for different 18F-FDG dose subgroups. On
average, 2.2 6 1.3, 2.0 6 1.6, and 2.1 6 1.5 defects were

observed per participant in the low-, intermediate-, and stan-
dard-dose groups, respectively (P 5 0.8).
Blanching defects against the scapulae and calcaneus on

dynamic imaging were the most frequent and tended to be
bilateral and complete (Table 3). Only 14 partial defects from
9 participants were still seen on the delayed static images
(90 min after injection) (Fig. 2). No complete blanching defects
were seen on the 90-min images. The distribution of the
blanching defects is summarized in Table 3. Among the 7 par-
ticipants who had follow-up dynamic scanning, 6 defects were
encountered at baseline compared with 8 in the follow-up
scans. The distribution, laterality, and grade changed between
the 2 scans within the same participant. For example, one par-
ticipant who previously showed bilateral complete defects
opposite the calcaneus demonstrated only a unilateral partial
calcaneal defect on the repeated scan (Fig. 3).
Blanching defects beyond the above-described pressure

points were not systematically evaluated; however, we
noticed variable degrees of blanching defects at other sites
where bony parts press against a tightened or hard structure:
for example, prominent spinous processes at the cervicodor-
sal region at the site of transition between the head support
and the scanner table; elbows against the scanning table or
immobilization belts; distal parts of the legs against the end
of knee cushions when the heels are not touching the scan-
ning table; and the forefeet against the tightened immobili-
zation aids (Fig. 4).

Factors Associated with Presence of Blanching Defects
On a participant basis, the presence or absence of blanching

defects on dynamic scans did not vary according to age, sex,
height, weight, BMI, injected dose, fasting hours, or blood
glucose level. Also, the use of cushions (back or knee) and
misregistration between the PET and CT were not associated
with these defects. Twenty-nine of 30 participants in group 2
had their arms up and showed one or more defects, compared
with 39 of 47 with arms to the side (P 5 0.01).

TABLE 2
k-Agreement on Defect Detection/Laterality and Grade
between 2 Readers According to Scan Time Point and

Evaluated Pressure Points

Scan timing and
evaluated pressure
points

Agreement

Detection* Grade of defect

Dynamic only 0.81 (0.75–0.88) 0.81 (0.75–0.83)
90-min only 0.66 (0.44–0.88) 0.70 (0.49–0.91)
Skull 0.76 (0.62–0.89) 0.75 (0.60–0.89)
Scapulae 0.84 (0.74–0.95) 0.88 (0.80–0.95)
Sacrum 0.72 (0.55–0.89) 0.74 (0.60–0.89)
Calcaneus 0.78 (0.66–0.90) 0.82 (0.73–0.92)

*Agreement figures on detection also include agreement on
laterality.

Data in parentheses are 95% CI.

FIGURE 1. Example of complete (A) and partial (B) blanching
defects. (A) Images from 29-y-old healthy woman weighing 81 kg
and 165 cm tall, injected with 18F-FDG (369 MBq). PET image
(left) demonstrates bilateral posterior parietooccipital scalp
defects, complete on left side (arrow) and partial on right side
(arrowhead). 18F-FDG PET/CT image (middle) shows no CT
abnormality. Lung window (right) outlines head support setup
(arrows). (B) Images from 43-y-old healthy woman weighing 53
kg and 160 cm tall, injected with 18F-FDG (18.5 MBq). PET image
(left) demonstrates relative photopenia at right posterior parietal
scalp region (arrowhead), representing partial blanching defect.
Contralateral side (left side) shows no abnormality. 18F-FDG PET/
CT image (middle) shows no CT abnormality at site of partial
defect. Lung window (right) outlines head position within support
setup (arrows) and demonstrates minimal tilting of skull toward
side of partial defect (arrowhead). Color version of this figure is
available as supplemental file at http://tech.snmjournals.org.
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On a site basis (Supplemental Table 1; supplemental materi-
als are available at http://jnmt.snmjournals.org), the clinical and
scan features associated with the presence of blanching defects
varied according to the anatomic site. On univariate analysis,
both skull and scapular defects were seen more frequently in

group 2 participants (older participants who were scanned with
their arms up). Furthermore, scapular defects were encountered
significantly more often in taller men. However, in multivariate
analysis, only arm positioning above the head was associated
with skull defects (odds ratio, 11.5; 95% CI: 3.7–35.7; P ,

0.001) whereas scapular and sacral
defects were associated with a lower
BMI and the male sex. Defects around
the calcaneus were not associated with
any of the studied characteristics.
The use of back or knee cushions did

not significantly affect the frequency or
distribution of these defects. However,
back pillows were used in only 4 par-
ticipants. Knee cushions, on the other
hand, were used for most participants;
nevertheless, they were not associated
with the presence of defects opposite
the calcaneus.

DISCUSSION

In this study, we found that dynamic
total-body PET/CT imaging frequently
demonstrated multiple areas of absent
or markedly diminished radiotracer up-
take against pressure points. These areas
included the sides of the scalp, being
pressed against the parietal bones, and
the skin and subcutaneous tissues oppo-
site the bony prominences of the scapu-
lae, sacrum, and calcaneus.
We hypothesize that these defects

may be related to the absence of dec-
reased perfusion induced by mechanical
compression, or displacement of the

TABLE 3
Distribution of Blanching Defects According to Anatomic Site, Laterality, and Grade on Dynamic and Delayed Imaging

Blanching defect

Dynamic (n 5 77) Delayed static (n 5 40)*

Skull Scapulae Sacrum Calcaneus Skull Scapulae Sacrum Calcaneus

Absent 53 43 58 9 37 37 38 32
Present 24 34 19 47 3 3 2 6

One or unilateral
Partial 8 2 8 1 1 2 2 3
Complete 5 3 11 7 0 0 0 0

Two or bilateral
Partial 3 8 NA 4 2 1 NA 3
Complete† 8 21 NA 35 0 0 NA 0

Outside field of view 0 0 0 21 0 0 0 2

*37 of original 77 participants did not undergo 90-min imaging.
†In presence of bilateral defects with different defect grades, higher grade was recorded for that pressure point.
NA 5 not applicable because sacrum was evaluated as single pressure point.

FIGURE 2. Examples of partial and complete restoration of uptake within complete
blanching defects seen at pressure points, from left to right, against skull and scapulae
bilaterally, sacrum, and left calcaneus. (A–D) PET images from last 20 min of dynamic
60-min acquisition (A), their respective 20-min static acquisition at 90 min (C), and corre-
sponding PET/CT images (B and D) in lung window, to demonstrate relationship with
positioning setup and scanner table. Sites with complete defects on dynamic images are
marked with arrowheads, and sites with partial restoration at 90-min time point are
marked with arrows. Blanching defects against skull showed complete restoration on
right side and partial restoration on left side, and those against scapulae and sacrum
showed complete restoration, whereas defects opposite heel showed partial restoration
on delayed 90-min image. Color version of this figure is available as supplemental file at
http://tech.snmjournals.org.
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blood within the microcirculation at the pressure sites near
the bony prominence, where the skin and subcutaneous tissue
are known to be thinned and the pressure is high (18). This
hypothesis is supported by several findings: that the defects
followed a close anatomic distribution and photopenic pat-
terns regardless of the uptake mechanism of the tracer, that
the defects improved or resolved on delayed imaging when
the participants were allowed to walk freely and return to the
same scanning position, and that the defects lacked anatomic
correlations at these sites on the CT images (e.g., skin discon-
tinuity, ulceration, or necrotic masses). Though dynamic PET
acquisitions have been well established, especially for brain
imaging, the current observation has not previously been
described, to our knowledge. One possible explanation, at
least partially, is the outstanding gain in scanner sensitivity,
which makes subtle observations far more obvious than with
conventional scanners.
Although most PET/CT imaging centers use simplified

static approaches in the clinical setting, dynamic acquisition
protocols are increasingly included in guidelines (13–17).
Therefore, identification and characterization of these
blanching defects may have both clinical and research rele-
vance, particularly for the interpretation of routine 18F-fluci-
clovine scans. 18F-fluciclovine PET/CT imaging guidelines
(16) recommend early scanning around 3–5 min after injec-
tion (with the dynamic acquisition protocol being optional).
Accordingly, most institutions inject the tracer while the
patient is lying on the scanner table and then begin the PET
data acquisition either immediately or around 4 min after
injection, starting at the pelvis and moving cranially. This
protocol is acquired primarily with the arms above the head.
This position leads to scapular rotation upward and may also

increase tension on the posterior para-
spinal cervical muscles, thereby add-
ing pressure on the skull. In our data,
the scalp and scapular defects were en-
countered more frequently in group 2
participants.
In our work, 40 participants under-

went delayed static imaging 30 min
after the end of a 60-min dynamic
PET acquisition. In 31 of them, the
uptake was normalized at the pressure
points. We assume that resumption of
tracer delivery and uptake after pro-
longed cessation of circulation at these
pressure points may be partially ex-
plained by a mechanism similar to the
tourniquet effect (19), in which pro-
longed pressure may cause a tempo-
rary local decrease in perfusion and
subsequent compensatory vasodilation
after release of the pressure, redeliver-
ing part of the circulating tracer in the
blood pool to the sites with defects.
Only 9 participants continued to dem-

onstrate partial defects at one or more pressure points
(Table 3). We hypothesize that the magnitude of pressure
(in terms of force and duration) may be related to the rate
of resumption of the circulation at these points and may
vary under different physiologic and pathologic conditions.
This hypothesis may be clinically relevant for assessment
of cutaneous microvascular circulation. Currently, the capil-
lary refill-time test is commonly used as a simple means to
assess macrovascular disease and cutaneous perfusion (20).
In this test, the examiner applies firm external pressure by a
finger to the distal phalanx of a finger or toe, and the time
required to recover the normal skin color is recorded. The
test, though simple and widely used, is not standardized
regarding the magnitude or duration of the applied pressure,
the cutoff for abnormality, or the interpretation criteria.
Also, it lacks sensitivity and reliability, with wide inter-
and intraobserver variability (21). Accordingly, many other
methods for assessing peripheral perfusion have been intro-
duced (22). The highly sensitive total-body PET scanners
can capture and quantify radiotracer dynamic processes as
they occur in real time, simultaneously with other organ and
tissue kinetics (7,8,23), and may be used to study different
mechanopathologic conditions such as pressure ulcers. These
possibilities warrant further exploration in a prospective
setting.
Finally, we note some limitations of the current study.

Although the data were prospectively collected in the con-
text of other projects, this study was based on retrospective
serendipitous evaluation of these scans, and accordingly,
potential clinical characteristics and additional tests that
might relate to the current findings were not collected. For
example, scapular and sacral defects were encountered

FIGURE 3. Changes in pattern of blanching defects against calcaneus in same subject
across 2 dynamic scans, baseline (A) and follow-up (B), separated by 2 wk. Shown are
representative images from 74-y-old man with genitourinary cancer weighing 74 kg and
170 cm tall. 18F-FDG PET images demonstrate bilateral complete blanching defects
opposite calcaneus (A, arrowheads), with no corresponding abnormality in PET/CT
image (middle). Follow-up dynamic PET scan in same subject shows unilateral partial
defect on left foot (B, arrowhead). CT images with lung window (right) outline positioning
setup demonstrating relationship of heels with respect to knee cushion (top) and table
couch (bottom) during respective scan time points. Color version of this figure is available
as supplemental file at http://tech.snmjournals.org.
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more frequently in men with a lower BMI, potentially
indicating that sex differences, hormonal status, and fat
volume could contribute to the finding. Also, local skin con-
ditions that could have been appreciated with direct inspec-
tion, the Raynaud phenomenon, or autoimmune diseases
were not captured in this report. The microcirculation is
tightly controlled under numerous external and internal

pathophysiologic mechanisms, and the current work cannot
provide further direct clinical implications of the described
findings. Also, because the study was retrospective, we
could not demonstrate a clear association with the position-
ing setup of the participants—a setup that could be far more
complex than mere descriptions of body build, cushion
location, type, geometry, or any other characteristics of
positioning aids. Additionally, we limited our results to 7
pressure points, whereas in realty a few other blanching
defects could be encountered (Fig. 4). The sporadic nature
of these defects prevents accurate systematic evaluation.
Furthermore, the position of the arms was tightly linked to
the tracer group. Although we compensated for the interac-
tion term between these 2 variables, we believe that a
homogenous distribution of arms up and arms down in each
tracer group would be preferable. Another limitation was
the relatively high frequency of misregistration between the
PET and CT components of the images. In a total-body
scanner, the whole body is covered within the field of view
during the whole acquisition duration; accordingly, any
motion in one region of the body could affect the attenua-
tion correction and scatter correction in other regions (2).
With the high sensitivity of total-body PET, data-driven
motion compensation techniques could be explored as a
potential solution (24).

CONCLUSION

Blanching defects opposite pressure points are common on
dynamic total-body PET/CT imaging using the uEXPLORER
scanner with different radiopharmaceuticals and injection
doses. Their appearance should not be immediately inter-
preted as an abnormality. The changes in tracer distribution
taking place at the pressure points across the body can be cap-
tured in real time on the high-sensitivity total-body PET/CT
scanner and can be leveraged in a prospective setting to study
various circulatory changes occurring in different mechanopa-
thologic conditions such as pressure ulcers.
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FIGURE 4. Examples of other nonsystematic blanching defects
(arrowheads). (A) Absence of skin and subcutaneous 18F-fluciclo-
vine uptake opposite cervicodorsal vertebrae at site of transition
between head support and scanner table, as might be caused by
pressure against prominent spinous processes. (B) Absence of
18F-FDG uptake at dorsum of foot at site of tightened immobiliza-
tion belt. (C) Reduced-to-absent 18F-fluciclovine uptake opposite
medial and lateral epicondyles of right humerus at site of
wrapped immobilization belt around elbows. (D) A few additional
patterns of blanching defects in lower limb: at distal third of calf
as it is pressing against end of knee cushion (left), opposite calca-
neus although silicon pad was placed to minimize pressure (mid-
dle), and again opposite calcaneus at end of knee/leg cushion,
where heels do not touch scanner table (right). Color version of
this figure is available as supplemental file at http://tech.
snmjournals.org.
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KEY POINTS

QUESTION: Are there any unusual findings opposite the
pressure points on dynamic total-body PET imaging?

PERTINENT FINDINGS: Blanching defects, described as
areas with markedly decreased or completely absent
radiotracer uptake in the skin or subcutaneous tissue at
the pressure points opposite the skull, scapulae, sacrum,
and calcaneus, were seen in 39 of 47 (18F-FDG) and 29 of
30 (18F-fluciclovine) total-body dynamic scans.

IMPLICATIONS FOR PATIENT CARE: Blanching defects
are commonly encountered on dynamic total-body PET
imaging with both 18F-FDG or 18F-fluciclovine and should
not be mistaken for any abnormality.
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This study investigated the spatial resolution and image quality of
the continuous-bed-motion (CBM) method in a sensitive silicon
photomultiplier–based PET/CT system compared with the tradi-
tional step-and-shoot (SS) method. Methods: A PET/CT scanner
was used in this study. Data acquisition using the SS method was
performed for 3 min per bed position. In the CBM method, the bed
speed ranged from 0.5 to 3.3 mm/s. The acquisition time equivalent
to the SS method was 1.1 mm/s for 2-bed-position ranges and 0.8
mm/s for 7-bed-position ranges. The spatial resolution was investi-
gated using 18F point sources and evaluated using the full width at
half maximum. Image quality was investigated using a National
Electrical Manufacturers Association International Electrotechnical
Commission body phantom with 6 spheres 10, 13, 17, 22, 28, and
37 mm in inner diameter. The radioactivity concentration ratio of the
18F solution in all spheres and the background was approximately
4:1. The detectability of each sphere was visually evaluated using a
5-step score. Image quality was physically evaluated using the
noise-equivalent count rate, contrast percentage of the 10-mm hot
sphere, background variability percentage, and contrast-to-noise
ratio. Results: The spatial resolution was not affected by the differ-
ence in acquisition methods or bed speeds. The detectability of the
10-mm sphere with a bed speed of 2.2mm/s or faster was signifi-
cantly inferior to that of the SS 2-bed-position method. In evaluat-
ing image quality, we observed no significant difference in contrast
percentage among the acquisition methods or speeds in the CBM
method. However, the increasing bed speed in the CBM method
increased the background variability percentage and decreased
the noise-equivalent count rate. When comparing the SS 2-bed-
position method with the CBM method at 0.8 mm/s, we observed
no significant differences in any parameters. Conclusion: In
whole-body PET images obtained with a silicon photomulti-
plier–based PET/CT scanner, the CBM method provides spatial
resolution and image quality equivalent to the SS method, with
the same acquisition time.

Key Words: continuous bed motion; step-and-shoot; SiPM; spatial
resolution; image quality
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The step-and-shoot (SS) method has traditionally been used
for PET data acquisition; however, the continuous bed motion
(CBM) method was recently developed. In the SS method, mul-
tibed data are sequentially acquired only when the bed is sta-
tionary, not when the bed is moving (1–10). More than 1 min is
wasted in a whole-body acquisition. Moreover, the axial acqui-
sition range is determined by the number of bed positions,
resulting in an unnecessary acquisition range and radiation
exposure in a CT scan. In the CBM method, the bed continu-
ously moves to acquire data (2–10), the axial acquisition range
can be determined in a 0.1-mm unit, and the bed speed can be
changed according to the body part (2,3,6,8,9). Moreover, gen-
erating a whole-body image by adding several fast whole-body
scans should be useful if an examination is interrupted by
patient motion or pain (7,11). It has been reported that patients
preferred continuous bed movements over SS movements (6).
Therefore, the CBM method may replace the SS method
because of the flexibility of the PET examination for each
patient. The usefulness of the CBM method in PET/CT using a
photomultiplier tube system has been studied (2–11). Differ-
ences between the SS and CBM methods did not significantly
affect SUVmax or SUVmean in phantoms or tumors in clinical
examinations (3,4,6–9). In contrast, the SS method has been
reported to be superior to the CBMmethod in terms of variabil-
ity in the background region (4,9).
Silicon photomultipliers (SiPMs), which are a type of

semiconductor detector, were recently applied instead of the
traditional photomultiplier tube in PET/CT scanners (12–14).
Compared with conventional photomultiplier tube–based
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PET scanners, SiPM-based PET scan-
ners achieved a high gain and faster
time response. This feature improves
the sensitivity and time-of-flight tim-
ing resolution, thus resulting in good
image quality, a short examination time,
and a decrease in administered dose and
radiation exposure (15–17). With these
advantages, the CBM method using
SiPM-based PET/CT scanners is ex-
pected to provide the same sufficient
image quality with flexible examina-
tions. However, the usefulness of the
CBM method in SiPM-based PET/CT
scanners has not been studied.
In this study, we investigated the

image quality of the CBM method com-
pared with the conventional SS method
in SiPM-based PET/CT systems. Moreover, we evaluated the
influence of varying bed speeds on image quality.

MATERIALS AND METHODS

PET/CT Scanner
PET data were acquired using a Biograph Vision PET/CT scanner

(Siemens Healthineers). The PET system has 8 rings based on 38
detector blocks with lutetium oxyorthosilicate (Lu2SiO5:Ce) crystals
(3.23 3.23 20 mm) and 6,400 crystals per ring. The transverse field
of view was 700 mm, and the axial field of view was 263 mm. The
spatial resolution at 1 cm was 3.7 mm in full width at half maximum
(FWHM). The time-of-flight timing resolution was 214 ps, and the
coincidence time window was 4.7 ns. These values were reported by
the manufacturer. The CT system has 64 rows, and the rotation time
was 0.33 s. CT images can be obtained using the following parame-
ters: 70–120 kV, 20–666 mA, 0.5-s tube rotation, 0.8 pitch, and a
0.6-mm slice collimation. In this study, the voltage was 120 kVp and
the tube current was set by CT automatic exposure control.

Point Source Phantom
The spatial resolution was investigated using 18F point sources.

One microliter of 18F solution was put into glass capillaries with
an inner diameter of 0.70 mm and an outer diameter of 0.97 mm.
The radioactivity concentration was 30 MBq/mL. Point sources
were placed at transaxial positions (1, 0), (10, 0), and (0, 10) cm
on the same z-position.

Body Phantom
Image quality was investigated using a National Electrical Manu-

facturers Association (NEMA) International Electrotechnical Com-
mission body phantom (Data Spectrum Corp.) with 6 spheres of 10-,
13-, 17-, 22-, 28-, and 37-mm inner diameter. The body phantom
was an acrylic phantom that mimicked the torso of a human weigh-
ing 60 kg. The body phantom had a long diameter of 300 mm, a
short diameter of 230 mm, a circumference of 840 mm, a height of
180 mm, and a volume of 9.7 L (Supplemental Fig. 1; supplemental
materials are available at http://jnmt.snmjournals.org). The radioac-
tivity concentration of 18F solution in all spheres and the background
was approximately 10.6 and 2.65 kBq/mL (ratio of 4:1), respectively.
The radioactivity concentration was measured using an automatic
well g-counter (AccuFLEX g7001; Hitachi Aloka Medical, Ltd.).

Data Acquisition and Image Reconstruction
In the SS method, data are acquired for 3 min/bed position 3 1

bed position and 3 min/bed position 3 2 bed positions in list
mode according to the paper by Tsutsui et al. (15). The 1-bed-
position acquisition was for the standard acquisition, whereas the
2-bed-position acquisition was for the overlapping acquisition.
The overlap in multibed acquisitions was 49.8%, as determined by
the manufacturer to improve the sensitivity distribution in the
z-axis. In the CBM method, bed speeds of 0.5, 0.8, 1.1, 2.2, and
3.3 mm/s were investigated. Whole-body acquisition from the top
of the head to the mid thigh usually require 7 or 8 bed positions in
the standard SS method among Japanese institutions. The regional
acquisition time of 0.8 mm/s in the CBM method was consistent
with that of 8-bed acquisition at 3 min/bed position in the SS
method. The 1.1 mm/s bed speed was consistent with a 2-bed-
position acquisition at 3 min/bed position in the SS method.
In the spatial resolution investigation, PET images were recon-

structed using filtered backprojection. The image matrix was 440 3

440 (1.65 3 1.65 mm), and the slice thicknesses were 1.65, 3.00,
and 5.00 mm. Attenuation and scattering corrections were not used.
In the image-quality investigation, PET images were reconstructed
using ordered-subsets expectation maximization with point-
spread-function correction and time-of-flight information. This
study used 3 iterations and 5 subsets for the NEMA body phantom.
Three iterations were done in accordance with our previous report
(15). The Biograph Vision uses 5 subsets by default; this is fixed
by the manufacturer and is unchangeable. CT attenuation correc-
tion was performed. Scatter correction was performed using single-
scatter simulation. A gaussian filter was not used. The image
matrix was 440 3 440, and the slice thickness was 1.65 mm.

Measurement of Spatial Resolution
The spatial resolution was evaluated using the FWHM. Profile

curves of each point source in the x-, y-, and z-directions were created
passing through the highest-count pixel on the highest-count slice
using ImageJ (National Institutes of Health). In the profile curve,
the maximum count was determined by a parabolic approximation
using 1 point with the highest pixel count and 2 adjacent points. The
FWHM of the 3 directions in each position was calculated by linearly
interpolating between adjacent pixels at half the maximum value of
the response function. FWHM x(a,b) is FWHM in the x-direction at

SS (3 min/bed) CBM

1.65 mm

3.00 mm

5.00 mm

Axial

Coronal

1.65 mm

3.00 mm

5.00 mm

1 bed 2 bed 0.5 mm/s 1.1 mm/s0.8 mm/s 2.2 mm/s 3.3 mm/s

FIGURE 1. PET images of point source at coordinates (0,1) cm. Upper figure shows
axial images, and lower one shows coronal images. No visual difference was observed
among acquisition methods, whereas coronal images extended along with increase in
slice thickness.
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position (a,b). The spatial resolution was evaluated using a FWHM of
1 cm in the transverse direction, 10 cm in the transverse radial direc-
tion, and 10 cm in the transverse tangential and axial directions. These
were calculated using the following equations:

・ FWHM1 cm ¼ fFWHM xð0,1Þ þ FWHM yð0,1Þg=2
・ FWHM10 cm radial ¼ fFWHM xð10,0Þ þ FWHM yð0,10Þg=2
・ FWHM10 cm tangential ¼ fFWHM yð10,0Þ þ FWHM xð0,10Þg=2
・ FWHMaxial ¼ fFWHM zð0,1Þ þ FWHM zð0,10Þ þ FWHM zð10,0Þg=3:

Assessment of Image Quality
The detectability of each sphere was visually evaluated using a

5-step score (1, not absolutely visualized; 2, may not be visualized;

3, uncertain; 4, may be visualized; and 5, absolutely visualized) by a
board-certified nuclear medicine physician and 2 radiologic technolo-
gists. Scores were averaged for each sphere. Fukukita et al. reported
that they decided to use the score of the 10-mm sphere as the refer-
ence value because image quality and spatial resolution are most
affected by the ability to visualize the 10-mm sphere (18). Therefore,
we evaluated the visual scores of mainly the 10-mm sphere. Interob-
server agreement was evaluated using the k-coefficient.
In the NEMA body phantom PET images, the slice in which the

hot sphere was most clearly observed was designated as the center
slice. A region of interest (ROI) on the 10-mm hot sphere was
placed in the center slice with the same inner diameter. Twelve
circular ROIs with diameters of 10 and 37 mm were placed in the
background on the center slice at 61 cm and 62 cm from the
center slice (60 ROIs in total). According to the phantom test pro-
cedure for whole-body PET imaging with 18F-FDG (18), the
noise-equivalent counts, contrast percentage of the 10-mm hot
sphere, background variability percentage, and contrast-to-noise
ratio were calculated using the following equations. True, scatter,
and random coincidences were acquired from a sinogram header,
and the scatter fraction and random scaling factor were acquired
from a default value. These processes were performed using
PMOD software (version 3.8; PMOD Technologies LLC).

NECphantom ¼ ð12SFÞ2 ðT þ SÞ2
ðT þ SÞ þ ð1þ kÞfR ðMcountsÞ

f ¼ Sa
pr2

,

where NECphantom is the noise-equivalent counts and T, S,
and R correspond to true, scatter, and random coincidences
acquired within the scanning period, respectively. Moreover,
SF and k are the scatter fraction and random scaling factor,
respectively. The scatter fraction of Biograph Vision scanners
is fixed at 0.39 by the manufacturer. The k is set to 0 because
we used variance reduction techniques for estimating a
smooth random distribution (18). The f is the ratio of object
size to field of view. Sa is the cross-sectional area of the phan-
tom. Finally, r is the radius of the detector ring diameter.

QH; 10 mm ¼ CH; 10 mm=CB; 10 mm 21
aH=aB21

3100 ð%Þ,

where CH, 10mm is the average count in the ROI for a 10-mm
sphere, CB, 10mm is the average count of the 60 background ROIs
of 10-mm diameter, and aH and aB are the radioactivity concentra-
tions in the hot sphere and background, respectively.

N10 mm ¼ SD10 mm

CB; 10 mm
3100 ð%Þ

SD10 mm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXK

k¼1
ðCB; 10mm; k2CB; 10 mmÞ2=ðK21Þ

q
,K ¼ 60,

where SD10mm is the SD of the background ROIs of 10-mm
diameter and N10mm is the background variability percent-
age (contrast-to-noise ratio):

Q10 mm=N10 mm:

Statistical Analysis
JMP Pro, version 15 (SAS Institute Inc.), was used for statistical

analysis. The Tukey test was used to analyze the significance of
the differences between the SS 2-bed-position method and the
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FIGURE 2. Comparison of FWHMs in axial plane of 1 cm radial
(A), 10 cm radial (B), and 10 cm tangential (C). They did not signif-
icantly differ between SS and CBM methods or among different
bed speeds in CBM method even when slice thickness was
changed. n.s.5 not statistically significant.
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CBM method at each bed speed. P values of less than 0.05 were
used to denote statistical significance.

RESULTS

Comparison of the Spatial Resolution
Figure 1 shows the PET images of point sources at position

(0,1) cm. In the axial images, the shape and size did not differ
among acquisition methods or bed speeds. In the coronal
images, the image extended in the body axis direction in associa-
tion with an increase in slice thickness. However, no differences
in shape or size were seen among the different bed speeds.
Figure 2 shows the FWHM of the x- and y-directions.

No significant differences in the 1-cm FWHM, 10-cm radial
FWHM, or 10-cm tangential FWHM were observed
between the SS and CBM methods. Moreover, the dif-
ference in the FWHM results when varying the slice
thickness was insignificant. Figure 3 shows the axial

FWHM. As the slice thickness in-
creased, the axial FWHM significantly
increased. However, no significant dif-
ference in the axial FWHM was ob-
served between the SS and CBM
methods or among the various bed
speeds in the CBM method.

Assessment of Image Quality
Figure 4 shows the PET images of the

NEMA body phantom in the SS and
CBM methods. In the SS method, the
clarity of the hot spheres and back-
ground variability were not visually
different between 1-bed-position and
2-bed-position acquisitions. In the CBM
method, the background variability in-
creased as the bed speed increased.
Figure 5 shows the results of the visual
evaluation. The detectability of the
10-mm sphere with bed speeds faster
than 2.2 mm/s was significantly inferior
to that with the SS 2-bed-position
method (P , 0.05). In the SS method,

the score of the 10-mm sphere was above 4. In the CBM
method, the bed speed should be 1.1 mm/s or slower to
exceed the 10-mm sphere score of 3. Interobserver agree-
ment was moderate (k 5 0.55).
Figure 6 compares the noise-equivalent counts. In the CBM

method, the noise-equivalent counts decreased as the bed speed
increased. The noise-equivalent counts in the CBM method
with a bed speed of 1.1 mm/s or faster were significantly infe-
rior to those in the SS 2-bed-position method (P , 0.05). Fig-
ure 7 shows the results of the physical assessment of image
quality. No significant difference in contrast percentage of the
10-mm hot sphere was observed between the SS and CBM
methods or among the various bed speeds in the CBM
method (Fig. 7A). Figure 7B compares the background
variability percentage. In the SS method, no difference in
background variability percentage was observed between
1-bed-position and 2-bed-position acquisitions. In the CBM
method, background variability percentage increased as bed

speed increased. The background vari-
ability percentage in the CBM method
with bed speeds of 1.1 mm/s or faster
was significantly inferior to that in the
SS 2-bed-position method (P , 0.05).
Figure 7C compares the contrast-to-
noise ratio. The contrast-to-noise ratio
did not differ within the SS method,
whereas in the CBM method, it de-
creased as the bed speed increased.
The contrast-to-noise ratio in the CBM
method with bed speeds of 2.2 mm/s
or faster was significantly lower than
that in the SS 2-bed-position method
(P , 0.05).
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FIGURE 3. Comparison of FWHMs of body axial direction. They did not significantly
differ among different acquisition methods and bed speeds, whereas FWHM significantly
increased in thicker slices.
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FIGURE 4. PET images of body phantom using SS method (top) and CBM method
(bottom). In CBM method, images with faster bed speeds show high background
variability.
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DISCUSSION

Using the SiPM-based PET/CT scanner, the spatial resolu-
tion did not significantly differ between the SS and CBM
methods or among the different bed speeds in the CBM
method even when the slice thickness was changed. The
noise-equivalent counts decreased as the bed speed increased
in the CBM method. In assessing image quality, we found
that the background variability significantly increased as the
bed speed increased. However, the contrast of the hot sphere
did not differ among acquisition methods or bed speeds.
The spatial resolution did not significantly differ between

the SS and CBM methods or among the bed speeds in the
CBM method. In the coronal planes, the FWHM increased

as the slice thickness increased, but
no significant difference was observed
between the acquisition methods or
among the different bed speeds. Because
the PET data were acquired during
continuous movement in the CBM
method, image blurring was considered
to increase the body axial FWHM. Fur-
thermore, the increase in bed speed was
also considered to exacerbate the spatial
resolution. In the CBM method, when
the bed position was shifted by a dis-
tance equal to the separation between
sinogram planes, the events from the
same detector were assigned to the next
image plane. In the scanner used in this
study, the CBM method data were
separated and organized by the same
axial sampling of 1.65 mm as in the

SS method (5). Objects smaller than the pixel size were
distributed uniformly over the entire pixel rather than at
the center of the pixel. Thus, no significant difference was
observed when the bed speed was changed by this func-
tion. In the transverse slice, the FWHM did not change
when the slice thickness was increased because the pixel
sizes were all the same.
The noise-equivalent counts using the NEMA body phan-

tom showed no significant difference between the SS 2-bed-
position acquisition and 0.8 mm/s using the CBM method.
The noise-equivalent counts decreased as the bed speed
increased. Because the acquisition time decreased as the
bed speed increased, the noise-equivalent counts decreased
because of reduced coincidence counts. This result is con-

sistent with that reported previously
(7,15). The background variability also
increased as the bed speed increased.
The increase in variability with de-
creasing counts is consistent with that
reported previously (15,19). Regarding
background variability, the SS method
on the photomultiplier tube– based
scanner was significantly superior to
the CBM method using the same acqui-
sition time (4,9). In contrast, that of the
SS method was comparable to that of
the CBM method on the SiPM-based
scanner in this study. The improvement
of the scanner’s sensitivity and exten-
sion of the axial field of view in the
SiPM system in this study is considered
to improve the image quality of the
CBM method. The visibility of the
10-mm hot sphere did not differ be-
tween the SS 2-bed-position acquisition
and 0.8 mm/s using the CBM method,
and the visual score decreased as the

* : P < 0.05 vs. SS 2 bed
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bed speed increased. This is probably due to the increase in
noise caused by the decrease in coincidence counts (20). The
contrast values remained the same at all bed speeds. This ten-
dency was also shown in a past study (9,15).
This study had some limitations. First, the number of bed

speeds examined was limited. An examination with further
varieties in bed speeds might reveal the appropriate bed speed
equivalent to the SS method. Second, the CBM method was
performed in only a single way. The image quality of the
summed to-and-fro pass images should be examined. Third,
the axial sampling size was fixed at 1.65 mm. A smaller axial
sampling size may improve axial spatial resolution. Lastly,

further clinical examinations should be conducted to compare
the SS and CBM methods.

CONCLUSION

For SiPM-based PET/CT systems, image quality metric
results were comparable between the SS method for
3 min/bed position and the CBM method for speeds of
0.8 mm/s at almost the same acquisition time in whole-
body acquisitions. It is expected that the CBM method
will be chosen in some cases depending on the combina-
tion of bed speeds.
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KEY POINTS

QUESTION: Can the CBM method preserve the spatial
resolution and image quality of the traditional SS method
in an SiPM PET/CT scanner?

PERTINENT FINDINGS: No difference in spatial resolution
or image quality was observed between the SS method
and the CBM 0.8 mm/s method at similar acquisition times
in whole-body acquisitions.

IMPLICATIONS FOR PATIENT CARE: Since the CBM
method preserves the same image quality as the SS
method and provides a more flexible examination, it is
expected to be widely used in future when whole-body
acquisitions are performed with semiconductor PET/CT
systems.
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Influence of Minimum Count in Brain Perfusion SPECT:
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The count per pixel in brain perfusion SPECT images depends on
the administered dose, acquisition time, and patient condition and
sometimes become low in daily clinical studies. The aim of this study
was to evaluate the effect of different acquisition counts on qualita-
tive images and statistical imaging analysis and to determine the
minimum count necessary for accurate examinations.Methods:We
performed a brain phantom experiment simulating normal accumu-
lation of 99mTc-ethyl cysteinate dimer as a brain uptake of 5.5%. The
SPECT data were acquired in a continuous repetitive rotation. Ten
types of SPECT images with different acquisition counts were cre-
ated by varying the number of rotations added. We used normalized
mean squared error and visual analysis. For the clinical study, we
used images of 25 patients. The images were acquired in a continu-
ous repetitive rotation, and we created 6 brain images with different
acquisition counts by varying the number of rotations added from
1 to 6. The contrast-to-noise ratio was calculated from the mean
counts within regions of interest in gray andwhitematter. In addition,
the severity, extent, and ratio of disease-specific regions were evalu-
ated as indices of statistical imaging analysis.Results: For the phan-
tom study, the curve of normalized mean squared error tended to
converge from approximately 23.6 counts per pixel. Furthermore,
the visual score showed that images with 23.6 counts per pixel or
less were barely diagnosable. For the clinical study, the contrast-to-
noise ratio was significantly decreased at 11.5 counts per pixel or
less. Severity and extent tended to increase with decreasing acquisi-
tion counts, and a significant increase was shown at 5.9 counts per
pixel. On the other hand, there was no significant difference in ratios
among different acquisition counts. Conclusion: On the basis of a
comprehensive assessment of phantom and clinical studies, we
suggest that 23.6 counts per pixel or more are necessary tomaintain
the quality of qualitative images and to accurately calculate indices
of statistical imaging analysis.

Key Words: brain perfusion imaging; statistical imaging analysis;
artifact; acquisition counts; SPECT
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Brain perfusion SPECT has an important role in diagnos-
ing the severity of cerebral vascular disorders, determining
their prognosis, and identifying dementia, which contribute

to clinical management of patients (1). SPECT has a lower
spatial resolution than morphologic neuroimaging techni-
ques such as CT and MRI but allows for visualization and
quantification of brain function and metabolism, which are
difficult to evaluate by other modalities.
In addition to visual interpretation, SPECT images can be

interpreted using statistical image analysis such as 3-dimen-
sional stereotactic surface projections (2) and statistical para-
metric mapping (3). In these widely applied methods, the
individual brain image is transformed into a template and
the relative regional uptake is compared voxel by voxel with
the reference database to generate the z score of hypoperfu-
sion (4). The results are projected onto the brain surface to
create a surface representation of the z score (5), which facili-
tates diagnosis in areas that are difficult to assess visually (6).
However, counts per pixel in brain perfusion SPECT

images depend on the administered dose, acquisition time,
and patient condition and sometimes become low in daily
clinical studies. It is well known that statistical noise has a
significant impact on image quality. The relationship between
statistical noise (N) and counts per pixel (n) is expressed as
N ¼ ffiffiffi

n
p

=n3100 (7), where the signal-to-noise ratio of the
SPECT image is proportional to the square root of all counts.
As the number of acquisition counts decreases, statistical
noise increases and image quality deteriorates.
The purpose of this study was to evaluate the effect of dif-

ferent acquisition counts on qualitative images and statistical
imaging analysis and to determine the minimum acquisition
count necessary for accurate examinations. When clinical lim-
itations result in low acquisition counts, we can attend to
interpretation of the qualitative images and the indices.
Although published studies are available on the influence of
acquisition and reconstruction methods (8–10), this is the first
time—to our best knowledge—that minimum acquisition
count has been addressed.

MATERIALS AND METHODS

Phantom Design
A Hoffman 3-dimensional brain (Kyoto Kagaku Co., Ltd.) that

simulates gray-matter and white-matter structures with a 4:1 activ-
ity concentration was used as the phantom (11). This phantom was
filled with a 37 kBq/mL solution of 99mTc. The total activity in the
phantom was 44.4 MBq at the acquisition start. There is assumed
to be a normal accumulation of 99mTc-ethyl cysteinate dimer with

Received Feb. 23, 2022; revision accepted Jun. 29, 2022.
For correspondence or reprints, contact Masahisa Onoguchi (onoguchi@

staff.kanazawa-u.ac.jp).
Published online Jun. 30, 2022.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

342 JOURNAL OF NUCLEAR MEDICINE TECHNOLOGY $ Vol. 50 $ No. 4 $ December 2022



a dose of 822 MBq as a brain uptake of 5.5% (12). The dose was
determined with reference to the subjects used in the clinical
studies.

Patients
Images of 25 patients (16 men and 9 women; mean age, 75 6

11.3 y) who underwent resting-state brain perfusion 99mTc-ethyl
cysteinate dimer SPECT from March 2016 to March 2019 were ret-
rospectively used. These patients had degenerative nerve diseases
(n 5 22) or cerebrovascular diseases (n 5 3). The imaging diagno-
sis indicated decreased cerebral blood flow in all cases. Permission
for this study was obtained from the hospital ethics committee.

Image Acquisition
In both phantom and clinical studies, the SPECT acquisition was

performed with a dual-head g-camera (Discovery NM/CT 670
Q.Suite Pro; GE Healthcare Japan) equipped with a low-energy high-
resolution collimator. The main energy window was 140.5 keV 6

10% width. The subwindows were set at 159.5 keV 6 3% and
121.5 keV 6 4% for scatter correction. The matrix size was 128 3

128, and the pixel size was 2.94 mm (31.5 zoom). The data were
acquired in continuous mode in a 360! circular orbit (radius of rota-
tion, 150 mm) and 90 projections of a 4! step angle.
For the phantom study, the SPECT acquisition time was set as

3.5 min with 6 rotations and, subsequently, as 7.5 min with 16
rotations (Fig. 1A). For the clinical study, 99mTc-ethyl cysteinate
dimer (Fujifilm Toyama Chemical Co., Ltd.) of 805 6 40.1 MBq
was injected intravenously; 15 min later, images were acquired for
6 rotations at 3.5 min per projection (Fig. 1B).

Image Reconstruction
The SPECT images were reconstructed using filtered backpro-

jection with a Ramachandran filter in the phantom and clinical
studies. A Butterworth filter (order, 16; cutoff frequency, 0.55
cycles/cm) was used for the prefilter for smoothing. The cutoff fre-
quency of 0.55 cycles/cm was optimized in advance by calculating
the normalized mean squared error (NMSE) from high-quality
images with a long acquisition time. Attenuation correction with
the Chang method was performed assuming a uniform attenuation
coefficient of 0.13 cm21 and a 10% attenuation threshold. The

triple-energy-window method (13) was used for scatter correction.
All images were reconstructed on a workstation using Xeleris, ver-
sion 3.1 (GE Healthcare Japan).

Image Evaluation
To measure the mean acquisition counts (counts per pixel), we

drew a region of interest (ROI) surrounding whole brain on the
anterior planar image of the projection data for the phantom
(Fig. 2A) (14). Brain images were created with 10 different acqui-
sition counts (123.6, 92.3, 61.0, 30.8, 23.6, 19.9, 16.0, 12.0, 7.9,
and 4.0 counts per pixel). The NMSE and visual analysis were
used to assess each phantom image.
NMSE. The NMSE is given using the following equation:

NMSE ¼
Xx¼n21

x¼0

Xy¼m21

y¼0
ðf ðx,yÞ2gðx,yÞÞ2Xx¼n21

x¼0

Xy¼m21

y¼0
f ðx,yÞ2

,

where f (x,y) is equal to the ideal image, g(x,y) is equal to each
phantom image, m means matrix size for y, and n means matrix
size for x. In this study, the ideal image was created by projections
with high acquisition counts (123.6 counts per pixel) to reduce the
statistical noise. To precisely assess the convergence of the NMSE
in relation to acquisition counts, we evaluated the derivative value
of NMSE.
Visual Analysis. Using visual analysis, we scored 10 types of

brain images on the basis of how high the counts were. Five
observers with expertise in nuclear medicine interpreted the trans-
verse images (Fig. 3) To reduce variability in visual analysis, pre-
training was performed using sample images. At that time, we told
the observers to assume clinical use, not scientific use, and to
observe the cortical accumulation. In a masked manner, they
assessed all series and scored them using a scale of 0–4 (4, very
good; 3, sufficient for diagnosis; 2, barely diagnosable; 1, cannot
be diagnosed responsibly; 0, cannot be diagnosed). The average
score for all observers was calculated. The color lookup table was
set to inverted grayscale, and the upper and lower limits of the
window level were set to 0% and 100%, respectively. Further-
more, enlargement and reduction of the images, observation dis-
tance, and observation time were arbitrary. We obtained written
consent for all observers to participate in this study.
By varying the number of added rotations on a workstation, we

created 6 patient brain images comprising different acquisition
counts. The mean acquisition counts were measured by setting an
ROI on the normal or mild side on the anterior planar image of the
projection data (Fig. 2B) (14). Patient images with a minimum of
30 counts per pixel were used. From the results of NMSE and

FIGURE 1. SPECT acquisition protocols in this study. (A) Phan-
tom study. Images are acquired for 3.5 min with 6 rotations and
subsequently 7.5 min with 16 rotations. (B) Brain perfusion
SPECT protocol using 99mTc-ethyl cysteinate dimer in clinical
study. Images are acquired for 21 min [(3.5 min/rotation)3 6 rota-
tions], beginning 15 min after injection.

FIGURE 2. (A) ROI for phantom study set to surround whole
brain on anterior planar image of projection data. (B) ROI for clini-
cal study set to surround normal or mild side on anterior planar
image of projection data.
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visual analysis, we determined the image with 30 counts per pixel
or more to be sufficient for diagnosis.
We used the contrast-to-noise ratio (CNR) and the indices from

the easy z score imaging system (eZIS) (4) to assess the influence
of low acquisition counts on qualitative images and statistical
imaging analysis.
CNR. ROIs were automatically drawn on transverse images using

the 3-dimensional stereotactic ROI template software, and average
reconstructed image counts were calculated by dividing the brain into
12 segments (15). The CNR is given using the following equation:

CNR ¼ ðdecreases in rCBF signal2backgroundÞ=
standard division ðbackgroundÞ,

where decreases in regional cerebral blood flow (rCBF) signal are
the average reconstructed-image counts in an ROI surrounding the
areas diagnosed as decreases in rCBF on brain perfusion SPECT,
background is the average reconstructed image counts of cerebellum
ROIs, and standard division (background) is the standard division of
cerebellum ROIs (16). Therefore, patients with decreases in rCBF in
the cerebellum were excluded from the study. The CNR was ob-
tained from the 6 brain images and normalized by the value of the
6-rotation image.
eZIS Analysis. eZIS analysis discriminates early Alzheimer

disease from other types of dementia using computer-assisted sta-
tistical analysis. The indices of eZIS that characterize decreases in
rCBF in patients with very early Alzheimer disease—namely
severity, extent, and ratio—were calculated, automatically analyz-
ing the specific volume of interest (VOI) in the posterior cingulate
gyrus, precuneus, and parietal cortices. The severity and extent
show the degree and percentage of rCBF decrease in the VOI. The
ratio shows the percentage of rCBF decrease in the VOI to a
whole brain. The severity, extent, and ratio were obtained from

6 brain images of different acquisition counts for each patient and
were normalized by the values of the 6-rotation image. Patients
with degenerative nerve diseases (n 5 22) were analyzed because
eZIS was used in the differential diagnosis of dementia. We per-
formed the eZIS analysis using a Daemon research image proces-
sor, version 1.1.0.0 (DRIP; Fujifilm Toyama Chemical Co., Ltd.)

Statistical Analysis
All statistical analyses were performed using the statistical

package EZR (version 1.38) (17). Visual scores were compared
for differences using the Kruskal–Wallis/Steel test. Wilcoxon
signed-rank testing with the Bonferroni adjustment was used to
analyze CNR, severity, extent, and ratio among all image sets. A
P value of less than 0.01 was considered statistically significant.

RESULTS

Phantom Study
In the curve of NMSE in relation to acquisition counts, a

tendency toward convergence was observed with increasing
acquisition counts (Fig. 4). The curve of the derivative
value of NMSE rapidly increased at low acquisition counts,
followed by saturation as close to zero as possible above
23.6 counts per pixel (Fig. 5).
The visual score increased with increasing acquisition

counts and showed a score higher enough than “2, barely
diagnosable” at 23.6 counts per pixel or more and a score
higher enough than “3, sufficient for diagnosis” at 30 counts
per pixel or more (Fig. 6).

Clinical Study
The CNR was significantly decreased at 11.5 counts per

pixel or less (P , 0.01, Table 1).
Severity and extent tended to increase with decreasing

acquisition counts, and a significant increase was shown at

FIGURE 3. Representative slices of images for visual analysis.
Images were created from 10 types of projection data with differ-
ent acquisition counts (123.6, 92.3, 61.0, 30.8, 23.6, 19.9, 16.0,
12.0, 7.9, and 4.0 counts per pixel).

FIGURE 4. NMSE as function of counts per pixel in brain
phantom.
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5.9 counts per pixel (P , 0.01). On the other hand, ratio was
independent of acquisition counts, and there was no signifi-
cant difference in ratios among acquisition counts (Table 2).
Differences in the average counts per pixel between Tables 1
and 2 were caused by differences in the numbers of patients
analyzed in CNR and eZIS analysis. Figure 7 compares the
6-rotation image (32.9 counts per pixel) with the image

obtained at a low acquisition count (6.2 counts per pixel)
using statistical imaging analysis.

DISCUSSION

Recent dementia practice guidelines recommend use of
morphologic imaging (MRI or CT) to exclude neurosurgical
dementia and then use of functional imaging (brain perfu-
sion SPECT or dopamine transporter scintigraphy) to make
a differential diagnosis (18). Brain perfusion SPECT is
commonly used in differential diagnosis of dementia to
assess the pattern of hypoperfusion for each type of demen-
tia and is also expected to be used for early diagnosis of
Alzheimer disease in patients with mild cognitive impair-
ment (19). On the other hand, in daily practice for patients
with dementia, the characteristic symptoms may force inter-
ruption or shortening of the scan. A consequence is that
they sometimes lead to low acquisition counts. Therefore, it
is important to study the effects of different acquisition
counts and to determine the minimum count necessary for
accurate examinations. We believe that our study will prove
useful in daily clinical practice.
Much previous research has dealt with improving image

quality in brain perfusion SPECT by reducing image noise.
As a result, it is now possible to obtain images with less sta-
tistical noise by optimizing the low-pass filter or using mul-
tipinhole collimators (8,9). Furthermore, it has been
reported that iterative reconstruction technology with reso-
lution recovery algorithms can improve spatial resolution
while suppressing statistical noise (10). However, studies
on decreases in acquisition counts are insufficient, although
such decreases may occur in daily clinical practice.
As a result of the phantom study, we considered 23.6

counts per pixel or more necessary to maintain image quality,
because the NMSE showed a convergence at 23.6 counts per
pixel or more and the score with visual analysis was higher
enough than “2, barely diagnosable” at 23.6 counts per pixel
or more. NMSE is commonly used to optimize the low-pass
filter or the iteration number and well reflects the influence of
statistical noise on SPECT images (8,10). Furthermore, it was
assumed that statistical noise did not affect the ideal image of
the NMSE because we reconstructed the ideal image from
projection data with statistical noise lower than 10%, apply-
ing an optimized Butterworth filter. In addition, visual assess-
ment by scoring is also widely used in nuclear medicine
imaging (20). Therefore, the obtained results are reliable.
In the clinical study, the value of CNR showed a signifi-

cant decrease at 11.5 counts per pixel, and we decided that
17.2 counts per pixel or more did not affect the detection of
decreases in rCBF. The severity and extent tended to
increase with decreasing acquisition counts, and a signifi-
cant increase was shown at 5.9 counts per pixel (P , 0.01).
It was assumed that statistical noise was determined as a
hypoperfusion area in the specific VOI during eZIS analysis
(21), and we need to note false-positives in differential
diagnosis of dementia using eZIS analysis. We decided that

FIGURE 6. Relationship between average visualization score
and each range of counts per pixel. *Versus 40 counts per pixel
or more, P, 0.01.

FIGURE 5. Differential value of NMSE as function of counts per
pixel.

MINIMUM COUNT IN BRAIN PERFUSION SPECT $ Sugiura et al. 345



11.6 counts per pixel or more did not affect the severity and
extent. The minimum acquisition count for severity and
extent is lower than that for CNR because of the smoothing
process included in the eZIS analysis process (22). On the
other hand, the ratio was independent of the acquisition
counts, suggesting that the statistical noise influenced not
only the specific VOI but also the whole brain. The phan-
tom study simulated normal human brain, whereas the clini-
cal study addressed detection of cerebral hypoperfusion.

Therefore, we considered that differences occurred between
visual analysis in the phantom study and the results of the
clinical investigation.
On the basis of comprehensive assessment of phantom

and clinical studies, we determined that 23.6 counts per
pixel were the minimum to maintain the quality of qualita-
tive images and to accurately calculate indices of statistical
imaging analysis. Generally, more than 100 counts per pixel
were needed to suppress statistical noise (7). Stelter et al.
(23) also suggested 50 counts per pixel or more for suffi-
cient image quality. We considered that our result differed
from previous studies because this research dealt with the
minimum acquisition count, not with sufficient image qual-
ity. The presence of cerebral ventricles in the ROI that we
set may also affect the acquisition counts. For routine brain
perfusion SPECT examinations, we recommend using the
proposed minimum acquisition count either as the criterion
for reexamination or as a warning to the physician.
There were some limitations to this study. First, we cate-

gorized 10 types of brain images to 5 scales of image qual-
ity by visual analysis, but having 5 scales of image quality
is actually vague and may include various aspects of image
quality such as observer preference. Therefore, when setting
the cutoff for the counts, we selected 30.0 counts per pixel
or 23.6 counts per pixel, at which the score was higher
enough than 3 or 2 to have margins. Further study should
be conducted to clarify the differences in the 5 scales and to
reveal the relationship between less-than-ideal image qual-
ity and diagnostic accuracy. A second limitation was the
difference between the devices. Differences in reconstruc-
tion methods, low-pass filters, or various correction meth-
ods are surmised to affect the minimum acquisition count.

TABLE 1
Average and SD of CNR at Different Counts per Pixel in patients with degenerative nerve diseases (n 5 22) and

cerebrovascular diseases (n 5 3)

Parameter 6 rotations 5 rotations 4 rotations 3 rotations 2 rotations 1 rotation

Counts per pixel 33.6 (64.25) 28.3 (63.55) 22.7 (62.86) 17.2 (62.17) 11.5 (61.45) 5.9 (60.73)
Normalized CNR 1.00 (60.0) 0.99 (60.08) 0.96 (60.10) 0.92 (60.16) 0.84 (60.17)* 0.56 (60.25)*

*Versus 33.6 counts per pixel, P , 0.01.

FIGURE 7. Typical brain perfusion images using statistical
image analysis obtained at different counts in patient: reference
images obtained at 32.9 counts per pixel (A) and images obtained
at 6.2 counts per pixel (B). False-positives were observed in spe-
cific VOI (red border).

TABLE 2
Average and SD of Indices (Severity, Extent, and Ratio) at Different Counts per Pixel in Patients with Degenerative Nerve

Diseases (n 5 22)

Parameter 6 rotations 5 rotations 4 rotations 3 rotations 2 rotations 1 rotation

Counts per pixel 33.9 (64.45) 28.5 (63.72) 22.9 (62.99) 17.3 (62.28) 11.6 (61.52) 5.9 (60.77)
Normalized severity 1.00 (60.0) 1.01 (60.05) 1.05 (60.06) 1.05 (60.08) 1.07 (60.15) 1.50 (60.47)*
Normalized extent 1.00 (60.0) 1.00 (60.12) 1.11 (60.15) 1.18 (60.55) 1.11 (60.41) 2.34 (62.12)*
Normalized ratio 1.00 (60.0) 0.97 (60.11) 1.02 (60.14) 1.01 (60.51) 0.84 (60.28) 1.33 (61.17)

*Versus 33.9 counts per pixel, P , 0.01.
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But we considered the results of statistical imaging analysis
to be widely applicable to other devices because the analy-
sis reduces differences between devices by anatomic stan-
dardization and smoothing. The minimum acquisition count
can lead to precise diagnosis and shorter scan times. Fur-
thermore, in young patients, use of a minimum count is
expected to reduce radiation exposure by optimizing the
radiopharmaceutical dose. Therefore, in the future, it is
desirable to determine the minimum acquisition count, con-
sidering differences between devices.

CONCLUSION

On the basis of this comprehensive assessment of phan-
tom and clinical studies, we suggest that 23.6 counts per
pixel or more are necessary to maintain the quality of quali-
tative images and to accurately calculate indices of statisti-
cal imaging analysis. The proposed minimum acquisition
count will help raise the reliability of brain perfusion
SPECT, such as by serving as the criterion for reexamina-
tion or as a warning to the physician.
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KEY POINTS

QUESTION: What is the minimum acquisition count for
brain perfusion SPECT?

PERTINENT FINDINGS: In this phantom and clinical
study, the minimum acquisition count was 23.6 per pixel.

IMPLICATIONS FOR PATIENT CARE: The proposed
minimum acquisition count will help raise the reliability of
brain perfusion SPECT.
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The Complementary Role of 68Ga-DOTATATE PET/CT in
Diagnosis of Recurrent Meningioma
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Contrast-enhanced brain MRI is the imaging modality of choice in
diagnosis and posttreatment evaluation, but its role is limited in
distinguishing recurrent lesions from postoperative changes. 68Ga-
DOTATATE is a somatostatin analog PET tracer that has high affin-
ity to meningioma expressing somatostatin receptor. Methods: In
this case series review, we describe 8 patients with brainMRI show-
ing suspected recurrent meningioma who underwent focused
68Ga-DOTATATE PET/CT for radiation treatment planning. Results:
The combined brain MRI and PET/CT improved the conspicuity
of the lesions and aided radiation treatment planning. The time from
the initial surgery to PET/CT varied widely, ranging from 1 to 12 y.
Three patients underwent PET/CT shortly after the initial surgery
(1–3 y) and underwent targeted radiation therapy. Subsequent
imaging showed no evidence of recurrence. Four patients had a
prolonged time between the PET/CT and the initial surgery (7–12 y),
which showed an extensive tumor burden. All 4 patients died shortly
after the last PET/CT scan. Conclusion: 68Ga-DOTATATE PET
shows a promising complementary role in detection and treatment
planning of recurrent meningioma.

Key Words: meningioma; somatostatin receptor; DOTATATE;
octreotide
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Meningioma is the most common primary tumor of the
central nervous system, accounting for approximately 27% of
all intracranial tumors (1–3). On the basis of histologic features
and its local aggressiveness, meningiomas are grouped into 3
grades (I–III) on the World Health Organization (WHO) scale.
Although most meningiomas are grade I, factors such as mito-
ses and aggressive histology can predict a higher rate of recur-
rence (4). The most common locations of meningioma are the
sites of dural reflection, including falx cerebri, tentorium cere-
belli, and venous sinuses (5). Certain locations are associated
with increased morbidity and mortality and pose challenges in
treatment, regardless of grade.
The standard treatment for symptomatic meningioma is sur-

gical resection, with complete removal of the tumor being the
main determinant of its prognosis. Meningioma recurrence

requiring a second operation is a poor prognostic factor,
along with malignant degeneration of the recurrent tumors
(6,7). Radiation therapy is another treatment option for
malignant and recurrent meningioma, although its role in
benign meningioma remains controversial (7). Despite these
therapeutic options, the overall 10-y survival of benign
meningioma is 87%, and the 10-y survival for malignant
meningioma remains approximately 60% (8).
Contrast-enhanced (CE) MRI is the imaging modality of

choice in diagnosis, treatment planning, and postoperative
evaluation of meningioma. However, CE MRI has a limited
role in distinguishing recurrent tumor from postoperative
changes. (9) Meningiomas exhibit strong somatostatin receptor
expression, especially type 2, which can be detected by octreo-
tide-based scintigraphy (111In-octreotide SPECT [OctreoScan;
Mallinckrodt Pharmaceuticals]) (10,11). In the last decade,
68Ga-labeled somatostatin analog PET tracers have been used
in the diagnosis and staging of gastroenteropancreatic neuroen-
docrine tumor. Among them, 68Ga-DOTATATE has gained
growing popularity in imaging of meningioma given its high
specificity and nearly 10-fold increased affinity to somatostatin
receptor 2 (SSTR-2) compared with 111In-octreotide SPECT.
68Ga-DOTATATE PET/CT plays a complementary role in
imaging meningioma, including recurrent and residual lesions
(10,12–15).
In this article, we report our initial experience in using

combined brain CE MRI and 68Ga-DOTATATE PET/CT to
identify recurrent meningioma and aid radiation therapy.
We also discuss the potential theragnostic application of
68Ga-DOTATATE in management of recurrent or nonre-
sectable meningioma.

MATERIALS AND METHODS

This study was conducted under the approval of the institutional
review board. Patients who were diagnosed with recurrent menin-
gioma or were suspected of having recurrent meningioma in
2017–2021 were retrospectively identified.
Surveillance CE MRI with 68GaDOTATATE PET/CT was per-

formed on all patients. Brain MRI was performed on 1.5-T or 3-T
scanners under a routine MRI brain tumor protocol with multiple
sequences consisting of 3-dimensional T1-weighted, T2-weighted,
fluid-attenuated inversion recovery, diffusion-weighted, gadolinium
CE 3-dimensional T1-weighted, and T1-weighted spoiled gradient
echo. Dedicated brain MR images were interpreted by fellowship-
trained neuroradiologists. To further define the tumor burden and
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guide the subsequent treatment strategy, patients with suggestive
focal enhancement on post-CE MR images underwent 68Ga-
DOTATATE PET/CT.

68Ga-DOTATATE PET/CT of the head was performed 40 min
after intravenous injection of 185 (610%) MBq of 68Ga-DOTA-
TATE, with additional bone algorithm reconstruction CT images.
Head PET/CT images were sent to an independent workstation
(MIM Software, Inc.) for interpretation by nuclear radiologists
who were dually board-certified (American Board of Radiology
and American Board of Nuclear Medicine).
The ultimate diagnosis of meningioma recurrence was based on

imaging: on CE MRI, a dura-based enhancing focus at the surgical
bed or a new enhancing meningeal focus at other meningeal regions,
and on 68Ga-DOTATATE PET/CT, focal meningeal radiotracer
uptake with a corresponding dura-based mass on unenhanced CT.

The head PET/CT data were subsequently coregistered with high-
resolution 3-dimensional spoiled gradient echo brain MRI sequen-
ces for further localization.

RESULTS

Eight patients with a histopathologically proven meningi-
oma after surgical resection were identified (Table 1). Each
underwent CE MRI and 68GaDOTATATE PET/CT as a
part of the postsurgical surveillance.
One patient showed no evidence of disease recurrence on 2

consecutive PET/CT scans after surgical resection (patient 7)
and remained well as of his last clinic visit, without evidence of
recurrence. The remaining 7 patients had PET-positive recurrent
lesions corresponding to the findings visualized on CEMRI.

The time from the initial surgery
to obtaining the PET/CT scans varied
widely, ranging from 1 to 12 y (mean,
6.75 y). Three patients (patients 2, 6,
and 8) underwent the PET/CT in a rela-
tively short period from the initial sur-
gery (1, 3, and 1 y, respectively), and
both PET and MRI showed recurrence.
Plans for proton beam therapy and ste-
reotactic radiation therapy were adjusted
on the basis of the PET/CT findings.
The adjustments included changes in
the radiation beam entry point and the
trajectory of the radiation. The patients
showed improvement in tumor burden
on subsequent follow-up CE MRI and
were doing well as of the last clinical
follow-up visit, without evidence of
recurrence.
Four patients (patients 1, 3, 4, and 5)

underwent PET/CT after a longer time
from the initial surgery (12, 8, 10, and
7 y, respectively). Although octreotide

TABLE 1
Demography of Meningioma Patients

Patient
no. Sex

WHO
grade Age (y) Initial location Onset Treatment history

PET/CT
time (y)

PET/CT
findings

Follow-up
therapy Outcome

1 F 1 69 Right frontal 2005 Craniotomy 3 3,
CyberKnife
embolization

12 Positive Bevacizumab,
octreotide

Died

2 F 2 82 Right sphenoid 2016 Craniotomy 3 2 1 Positive 3 2 Proton beam
therapy

Survived

3 M 2 72 Bifrontal 2009 Craniotomy 3 3,
radiation therapy

8 Positive Octreotide Died

4 M 2 59 Left skull base 2008 g-knife 10 Positive Octreotide Died
5 M 2 77 Bifrontal 2012 Radiosurgery,

craniotomy 3 2
7 Positive Octreotide,

bevacizumab
Died

6 M 2 72 Left frontoparietal 2015 Craniotomy 3 1,
radiation therapy

3 Positive Proton beam
therapy

Survived

7 F 3 47 Right frontal 2008 Craniotomy 3 1 12 Negative 3 2 Surveillance Survived
8 F 1 68 Right skull base 2021 Partial resection 1 Positive Radiation

therapy
Survived

FIGURE 1. Multiple variable-sized, dura-based enhancing lesions exhibit somatostatin
receptor positivity on 68Ga-DOTATATE PET/CT. One tracer-avid bone marrow focus on
right frontal bone is concerning for meningioma transosseous infiltration (arrows). Maxi-
mum-intensity projection exhibits extensive tumor burden of recurrent meningioma.
Shown are CE MR image (A), 68Ga-DOTATATE PET image (B), low-dose CT image (C),
PET/MR image (D), PET/CT image (E), and PET maximum-intensity projection (F).
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therapy was initiated on the basis of the PET/CT findings,
all 4 patients showed an extensive tumor burden on the initial
PET/CT images and died shortly afterward.

Patient 1
A 69-y-old woman had a clinical history of recurrent WHO

grade 1 meningiomatosis and had undergone 3 craniotomies
and 1 course of CyberKnife (Accuray) therapy. CE MRI
revealed multiple recurrent meningiomas. To accurately evalu-
ate the recurrent tumoral burden, 68Ga-DOTATATE PET/CT
was performed. The combined brain MR and PET images
depicted multiple variably sized CE, somatostatin receptor–
positive meningiomas. The patient received embolization ther-
apy followed by bevacizumab and octreotide and died from
disease progression 1 y after the PET/CT scan (Fig. 1).

Patient 2
An 82-y-old woman had a history of WHO grade 2 atypi-

cal meningioma with invasion of the right temporalis muscle,
calvarium, and dura and had undergone subtotal resection. A
large, enhancing mass was confirmed on CE MRI. After sur-
gical resection of the tumor, 68Ga-DOTATATE PET/CT was
performed and showed recurrent disease at the surgical bed.
This recurrence was not identified on CE MRI because of
surrounding postsurgical changes. The 68Ga-DOTATATE
PET/CT findings led to repeat craniotomy and definitive pro-
ton beam therapy and were used to assist planning of the pro-
ton beam therapy. The patient remained free of residual
tumor after the radiotherapy (Fig. 2).

Patient 6
A 72-y-old man had a history of left frontal–parietal atypical

meningioma (WHO grade 2) and had undergone total tumor
resection. The 68Ga-DOTATATE PET images showed 2
recurrent foci at the vertex, which were not seen well on CE
MRI given their locations. Radiation therapy planning was
adjusted on the basis of the PET/CT findings, including
changes in the radiation beam trajectory. The patient received
6,000 cGy of external beam therapy and has been symptom
free since then (Fig. 3).

DISCUSSION

CE MRI is the imaging method of choice in the diagnosis
of recurrent and residual meningioma. However, its role is
limited as it cannot accurately distinguish viable tumors from
posttreatment changes. Somatostatin receptor is a G-protein–
coupled cell membrane receptor and can be activated by
somatostatin or its synthetic analogs. In the brain, expres-
sion of SSTR-2 has been observed in meningioma (11,16).
Although 111In-octreotide SPECT is a traditionally comple-
mentary imaging modality in surveillance of meningioma in
posttreatment patient populations, 68Ga-DOTATATE PET/
CT is shown to be more effective in imaging meningioma
given its high specificity and robust affinity to SSTR-2, with
a 10-fold increase compared with 111In-octreotide SPECT
(10,17,18). Accumulating literature has shown that PET/
CT ligated to 68Ga-DOTA analogs, including DOTATOC,

DOTANOC, and DOTATATE, has a promising role in identi-
fying and localizing meningioma and may play a complemen-
tary role in guiding therapy and predicting survival in select
patients (12–15,19–23).

68Ga-DOTATATE uptake can be seen in other primary
and secondary brain tumors besides meningioma, including
hemangiopericytoma and intracranial metastatic neuroendo-
crine tumor. The pituitary gland also demonstrates physio-
logic SSTR-2 expression, which could limit evaluation of
an adjacent meningioma in the skull base (24–26). Com-
bined molecular imaging with CE MRI is extremely helpful
in this setting, as it may help define the tumor margin and
avoid unnecessary exposure of the patient to radiation. We
implemented a bone reconstruction algorithm in our PET/
CT protocol to aid visualization of osseous tumoral infiltra-
tion, given its superiority in detecting subtle transosseous
involvement (27).

FIGURE 2. 68Ga-DOTATATE PET/CT/MRI series, adapted for
radiation therapy planning for proton bean therapy, showed
enhancing lesions centered at right temporal craniectomy site,
indicating residual tumor after subtotal resection. Three-year fol-
low-up CE MRI showed deceased size of tumor, indicating favor-
able response to radiation therapy. F/u5 follow-up.
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Our single-center experience with fusion of 68Ga-DOTA-
TATE PET/CT and CE MRI in a small cohort concurred
with prior work that demonstrated the vital role of a com-
plementary 68Ga-DOTATATE PET/CT scan in identifying
recurrent meningioma. For example, in patient 2—the
patient who had a WHO II meningioma that recurred after
initial craniotomy—follow-up 68Ga-DOTATATE PET/CT
demonstrated focal uptake suggestive of recurrence despite
no evidence of recurrence on CE MRI. This finding prompted
repeat craniotomy and targeted proton beam therapy. The
patient was clinically well as of the last visit, without evi-
dence of recurrence on follow-up CE MRI.

68Ga-DOTATATE PET may also provide therapeutic
potential in patients for whom surgery has a limited role.
The somatostatin receptor–targeted treatments consist of

octreotide and a peptide receptor radio-
nuclide. Clinical trials have shown the
role of long-acting somatostatin analogs
in inhibiting proliferation of meningio-
mas. Schulz et al. used 30 mg of octreo-
tide to treat 8 patients with a progressive
residual skull base meningioma after
surgery. The investigators found that
octreotide stabilized the progression of
a recurrent skull base meningioma
despite no convincible imaging evi-
dence of tumor regression (28). In our
small cohort, 4 patients received octreo-
tide therapy, with 68Ga-DOTATATE
PET/CT being used to identify potential
candidates for this pharmacologic ther-
apy. Unfortunately, all 4 patients died
shortly after initiation of the therapy,
probably because of a limited octreo-
tide therapy response due to the already
extensive tumor burden at the time of
diagnosis. Perhaps the treatment app-
roach with the greatest potential for
recurrent meningioma is somatostatin
receptor–targeted peptide receptor ra-
dionuclide therapy, which is a novel
theragnostic approach using either
b-emission 90Y or 177Lu agents. Clini-
cal trials for nonresectable and recur-
rent meningiomas have confirmed that
peptide receptor radionuclide therapy
has a promising role in the treatment of
unresectablemeningioma,with improved
progression-free status, and may be an
alternative approach for patients with an
unfavorable response to traditional ther-
apy (29–33).
Our small retrospective case series

had several limitations. Histopathologic
correlation of the 68Ga-DOTATATE
PET/CT findings was not available for

any of our patients, and the diagnosis was based solely on
visual inspection of brain CE MRI and 68Ga-DOTATATE
PET/CT images. We did not apply SUVs to aid the diagnosis,
since no standard imaging protocol for meningioma has
been established among the different institutions. Use of an
SUVmax cutoff of 2.3, as applied by Rachinger et al., to dif-
ferentiate tumor from tumor-free tissue is one example of
what can be tried in future studies (15). Another limitation is
lack of a direct comparison of the diagnostic performance of
brain MRI and 68Ga-DOTATATE PET/CT in lesion detec-
tion, given the lack of histopathologic evidence as a gold
standard and the nature of the study. Future large-scale, pro-
spective investigations of 68Ga-DOTATATE PET/CT in
diagnosis of recurrent meningioma need to overcome the short-
comings of this study.

FIGURE 3. In 68Ga-DOTATATE PET/CT/MRI series, CE MRI demonstrated enhancing
focus at parietal vertex, which exhibited PET avidity (red arrows). PET/CT was able to
identify another PET-avid focus at parasagittal left frontal region, indicative of recurrence
(green arrows).
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CONCLUSION

68Ga-DOTATATE PET/CT is a promising complemen-
tary molecular imaging tool in the detection of recurrent
meningioma. It may improve diagnostic accuracy and confi-
dence in guiding clinical management, particularly in surgi-
cally challenging patients. 68Ga-DOTATATE PET/CT also
serves a vital role in radiation therapy planning. With somato-
statin receptor–targeted therapy on the horizon, 68Ga-DOTA-
TATE PET/CT may aid in selection of appropriate patients
for peptide receptor radionuclide therapy, an emerging therag-
nostic approach in the management of meningioma.

DISCLOSURE

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

ACKNOWLEDGMENT

Part of the content was presented as an educational exhibit
at RSNA 2019.

KEY POINTS

QUESTION: What is the role of 68Ga-DOTATATE PET/CT
in imaging meningioma?

PERTINENT FINDINGS: For recurrent meningioma,
combined use of 68Ga-DOTATATE PET/CT may enhance
diagnostic accuracy and further guide clinical management.
It has great potential to improve treatment outcomes and life
expectancy.

IMPLICATIONS FOR PATIENT CARE: 68Ga-DOTATATE
PET and brain MRI play a complementary role in imaging
of complicated recurrent meningioma.
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B R I E F C O M M U N I C A T I O N

Making the Case for Brain 18F-FDG PET Subtraction
in Medically Refractory Epilepsy: A Novel, Useful
Tool—Practical Points?

Mehdi Djekidel

QMC, Farmington, Michigan

18F-FDG PET plays a major role in the presurgical evaluation of
medically refractory epilepsy patients. The current standard of care
is performing interictal evaluations of glucose metabolism. Use of
this method is related mostly to the tracer kinetics of 18F-FDG
because of a long uptake phase that would translate into ictal injec-
tions that have low sensitivity and low specificity and demonstrate
not only ictal but postictal changes. This limitation can be over-
come in some status epilepticus scenarios in which prolonged
seizures can then correlate better with 18F-FDG uptake kinetics. In
these cases, focal visual qualitative hot spots are suggestive of the
seizure-onset zone. However, by using advanced subtraction tech-
niques, the prolonged 18F-FDG uptake phase can be overcome in
a variety of other cases as well, opening the door to a slightly larger
set of patients who may benefit from this higher-resolution PET
method. This article presents 4 cases in which a novel subtraction
18F-FDG PET technique was used and elucidates its impact in
these specific cases.

KeyWords: brain PET; FDG; epilepsy; subtraction PET

J Nucl Med Technol 2022; 50:353–356
DOI: 10.2967/jnmt.122.264218

In about one third of epilepsy patients, the disease is resis-
tant or not well controlled on multiple medications (1–5). This
subset of medically refractory patients may have improved
outcomes with surgery (1,4–6). Surgical success requires accu-
rate delineation of the seizure-onset zone (SOZ). Imaging
plays a major role, with MRI, SPECT, and PET being essen-
tial elements of the work-up (1,7). The current nuclear medi-
cine standard of care for PET (1,2,5–8) is to image patients
interictally since the long uptake phase of 18F-FDG in contrast
to the short duration of seizures limits evaluation of the ictal
phase (8–11). On the other hand, ictal PET has been reported
in status epilepticus scenarios, in which prolonged seizures
can correlate better with slow 18F-FDG uptake kinetics (12).
In these cases, focal visual qualitative hot spots are suggestive
of the SOZ (12). Additionally, subtraction ictal–interictal
99mTc-hexamethylpropyleneamine oxime or 99mTc-ethyl

cysteinate dimer SPECT, not PET, is used successfully in
select cases because of the very short uptake phase—a
few seconds—of the cerebral blood flow SPECT radio-
pharmaceuticals (9–11,13). This article outlines the benefit of
using advanced imaging subtraction techniques with 18F-FDG
PET. Subtraction is defined as the difference between 2 time
points or 2 different conditions/states, and these can be rep-
resented by the ictal–interictal time points or 2 different ictal
or interictal phases along the continuum of the patient’s dis-
ease, including during the pre- and postoperative periods as
well as during and after a brain insult such as encephalitis.
Advanced semiquantitative or processing techniques are essen-
tial tools in the nuclear medicine epilepsy practice.
Use of advanced techniques allows one not only to under-

stand the SOZ but also to uncover propagation pathways and
the severity of the seizures (1,14–16). Subtraction 18F-FDG
PET is novel and can localize the SOZ for intracranial record-
ing or for surgical resection in lesional and nonlesional epi-
lepsy. It may also directly guide management or lesionectomy
if multiple lesions are present.
Subtraction ictal–interictal 18F-FDG PET was performed

in the current study. 18F-FDG PET scans were obtained in
the ictal and interictal phases after injection of radiopharma-
ceutical activities according to the guidelines of the Society
of Nuclear Medicine and Molecular Imaging and the Euro-
pean Association of Nuclear Medicine. Subtraction was per-
formed using MIMneuro software (MIM Software Inc.).
Both PET volumes and the patient’s most recent MRI were
coregistered. Subtraction of both PET scans was followed
by a cluster statistical analysis to define the area of highest
significance. The results were coregistered and displayed on
the patient’s MRI scan. The patient’s clinical and imaging
results were further evaluated at a multidisciplinary epilepsy
team meeting. MR images and 18F-FDG PET ictal and inter-
ictal scans were reviewed qualitatively. 18F-FDG PET scans
were also reviewed semiquantitatively using a reference
database control, with z score results displayed on stereotac-
tic surface projections (SSPs) of the patient’s MR images.
Subtraction 18F-FDG PET/MRI results were also discussed.

CASE PRESENTATION 1

A 6-y-old right-handed boy had intractable seizures,
which began at the age of 4 y. The seizure semiology was
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represented by tonic seizures of the upper limbs lasting
25–30 s and occurring about 30–40 times a day. General-
ized seizures also occurred twice a week. Historically, he
had a trial of 9 different antiepileptic drugs, and he was
currently receiving triple-antiepileptic-drug treatment. His
stay in the epilepsy monitoring unit revealed evidence of
focal epileptic seizures arising from the right frontal region.
Subtraction 18F-FDG PET was of

value in uncovering the SOZ in the
right Rolandic operculum (Fig. 1). A
small lesion was initially missed on
the MRI because of poor technique
and the subtle nature of the lesion and
was reported only on follow-up MRI
(Fig. 1) and only after the subtraction
PET revealed the lesion and SOZ. The
interictal 18F-FDG PET scan (Fig. 1A)
showed a somewhat large area of mild
hypometabolism in the right frontal
lobe (Fig. 1A). This area had slightly
improved metabolism ictally (pseudo-
normalization of glucose metabolism)
(Fig. 1B). Because there were no areas
of increased glucose metabolism on the
ictal PET, there was no obvious ictal
focus to report. However, the subtrac-
tion ictal–interictal technique revealed
the cluster of significance to be in the
right Rolandic operculum, correspond-
ing to the SOZ (Fig. 1). The subtraction
technique accurately detected the SOZ
and showed its extent, which was much
larger on the raw PET data.

CASE PRESENTATION 2

The second case was a 13-y-old boy
with intractable seizures. The onset of
seizures was at 1 y old in the form of
a febrile seizure. The first unprovoked
seizure was at 2 y old. The seizure
semiology was in the form of loss of
consciousness and loss of muscle tone
for about 10 s and occurring about
20–25 times a day. Historically, the
patient had a trial of 4 different antie-
pileptic drugs, and he was receiving 2
antiepileptic drugs during the current
work-up. His autoimmune and inflam-
matory workup findings were negative.
Interictal electroencephalography showed
left frontal slow disturbance and abun-
dant epileptic discharges arising from
the left anterior frontal region. Ictal
electroencephalography showed multi-
ple seizures, which began in the left
frontal region and spread to the right

frontal region. No generalized seizures were noted. The patient
was injected with 18F-FDG in the nuclear medicine department
approximately 1 min after having a seizure. Then, 2 min after
the injection, he had another seizure, and he had an additional
3 seizures during the remainder of the uptake phase before his
scan. MRI showed subtle loss of differentiation between the
gray matter and white matter in the entire left frontal lobe;

FIGURE 1. Axial (A), coronal (B), and sagittal (C) views of, from left to right, fluid-
attenuated inversion recovery MRI, T2-weighted MRI, diffusion-weighted MRI, sub-
traction 18F-FDG PET fused with T1-weighted MRI, and interictal 18F-FDG PET (in A);
ictal 18F-FDG PET (in B); or z score SSP of 18F-FDG PET hypometabolism (in C). Thin
white arrows show lesion missed on initial MRI. Thick white arrow shows mild hypome-
tabolism. Yellow arrow shows improved metabolism ictally. Blue arrows show cluster of
significance in right Rolandic operculum, corresponding to SOZ.

FIGURE 2. (A) From left to right: 2 basal and left lateral z score SSP views for each of,
respectively, preoperative cerebral blood flow 99mTc-hexamethylpropyleneamine oxime
SPECT image, postoperative cerebral blood flow 99mTc-hexamethylpropyleneamine
oxime SPECT image, and postoperative 18F-FDG PET image. Arrows show 18F-FDG
PET hypometabolism, which improved postoperatively. (B) Subtraction preoperative and
postoperative 18F-FDG PET/MR images displayed in coronal, sagittal, and 3 axial slices.
(C) Subtraction 18F-FDG PET/MR images in all 3 planes showing 2 sites of clusters of sig-
nificance in left frontal and left parietooccipital lobes. Arrows show 2 potential areas for
SOZ. On color scale, yellow-red indicates hypermetabolism and blue-purple indicates
hypometabolism.
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this finding was most apparent after review of the 18F-FDG
PET scan, but the scan findings were initially reported as un-
remarkable. However, no anatomic or
morphologic changes were discernable
in the left parietal or parietooccipital
regions. Additionally, no obvious ictal
region with increased glucose metabo-
lism was noted.
In this case, the raw interictal and

ictal 18F-FDG PET data showed a
much higher sensitivity at detecting
left-hemisphere abnormalities, which
were very subtle on the MRI. Addition-
ally, SSPs showed changes in metabo-
lism across the entire brain and how they
changed during the ictal phase. The sub-
traction technique allowed identification
of 2 potential areas for the SOZ in the
left frontal and left parietooccipital lobes
(Fig. 2). This identification guided patient
management significantly by defining
the SOZ better than was possible on
the MRI and raising the possibility of
multifocal seizures, as well as allow-
ing for improved selection of the proper

surgical approach (lesionectomy, disconnection, or other),
including contemplation of intracranial mapping that would
cover both seizure clusters.

CASE PRESENTATION 3

The third case was a 40-y-old man with medically refrac-
tory epilepsy due to prior encephalitis. The seizure semiology
consisted of simple partial visual seizures, which started when
the patient was in his 30s. There were no generalized seizures.
18F-FDG PET scans were performed ictally and interictally.
Ictal 18F-FDG PET (Fig. 3B) did not show any areas sugges-
tive of increased glucose metabolism when reviewed as a
single study or even when compared with a reference
database. Persistent hypometabolism was seen, but when
compared with the interictal exam (Fig. 3A), hypometabo-
lism showed improvement in the left occipital region ictally.
Therefore, there was a so-called relative increased glucose
metabolism ictally that was uncovered only when compared
with the interictal study. The subtraction technique clearly
uncovered and defined a cluster of significance in the left
occipital lobe (Fig. 3C), as looking at the ictal 18F-FDG
PET alone showed changes in the SOZ and along the propa-
gation pathway (network effect). Pseudonormalization can
also occur in other areas of the brain, hence the value of
the subtraction technique. In essence, the ictal 18F-FDG
PET scan as an independent examination is limited. How-
ever, this limitation can be overcome through comparison to
the interictal scan and especially with advanced techniques
such as statistical mapping and subtraction using healthy
controls as demonstrated here (Fig. 3).

FIGURE 3. (A) Three-dimensional SSPs showing significant
areas of hypometabolism in left occipital lobe interictally. (B)
Three-dimensional SSPs showing no areas of hypermetabolism
in left occipital lobe ictally or elsewhere; however, severity of
hypometabolism in left occipital region has diminished (pseudo-
normalization of glucose metabolism). (C) Subtraction ictal–inter-
ictal 18F-FDG PET/MR image showing cluster of significance in
left occipital lobe (SOZ).

FIGURE 4. (A) From left to right: 2 basal and left lateral z score SSP views for each of,
respectively, preoperative cerebral blood flow 99mTc-hexamethylpropyleneamine oxime
SPECT image, postoperative cerebral blood flow 99mTc-hexamethylpropyleneamine
oxime SPECT image, and postoperative 18F-FDG PET image. Arrows show 18F-FDG PET
hypometabolism, which improved postoperatively. (B) Subtraction preoperative and
postoperative 18F-FDG PET/MR images displayed in coronal, sagittal, and 3 axial slices.
(C) Left: intracranial mapping with grid, strip, and depth electrodes; right: z score hypo-
metabolism on preoperative 18F-FDG PET images.
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CASE PRESENTATION 4

The fourth case was a 10-y-old right-handed girl with
intractable epilepsy of the left temporal lobe after removal
of that lobe and left medial amygdalohippocampectomy.
Her seizures started at the age of 5 y. She continued to
have seizures after the surgery, with a similar semiology
to the preoperative seizures. Scalp electroencephalography
recordings after surgery showed a mild, focal, intermittent
slow disturbance of cerebral activity in the right frontotem-
poral region, as well as a multifocal epileptic abnormality
seen independently in the left and right anterior head regions.
During her stay in the epilepsy monitoring unit, 6 stereotyped
seizures were noted, with no definite localizing or lateralizing
features. Some seizures were associated with subtle d-slowing
in the bifrontal region, at times with left frontopolar predomi-
nance, whereas others were associated with a clear right fron-
totemporal postictal slowing. These consensus findings from
the multidisciplinary epilepsy team suggested a deep left hemi-
spheric epileptogenic focus (orbitofrontal vs. insular), although
an independent right-sided focus could not be excluded, con-
sidering the electroencephalogram findings. A further evalua-
tion with invasive recordings was performed to further localize
the SOZ. Before intracranial mapping, interictal postoperative
18F-FDG PET was performed (Supplemental Fig. 1; supple-
mental materials are available at http://jnmt.snmjournals.org).
Subtraction images of pre- and postoperative interictal 18F-
FDG PET scans (Fig. 4B) excluded any focus in the contralat-
eral right hemisphere, allowing intracranial grids, strips, and
depth electrodes to be placed in the left hemisphere only (orbi-
tofrontal, left insular, left cingulate and left posterior temporal
regions) (Fig. 4C). Subtraction also suggested that the SOZ
extended posteriorly in the left temporal lobe (Fig. 4B). Con-
tralateral right-sided medial temporal lobe hypometabolism
seen on the preoperative 18F-FDG PET scan improved postop-
eratively (Fig. 4A arrows). This change was reported to be
associated with better Engel outcomes.

CONCLUSION

18F-FDG PET subtraction techniques offer a significant
advantage over traditional interictal 18F-FDG PET evalua-
tions and can be used successfully to delineate the SOZ and
guide the management of medically refractory epilepsy
patients. It is hoped that the results of the current study will
encourage wider use and larger datasets for proper compari-
son and further expansion of the pool of patients who may
benefit.
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KEY POINTS

QUESTION: Can advanced novel PET imaging techniques
impact clinical management in medically refractory epilepsy
patients?

PERTINENT FINDINGS: Advanced 18F-FDG PET
subtraction techniques allow better delineation of the
SOZ in medically refractory epilepsy patients.

IMPLICATIONS FOR PATIENT CARE: Advanced 18F-FDG
PET subtraction techniques enhance clinical management
in medically refractory epilepsy patients.
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A higher degree of emotional intelligence among health professio-
nals has been shown to result in better patient care and improved
well-being of the health professional. For nuclear medicine, the
emotional competence of staff and emotional proficiency of institu-
tions are important expectations. Nonetheless, there is a paucity of
material outlining purposeful honing of emotional intelligence, or the
tools for such development, across the literature. Although the hid-
den curriculum provides powerful and authentic educational oppor-
tunities, incidental or accidental (organic) capability development
does not benefit overall professionalism. Deliberate curricula can be
achieved through a scaffold of emotional training and immersion
programs that allow the nuclear medicine student or practitioner to
recognize and foster emotionally safe environments. This requires
careful planning to drive the emotional intelligence pipeline. Central
to this is an understanding of learning taxonomies. There remain
substantial gaps between the most and least emotionally insightful
that could be addressed by rich immersive activities targeting emo-
tional proficiency among students and the graduate workforce.

Key Words: emotional intelligence; personality; conflict resolution;
interprofessional relationships
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When the interaction between health professionals and
patients is positive, there is an improvement in compliance,
satisfaction, and outcomes for the patient, and clinical deci-
sions and leadership are enhanced for the health profes-
sional (1–3). Importantly, a higher degree of emotional
intelligence among health professionals has been shown to
result in better patient care and improved well-being for the
health professional (4). Interestingly, one study used an
emotional intelligence inventory to report that, among
nearly 2,000 diagnostic radiography workers, the highest
emotional intelligence was among mammographers and the
lowest was among nuclear medicine technologists (5).
Emotional intelligence is the acuity of one’s own and of

others’ emotions and the use of this acuity to shape actions,
guide attention, and focus motivations with a view toward
gaining more productive interactions (6). There are 4 general

aspects of emotional intelligence (6): the emotions need to be
expressed, contextualized, understood, and controlled (6).
Generally, scores for emotional intelligence will be expressed
from a global context (overall emotional intelligence) and
then from subcategories that include emotionality, sociability,
self-control, and well-being. In the often-stressful health-care
setting, emotional intelligence among health professions
affords situational awareness and the ability to modify inter-
actions to produce more emotionally safe environments for
colleagues, self, and patients. In turn, this ability creates more
productive, effective, and satisfying interactions. Central to
developing emotional intelligence is a rich understanding of
and interplay between personality traits: one’s own and those
of others. It is also important to recognize that emotional
intelligence can be associated with intuitive or organic apti-
tude but can be learned, honed, and engineered for a purpose.
There is a comprehensive inventory of tools and battery of

techniques to hone one’s emotional intelligence. These range
from mindfulness or meditation exercises through purpose-
built training programs. In this article, enriching the under-
standing of individual personality traits and the dynamic
between interacting individuals will be explored as one such
tool and technique aimed at providing higher-order emotional
taxonomies. Central to capability building in emotional intelli-
gence and unpacking personality traits is the capability of
health professions to be critically and deeply reflective.
Despite the value and importance, there is a paucity of litera-
ture providing insights into educational initiatives to develop
foundations of emotional intelligence among health professio-
nals, including undergraduate nuclear medicine students.

STREAMLINED PERSONALITY INVENTORY

Generally, personality refers to the characteristics or traits
that an individual exhibits when interacting with others (7).
Health professionals such as those in nuclear medicine inter-
act with patients and colleagues on the basis of spontaneous
and unconscious impressions of personality. Clearly, these
impressions rely on intuition, lack context, and may lack
insight, especially when made under stress (observer or the
observed). Indeed, bias and prejudice are likely to confound
these interpretations and interactions. For some, informal or
formal learning associated with psychology might afford
improved accuracy and outcomes. Nonetheless, there remains
a paucity of formal training and structured experience in
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understanding personality and applying such insights with
emotional intelligence to produce positive relationships and
effective conflict resolution. Confounding attempts to develop
emotional intelligence is a wide variety of models for classi-
fying personality, varying degrees of complexity of the same,
and contradiction among the models. Furthermore, interac-
tions with patients and colleagues might be fleeting, affording
little chance for rigorous baseline and trait evaluation. The
application of the science associated with personality psychol-
ogy does not fit the fluid environment in which potential ben-
efits could be produced.
There is a requirement, therefore, to develop an intuitive

model that requires a foundation of theoretic insight applied
in the dynamic environment. Personality traits and subtraits
are complex, and a usable model requires simplification with-
out losing accuracy. There needs to be recognition that any
individual may have a mix of personality traits that may
change weighting in different situations. The value of honing
both the science and the art of emotional intelligence is that
emotional competence improves interactions with patients
and colleagues, which is vitally important in a patient-facing,
personalized medicine environment. Although these insights
do not allow changing of the personalities of others, emo-
tional intelligence allows health professionals to adjust patient
care or communication to better fit the individual patient: per-
sonalized care. In a study of women with breast cancer, inves-
tigators showed that understanding patient personality traits
allowed more appropriate patient care and interventions (8).
Emotional intelligence might be thought of as the capability
of using casual impressions to objectively predict traits to
inform adjustments to communication in real time while
being conscious of the nuances associated with personality,
the lack of detailed evaluation inventory (e.g., validated ques-
tion bank), and the potential for a wide variety of biases.
Application of emotional intelligence training and provid-

ing students or practitioners with a framework for real-time
personality trait assessment needs context. Importantly, these
simplified tools vary substantially with intuition and experi-
ence and assume the absence of personality disorders. Fur-
thermore, manifestation of personality traits and behaviors
will vary with increasing levels of stress for both patients and
colleagues (e.g., patient is confronting serious illness). Finally,
the health professional observing, or the patient or colleague
being observed, can be functioning in varying levels of emo-
tional intensity (magnitude with which emotions are experi-
enced or felt), emotional flux (frequency with which different
emotions are experienced or felt), and emotional density (con-
centration of different emotional stimuli in the environment)
or could be confronting emotional exhaustion (burnout), all of
which influence the emotional acuity.
There are several well-recognized compact inventories for

personality evaluation. At a very rudimentary level, a 2-trait
approach might classify individuals as introverts or extroverts.
The big 5 using the OCEAN acronym is also common and
classifies individuals using the traits openness, conscientious-
ness, extraversion, agreeableness, and neurosis (9). A variation

on this model adds honesty as a sixth trait and modifies neuro-
sis to emotionality (HEXACO: honesty–humility, emotional-
ity, extraversion, agreeableness, conscientiousness, openness
to experience). A useful 4-trait model using the acronym
DISC classifies individuals as a mix of the traits dominance,
influence, steadiness, and compliance. The DISC model will
be discussed in more detail below.

EMOTIONAL INTELLIGENCE PIPELINE

There are similarities between the emotional intelligence
pipeline and the cultural proficiency pipeline previously
reported (10). At the foundation of patient care and interpro-
fessional relationships is emotional safety. Patients and staff
value emotionally safe places characterized by respect. To pro-
vide an emotionally safe environment requires more than
emotional knowledge and awareness, it demands emotional
intelligence through engagement with values and attitudes
(Fig. 1). Part of emotional safety in nuclear medicine is related
to education of the health professional. The unequal power
relationships between health practitioners and patients, and
among colleagues, contributes to communication asymmetry.
Broadly, emotional competence is the capacity to respond

to variations in emotional needs, values, styles, and circum-
stances. This includes understanding and respecting varia-
tions in individual beliefs, values, preferences, behaviors,
thresholds of tolerance and resilience, expectations, compli-
ance, and attitudes. Emotional competence is an important
strategy for addressing communication asymmetry and
potential conflict for patients and colleagues but requires
more than emotional awareness. Emotional competence is
the attitudes and behaviors, reinforced through policy and
practice, that enable effective productive relationships and
effective communication among individuals.
Success in building an emotionally competent health

workforce is constrained by a lack of consistent definition
and language around emotional competence and lack of
evidence of training impact or appropriate performance
indicators. Emotional competence requires mastery of the
capacity for self-assessment, critical reflection, management
of emotional dynamics, emotional knowledge, adaptation of
actions, recognition of emotional differences, and under-
standing the impact difference makes. Recognizing emo-
tional difference and understanding the value that those
differences bring to interactions is an important part of
emotional competence (Fig. 1). This quality allows easy
demarcation from lower levels of emotional development,
where differences might be seen as opportunity for exploita-
tion (e.g., bullying) or be inappropriately responded to.
Emotional proficiency demands the same capabilities at
individual and institutional levels but also requires capacity
for emotional humility. Beyond the capabilities of emo-
tional competence, emotional proficiency recognizes differ-
ences and is equipped to respond effectively and affirmingly
both individually and institutionally (Fig. 1).
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EMOTIONAL INTELLIGENCE TRAINING

Using stand-alone emotional intelligence workshops for
health-care workers and students, there have been initiatives
that may be seen to satisfy human resource–driven perfor-
mance metrics to build emotional awareness. More effective
programs might develop stronger insights through rich and
deep understanding. The journey through emotional awareness
to emotional competence or proficiency requires more struc-
tured and deliberate learning. Relying on organic development
of emotional intelligence among students as they progress
through their studies and training has been shown to fail in
radiography students, with no difference in emotional intelli-
gence metrics among students followed across 3 y of study at
multiple institutions (11). At Charles Sturt University, under-
graduate nuclear medicine students are provided a preliminary
workshop creating awareness and understanding associated
with emotional competence. The knowledge is enriched with
immersive exercises that are linked to reflective tasks to con-
nect the learning with experience. Students are then released
into the clinical environment, where further application and
reflection are used to hone emotional intelligence.
The journey for students and health professionals to cul-

tural competence is richer through a cultural immersion
style of learning but also relies on appropriate learning tax-
onomies. Both undergraduate and continuing education
training programs across a wide array of topics adopt a cog-
nitive focus. Bloom’s cognitive taxonomies are effective to
scaffold the learning at lower-order capabilities such as
knowing and understanding. Progression to emotional acu-
ity and emotional safety requires attention on Bloom’s
affective domain, where feelings, attitudes, and values are
scaffolded. The step to emotional competence and profi-
ciency requires command of the capabilities of Bloom’s
taxonomies in the psychomotor domain. Here, the emphasis
is on behaviors, skills, and actions (Fig. 1).

THE CHARLES STURT UNIVERSITY EXPERIENCE

At Charles Sturt University, nuclear medicine students par-
ticipate in workshops that build emotional intelligence and
capabilities using the DISC 4-trait model (12). DISC is an
acronym for dominance, influence, steadiness and compliance

although the S has also been defined
as social or submission. Classification
relies on behavior around risk, pace,
focus, self, and response among others.
Although useful as a real-time tool,
experience suggests that the language
introduces bias. Dominance is often
viewed as a negative trait, and there is
frequently, among students, an inclina-
tion to deny having a high degree of
dominance as a trait. Indeed, domi-
nance can be associated with bullying
and rudeness but it can also produce
leadership and decision making beyond

the other 3 traits. Conversely, influence is often seen posi-
tively as having an impact on others, and students are eager
to associate themselves with this trait without considering the
deeper meaning. Often, students take offense at being classi-
fied as steady or compliant, seemingly implying a boring per-
sonality. It is only with deeper immersion in the Charles Sturt
University workshop that students appreciate the strengths
and weaknesses of each trait and the complex interplay and
balance of traits each individual exhibits.
The foundation of the emotional intelligence program at

Charles Sturt University is knowledge development, with
students learning the theory associated with both emotional
intelligence and personality trait assessment. This knowl-
edge is delivered at Charles Sturt University via a tutorial
and actually represents the cognitive portion of the taxono-
mies. Scaffolded to the knowledge is the development of
values and acuity in 2 phases, the first being through a
workshop and the second via authentic clinical experience
with reflection. Ongoing application of the knowledge and
skills in the clinical environment, especially during final-
year clinical placement and the early years as a qualified
practitioner, lead to (for some graduates) emotional compe-
tence. Emotional proficiency is modeled in the hidden cur-
riculum throughout the course at Charles Sturt University
and reflects institutional emotional proficiency.
The DISC program delivered at Charles Sturt University is

not a detailed personality tool but rather provides insight into
individual styles to allow prediction of behaviors and an indi-
vidual’s (including self) general approach using an accessible
and easily interpreted model. Nonetheless, DISC does not
reflect knowledge, skills, or intelligence. There is a diverse
array of applications of the skills and capabilities developed
in this program. From a student context, including shortly
after graduation, it can be used to improve interactions with
colleagues and patients to produce more productive outcomes
and, in doing so, becomes a powerful career development
tool. Charles Sturt University students also use the DISC pro-
gram to enrich self-awareness and to manage conflict or diffi-
cult personalities. This is especially powerful for students or
junior staff navigating stressful or hostile clinical environ-
ments where they may feel disempowered at the lower end of
the hierarchy. In recent research among student diagnostic
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difference
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actioned and

embedded
cultural shift)

Communication asymmetryPrejudice Emotional safety

Cognitive Domains
(knowledge)

Affective Domain
(values)

Psychomotor Domain
(actions)

Thinking, knowing & understanding.
Contextualize, strategize & synthesis.

Accept, value, communicate, respond,
adopt, organize, justify & influence.

Recognize, manipulate, supervise,
conduct, organize, manage & design.
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FIGURE 1. Bloom’s taxonomymapped against emotional intelligence proficiency pipeline.
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radiographers, 21% indicated that the clinical environment
negatively impacted their well-being associated with emotion-
ally challenging situations (13). Within the clinical dynamic,
these tools can be used for conflict resolution, avoiding con-
flict, producing productive teams, and driving staff morale.
Leadership and management can adopt these same tools to
recruit the right staff members who will assimilate best into
the established workforce and environment, to drive cultural
integration, to inform performance management, and to rede-
ploy staff when necessary.
Students are challenged to see the advantage in modify-

ing one’s own behaviors to optimize interactions with
others. Nonetheless, it is not immediately apparent that a
given individual has the range of behaviors to cope with the
complexity and variability of patient and colleague interac-
tions. Before breaking down the characteristics of each of
the 4 DISC traits, recognition should be made that no trait
is better or worse than others, that we all have a mix of all
4 traits, that most of us have 1–2 traits that predominate,
that the trait predominance can change with environments,
and that there is a large range of subtraits to consider. For
example, in the absence of a dominant “I” in a working
environment, a typical “S” may morph into an “I” in that
environment. Similarly, a “C” may manifest an inner “D”
in the absence of a “D” in the working environment.
Dominance is associated with assertiveness, control, and

power. The typical “D” wants to be in charge and have the
authority to make decisions. A “D” is task-focused and
results-focused. Decision making is quick and decisive. A
“D” enjoys change and challenges but can lack emotion and
can be overbearing, too ambitious and competitive, skepti-
cal, suspicious, and aggressive, particularly when targeting
a goal. Harnessed appropriately, a “D” can be a good leader
and decision maker who thrives in challenging environ-
ments but without considering consequences (including
human) before actions. The typical “D” is expressive and
extraverted, which can produce communication challenges.
Communication lacks detail, is instructive, and can be
uncontrolled. When interacting with “D” patients or col-
leagues, one should focus on results and outcomes, avoid
detailed explanations, be prepared by understanding all
available information, be assertive and strong so as to not
compromise that which is important, be flexible and accom-
modating and not take anything personally, and give them
ownership of an idea to generate vigorous support. Under
stress, a “D” can be abrupt, blunt, aggressive, loud, irratio-
nal, and rude and can revert to bullying.
Influence is associated with communication style and

social interactions. An “I” likes to be the center of attention;
is enthusiastic and often talkative, animated, persuasive, and
optimistic; interacts positively in most situations; is inter-
ested in the emotions and feelings of others; is a confident
and good communicator; and adapts to new environments
fairly well. Being motivated by relationships and the need to
feel accepted, an “I” does not cope well with rejection or
exclusion. Although warm and relaxed, “I” individuals do

not fit structured environments and follows their own path
without considering consequences. When interacting with
“I” patients or colleagues, one should be assertive to get
them focused, provide praise and approval, utilize their
enthusiasm and energy, and be personal and friendly. Under
stress, an “I” becomes more talkative, gets flustered, loses
focus, imparts blame, sulks, and can become dramatic.
Steadiness is associated with patience, persistence, and

thoughtfulness. An “S” is relationship-focused and enjoys
teamwork but thrives in relaxed, calm, and supportive envi-
ronments; does not like change or confrontation; and prefers
to have time to plan and execute tasks. An “S” is gentle,
open, warm, sympathetic, supportive, and introverted; gener-
ally has a small circle of trusted friends; and looks to more
socially assertive people to initiate relationships. An “S” has
the highest organic level of emotional intelligence; is a good
listener, dependable, and loyal; and is good at laborious tasks
but needs a support network. Although “S” individuals toil
away at tasks, they do not like interruption, tend not to like
multitasking, adapt slowly to change or new environments,
and can be slow at completing tasks. When interacting with
an “S,” one should provide reassurance and support, be
patient and calm, not introduce surprises, provide detailed
information, be organized, and make eye contact during com-
munication. Under stress, an “S” becomes emotional, socially
withdrawn, and indecisive and will lose confidence.
Compliance is associated with structure and organization.

A “C” sets high standards, likes having time to achieve
excellence, is persistent, is eager to improve, and focuses on
the detail. “C” individuals can appear emotionally discon-
nected, impassive, and cold, but this appearance relates to
control and reluctance to unnecessarily reveal themselves or
information. They are ambitious but use structured rules
rather than assertiveness to progress. They are organized and
quick-thinking but structured and logical, which means they
need certainty before proceeding (risk-averse). A “C” is pas-
sive socially, naturally suspicious of others, and develops
relationships associated with mutual interests. “C” individu-
als appreciate (demand) detail, value accuracy and precision
(will correct errors others think are inconsequential), are
cooperative, and prefer compromise over confrontation.
Interactions with “C” individuals require accuracy, patience,
consistency, confidence, and a clinical approach (unemo-
tional) but can be enhanced by setting time limits on tasks,
praising their expertise, and helping them see the broader
context. Under stress, a “C” will become critical, shut down,
and stop communicating.
Armed with these insights, students undertake several

reflective exercises that require identification of traits
among classmates, authentic clinical experiences in which
patients or colleagues exhibited specific traits, and identifi-
cation of one’s own balance of traits. When patients are an
“I,” for example, they may be ignorant of the test and pur-
pose, will answer questions in a convoluted fashion that
may be a complete tangent, and are likely to forget informa-
tion told to them. Communication needs closed questions or
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limited-choice questions, staff need to be assertive without
being impatient, explaining the process in stages and having
the patient repeat instructions back, and instructions might
need to be written down. A “D” might be aggressive, try to
take charge, and give the impression that staff are an incon-
venience. Assertiveness is required without being unprofes-
sional, and one should stay focused, provide a concise
explanation, and not take it personally. An anxious patient
exhibiting traits of a “C” or “S” could appear distracted and
noncommunicative. Here, open questions might be used to
draw the patient out. Eye contact, a friendly disposition,
and reassurance is needed to gain confidence and trust. A
summary of DISC traits and actions is outlined in Table 1
and Figure 2.
Students are challenged to consider interactions between

dominant traits and compatibilities. This reflection should go
beyond the clinical environment to include relationships asso-
ciated with sport, family, and friends. For example, a classic
“D” or “C” is effective in individual sports and in working
alone whereas “S” and “I” personalities are more receptive to
a team environment. Although a “D” and an “S” are opposites,
they can also be complementary, remembering that an “S” will
look to a “D” or “I” to initiate a relationship. Nonetheless, stu-
dents generally identify situations in which an “S” is directly
or incidentally bullied by the actions of a “D.” Although a “D”
and a “C” are task-focused, they can clash over structure,
pace, process, and detail. A “D” can assume the credit for a
group task, whereas a “C” in the group will covertly manipu-
late the environment to not only reveal the error but also
expose the actions of the “D.” Group work is a key capability
in any undergraduate course, and students quickly adapt their
understanding of DISC to reflect on group dynamics: the “D”
who takes over the project, the “I” who wants to be center
stage without contributing, the “S” who brings snacks to make
everyone feel better, and the “C” who tries to redo the work of
others to a higher standard. The complexity of this simple
4-trait model and the richness of its use are exhibited in the
following reflection (from a student assessment):

I identify all 4 traits as dominant in different scenarios. The
nature of my work in radiation really draws out the “C” in
me, and it has allowed me to excel in my career. Realizing
I have been overlooked for leadership positions, I have
been consciously tapping into my inner “S” and “D” at var-
ious times. This is fairly natural because I lean on my “D”
characteristics when I play sport, including as team captain,
and I fill the otherwise vacant “S” role among my family
that has been referred to as the glue keeping everything
together. But I have a narrow circle of trusted friends
among whom I feel safe enough to lower barriers, and that
is when my inner “I” is revealed. Otherwise, I am socially
withdrawn in the absence of alcohol. Sometimes I felt like
multiple people, and certainly people in different aspects of
my life see me very differently, but it was not until I under-
stood DISC that I could provide this insight; until now,
these different trait manipulations were accidental. I also
see now that my strongest relationships are built with those
that are predominantly “S,” I clash strongly when a “D” is

aggressive or rude to others, and without clashing, I tend to
be irritated by those that are predominantly “I.” When chal-
lenged, stressed, or confronted, my default position is the
safety of my inner “C.”

A key part of patient care, good teamwork, and emotional
intelligence is the ability to listen and observe. An “S” and
a “C” tend to be good listeners, observant, and appreciative
of detail. Conversely, a “D” and an “I” are poor listeners
and pay little attention to detail. Nevertheless, an “I” and a
“C” together are best equipped to convert this knowledge
(cognitive domain) to actual emotional intelligence (psy-
chomotor domain). To be better health professionals and
colleagues, there is a need to balance the 4 traits to ensure
that, regardless of predominance, there is enough balance in
other traits to ensure emotional intelligence.
One of the intriguing aspects of DISC for students study-

ing science-based courses is the conversion of the DISC
model from psychology to biology. Although DISC was
developed in 1923, 2005 saw the development of the Fisher
temperament inventory (14), which classifies personality
traits on the basis of biochemical predominance. Fisher
identifies 4 key traits (Fig. 3): directing, exploring, negotiat-
ing, and building. Directors are testosterone-dominant, with
a tendency to be logical, decisive, and skeptical and to have
a direct communication style that is very much like the “D”
trait in DISC. Explorers are dopamine-dominant, with a ten-
dency to be risk takers, creative, spontaneous, energetic,
optimistic, and impulsive, as aligns closely with the “I” trait
of DISC. Negotiators are estrogen-dominant and rely on
social skills, empathy, and relationship building, as matches
the “S” in DISC. Builders are serotonin-dominant and like
structure, routine, and conformation to rules, as is similar to
the “C” in DISC. Fisher uses these traits to describe com-
patibility among romantic partners, for whom opposites
attract and like attracts like. That is, other than attraction
between people with the same trait, builders and explorers
attract and directors and negotiators attract. This recognizes
the same opposition in DISC, with “D” and “S” being
opposites but often forming productive teams or relation-
ships whereas the “C” and “I” of DISC mirror the builders
and explorers of the Fisher temperament inventory.
Whether biochemical or psychosocial, a degree of care
needs to be exercised when managing conflict or teamwork
between DISC-based “C” and “D” traits (builders and
directors in the Fisher temperament inventory) and between
“S” and “I” traits (negotiators and explorers in the Fisher
temperament inventory).

CONFLICT RESOLUTION

Communication is the key to emotional intelligence and
conflict resolution. Although there are several approaches to
conflict resolution, emotionally intelligent people will focus
on the issue, not the person, and will be honest, assertive
but controlled, and agreeable and understanding. They will
listen and acknowledge all perspectives, avoid being drawn
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into an argument, offer blameless but sincere apology, and
provide action. As an exercise, students at Charles Sturt
University are asked to role-play a variety of scenarios of
conflict with patients or colleagues. They are encouraged to
consider the context and draw on authentic experiences to
explain exactly how they feel, describe the specific action
that made them feel that way, and describe the impact this
or repeated incidents will have. This method creates
accountability without the need for assertiveness. For exam-
ple, an event that is not so uncommon is a student being
openly criticized or rebuked in front of staff or patients.
Disempowered students lack the inventory to express their
concerns or to challenge the behavior, with a possible result
being that they learn and repeat these behaviors when they
are supervising students in the future. An understanding of
DISC allows an emotionally intelligent student to identify
specific traits and likely drivers and to privately express
something to the effect of “I appreciate your feedback and
interest in helping me develop my clinical skills, but when
you openly criticize me in front of patients I feel humiliated
and unprofessional, which undermines my confidence and
the respect patients and other staff have for me.”

Unsurprisingly, conflict resolution can adopt several strat-
egies that align with the characteristics of the various DISC
traits (Fig. 4). Emotional intelligence allows improved con-
flict resolution by finding a balance or middle ground. The
compromise accommodates the DISC traits of all parties
involved in the conflict and provides a model for proactive
prevention of conflict. Emotional intelligence at the initia-
tion of group work, for example, allows preemption of
issues and mitigation of initiated actions.
Students at Charles Sturt University are challenged to

understand their own personality traits and communication
style more deeply. Although real-time analysis is useful in
honing interpersonal skills as described above, a strong foun-
dation underpinned by deeper insight into self ensures that
interactions and conflict resolution are initiated from a sound
platform. Table 2 provides a series of descriptors for DISC
traits. With omission of row 1 in the table, so that students
would not know which descriptors apply to which traits, the
students would be asked to check off those that apply to
themselves. A simple summation of the number of ticks in
each column represents the weighting of the DISC trait. Once
students have determined and debated their balance of traits,
they should be challenged to consider how they might best
modify their own behaviors in order to get the most out of
interactions with others, including those with the same trait
dominance (Table 3). These then become the foundation for
authentic capability development in the clinical environment,
and students are encouraged to reflect on their learning, their
interactions, and how emotional intelligence helped or could
have improved the scenario. This represents honing of the
psychomotor skills required for emotional competence.
Students need to consider their own dominant traits and

learn to modify their behavior to accommodate the needs of
patients and staff. For example, students with predominantly
“D” traits are likely to clash with most patients and staff
through ego, impatience, or communication differences.

FIGURE 4. Task- vs. people-focused conflict resolution strate-
gies match closely those of DISC.

FIGURE 2. Characteristics of DISC traits.

FIGURE 3. Characteristics of Fisher temperament inventory
traits match closely those of DISC.
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When dealing with staff or patients who are any of the 4
DISC traits, the students would be wise to channel their “S.”
Conversely, if students are predominantly an “S” and work-
ing in an environment dominated by a “D,” “I,” or “C,” the
capacity to draw on their own “D,” “I,” or “C” could bring
balance that allows productive interactions. A working
example might be a student trying to get a supervisor to sign
off that the student has met a capability or standard. A “D”
supervisor might appreciate the comment, “You asked me to
spend time with person X performing bone scans so you can
sign my paperwork. Is that OK to do now?” An “I” might
appreciate the comment, “I have really enjoyed shadowing
you while you do bone scans and picked up some amazing
techniques that have enhanced the way I do things.” For an
“S,” a small gesture could be provided such as a card or a

note of thanks expressing, “I could not have learned so
much without your amazing support. I wish all supervisors
were like you.” Finally, the “C” will be the most difficult.
Students should be prepared to answer questions and pro-
vide firm details on how many procedures have been
completed, such as “I have read the standards and have per-
formed X bone scans that meet category A and Y bone
scans that meet category B, with all paperwork and reflec-
tions completed and submitted, but would appreciate your
scrutiny to determine whether I am ready for sign-off.” Sim-
ilar application of DISC and emotional intelligence can help
improve patient compliance and satisfaction as evidenced in
the following reflection (from a student assessment):

A patient arrived 15 minutes late. I observed that the patient
was agitated and aggressive, and I wondered what the root

TABLE 2
Inventory for Self-Determining DISC Trait Balance (Adapted from (15))

D I S C

Action-orientated Ambitious Adaptable Accurate and precise
Adventurous Creative Calm and relaxed Cautious
Competitive Energetic Team-oriented Conscientious
Controlling Enjoys change Supportive Consistent
Decisive Enthusiastic Enjoys popularity Detailed
Firm or forceful Friendly and fun Enjoys routine Enjoys instruction
Results-oriented Impulsive Good listener Factual
Independent Group-oriented Loyal Impersonal
Assertive Initiator Not demanding Inquisitive
Quick to judge Inspirational Nurturing Logical
Persistent and determined Confident Patient Orderly and systematic
Productive Emotional Trusting Organized and controlled
Purposeful Mixes easily Organized Perfectionistic
Seeks power Motivator Respectful Persistent
Self-reliant Optimistic Sensitive Analytic
Direct Animated Sympathetic Problem solver
Strong-willed Spontaneous Thoughtful Scheduled and organized
Takes control Takes risks Tolerant Sensitive

TABLE 3
Interactions Associated with DISC Traits

Individual
communicating

Individual being communicated with

D I S C

D Avoid ego collision and
be flexible enough to
compromise

Invest time in socializing
and be open and
friendly

Slow pace, soften tone,
and provide support
and assurance

Provide facts but be
patient, firm, and
decisive

I Be concise, respect
personal space, and
do not take it
personally

Do not compete for
recognition or
attention; focus on
issue

Earn trust without being
overly social; provide
support and assurance

Provide facts, do not
bluff, and respect
personal space

S Be confident, do not take
it personally, but do
not be intimidated

Accept their enthusiasm
and friendliness but do
not waste time

Be assuring, confident,
and assertive to
expedite time lines

Be confident, provide
facts, and do not be
discouraged by
skepticism

C Avoid too much detail
and focus on key
points and results

Be friendly and
enthusiastic, avoid
detail, and focus on
person

Allow time for information
to be digested; be
friendly and assuring

Stay in control, consider
all perspectives, and
do not let discussion
drag on
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cause was. Were they exhibiting “D” traits, or were they an
“I” under stress? As a student predominantly an “S,” I did
not have the confidence to ask, as I felt intimidated by the
situation. I should have taken the initiative and tried to
determine if the patient was OK and thus should have rec-
ognized the need to have professional confidence to better
help patients and staff. I think better interpersonal skills,
communication, and emotional intelligence could have
helped improve outcomes. The overall mood for the day
changed, as did the team work. I felt upset that I had failed
the patient in some way. I could imagine the patient was
stressed and anxious about the seriousness of the health sit-
uation and that a wider emotional intelligence inventory
would have been well received. The scenario helped me
understand that my “S” predominance helps me empathise
with the patient and potentially provide quality care. Realis-
ing this for the first time allowed me to proactively push
myself to find the inner “D,” “I,” or “C” when appropriate.
Several patients over the subsequent week were also diffi-
cult for their own reasons, and I actively channeled my “D”
instead of being passive, which gave me the confidence to
be active and with that deliver the “S”-based care. The
patient experiences were improved by my understanding
and application of DISC, and my confidence and capability
were enhanced.

Armed with these basic skills and insights, there is an
opportunity to participate in a workshop before students
encounter an authentic clinical environment. Classes are
generally divided into large groups of 6–8 students to
ensure there is a reasonable blend of DISC traits. A simple
task of classification or ranking can then be used for indi-
viduals to score and then, by negotiation, for the group to
settle on a score that represents group consensus. The
grounded-truth rank can be used to sum the differences
from that grounded truth for both the individual and the
group. The comparison of difference scores between the
individual and the group may reflect their ability to influ-
ence the other members of the group. Nonetheless, the most
important learning from the task is the student reflections
on group dynamics and how emotional intelligence was
used within the task. One such activity is the “lost at sea”
ranking exercise (https://insight.typepad.co.uk/lost_at_sea.
pdf).

CONCLUSION

Emotional intelligence is a powerful tool in enhancing
interactions with patients and colleagues. Although some
have organic capabilities in emotional intelligence, there is
a need to deliberately integrate skills and capabilities in

curricula of nuclear medicine programs and, more broadly,
across the health sector. Formal curricula in emotional intel-
ligence promote patient advocacy, improve outcomes, and
are consistent with the philosophy of personalized medi-
cine. Rich immersive professional development activities
targeting emotional proficiency using cognitive, affective,
and psychomotor taxonomies could readily be woven into
didactic and authentic learning environments in undergradu-
ate programs and in continuing education activities for
those already in the workforce.
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Building Program Efficiencies Using JRCNMT
Compliance Forms
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In the past, program assessment was considered a supplemental
activity designed to analyze program performance once instruc-
tion had concluded. This process was often a summative activity
that ignored the possibility of being able to change instruction
throughout the implementation of the curriculum. However, the
assessment process has evolved in such a way that assessment
can now be considered an integral part of curriculum develop-
ment. Forms J and L of the Joint Review Committee on Educa-
tional Programs in Nuclear Medicine Technology (JRCNMT)
requirements for the annual report have recently been updated to
support NuclearMedicine Technology (NMT) programs in JRCNMT’s
effort to meet and exceed industry standards. At Bronx Community
College, the NMT program has taken advantage of these newly
developed forms to streamline program assessment. These modi-
fications have changed not only how assessment is implemented
at the end of the program but also how students are evaluated
throughout their coursework.
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The reason for instituting an assessment plan into a pro-
gram or curriculum is based on the need for overall improve-
ment. Considering this goal, an assessment plan must be
designed to address a particular set of learning outcomes. As
described by the University of Central Florida, “behavioral
and cognitive learning outcomes are given to highlight how
Bloom’s taxonomy can be incorporated into the larger-scale
educational goals or guidelines” (1). At Bronx Community
College (BCC), the hierarchical structure of Bloom’s taxon-
omy is used as a guiding principle in the creation of ap-
propriate and meaningful learning outcomes. The Nuclear
Medicine Technology (NMT) program at BCC executes vari-
ous levels of assessment, with the intention of creating a con-
tinually evolving program based on its assessment findings.
Program assessment happens at 2 levels. The first (and most

frequent) level is to ensure the program is able to satisfy stu-
dent-level outcomes (SLOs) set forth by the college and

approved by the Joint Review Committee on Educational
Programs in Nuclear Medicine Technology (JRCNMT). The
director of the NMT program and the college administration col-
laborate to determine which goals the program should target for
assessment purposes. These outcomes are then clearly defined
in the college’s course catalog as well as in the individual course
syllabi. The idea is to ensure that the students are aware of what
is required of them and how they will be evaluated throughout
the course as a formative assessment and ultimately, at the end
of the course, as a summative measure. Generally speaking, and
as a practice at BCC, these outcomes are accompanied by a
rubric that acts not only as a metric for formative assessment for
the instructor but also as a guide for student expectations.
The second level of assessment is a directive from the

JRCNMT. In recent years, the JRCNMT has begun to foster
a strong emphasis on assessment (at both the student and the
program level). As part of this emphasis, the JRCNMT has
established assessment standards that are reflected on several
forms that are the basis of the assessment portion of both the
required annual report and the larger self-study report.

ASSESSMENT RESOURCES

It stands to reason that NMT programs across the country
will likely have similar resources when it comes to assess-
ment. At BCC, the NMT program benefits from the guidance
of the college’s Assessment Council, wherein each depart-
ment has its own representation. This council was created to
help design assessment strategies that address the stated out-
comes for each program as listed in the course catalog.
In past years, the NMT program at BCC had to rely on this

council to determine how to properly use the gathered data
to formulate a strategy for overall improvement. This strat-
egy was designed on the basis of the program-level outcomes
and SLOs that were ultimately decided on by the college ad-
ministration, NMT advisory board, and JRCNMT. Recently,
the JRCNMT has increased its involvement in assessment by
devoting more resources to and creating new streamlined
metrics for its assessment requirements (i.e., Form J, Assess-
ment of Program Student Learning Outcomes; Form L, Pro-
gram Effectiveness Data).

SLOs

According to Cornell University, SLOs can be defined as
“measurable statements that articulate at the beginning what
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students should know, be able to do, or value as a result of
taking a course or completing a program” (2).
Each institution is required to create its own SLOs based

on JRCNMT guidelines and requirements for the accredited
program. Recent communications from the JRCNMT have
offered guidance focusing on the development and imple-
mentation of SLOs. Through a collaborative effort between
the NMT program director, department assessment coordina-
tor, and college administration, BCC has embraced these
suggestions and consequently updated the college’s current
SLO statements.

SLO DEVELOPMENT

Developing learning outcomes for the program is a multi-
faceted process. These outcomes must serve several pur-
poses. First, the list of SLOs should be designed in such a
way that, in theory, when all are met, the student possesses
the skills and knowledge required for graduation. This list
should address the most important skills, knowledge, and
aptitude that students should acquire across the entire pro-
gram. To be effective, this list is published in the course cata-
log, making it available for incoming (or current) students to
use as a rubric for self-assessment. Through data analysis of
final grades, class participation efforts, and direct observa-
tion reports from both instructors and clinical supervisors as
part of the formal assessment procedures for the college, it
has been determined that students who remain cognizant of
these outcomes tend to perform at higher levels because of
increased understanding of course and program require-
ments. To supplement the effectiveness of “publicly” posting
these SLOs, BCC requires inclusion of the list of SLOs on
each course’s syllabus, which is distributed to the students at
the beginning of each semester.
Previously, the number of SLOs for the NMT program at

BCC was 10; these were created based on the requirements
of each course. However, through feedback provided by the
assessment coordinator and the JRCNMT, we found this
list of outcomes to be too cumbersome for assessment to be
properly performed. The original intent was to try and link
individual SLOs to individual courses. However, program-
level outcomes are not designed to address specific course
outcomes; instead, they provide an overall evaluation of the
skills and knowledge a student acquires over the entire pro-
gram. After evaluating the number of SLOs (not necessarily
the SLOs themselves), it was determined there was a redun-
dancy between these outcomes that resulted in inaccurate
assessment due to aligning program outcomes to individual
courses thus diluting the differentiation between the two.
To rectify this redundancy, we elected to reduce the num-

ber of SLOs to 5. However, to accomplish this reduction and
still have the list represent all the skills and knowledge the
students are required to obtain, the SLOs had to be rewritten.
The new list of SLOs is general enough to encompass all that
is required but still retain an alignment to specific assessment
tools for proper evaluation.

The next issue that had to be addressed was to determine
the assessment vehicle that was to perform the assessment
on each of these SLOs. At this point, a collaborative effort
materialized between the teaching faculty and the assessment
and program coordinators. The goal was to look at the sylla-
bus of each course in the NMT program and determine
which courses offered the content or activities that addressed
the specific SLOs. We would then look toward the formative
or summative evaluations of those activities (e.g., tests, pre-
sentations) and use that data for the assessment vehicle for a
particular SLO.
As a welcomed, yet unintended, consequence, we encoun-

tered another set of redundancies, which involved multiple
assessment vehicles for each of the SLOs. This time, how-
ever, these redundancies would benefit the assessment pro-
cess. Having multiple assessment vehicles for the same SLO
allows the SLOs to be assessed uninterrupted, through each
assessment cycle. For example, because of the current coro-
navirus disease 2019 pandemic, some of the assessment
methods in each course had to be modified to satisfy the
change in teaching modality. Because there are multiple
ways of assessing each SLO, we are less likely to be in a situ-
ation that does not allow the assessment of any particular
outcome due to a change or omission of the curriculum. Ulti-
mately, being able to use multiple assessment vehicles across
various courses for the same SLO assured the college that
each SLO was able to be implemented and assessed.

PROGRAM EFFECTIVENESS DATA & BENCHMARKING

Once a proper method of evaluating SLOs has been con-
structed, and assessment vehicles chosen to address specific
SLOs, the data collected must be analyzed for the ultimate
purpose of improving the learning experience for students.
Again, this is a multifaceted process.
The method chosen to evaluate a program’s effectiveness is

useful only when compared with a standard. This standard is
known as a benchmark. According to the Center for Commu-
nity College Student Engagement (CCCSE), “Benchmarking
is the systematic process of comparing an organizations per-
formance on key measures to the performance of others” (3).
At BCC, the Nuclear Medicine Technology Program has

established benchmarks that can be found on the recently
updated Forms J and L of the JRCNMT compliance report.
The benchmarks found on Form J reflect the level of com-

petence required of each student as stated in the published
SLOs. These benchmarks were chosen on the basis of sev-
eral factors. First, historical assessment data of the program
were analyzed to determine an appropriate and reasonable
goal (as described by the SLOs) for the students to achieve.
Historical assessment data were used to minimize the “shot-
in-the-dark” attempts at establishing reasonable student
goals. These goals are ultimately assessed through both
formative and summative means in various courses and
throughout various stages of a student’s progress through the
program.
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Another consideration in the formulation of a benchmark is
how it compares with outside requirements. Benchmarks that
reflect individual student performance are created at the
“local” level and tend to address the requirements of the
college. Although these benchmarks are designed with aca-
demic performance in mind, they must also align with indus-
try performance as well.
Form L of the JRCNMT compliance report establishes the

benchmarks at the industry level. Largely influenced by
accrediting standards, these benchmarks are designed as an
assessment tool for the program. These benchmarks are influ-
enced by assessment data gathered on an occupational level
and reflect a common standard throughout the profession.
Regardless of either a program or student level, a bench-

mark that will yield accurate assessment data is over-
whelmingly assessing a quantitative activity. Because of
the objective nature of quantitative analysis, program data
can be gathered and assessed across the curriculum, regard-
less of who is performing the evaluation. This is an extremely
crucial aspect of assessment when dealing with program-level
effectiveness. To yield accurate assessment results, limiting
the amount of subjective variance is critical.
Effective assessment needs to happen at multiple levels at

varying times to yield meaningful results. To compile the
most accurate data possible, it is up to the instructor to main-
tain a focus on addressing the student and program outcomes.
At the program level, although data are collected on a contin-
ual basis, outcomes are generally assessed every 2 y (which
represents a full program cycle). These outcomes should dif-
fer from those that are course-level outcomes or SLOs.

Over the past few years, our program at BCC has imple-
mented several tools to streamline the process of completing
Forms J and L while ensuring that the SLOs are met. The
feedback from the JRCNMT has helped to restructure our
program by targeting more efficient ways to retain records,
organize data, and implement teaching tools. Below is a sum-
mary of some elements that we have already restructured to
improve the assessment process of our program while also
focusing on plans to enhance the monitoring of our SLOs.

WEB-BASED COURSE MANAGEMENT SYSTEMS

Web-based course management systems (such as Black-
board) have served as an integral tool for program assess-
ment, allowing for thorough record keeping that helps
track individual grades on assignments and exams. Writing
assignments can now be kept in a digital format rather than in
paper form, which often required not only numerous paper
files for each student but also storage for the files. In addition,
the use of discussion boards has allowed students to interact
with their classmates, resulting in an environment that pro-
motes immediate and meaningful feedback, as compared to a
more traditional strategy of assignment submission that does
not allow such interaction. Another major benefit of these
course management systems is the ability to run reports and
statistics on assignments or exams. If all students in the
course have their assignment recorded in the grade center of
Blackboard, for example, the instructor can simply select the
Column Details option from the drop-down menu. This will
determine the average, median, SD, and range of grades, and

FIGURE 1. Example of one of the reports that can be run in BlackBoard. It allows for quantitative analysis of selected parameters.
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more (Fig. 1). Using a course management system improves
teaching methods as well as calculates benchmark results on
Form J. Administering exams on Blackboard (especially if
done in-person in a monitored computer lab) can also be ben-
eficial. By limiting (and in some cases eliminating) the need
for traditional test evaluation methods, such as “by-hand”
markup, the instructor can provide immediate feedback with
the added benefit of reducing student testing anxiety. In addi-
tion, taking an online exam while being monitored in the
classroom sets up an environment similar to that for board
exams. We found that administering a “mock board exam,”
with the same amount of time and number of questions set by
the American Registry of Radiologic Technologists, has bet-
ter prepared students for their licensure exams. Finally, the
way the course material is presented to the student through
Blackboard has improved overall student organization. Web-
based course management allows the student to access mate-
rials all in 1 location. The course syllabus, lectures, home-
work assignments, learning outcomes, handbooks, and more
can be placed in 1 location for the student. This has been an
incredible asset in improving student performance and reten-
tion within our courses.

ONLINE SURVEYS

Transitioning from a paper-based collection method to
an online format has had some challenges; however, it is
proving to be a more efficient method of record keeping. In
the past, all of our surveys were administered on paper and
retained for the appropriate amount of time. This not only
took up a lot of space but also made data analysis a daunting
task. In recent years, we have begun the transition to online
surveys, which has immensely improved our organization
and collection. Surveys administered to students for individ-
ual course instruction, clinical site evaluation, and overall
program effectiveness are now administered online. Adminis-
tering the surveys in this format has allowed us to quickly run
reports based on student feedback, aiding in assessment and
program improvement. Addressing JRCNMT standard D3.1 g
(Evaluating graduate assessment of program effectiveness) has
been particularly helpful with conducting online surveys. In
this online format, the program can put together several ques-
tions that pertain to program effectiveness, sending them to the
students to easily complete. These results serve as an integral
component in completing assessment questions on Form L
(Fig. 2). Currently, the surveys that we give the clinical instruc-

tors for evaluating student performance
are still on paper. This has created some
recent issues, because analyzing the
data on specific questions that relate to
individual SLOs can be time consum-
ing. In addition, if a clinical instructor
is busy with other tasks, they some-
times fill out the form incorrectly and
will eventually have to redo it, creating
inefficiencies for both the clinical coordi-
nators and the affiliate education supervi-
sors. Moving forward, we will begin to
implement these surveys online as well.
We feel that this will streamline the pro-
cess of student evaluations, allowing us
to easily interpret trends and areas we
need to address with the entire class
and improving student performance and
assessment strategies.

EPORTFOLIOS

Electronic portfolios are valuable
tools that improve student learning
while also aiding in assessment strate-
gies. These portfolios allow students
to create individual work that they can
store electronically and on which they
can continue to reflect at their leisure,
thus enhancing their learning. In addi-
tion, electronic portfolios allow stu-
dents to access information not only
while they’re enrolled in the program
but also even after graduation. Our

FIGURE 2. Example of an online survey that can be created via Survey Monkey. This
method was particularly useful in conducting our graduate surveys.
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program has created an NMT EPortfolio for students enrolled
in the program. Currently, it is being used for resources to be
stored in 1 easy location. In our current EPortfolio, our hand-
books, blank evaluations/rubrics, student learning outcomes,
and competency forms can all be accessed from the same
site. Moving forward, we plan to add a collaborative area for
job postings, allowing both recent graduates and instructors
to post information about current job openings. We plan to
use this to improve the job placement assessment portion of
Form L. The main benefit of this database in comparison to
the Blackboard learning management system is that students
can still access it after graduation. Helpful resources such as
job postings, CT competency forms, board exam information,
and the like can all be accessed in this 1 location.

VIDEO CONFERENCING

The pandemic has brought unforeseen challenges, which
required instructors to quickly adapt to new teaching meth-
ods and technology. Although the incorporation of video
conferencing software, such as Zoom, was a definite transi-
tion, it has proved very useful with both teaching and
assessment.
Our program has primarily been using Zoom for a combi-

nation of online instruction, meetings, and advisement since
the pandemic began in March 2020. This online conferenc-
ing platform has allowed us to improve some of our teaching
methods as well as assessment. Using this technology has
allowed us to hold online information sessions for incoming
and prospective students, largely improving the participation
at these events while still allowing us to share our screen to
show PowerPoints, course expectations, prerequisites, and
more. In addition, it still allows students to ask any questions
they may have about the nuclear medicine field or program
expectations. We feel strongly that the increased participa-
tion at the information sessions will improve student reten-
tion in the program.
Many of our students are considered “nontraditional” (i.e.,

not fresh out of high school but rather older than 25 y).
According to an article published in Contemporary Issues in
Education Research, “a vast majority of fresh-out-of-high-
school ‘traditional’ aged (18–24) enrollees have shifted
toward a wave of ‘nontraditional’ aged (251) students, fea-
turing displaced workers, first-generation college attendees,
returning students, and those who desire a change in career
(either due to financial hardship or preference), administra-
tors have no choice but to alter collegiate curriculums, serv-
ices, and overall philosophies. An overwhelming majority of
institutions affected by this trend are community colleges”
(4). Many of our nontraditional students often deal with the
challenges associated with balancing work, family, and
school. With these students, in particular, we feel it is impor-
tant to hold detailed information sessions specifying program
requirements and expectations. During the clinical internship
portion of the program, we feel that this transparency is
imperative to improve student retention and graduation rates.

Form L in the compliance report asks for an assessment of
the graduation rate, which the colleges’ learning manage-
ment system (LMS) should help to improve.
Aside from an increase in information session participa-

tion, we also have noticed an increase in participation at
the advisory board meetings since these began to be held
online. Although the pandemic forced a transition to online,
because of the noticeable increase in attendance we plan to
retain this format. In addition, many of the clinical instruc-
tors find it challenging to commute to our campus after they
finish work for the day. Traffic, weather, and our proximity
to Yankee stadium can cause immense delays in travel time
to our campus during rush hours. Fortunately, Zoom use for
our advisory board meetings has allowed board members to
call in from anywhere, largely increasing our advisory
board attendance and improving assessment strategies on
Form L.
Last, using this technology has helped us to communicate

with students in a private setting. We can now easily hold
individual Zoom sessions for radiation badge review, midro-
tation clinical evaluations, and advisement. Zoom sessions
can easily be worked around students’ clinical internship
schedules while accommodating the instructors. As we tran-
sition out of the pandemic, our plan is to continue these
meetings online.

STUDENT RESOURCES

The annual compliance report has helped our program
to recognize areas in need of improvement, especially
due to additional challenges associated with the pan-
demic. More than ever, students are dealing with addi-
tional pressures, whether they be financial, psychologic,
or physical. Over the last few years, we have worked to
compile resources offered to our students, easing the bur-
den of some of the financial constraints associated with
attending college while also working to improve their job
outlook on graduation.
In the last few years, we have been fortunate enough to

have applied for and received grant funding for the pro-
gram. We have used this funding to jumpstart tutoring,
CT instruction, review classes, allocations for conferen-
ces, and textbooks. Students in the program now have an
option for free tutoring, where select second-year students
tutor the first-year students. The second-year students
receive an hourly wage (helping them make some money
during clinical internship) while the first-year students
can review core nuclear medicine topics. Similarly, we
have recently begun review sessions for the board exams
with past lecturers or outside speakers. Both tutoring and
these review sessions are free for the students and helped
to improve both program retention and board exam pass
rates.
In addition, with the growing need for PET/CT technolo-

gists, we felt it was imperative to incorporate CT instruction
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into the program. This grant funding has allowed us to hold
an elective CT course for students, again at no additional
charge. Also secured within this grant funding are alloca-
tions for conference attendance. We have been able to
recently secure funding for hotel and travel expenses to the
annual Greater New York Chapter of Society of Nuclear
Medicine (GNYCSNM) conference. This conference allows
students to present abstracts while increasing their opportu-
nity to network within the industry. These resources have
largely helped to improve job placement rates on gradua-
tion, again allowing us to more easily meet our benchmarks
on Form L.
As with any program, there is a direct correlation between

the support that it receives and how well it meets its intended
goals. When using the feedback from the JRCNMT compli-
ance report, specifically Forms J and L, the NMT program at
BCC has been able to restructure the tools used for assess-
ment. This restructuring allowed us to not only to improve
areas of instruction and assessment that focus on student

success but also to streamline data collection for future ana-
lyzation. We plan to continue using the resources provided
by the JRCNMT to track trends within assessment data while
focusing on overall student performance.
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T E A C H I N G C A S E S T U D I E S

Differential Tumor Biology Between Locoregional and Distant
Metastasis in a TENIS Patient with Tyrosine Kinase
Inhibitor–Resistant Recurrent Disease: Comparative
Evaluation with 18F-FDG, 68Ga-DOTATATE, and
68Ga-PSMA-11 PET/CT

Sunita Nitin Sonavane and Sandip Basu

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

We present the molecular PET/CT imaging profile of an interesting
case of differentiated thyroid carcinoma that later transformed
into TENIS (thyroglobulin elevation and negative iodine scintigra-
phy) with tyrosine kinase inhibitor–resistant recurrent, aggressive
disease. The patient was evaluated to assess somatostatin recep-
tor 2 or PSMA expression to explore whether there might be any
effective targeted nuclear therapy. 18F-FDG, 68Ga-DOTATATE,
and 68Ga-PSMA-11 PET/CT scans were obtained, all of which
revealed tracer avidity in extensive locoregional disease. A large,
ill-defined retropharyngeal and retrotracheal soft-tissue mass was
seen to be eroding the cricoid cartilage and extending into the tra-
cheal lumen and the left-sided strap muscles. In contrast, there
was no definite uptake in the multiple lung nodules that were pre-
sent bilaterally. The scan findings indicated a differential tumor
biology between locoregional and distant metastasis.

Key Words: thyroid carcinoma; TENIS; 18F-FDG; 68Ga-DOTATATE;
68Ga-PSMA-11; PET/CT
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TENIS (thyroglobulin elevation and negative iodine
scintigraphy) is the major cause of mortality and morbidity
in patients with differentiated thyroid carcinoma, as no
definitive or effective targeted nuclear therapy is available.
In approximately 20%–30% of patients with metastatic or
recurrent differentiated thyroid carcinoma, there is evidence
of lack of sodium iodide symporter expression, with the dis-
ease producing negative findings on radioiodine scintigra-
phy and, thus, being refractory to radioiodine treatment.
Preliminary reports show that such tumors may express
somatostatin receptor (SSTR) 2 on their cell surfaces, or
there can be prostate-specific membrane antigen (PSMA)

overexpression secondary to formation of the tumor neovas-
culature; PSMA is expressed by the vascular endothelium
in a variety of cancers (1). Use of PSMA expression in
TENIS to determine potential treatment options was con-
firmed by recent studies on differentiated thyroid cancer
(2–4). Thus, noninvasive imaging for SSTR-2 or PSMA
expression in TENIS is being explored in the search for
potential definitive or effective treatment options.

CASE REPORT

An 85-y-old man who had papillary thyroid cancer with no
extrathyroidal or nodal involvement underwent total thyroid-
ectomy followed, 2 y later, by surgery for locoregional recur-
rence. After another 3 y, the patient experienced a relapse
comprising locoregional inoperable disease, for which he was
treated with multiple sessions of oral radioiodine therapy
(cumulative dose, 22.94 GBq [620mCi]). On subsequent
follow-up, his 131I whole-body scan was negative, but he
had persistent locoregional disease and an elevated thyro-
globulin level and, thus, underwent external radiotherapy.
Despite thyroxin suppression, his thyroglobulin level per-
sisted in rising, and 18F-FDG PET/CT showed an ill-defined
hypermetabolic mass in the tracheoesophageal groove, abutting
the trachea anteriorly and the esophagus posteriorly and reach-
ing the paravertebral region at D1/D2. Multiple tiny ametabolic
lung nodules (largest, 1.3 cm) were observed bilaterally.
The patient was prescribed a tyrosine kinase inhibitor
(sorafenib and, later, lenvatinib) and was monitored by
18F-FDG PET/CT. While taking the tyrosine kinase inhibi-
tor, the patient began to have difficulty swallowing and his
serum thyroglobulin levels rose to 351.27 ng/mL, despite his
having adequate suppression of thyroid-stimulating hormone
and being negative for antithyroglobulin antibodies.
The patient lacked sodium iodide symporter expression.

After approval by the institutional ethics committee, he was
evaluated by whole-body 18F-FDG, 68Ga-DOTATATE
(assessing primarily SSTR2 expression in tumor cells), and
68Ga-PSMA-11 (assessing PSMA expression in neovascular
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endothelium) PET/CT to determine whether there might be
any effective targeted nuclear therapy (Figs. 1 and 2). The 3
scans were compared. There was a locoregional, ill-defined
retropharyngeal and retrotracheal soft-tissue mass measuring
5.0 3 3.7 3 3.5 cm eroding the cricoid cartilage, extending
anteriorly into the tracheal lumen, abutting the prevertebral
fascia posteriorly, involving the strap muscles on the left
side, and abutting the common carotid artery. Quantitation
of each tracer revealed an 18F-FDG SUVmax of 5.8, an 68Ga-
DOTATATE SUVmax of 18.3 and Krenning score of 3
(liver, 14.4; spleen, 36.6), and an 68Ga-PSMA-11 SUVmax

of 19.5 and molecular imaging PSMA
score of 3 (parotid, 18.3). There were
multiple distant lung nodules bilaterally,
with the largest measuring 1.33 1.1 cm
in the right middle lobe; none showed
definite uptake on any of the 3 studies
(Figs. 1 and 2). Palliative 177Lu-PSMA-
617 therapy began. A posttherapy scan
showed adequate uptake in the upper
mediastinal soft tissue and was to be
followed up by another scan after 2mo.
Relief of locoregional pain and greater
ease in swallowing indirectly improved
the quality of life within 1mo after
therapy. This case demonstrated—in the
same individual—differential tumor
biology between tracer-positive exten-
sive locoregional disease (18F-FDG,
68Ga-PSMA-11, and 68Ga-DOTATATE
with a high molecular imaging PSMA

score and a high Krenning score) and tracer-negative distant
lung metastases.

DISCUSSION

Silberstein stated that physicians caring for patients with
TENIS syndrome are urged to enter them into clinical therapeu-
tic studies whenever possible (5). TENIS tumors show variable
expression of SSTR-2 on their cell surfaces (6–8) or PSMA in
the neovasculature of the apical surface of endothelial cells (9).
68Ga-DOTATOC or 68Ga-DOTATATE PET/CT can be used
for visualization of SSTR-2–expressing lesions. However, not

all patients with TENIS lesions express
SSTR-2 (6–8). Use of PSMA expression
in TENIS as a way to determine poten-
tial treatment options was confirmed by
studies on differentiated thyroid cancer
(1,10,11). PSMA, representing a marker
of neovasculature formation expressed
by differentiated thyroid carcinoma, has
been proposed to contribute to the
prediction of tumor aggressiveness
and patient outcome (4). One reason
for lack of uptake by any of the 3
tracers in the lung metastases could
also be the limited PET spatial reso-
lution and the partial-volume effect,
particularly considering how small
most lesions were. In TENIS, visual
evaluation using the Krenning score
(68Ga-DOTATATE) and the molecular
imaging PSMA (68Ga-PSMA-11) score
is a promising approach in exploring
tumor biology in metastatic disease
and can create the possibility of tar-
geted therapy with177Lu-DOTATATE

FIGURE 1. Images showing soft tissue in retropharyngeal space with tracheal invasion
and posteriorly abutting prevertebral fascia. (A) Maximum-intensity-projection anterior
PET images: 18F-FDG, 68Ga-DOTATATE, and 68Ga-PSMA-11 (from left to right).
(B–D) Axial CT, PET/CT, and PET images (from left to right) obtained with 18F-FDG
(B), 68Ga-DOTATATE (C), and 68Ga-PSMA (D).

FIGURE 2. Axial lung-window images at 3 different levels showing non–tracer-avid
multiple bilateral lung nodules: CT (A), 18F-FDG PET/CT (B), 68Ga-DOTATATE PET/CT
(C), and 68Ga-PSMA PET/CT (D).
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and 177Lu-PSMA, depending on tracer avidity on 68Ga-DOTA-
TATE and 68Ga-PSMA-11 PET/CT (12). A high uptake (such
as in this case, with a molecular imaging PSMA score of 3 and
a Krenning score of 3 for uptake in aggressive locoregional dis-
ease) potentially qualifies the patient for targeted SSTR- or
PSMA-based therapies as promising options in the absence of
other treatments.

CONCLUSION

The present case highlights the differential tumor biology
between positive extensive locoregional disease and nega-
tive distant lung metastasis, explored by molecular imaging
with PET/CT.
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Thyroid Scintigraphy and SPECT/CT in a Rare Case of Dual
Ectopic Thyroid
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A dual ectopic thyroid, a rare disorder occurring as a result of aber-
rant embryonic development, is characterized by the simultaneous
presence of thyroid tissue at 2 ectopic sites. 99mTc-pertechnetate
thyroid scintigraphy remains the gold standard in confirming
ectopic thyroid tissue. This case highlights the importance of
thyroid scintigraphy and SPECT/CT in the evaluation of ectopic
thyroid tissue and a dual ectopic thyroid that manifested during
the patient’s pregnancy.
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Ectopic thyroid tissue (ETT) is a
rare disorder of embryonic development
of the thyroid gland (1). In particular,
the simultaneous presence of 2 ETTs—
dual ectopic thyroid (DET)—is even
rarer, with only a few reported cases.
99mTc-pertechnetate thyroid scintigra-
phy is the gold standard in evaluating
ETT (2). We present an interesting
case of DET that first manifested dur-
ing pregnancy and that reinforced the
importance of thyroid scintigraphy and
SPECT/CT in its evaluation vis-"a-vis
conventional methods such as clinical
examination and ultrasound.

CASE REPORT

A 24-y-old woman presented with
painless midline tongue swelling that
she first noticed during her pregnancy,
which resulted in the birth of a healthy
child about 1 y previously. This swell-
ing was not accompanied by obstruction

or any other symptoms. On clinical examination, midline
swelling was visible at the base of the tongue. She was initially
evaluated with neck ultrasonography, which showed a vascular
hypoechoic solid, cystic soft-tissue mass in the lingual region
at the midline, measuring about 1.9 3 1.5 cm. The thyroid
gland was not visualized in the neck on ultrasonography. Her
serum thyroid-stimulating hormone concentration was raised
(20 mIU/mL), but serum total triiodothyronine and total thy-
roxine concentrations were within the reference range. The
patient was then referred for thyroid scintigraphy to confirm
the clinical suspicion of a lingual thyroid gland. After intrave-
nous injection of 185 MBq (5 mCi) of 99mTc-pertechnetate,
perfusion and static images of the head, neck, and mediastinal
regions were acquired, followed by a SPECT/CT acquisition.
Anterior perfusion images revealed a focus of mildly increased

tracer flow in the region of the mouth (Fig. 1). Subsequent pla-
nar images showed uptake in the midline of the oral cavity and
submental region (Fig. 2), which, on SPECT/CT images, local-
ized to 2 distinct foci of uptake in the midline at the base of

FIGURE 1. Anterior perfusion images of head, neck, and mediastinum show focus of
mildly increased tracer flow in region of oral cavity (arrows).
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tongue and in the floor of mouth (submental–suprahyoid
region) (Fig. 3). No focal uptake was noted in the neck or
mediastinum. The patient reported that her infant has been
healthy and achieving age-appropriate milestones. She was
advised about appropriate radiation safety precautions,
especially with regard to breastfeeding. The patient was then
started on thyroxine replacement.

DISCUSSION

The estimated prevalence of ETT is about 1 per 100,000–
300,000 people and 1 per 4,000–8,000 patients with thyroid
disorders. DET is even rarer, with fewer than 100 cases
reported in the English-language literature. About half of the
patients with DET are euthyroid, whereas the remaining are
hypothyroid (3). As seen in this patient, the ETT may become
apparent and detected during times of increased physiologic
demand for thyroid hormones, such as pregnancy, puberty,
and adolescence (1). The sensitivity of scintigraphy to detect
ETT is higher than that of ultrasonography alone, as is also
evident in this case, in which ultrasonography could character-
ize only the clinically evident lingual swelling but not ETT in
the floor of the mouth (4). The fact that thyroid scintigraphy
and SPECT/CT can also help to distinguish ETT from other
midline cervical masses (e.g., thyroglossal duct cysts) may
help prevent unnecessary surgery (3). In addition to its rarity,

this case highlights the importance of thyroid scintigraphy
and SPECT/CT in identifying and localizing ETT in a clini-
cally diagnosed case of ectopic lingual thyroid that, in turn,
was a case of DET.

CONCLUSION

DET is a very rare entity. 99mTc-pertechnetate thyroid
scintigraphy and SPECT/CT are valuable in evaluation of
ETT and DET because of high sensitivity and specificity
for detecting thyroid tissue. The addition of SPECT/CT to
planar imaging further enhances its value by helping in pre-
cise anatomic localization and detection of a small ETT that
may otherwise be missed on clinical examination or mor-
phologic imaging modalities such as ultrasonography alone.
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FIGURE 2. Planar images acquired 20 min after tracer injection
show 2 distinct foci of uptake in oral cavity and submental region
(arrows in oblique views, B and C). These foci were superim-
posed on anterior image (arrow in A). Anterior view acquired with
further neck extension (D) shows 2 distinct foci of uptake (upper
and lower dashed arrows represent markers placed at chin and
suprasternal notch, respectively). Thyroid is not visualized at its
normal location in neck. Tracer distribution in thoracic region is
suggestive of uptake in both breasts (arrowheads in D).

FIGURE 3. Sagittal and transaxial SPECT (A and B, respec-
tively) and SPECT/CT (C and D, respectively) images. Increased
uptake is seen in soft-tissue density at base of tongue at midline
(arrow 1), and smaller ill-defined focus of increased uptake is
seen in floor of mouth in suprahyoid–submental region (arrow 2).
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Evaluation of Hepatopulmonary Syndrome with
99mTc-Macroaggregated Albumin Scintigraphy
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Hepatopulmonary syndrome is characterized by intrapulmonary
vascular dilatation causing hypoxemia in patients with liver disease.
99mTc-macroaggregated albumin (99mTc-MAA) scintigraphy has
diagnostic value in suspected hepatopulmonary syndrome by
detecting a clinically significant right-to-left shunt. In the presence
of cirrhosis, 99mTc-MAA scanning with extrapulmonary organ visu-
alization is specific for intrapulmonary shunting. 99mTc-MAA
scintigraphy also provides the added value of quantification of
the shunt.

Key Words: hepatopulmonary syndrome; 99mTc-MAA scintigraphy;
intrapulmonary shunt
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We report a case of hepatopulmonary syndrome (HPS)
confirmed by 99mTc-macroaggregated albumin (99mTc-MAA)
scintigraphy. HPS is an uncommon condition in which there
is hypoxemia due to intrapulmonary vascular dilatation in the
context of liver disease.

CASE REPORT

A 38-y-old man presented with dyspnea on exertion and
thrombocytopenia. The patient was extensively evaluated,
including MRI and liver biopsy, which demonstrated cirrhosis.
The patient had a consistently low partial pressure of oxygen
("55 mm Hg). The alveolar arterial oxygen gradient was
25 mm Hg. A transthoracic echocardiogram with saline
showed microbubbles in the left heart chambers 4 cardiac
cycles after contrast appearance in the right heart, suggestive
of an extracardiac shunt—likely pulmonary arteriovenous
malformation. 99mTc-MAA lung scintigraphy after injection of
144.3MBq (3.9mCi) of radiotracer showed increased tracer
uptake in the brain, kidneys, spleen, and subcutaneous tissues,
indicating a right-to-left shunt—likely an intrapulmonary shunt
in the setting of cirrhosis (Fig. 1). On quantification, the
brain shunt fraction was 20.3% (Fig. 2). An elevated alveolar–
arterial gradient with a partial pressure of oxygen of less

than 60, echocardiographic and scintigraphic evidence of
intrapulmonary shunting, and no known chronic lung dis-
ease in the setting of cirrhosis were consistent with HPS in

FIGURE 1. 99mTc-MAA planar whole-body image in anterior
and posterior projections show intense radiotracer uptake in
lungs (thin transverse arrows) and shunted activity in brain (obli-
que arrows), spleen (thick transverse arrows), kidneys (vertical
arrows), and subcutaneous tissues (arrowheads).
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our patient. The patient is currently undergoing evaluation
for a liver transplant.

DISCUSSION

The pathognomonic intrapulmonary vascular dilatations
in HPS cause impaired oxygen transfer from alveoli to red
blood cells, inducing an intrapulmonary right-to-left shunt.
In HPS, hypoxemia and dyspnea may increase in the upright
position because of preferential perfusion of dilated vessels
in the lung bases (1). The severity of HPS based on the
degree of hypoxemia is described as mild, moderate, severe,
and very severe if PaO2 is 80 or more, 60–79, 50–59, and
less than 50 mm Hg, respectively. HPS is frequently under-
diagnosed (2). Currently, the only effective treatment for
HPS is liver transplantation. It is important to diagnose HPS
as early as possible to expedite treatment for a better out-
come. Hypoxemia can be distinguished from HPS and other
etiologies through bubble echocardiography, with arrival of
bubbles in the left heart at least 3 cardiac cycles after con-
trast appearance in the right heart, or through 99mTc-MAA
scintigraphy showing uptake in the brain (3). 99mTc-MAA
scintigraphy is more specific than echocardiography and
also can quantify and measure the degree of the shunt.

Under good quality control measures and absence of a
shunt, no extrapulmonary organs should be visualized, as the
injected 99mTc-MAA particles are trapped in the pulmonary
microvasculature. However, when there is an intrapulmonary
shunt, a fraction of the particles enters the systemic circulation,
leading to visualization of other organs and systems. The stan-
dard technique of calculating the percentage of lung–brain
shunting is done by drawing regions of interest around the
brain and lungs and determining the geometric mean of the
brain and lung counts (4,5). HPS is suggested if the alveolar
arterial oxygen gradient is at least 15 mm Hg or at least
20 mm Hg for patients more than 64 y old and the pulmonary
brain shunt quantitative index for 99mTc-MAA is at least 6%.
A whole-body 99mTc-MAA uptake calculation is another
method for detecting intrapulmonary vascular dilatation (6).

CONCLUSION

Patients with a history of chronic liver disease along with
dyspnea should be further evaluated for possible HPS. In
patients with an elevated alveolar arterial gradient, bubble
echocardiography or 99mTc scintigraphy aids in diagnosis of
an intrapulmonary shunt. Though echocardiography is sensi-
tive, it lacks specificity by providing false-positive results in
patients with concomitant lung diseases. A positive 99mTc-
MAA scan with tracer uptake in extrapulmonary organs in a
cirrhotic patient is specific for HPS. 99mTc-MAA scintigra-
phy also quantifies the extent of a shunt.
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FIGURE 2. Planar images of brain in right and left lateral projec-
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areas of interest drawn to calculate lung–brain shunt.
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Deepak Bansal2, and Pritam Singha Roy2

1Department of Nuclear Medicine, Post Graduate Institute of Medical Education and Research, Chandigarh, India; and 2Department
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Fanconi anemia (FA) is a genetic disease associated with a risk of
congenital malformations, bone marrow failure, and a predisposi-
tion to cancer. Congenital abnormalities of the kidney and urinary
tract are not infrequent in FA, with renal ectopia being among
them. The incidence of bilateral pelvic kidney is restricted to only
a few reported cases; however, its association with FA has never,
to our knowledge, been reported in the literature. We present a
case of FA in a girl whose 99mTc-dimercaptosuccinic acid planar
scan showed apparently fused kidneys, which were confirmed to
be bilateral pelvic kidney on hybrid cross-sectional imaging.

Key Words: Fanconi anemia; bilateral pelvic kidney; DMSA; fused
kidney; SPECT/CT
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Fanconi anemia (FA) is an inherited disease associated
with various congenital and developmental abnormalities.
The incidence of congenital abnormalities of the kidneys
and urinary tract is reported to be around 30% (1). It is
important to include anatomic and functional imaging stud-
ies in the diagnostic workup of FA. Furthermore, knowl-
edge of renal disease is important in the management of FA
at diagnosis and when planning during the clinical course
(2). To the best of our knowledge, the incidence of bilateral
pelvic kidney associated with FA has never been reported
in the literature. We present an interesting case of FA with
bilateral pelvic kidney masquerading as fused kidneys on a
99mTc-dimercaptosuccinic acid (99mTc-DMSA) planar scan;
the fused kidneys were confirmed to be bilateral pelvic kid-
ney on SPECT/CT imaging.

CASE HISTORY

An 11-y-old girl presented to the pediatric emergency ward
with complaints of easy fatiguability and decreased oral intake
for the last 10 d. Her blood investigations revealed pancytope-
nia. She received 2 transfusions of packed red blood cells and

underwent bone marrow aspiration to evaluate the cause of the
pancytopenia. She had experienced similar complaints in the
past, for which she was given blood transfusions at other hos-
pitals. Clinical manifestations and detailed laboratory tests
revealed that the patient had FA. An abdominal radiograph
followed by abdominal ultrasound raised the possibility of
bilateral fused, low-lying kidneys. She was referred to our
department for functional imaging in the form of a 99mTc-
DMSA scan to diagnose the fused kidneys and to evaluate
their individual functioning. A planar scan of the abdomen
was obtained 3 h after intravenous injection of 92.5MBq
(2.5mCi) of 99mTc-DMSA. The images, which were acquired
in anterior, posterior, right lateral, and left lateral views (Figs.
1A, 1B, 1E, and 1F), revealed bilateral low-lying kidneys in a
paramedian location, with the kidneys appearing to be fused at
the midline. The differential function for the left and right kid-
neys was 43% and 57%, respectively. However, SPECT/CT
acquired for confirmation showed the kidneys to be separate
from each other on transaxial and coronal images from the
low-dose CT portion of the study (Figs. 1C and 1G) and on the
corresponding fused SPECT/CT images (Figs. 1D and 1H).

DISCUSSION

FA is an inherited disease resulting from defects in the FA/
BRCA pathway for DNA interstrand crosslink repair. Around
a third to a half of these patients may have associated congen-
ital abnormalities of the kidneys and urinary tract pointing to
a deranged normal ascent of the embryonic kidneys and
resulting in iliac or pelvic renal ectopia (2,3). The incidence
of pelvic kidney is around 1 in 2,200–3,000 people; however,
bilateral pelvic kidney is a very rare developmental renal
anomaly and is diagnosed mostly when patients develop
symptoms due to obstruction, infection, and renal calculi (4).
Anatomic and functional evaluation of renal malformations
in patients with FA is important for the diagnostic work-up
and for long-term management to improve the outcome by
appropriate treatment. Every patient with renal abnormalities
should be evaluated first with ultrasound and then by other
imaging modalities. 99mTc-DMSA SPECT/CT has the advan-
tage of providing both an anatomic and a functional evalua-
tion for ectopic renal tissue anywhere from the thorax to the
pelvis with a high degree of sensitivity in a single session (5).

Received Nov. 18, 2021; revision accepted Feb. 3, 2022.
For correspondence or reprints, contact Ashwani Sood (sood99@yahoo.

com).
Published online Feb. 23, 2022.
COPYRIGHT© 2022 by the Society of Nuclear Medicine andMolecular Imaging.

BILATERAL ECTOPIC KIDNEY IN FA $ Sindhu et al. 379



CONCLUSION

Our case highlights the role of SPECT/CT to detect mor-
phologic anomalies and cortical defects and to avoid misin-
terpretation of findings on planar scintigraphy.
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FIGURE 1. 99mTc-DMSA planar scan in anterior, posterior, right, and left lateral views (A, B, E, and F) revealed low-lying kidneys bilat-
erally in paramedian location, with the 2 kidneys apparently fused at midline. On transaxial and coronal SPECT/CT, kidneys were
clearly separate from each other both on low-dose CT component (C and G, arrows) and on fused images (D and H, arrows).
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An Unusual Cause of g-Camera Contamination
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This report is of an unusual case of radioactive contamination of a
g-camera after scanning 2 individuals who had been treated 3 d
beforehand with ablative doses of 131I for thyroid cancer. A com-
bination of observed half-life and pulse-height spectroscopy was
used to identify the contaminant. The source of the contamination
was eventually found to be a single human hair, presumably con-
taminated when the individual was sucking her hair while waiting
for the scan to start. This case demonstrates that hair can be con-
taminated by saliva and potentially other bodily fluids in the posta-
blation setting and that using physical measurements, in this case
the observed half-life and pulse-height spectroscopy, can be use-
ful in identifying the radioactive contaminant.

Key Words: instrumentation; quality assurance; radiation physics;
contamination; gamma camera; radioiodine
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The nuclear medicine department in our institution has 3
dual-detector g-cameras and 1 PET/CT camera. Two of the
g-cameras are SPECT/CT devices. Of these, one has a
thicker (16 mm) detector crystal than is standard (Symbia
Intevo 6; Siemens Healthineers) and so is preferentially
used when imaging higher-energy g-photons from radionu-
clides such as 131I (364 keV), 177Lu (208 keV), 67Ga (93,
185, and 300 keV), 67Cu (93 and 185 keV), and 111In (171
and 245 keV). During a routine acquisition of a low-dose
131I scan on this g-camera on a Monday (the first day of our
working week), a low level of contamination was noticed
on one of the detectors (Fig. 1). An intrinsic uniformity
image acquired using 99mTc as part of routine quality con-
trol earlier that day did not show any evidence of contami-
nation. Up to the time that the contamination was noticed,
only patients who had been administered 67Ga and 131I had
been scanned.

QUALITY ANALYSIS

The system was inspected, and possible sources of the
contamination were checked. The contamination remained

fixed in location with respect to the detector when the detector
heads were rotated to different angular positions, suggesting
that the contamination was on the collimator or detector rather
than on the scanning bed, the floor, or other nondetector loca-
tion. The external face of the collimator was thoroughly
cleaned with a decontamination solution, but the contamina-
tion persisted. The collimators were removed and inspected,
but no obvious source of the contamination was identified.
The Symbia Intevo 6 SPECT/CT system has a combination
of automated collimator exchanger for low- and medium-
energy collimators plus an additional manual cart exchanger
for high-energy collimators. Because of the persisting con-
tamination, the system was taken out of service for the rest of
the day.
The following day, the contamination was still present,

suggesting that it was not from a short-lived radionuclide
such as 99mTc. Images using 67Ga energy window settings
were acquired on both detectors, and the contamination was
clearly seen (Fig. 2, top row). Count rates from the previous
day’s images were determined and compared with the cur-
rent ones in an attempt to assess the rate of decay of the
contamination. A pulse-height energy spectrum was also
acquired with the medium-energy collimators fitted.
A region of interest drawn over the area of contamination

was corrected for background from an identical region of
interest on the same detector in a mirrored location on the
images acquired on the successive days. The decline in the
count rate suggested a half-life of around 7–8 d. Using the sys-
tem’s pulse-height analyzer, we found that the energy spec-
trum demonstrated a slight peak above background at around
360 keV. This finding suggested that the contamination was
from 131I. Further images were acquired using an 131I window
(Fig. 2, bottom row), which showed the contamination with
better definition and a higher count rate.
On the day the contamination was first noticed, the sub-

jects had been scanned after treatment with ablative oral
doses of 131I (by capsule) for primary thyroid cancer or had
been scanned using 67Ga-citrate because of suspected infec-
tion. It is our institution’s practice to hospitalize all subjects
treated with at least 1 GBq of 131I. Those subjects who are
treated with the largest doses that we deliver (6 GBq) are
preferentially admitted to the hospital, treated Friday, and
then scanned before discharge Monday morning (#64 h
later). This practice allows for extended decay and elimina-
tion of the 131I from the body, compared with our normal
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practice, which is to scan and discharge the subjects treated
with 1–4 GBq of 131I approximately 40 h after their treatment
(admitted Monday afternoon for treatment and discharged
Wednesday morning, or admitted Wednesday afternoon and
discharged Friday morning). On the day in question, postabla-
tion 131I scans had been acquired on 2 female subjects, each
treated with 6 GBq of 131I on the previous Friday afternoon.
No contamination was visible in either of these subjects’
scans, however, presumably because the amount of 131I
contained within the body in these individuals remained
much higher than in the diagnostic scan, which demon-
strated the artifact. However, although the radionuclide
had been identified, the source of the contamination was
still not identified.
The collimators were removed to allow further inspec-

tion. On closer inspection of the detector surface, a single
dark human hair was found on the detector (Fig. 3). The
hair was removed and placed on the bench, and a handheld
radiation survey meter was used to test whether the hair
was contaminated. This, in fact, turned out to be the case,
as it registered an increase in event rate on the meter and
contamination was no longer evident on the g-camera
detector. The contamination therefore had to be from 1 of
the 2 131I ablation subjects who had been treated and hos-
pitalized over the weekend. In retrospect, it was noted
that the younger of the 2 subjects who had been treated
had long, dark hair and was particularly anxious. One of
our staff members recalled that while waiting for her
scan, she had been sucking the ends of her hair. We there-
fore presume that the contamination came from saliva
from her mouth.
This unusual source of contamination illustrates that

saliva on a single human hair was able to contaminate the
scanner. It is not clear how the hair came to be lodged
between the underside of the collimator and the detector
crystal surface.

CORRECTIVE ACTION

There were 3 observations that led to identification of this
contamination. First, the fixed relationship between the con-
tamination and the location on the detector—independent of
the orientation of the g-camera detectors—indicated that

FIGURE 1. Whole-body planar post–recombinant thyroid-stim-
ulating hormone 131I (80 MBq) scan demonstrating contamination
(solid arrow) on anterior projection (detector 1). Effect of fixed site
of contamination in whole-body scan where body moves continu-
ously under detector’s z-direction is to introduce streak down
image in line with site of contamination (open arrow).

FIGURE 2. Images on both detectors without any source of
radioactivity present and collimators in place, demonstrating con-
tamination on detector 1. Images are shown in both summed tri-
ple-window pulse-height analyzer settings for 67Ga (top row) and
single window for 131I (bottom row). FIGURE 3. Hair that was found to be source of contamination.
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the contamination was intrinsic to the detector and not from
an external source such as the scanning bed or the floor.
Second, the observed count rate over the first 2 d (in a 67Ga
pulse-height analyzer window) appeared to decrease, with a
half-life of around 7 d, which excluded some short-lived
tracers such as 99mTc. This count rate also suggested that
the contaminant was not 67Ga (half-time, 78 h) and was
more likely to be 131I (half time, 8 d). Finally, pulse-height
spectroscopy using the NaI(Tl) detector and pulse-height
analyzer of the g-camera showed a faint peak at around 360
keV, again supporting the case for the contaminant to be
131I. Once the identified hair was found and removed, the
g-camera did not display any further contamination.

VERIFICATION OF EFFECTIVENESS

The routine practice in our institution is to instruct all sub-
jects treated with 131I for thyroid cancer to take a shower and
wash their hair thoroughly on the morning of the day that they
are due to be discharged from the hospital and before they
have their postablation 131I scan, as it is known that human
hair can become contaminated with 131I (1,2). Our staff consid-
ers a possible site of contamination to be a subject’s hair, as
well as any site that a subject’s saliva, sebum, or other bodily
fluids (e.g., nasal secretions, mucus, and gastric reflux) might
be able to contaminate. Using the physical characteristics (half-
life, positional orientation, pulse-height analyzer of energy of
emissions) of the contamination is also more relied upon now
to quickly identify contamination and location. The ability for
a contamination source to be located between the collimator
and the detector surface is also considered.
The possibility of contamination persistence increases

when large amounts of long-lived radiation are used for ther-
apy (3), compared with most diagnostic procedures, which

use lower amounts of radionuclides with typically shorter
half-lives. This possibility is likely to become more of an
issue as the number of radionuclide therapies administered
in nuclear medicine departments increases.

CONCLUSION

Contamination of the g-camera can arise from several
causes both external to the scanning system and in the sys-
tem itself. Early assessment using translation and rotation
of the detectors should determine whether the contamina-
tion has a fixed geometry relative to the system or is exter-
nal. Using physical characteristics such as the photon
energy of the contamination and the half-life can help to
identify the radionuclide and, therefore, the potential cause
of the contamination. In this case, a single human hair that
had become contaminated with 131I, presumably due to
saliva, was able to become lodged between the underside of
the collimator and the detector surface.
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