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“Care more particularly for the individual patient than for the
special features of the disease.” William Osler



Preface

In the last 2 years, the demand for a personalized diagnostic and therapeutic
approach has been constantly increasing to refine our diagnosis, better char-
acterize patients’ diseases, develop more effective and personalized therapeu-
tic regimens, and improve outcomes avoiding unnecessary treatments. The
current scenario of diagnostic medicine is well represented using the “silo
metaphor,” where laboratory medicine, pathology, and radiology are concep-
tually separated diagnostic disciplines. On the other hand, progresses in
understanding of biochemical-biological-structural interplays in human dis-
eases, compounded with technological advances, are generating relevant
multidisciplinary convergences, leading the way to a new frontier, called inte-
grated diagnostics. This new discipline, which is currently defined as conver-
gence of imaging, pathology, and laboratory tests with advanced information
technology, has an enormous potential for revolutionizing diagnosis and
therapeutic management of human diseases. In addition, theranostics is
emerging as an invaluable tool in personalized medicine; it is a treatment
strategy in which the same (or very similar) agents are used for both diagnos-
tic and therapeutic purposes. Thyroid disorders are commonly encountered in
clinical practice and their diagnosis and therapy typically involve different
specialists using different tools. Laboratory tests and imaging procedures are
integral to the diagnosis and management of thyroid disease. Finally, radioio-
dine therapy represents the first clinical theranostics approach and is widely
used in clinical practice since 1940s. Accordingly, thyroid diseases represent
an ideal platform to develop and test integrated diagnostics and theranostics
strategies. Nuclear medicine is ideally placed to play a central role in this
field as clinical management of thyroid disease is a daily activity in nuclear
medicine departments. Visualization of molecular targets enables the so-
called in vivo immunohistochemistry, by which noninvasive biomarkers can
be provided to select targeted drugs labeled with therapeutic radionuclides.
On the other hand, an appropriate integration of other laboratory, imaging and
pathology data is essential to refine patients’ selection for theragnostic proce-
dures and predict their effectiveness and potential toxicity. Our scope is to
provide essential but exhaustive information on different diagnostic tools
actionable in thyroid patients and, especially, their integration. Furthermore,
theragnostic applications available for patients with benign and malignant
thyroid diseases are also illustrated. This book is aimed at specialists in clini-
cal thyroidology, imaging and theranostics, laboratory, pathology but also at
bioinformatics and computer scientists involved in diagnostic and theragnostic
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activities. I believe that medical students and biomedical technicians can also
benefit from this reading to have an overall view of a discipline that will
undoubtedly be part of their future professional daily life.

Bellinzona, Switzerland Luca Giovanella
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Integrated Diagnostics: The Future
of Diagnostic Medicine?

Mario Plebani and Giuseppe Lippi

1.1 Introduction

“Care for a medical condition (or a patient popula-
tion) usually involves multiple specialties and
numerous interventions. Value for the patient is
created by providers’ combined efforts over the full
cycle of care. The benefits of any one intervention
for ultimate outcomes will depend on the effective-
ness of other interventions throughout the care
cycle” [1]. This sentence, reported in a seminal
paper published by Michael E Porter, highlights the
need to avoid the vision of “focused factories” con-
centrated on narrow groups of interventions to pro-
mote integrated practice units that are accountable
for the total care for a medical condition and its
complications. The progressive transition from the
so-called “‘silos” models to more integrated and
patient-centered systems (i.e., more focused on
patient journey) in clinical medicine should involve
also the practice of diagnostics.
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1.2  Diagnosis and Diagnostics

The word “diagnosis” comes from the Greek pre-
fix dia (apart) and gigndskein (discern, know).
Taken together, the meaning of the word is to
“know thoroughly” or to “know apart” (distin-
guish from another). In contemporary Western
medicine, physicians move toward the closure of
diagnostic possibilities through testing and objec-
tive analysis and by means of a “rule-out” reason-
ing (to ensure the life threatening and treatable
conditions are quickly identified), which shall ulti-
mately bring physicians to the correct clinical
answer [2]. Diagnostic information may originate
from any clinical interaction, examination, or test,
including the patient’s history, signs and symp-
toms, laboratory and imaging studies, biopsy and
other procedures, and physiological and functional
assessments. Diagnosis serves as description of a
patient’s condition and for guiding treatment and
prognosis. An increased understanding of the
genomic, proteomic, metabolomic, and micro-
biomic underpinnings of human biology over time
has generated greater knowledge of etiology and
progression of biological function from a healthy
condition to a diseased state. As understanding of
the precursors of disease grow more detailed and
revealing, the art and science of diagnosis enlarge
from detection of present disease to prediction of
future illness. “Put in equivalent, positive terms,
medical diagnosis moves from characterizing the
current state of health to predicting the future state

L. Giovanella (ed.), Integrated Diagnostics and Theranostics of Thyroid Diseases,
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of health. Then interventions may be designed to
enhance, maintain, and as needed, restore health”
[3]. Despite these impressive improvements in
understanding the pathophysiology and molecular
nature of most acute and chronic diseases, multi-
ple inefficiencies built into the clinical diagnostic
testing landscape work against the seamless inte-
gration of clinical diagnostic testing into the treat-
ment pathway. These inefficiencies result in
slowing the adoption of laboratory and other diag-
nostic tests, deficient physician education, and
delays in the inclusion of diagnostic testing in
associated clinical guidelines—ultimately inhibit-
ing the seamless delivery of these critical diagnos-
tic tests [4]. In particular, the business model
involved in delivery of laboratory and other diag-
nostic services seems to be “primarily designed
and executed in individual silos driven by internal
activities and managed according to performance
metrics that match the discipline itself rather than
the products of services to improve clinical path-
ways, clinical and economical outcomes and
patient safety” [5, 6]. As such, clinical laboratories
are increasingly organized as focused factories,
with the goal of maximizing productivity, improv-
ing internal efficiency (e.g., by reducing the cost
per test), and consolidating structures in mega-
laboratories or even outsourcing testing to inde-
pendent facilities. Several initiatives propose a
rigorous team-building transformational organiza-
tional change, with a radical departure from the
current hierarchical, silo-oriented, medical prac-
tice model focused on physician-centered tools,
models, concepts, and the language to implement
transformational patient-centered medical care

[7].

1.3 Integrated Diagnostics

According to the World Health Organization
(WHO), health services should be “managed and
delivered so that people receive a continuum of
health promotion, disease prevention, diagnosis,
treatment, disease-management, rehabilitation
and palliative care services, coordinated across
the different levels and sites of care within and
beyond the health sector, and according to their
needs throughout the life course” [8]. “Integrated

diagnostics” has been defined as “convergence of
imaging, pathology, and laboratory tests with
advanced information technology (IT)” [9]. In
their paper, the authors emphasized that “diagno-
ses depend on multiple components that include
not only imaging, but also clinical observation,
pathology, laboratory, and genomic tests. To date,
there is too little coordination between the medi-
cal specialties responsible for ordering and per-
forming these tests, nor is there enough
consideration as to the optimal order of tests. This
will change in a world of integrated diagnostics,
where, instead of relying on individual provider
bias in the selection of tests, data from diverse
sources will be used to determine the most effi-
cient diagnostic algorithms. Imaging will be
incorporated judiciously into these integrated
diagnostic algorithms, complementing other diag-
nostic techniques in order to maximise efficiency
and minimise waste.” Other authors emphasized
the evidence that “Under the current paradigm of
diagnostic medicine, pathologists and radiologists
function as members of distinct disciplines, with
no direct linkage between their workflows or
reporting systems. Even when both departments
belong to the same institution, their respective
reports on the same patient are only loosely asso-
ciated with one another by identifiers such as
patient’s name and medical record number.
Despite this complete bifurcation of reporting, the
synthesis of both specialties’ data must establish
diagnosis, determine prognosis, drive patient
management and serve as the primary means for
assessing response to treatment” [10]. Therefore,
the better comprehension of several biological
pathways, coupled with emerging technological
advances, has recently fostered a paradigm shift
in the way diagnostics have been for a long time
acknowledged, paving the way to a new model of
healthcare based on integration of different data
coming from multiple and often independent
sources. This, in turn, may allow a more rapid,
efficient, and accurate clinical decision-making
process, thus ultimately assuring better clinical
and economical outcomes. Irrespective of clinical
and environmental scenarios, several lines of evi-
dence now attest that the role of the so-called
“integrated diagnostics” will overwhelmingly
emerge in the foreseeable future, allowing not
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only to make earlier and more accurate diagnoses,
but also to save a large amount of human and eco-
nomic resources [11]. In their article, the authors
have reported several examples of the fundamen-
tal value of integrated diagnostics in most of the
leading causes of morbidity and mortality in
Western Countries such as acute myocardial
infarction, stroke, venous thromboembolism, can-
cer, and infectious diseases. More recently, the
coronavirus disease 2019 (COVID-19) pandemic
has reinforced the need for more and better inte-
gration between all subdisciplines of laboratory
medicine, as well as between pathology, genomic,
and radiology [12]. The possible convergence of
laboratory, pathology, and imaging test results
within the same medical report is, therefore, a
valuable goal to foster earlier and more accurate
diagnoses, and personalized medicine. However,
the enormous volumes of different information
(the so-called “big-data”) should challenge the
mind of clinicians and healthcare professionals.
Reinforcement of clinical decision support
through expert systems and algorithms based on
machine learning and artificial intelligence will
become unavoidable [13, 14], and is a major point
for the education and training of the new genera-
tion of diagnostic professionals. The combination

Fig. 1.1 Integrated
diagnostics: convergence
of laboratory medicine,
pathology, radiology,
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of big data and artificial intelligence, referred by
some as the fourth industrial revolution, will
change laboratory, radiology, and pathology along
with other medical specialties. As predicted by
some authors, because pathology and radiology
have a similar past and a common destiny, these
specialties should perhaps be merged into a single
entity, the “information specialist,” whose respon-
sibility will not be exclusively to extract informa-
tion from laboratory data, images, and histology,
but to manage the information extracted by artifi-
cial intelligence in the clinical context of the
patient [15]. The integration of laboratory and
pathology services with the creation of the acro-
nym “PALM” (Pathology and Laboratory
Medicine) has been recommended by Michael
Wilson and Colleagues as a fundamental tool for
assuring “accurate diagnosis and detection of dis-
ease, informing prognosis and guiding treatment,
contributing to disease screening, public health
surveillance and disease registries, and supporting
medical-legal systems” [16]. A further challenge
is represented by the need to integrate, particu-
larly as concerns laboratory tests, the data from
decentralized testing (point-of-care, near-patient,
and home testing) and wearables [17], as shown
in Fig. 1.1.
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1.4  Conclusions

The quest for diagnostic excellence currently
encounters many obstacles, including shortcom-
ings in healthcare delivery that limit an efficient
integration between several sources of information.
The generation of a vast amount of data from the
clinical laboratory, pathology genomics, and radi-
ology does not automatically convert to meaning-
ful conclusions and higher effectiveness in both
diagnosis and patient treatment. Diagnostic inte-
gration and generation of unified medical reports,
coupled with machine learning techniques, espe-
cially suited to analyze large amounts of data in
real time, should be now adopted to foster an opti-
mal diagnostic process and more specific, accurate,
and complete diagnostic assessment. However, a
combination of machine learning and human
judgement should be taken for granted [18].
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Artificial Intelligence and Machine
Learning in Integrated Diagnostic

Lisa Milan

2.1 Background

High-quality patient care relies on the delivery of
high-quality and comprehensive medical treat-
ments, meeting the needs of each patient. It com-
prises a wide range of healthcare services,
including diagnosis, treatment, and management
of illnesses, as well as preventive care and health
promotion. Physician’s experience is a key factor
in providing valuable standard of care and in tak-
ing accurate decisions. Obviously, this is a long
process requiring both financial and time invest-
ments through practice and continuous educa-
tion. Artificial Intelligence (AI) and Machine
Learning (ML) can offer great support to the
experienced physicians, by providing them with
additional insights that otherwise they may not
have had direct access to. Al can also help to
automate routine tasks and identify potential
issues early, assisting expert physicians in their
diagnostic process and decision-making. If a
radiologist may review approximately 225,000
magnetic resonance (MR) or computed tomogra-
phy (CT) exams during his career [1], Al algo-
rithms can process millions of scans in a short
period; this leads to a higher probability to iden-
tify subtle abnormalities that may have been
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missed by radiologists. This high potential can be
exploited in “integrated diagnostics,” a term used
to define the convergence of imaging, pathology,
and laboratory tests with advanced information
technology [2]. Al can contribute to creating new
models, boosting the integration of these differ-
ent data toward a more efficient and straightfor-
ward healthcare [3]. One of the main areas where
Al is exploited in integrated diagnostics is in the
analysis of medical images. Al algorithms can be
trained to analyze images from multiple modali-
ties, such as X-ray, CT, MR, positron emission
tomography (PET), single photon emission com-
puter tomography (SPECT), and ultrasound (US)
images and detect phenotyping information that
may not be obvious to the human eye.

Al is also used in the analysis of genomic
data. The cost of sequencing a patient’s genome
has decreased over the years, with the consequent
exponential increase of the available genomic
data [4]. Al algorithms analyze these data and
identify genetic variations that may be associated
not only with cancers but also with common non-
cancer diseases [5]. This can lead to the develop-
ment of personalized precision medicine and a
better understanding of the underlying causes of
disease. Al can also be used in the analysis of
electronic health records (EHRs). EHR includes
information about a patient's health history, such
as diagnoses, medicines, tests, allergies, immuni-
zations, treatment plans, personalized medical
care, and improvement of medical quality and

L. Giovanella (ed.), Integrated Diagnostics and Theranostics of Thyroid Diseases,
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safety [6]. Through Al, it would be possible to
accurately classify diseases, reclassify preexist-
ing disease categories according to individual
characteristics, quickly analyze images and med-
ical data in EMR, and provide appropriate ser-
vices [6]. In addition, AI assists in the
interpretation of lab test results, such as pathol-
ogy reports, and other diagnostic data. Digital
image analysis in pathology can identify and
quantify specific cell types quickly and accurately
evaluating histological features, morphological
patterns, and biologically relevant regions of
interest [7, 8]. Quantitative image analysis tools
also enable the capturing of data from tissue
slides that may not be accessible during manual
assessment via routine microscopy reducing the
analysis time and avoiding human error [9, 10].
The power of Al to analyze large amounts of data
quickly can significantly speed up the discovery
of novel features that may help predict how a
patient’s disease will progress and how the
patient will likely respond to a specific treatment
[11-14].

2.2  Artificial Intelligence

and Machine Learning

McCarthy and colleagues coined the term
“Artificial Intelligence” during a conference in
the 1950s and they referred to all the mathemati-
cal algorithms that attempt to perform tasks that
normally require human cognitive abilities [15—
17]. It encompasses a wide range of technologies
and techniques, including machine learning, nat-
ural language processing, computer vision, and
expert systems. Al systems can be trained using a
variety of techniques, such as supervised learn-
ing, unsupervised and reinforcement learning.
They can also be implemented using a variety of
architectures, such as neural networks, decision
trees, and genetic algorithms. In general, the first
step in the creation of an Al model starts with col-
lecting the data and checking for their goodness
and lack of bias. The data has to be harmonized
and only after they can be used to train the algo-
rithm. The training phase consists of a set of iter-
ations executing mathematical functions and is

aimed to correlate the input of the endpoint of
interest with a high level of probability. The accu-
racy of the created model has to be evaluated
with another dataset called testing set, which
allowed for adjusting the model parameters.
Finally, the model has to be confirmed with inter-
nal and/or external validation datasets, in order to
evaluate the performance with a new and inde-
pendent dataset.

The most common types of Al in diagnostic
medicine include:

1. Machine learning: ML algorithms are used to
identify patterns and make predictions based
on data by multiple layers of analysis. The
models produced by ML algorithms are infer-
ences made from statistical analysis of very
large datasets, expressed as the likelihood of a
relationship  between  variables [18].
According to how the ML algorithms are
trained, they can be divided into supervised,
unsupervised, and reinforcement learning.
Supervised learning requires a set of input
data as well as their corresponding output
information, in order to identify a function
linking inputs to outputs [19]. On the other
hand, unsupervised learning does not need
labels, since it searches for patterns that can
separate the input data into subsets with simi-
lar characteristics [20]. The supervised learn-
ing algorithms can be broadly divided into
regression and classification based on predic-
tion of a quantitative or categorical variable
[21]. Unsupervised learning is often used for
feature extraction, while supervised learning
is suitable for predictive modelling [22].
Different methods can be used for unsuper-
vised learning. For example, clustering is one
of the most famous methods in which data are
split into groups according to their peculiari-
ties [23]. The third category of Al algorithm is
reinforcement learning, which learns by tak-
ing in feedback the result of its action. It con-
sists of an agent that executes an action and
the environment in which the action is per-
formed. It is based on the concept of reward:
an agent learns to interact with the environ-
ment aiming to achieve the best reward. The
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environment sends a signal to the agent that
performs a specific action. Once the action is
performed, the environment reacts with a
reward signal, so the agent can update and
evaluate its last action. The cycle repeats until
the environment sends a stop feedback. This
workflow mirrors what happens in clinical
situations, where a doctor has to adopt an
action depending on the patient's condition
[24]. Reinforcement learning can be used to
design a decision support system in order to
provide treatment recommendations to physi-
cians [25].

. Deep learning (DL): DL, a term coined in
1986 by Rina Dechter [26], is a new type of
ML method that uses advanced neural net-
works with multiple layers to analyze the
data. A neural network is a set of simple com-
putational units, also called nodes, highly
interconnected. Nodes are then organized into
layers, i.e., a structure that takes information
from the previous layers and then passes it to
the next layer. In general, there are input lay-

ers, hidden layers, and output layers. As the
name suggests, the number of nodes and lay-
ers in DL algorithms can be very high. DL is
particularly useful for analyzing images and
other types of data that have complex struc-
tures and presents not simply linear relation-
ships [27]. Different from traditional
feature-based ML approaches (Fig. 2.1), DL
is able to achieve diagnosis automation,
avoiding human intervention [28]. In medical
applications, DL algorithms are exploited, for
example, in the detection and characterization
of different tissues (normal vs pathological)
as well as for the analysis of disease progres-
sion [26, 29].

. Natural language processing (NLP): NLP is a

branch of AI that is used to understand and
interpret written and spoken human language.
It can be used to extract information from
unstructured data, such as medical records,
clinical notes, and other free texts.
Understanding human languages constitute
some of the most challenging problems faced

Machine Learning

Input Feature extraction

Classification

Deep Learning

Ut e

Input Feature extraction + Classification

Fig. 2.1 Difference between ML and DL. In contrast to ML, DL does not need to define a priori a set of handcrafted
features, but it is able to find complex correlations to predict the output
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by AI [30]. As well as for the other Al meth-
ods, often the amount of available data is not
sufficient and the effort to evaluate their good-
ness by the experts can be very huge and
expensive. This is particularly true for Clinical
NLP; in fact, it requires a very important
amount of time for the revision of these
unstructured data. Moreover, domain knowl-
edge has also been shown to be important for
understanding biomedical texts, such as in
interpreting linguistic structures [31]. The
knowledge is commonly represented as ontol-
ogies, that organize domain knowledge into
structures that computers can read, and
humans can understand. The size and extent
of background knowledge needed to make
inferences are great [31]. However, clinical
NLP benefits from the availability of massive
knowledge resources, such as, for example,
medical vocabularies.

2.3  AlinIntegrated Diagnostic:
Challenges and Future

Prospects

Recent reports confirm that approximately 86%
of healthcare organizations use ML solutions,
and more than 80% of healthcare organization
leaders have an Al plan for the future [32, 33].
Looking at the articles published in the last
10 years, it is possible to estimate the growing

Fig. 2.2 Number of 3500
articles retrieved in Lon
PubMed by using the O 3000
search terms “Artificial E
Intelligence” and - 2500
“healthcare,” grouped by Q
year of publication. A 'Cg_) s
search performed at the o 1500
end of January 2023 3
« 1000
o
@ 500
Ws!
E 0 - W
-
z 2282392
S 5SS
N NN

2006 =

interest and effort in the application of Al in
healthcare (Fig. 2.2). The integrated diagnostic
field is included in this big picture. In fact, the
integration of the different diagnostic informa-
tion, e.g., from pathology, imaging, EHRs, and
its analysis by Al systems is expected to improve
diagnostic precision and the therapeutic path
[34]. Until now, many Al models have been used
in the mentioned disciplines to detect cancers
[35], cardiovascular diseases [36], neurological
disorders [37], orthopedic conditions [38], pul-
monary diseases [39, 40], skin diseases [41],
sequencing genomic [42, 43], drug interactions
and side effects [44, 45], and so on.
Unfortunately, the integration of the totality of
diagnostic information into a clinical routine is
limited by the lack of a suitable information tech-
nology infrastructure, the absence of high-quality
unbiased data, and difficulties to access and
exchange data [34]. Al methods need a very large
database in order to avoid overfitting; however,
this can be challenging, especially in small insti-
tutions or in the case of rare diseases. Additionally,
the data must be as good as possible; in fact, the
model will be a mirror of the type of data used to
train it. Moreover, it can be possible, especially in
clinical datasets, to have class imbalance nega-
tively affecting the Al algorithms’ performance.
For example, if an Al system is trained on a data-
set that is mostly composed of images from a cer-
tain race or gender, it may not perform well on
images from other populations. This particular
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aspect put light on the necessity of Al to be ethi-
cal: the performance of the Al solutions must be
the same independent of race, gender, and age.

Explainability and transparency are other big
problems of Al methods; Al-based systems can
be difficult to interpret and understand, making it
challenging to explain the taken decisions to
patients and physicians. This can lead to uncer-
tainty and a lack of acceptance of the technology.
That is why there is a growing interest in devel-
oping Al systems that can provide explanations
for their decisions, known as “explainable AI” or
“XAI” [46].

Al-based diagnostic systems should be clini-
cally validated and approved by regulatory
agencies before they are used in clinical practice
to ensure safety and efficacy [47]. A recent lit-
erature review reported that most studies assess-
ing Al did not include the recommended design
features for the robust validation of AI [48].
There is, therefore, a need to develop frame-
works for the robust validation of the perfor-
mance and safety of Al with reliable external
datasets [49, 50]. The regulatory environment
for Al in healthcare is still evolving and there
are currently no clear guidelines for the devel-
opment, validation, and deployment of Al-based
diagnostic systems [51]. Additionally, there is a
lack of standardization in the field, which can
make it difficult for different systems to com-
municate and work together. It is a very difficult
task, especially considering the dynamism of
this technology. ML algorithm can be re-trained
and improve its performance as soon as addi-
tional data are at disposal; but regularization
system does not allow that a medical device
changes without first undergoing a reauthoriza-
tion process. Moreover, there is a need to pro-
tect patient privacy: strong privacy protection is
realizable when institutions are structurally
encouraged to cooperate to ensure data protec-
tion [52]. Commercial implementations of
healthcare Al can be manageable for the pur-
poses of protecting privacy, but it introduces
competing goals. Manufacturers may not be suf-
ficiently encouraged to maintain privacy protec-
tion if they can monetize the data or otherwise
gain from them, and if the legal penalties are not

high enough to offset this behavior. Because of
these and other concerns, there have been calls
for systemic oversight of big data health research
and technology [51, 53].

24  Conclusions

In conclusion, Al is playing a growing role in the
diagnosis and management of diseases through
integrated diagnostics. By analyzing images,
blood test results, and genomic data, Al algo-
rithms can assist in the detection and diagnosis,
leading to more accurate and personalized treat-
ment plans. However, there are also limitations to
consider, including the need for large amounts of
data to train Al algorithms and the need for more
research to validate the use of Al. Nevertheless,
the future of Al in integrated diagnostics is prom-
ising and holds great potential to improve patient
outcomes. For the broad implementation of Al
and integrated diagnostics, central organizations
(at the national or even international level) that
ensure common structures, standards, and data
safety have to be set up.
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Biochemical Diagnosis of Thyroid

Dysfunctions
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3.1 Introduction

Thyroid disorders are commonly encountered in
clinical practice and laboratory tests are integral
to their diagnosis and management, including
assessment of disease severity and response to
therapy. This chapter details the pathophysiologi-
cal background of thyroid function and the
in vitro laboratory tests used in different thyroid
diseases. Interpretation criteria, inappropriate or
redundant testing, and relevant pitfalls are also
reviewed, and guidance for rational test ordering
and integration between clinical, laboratory, and
imaging data is provided.
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3.2  Physiological Basis
of Thyroid Function

Laboratory Assessment

Thyroid hormone synthesis is finely tuned by the
hypothalamus—pituitary—thyroid axis. In physio-
logic conditions, thyroid-stimulating hormone
(TSH) regulates cellular activity, stimulating thy-
rocytes to express proteins necessary for thyroid
hormones production and to increase thyroid hor-
mones synthesis and secretion. Intracellular
iodine transport across the follicular thyroid cell
is generated by the Na*/K* ATPase pump, which
provides the transmembrane Na* gradient. The
natrium iodide symporter transports one iodide
ion together with two sodium ions, resulting in a
significantly higher iodine concentration in the
follicular cells (up to 500 times) compared with
the bloodstream. Subsequently, through different
membrane channels located at the apical mem-
brane (e.g., pendrin, anoctamin, and chloride
channel CICY), iodine passes from the cytoplasm
of the follicular cell into the lumen [1].

At the same time, the glycoprotein thyroglob-
ulin moves from the apical membrane and enters
into the follicular lumen (i.e., exocytosis). The
thyroid follicular lumen consists of a colloidal
suspension of thyroglobulin (concentration up to
750 mg/mL). Thyroglobulin serves as the back-
bone for thyroid hormones [2].

Iodine is then oxidated via action of the enzyme
thyroid peroxidase (TPO): hydrogen peroxide, a
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substrate for TPO, is synthesized at the apical
external surface of follicular thyroid cells.
Oxidation is followed by organification (i.e., oxi-
dized iodine links covalently to tyrosyl residues of
thyroglobulin), enabling the biosynthesis of diio-
dotyrosines (DITs) and monoiodotyrosines (MITs),
respectively. Under modulation by TPO, DITs and
MITs are coupled to form triiodothyronine (T3),
while two DITs form thyroxine (T4) (Fig. 3.1) [3].

The hormones T3 and T4 are phenolic rings
coupled by an ether link and iodinated at three
(3,5,3'-tri-iodo-L-thyronine, i.e., T3) or four
(3,5,3',5'-tetra-iodo-L-thyronine, i.e., T4) posi-
tions on the phenolic ring [4].

Thyroid hormones are stored in the lumen of
follicular cells and, when required, the thyro-
globulin—thyroid hormone complex internalizes
to the cytoplasm and undergoes enzymatic disin-
tegration, hydrolysis, and transport via the baso-
lateral membrane across the monocarboxylate
transporter 8.

-

Na*/I” SYMPORTER

Fig. 3.1 Biosynthesis of thyroid hormones. DIT diiodo-
tyrosine, MCT8 monocarboxylate transporter 8, MIT
monoiodotyrosine, 73 triiodothyronine, 74 thyroxine, 7g
thyroglobulin, 7PO thyroid peroxidase. Reproduced from
D’Aurizio et al. Free thyroxine measurement in clinical

THYROID FOLLICULAR CELL

Under normal conditions, the thyroid secretes
~90% T4, ~8-10% T3, and < 2% reverse T3.
During intense TSH receptor stimulation, or in
the case of iodine deficiency, the ratio of T3 for-
mation increases [4]. More than 99% of circulat-
ing T4 and T3 molecules bind to carrier proteins
(e.g., thyroxine-binding globulin, transthyretin,
and albumin) and only small amounts circulate as
free hormones (free thyroxine [FT4], free triiodo-
thyronine [FT3]). These free hormones act on
target tissues and bind thyroid receptors in the
nuclei of target cells [5].

T3 is the bioactive thyroid hormone, with
about 30 times higher affinity than T4 for the thy-
roid hormone receptor and is derived mostly
from peripheral conversion of T4 via deiodinase
activity [4]. Thyroid hormones also provide neg-
ative feedback to both the hypothalamus and the
pituitary gland, closing the finely regulated
homeostatic thyroid hormone biosynthesis loop.
The relationship between TSH and FT4 is geneti-
cally determined and influenced by age and other
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practice: how to optimize indications, analytical proce-
dures, and interpretation criteria while waiting for global
standardization. Crit Rev. Clin Lab Sci 2022; doi:
10.1080/10408363.2022.2121960 [in press]
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Fig. 3.2 The log-linear inverse relationship between
TSH and FT4. The blue line represents an approximate
relationship between TSH and FT4. The dotted gray lines
represent the normal values for TSH (horizontal) and FT4
(vertical). TSH thyroid-stimulating hormone, FT74 free
thyroxine. Reproduced from D’ Aurizio et al. Free thyrox-

factors such as smoking status. With few excep-
tions, the TSH—free thyroid hormone relationship
is largely inverse log-linear [6] (Fig. 3.2).

TSH secretion is highly sensitive to small
fluctuations in thyroid hormone levels, and
abnormal TSH levels indicate early thyroid dys-
function, well before clear actual hormone abnor-
malities emerge.

Notably, currently used FT4 (and FT3) immu-
noassays are binding protein-dependent and
their performance may be suboptimal at low or
high thyroid hormone concentrations. Liquid
chromatography-tandem mass spectrometry
(LC-MS/MS), for the most part, avoids the
inherent shortcomings of competitive immuno-
assays, as demonstrated by the stronger TSH—
FT4 relationship when FT4 is measured by
LC-MS/MS versus conventional immunoassays
[7]. However, LC-MS/MS remains largely
unavailable in clinical laboratories, and selective
and appropriate use of FT4 and FT3 testing

ine measurement in clinical practice: how to optimize
indications, analytical procedures, and interpretation cri-
teria while waiting for global standardization. Crit Rev.
Clin Lab Sci 2022; doi: 10.1080/10408363.2022.2121960
[in press]

based on TSH results remains pivotal to avoiding
diagnostic pitfalls.

3.3  Thyroid Function Tests

Thyroid function is assessed by measuring TSH
and free thyroid hormones. As previously dis-
cussed, TSH and FT4 have a complex, nonlinear
relationship, and small changes in FT4 result in
relatively large changes in TSH [8]. With some
rare exceptions (i.e., central hypothyroidism,
resistance to thyroid hormones, TSH-secreting
pituitary adenoma [TSH-oma], treated hyperthy-
roidism, and nonthyroidal illness syndrome),
TSH measurement is a sensitive first-line test for
thyroid dysfunction. Guidelines from the
American Thyroid Association [9], the American
Association of Clinical Endocrinologists [10],
and the National Academy of Clinical
Biochemistry [11] have endorsed TSH measure-
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ment as the best first-line strategy for detecting
thyroid dysfunction in most clinical settings.
However, TSH levels are relatively inadequate in
evaluating the severity of thyroid dysfunction, and
FT4 (with or without FT3) should be tested when
abnormal TSH levels are found. To reduce the
overuse of FT4 testing without compromising the
detection of overt thyroid dysfunction, FT4 may
be added to existing requests, either automatically
on the basis of algorithms (i.e., reflex testing) or
by laboratory professionals (i.e., reflective test-
ing). These strategies have proven to be clinically
appropriate and cost-effective in the first-line
assessment of thyroid function [12, 13].

3.3.1 Performance Characteristics
of Thyroid Function Assays

Most thyroid function tests are performed by
immunoassays on automated platforms.
Immunoassays for FT4 and FT3 are competitive,

Table 3.1 Main analytical characteristics of the most
manufacturers

as the small size of thyroid hormones precludes
the use of sandwich immunometric assays [13].
However, competitive thyroid hormone assays
are occasionally affected by cross-reactivities,
and the dynamic range limitations create a diffi-
cult task for manufacturers of producing assays
that are very accurate at both low and high con-
centrations [14] (Tables 3.1 and 3.2).

Conversely, immunoassays used to measure
TSH are largely sandwich immunometric assays.
This assay architecture offers advantages over
competitive assays, such as reduced cross-
reactivity, better detection sensitivity, and a wider
dynamic measurement range. Currently available
TSH assays have detection sensitivities of <0.01—
0.02 mIU/L, a 4 Log'®, and a more dynamic
range, respectively [13] (Table 3.3). Finally, they
also have no cross-reactivity with pituitary glyco-
proteins luteinizing hormone and follicle-
stimulating hormone, and the human chorionic
gonadotropin, respectively.

frequently used FT4 immunoassays, as quoted by

Imprecision (CV %) Reference
LOD LOQ Assay range | (intra-assay; inter- interval®
Manufacturer/Assay | Assay principle/ (pmol/L) | (pmol/L) | (pmol/L) assay; total) (pmol/L)
Abbott Alinity i CMIA, 3.60 5.41 5.41-64.5 | 1.7-3;2-3.1; ND 9.0-19.1
Free T4 competitive
Beckman Coulter CLIA, 3.22 ND 3.22-77.20 |1.8-4.4;3.3-8.1; 7.86-14.41
Access Free T4 competitive 4.3-9.2
DiaSorin Free T4 CLIA, 1.29 ND 1.29-28.70 |2.0-3.3;2.0-4.4,ND | 10.29-21.88
competitive
Mindray FT4 CLIA, 3.86 ND 3.86-77.23 |2.05-3.17;1.58-1.98; | 7.72-15.45
competitive 4.38-4.64
Ortho Vitros FT4 CLIA, 0.88 ND 0.88-90.0 |1.6-2.8;2.4-5.8; 10.0-28.2
competitive 2.5-6.2
Roche cobas ECLIA, 0.5 1.3 0.5-100.0 | 1.6-5.0; 1.9-6.3; ND 11.9-21.6
Elecsys FT4 IV competitive
Siemens CLIA, 1.3 ND 1.3-154.8 | 1.24.7;2.2-6.8; ND 11.5-22.7
Healthineers competitive
Atellica IM FT4
SNIBE Maglumi CLIA, 1.9 ND 1.9-154.5 |2.76-4.99; 1.51-6.17, 11.5-22.1
FT4 competitive 3.15-7.94

aReference intervals were calculated in a population of apparently healthy adults. Information updated to August 2022
CLIA chemiluminescent assay, CMIA chemiluminescent microparticle immunoassay, CV coefficient of variation,

ECLIA electrochemiluminescence assay, F'74 free thyroxine,
disclosed

LOD limit of detection, LOQ limit of quantitation, ND not
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Table 3.2 Main analytical characteristics of the most frequently used FT3 immunoassays, as quoted by

manufacturers
Imprecision (CV %) Reference
LOD LOQ Assay range | (intra-assay; inter- interval®
Manufacturer/Assay | Assay principle (pmol/L) | (pmol/L) | (pmol/L) assay; total) (pmol/L)
Abbott Alinity i CMIA, 1.46 1.92 2.30-30.72 |2.4-3.8; ND; 3.6-4.8 2.43-6.00
Free T3 competitive
Beckman Coulter CLIA, 1.40 ND 1.40-46.00 | 2.6-6.6; 1.3-8.0; 3.8-6.0
Access Free T3 competitive 5.3-10.4
DiaSorin Free T3 CLIA, 0.46 1.54 0.46-46.2 |2.6-4.7;2.4-4.7,ND 3.39-6.47
competitive
Mindray FT3 CLIA, 1.35 ND 1.35-46.20 | 1.89-2.65;2.16-2.41; 3.54-6.16
competitive 2.62-3.31
Ortho Vitros FT3 CLIA, 0.77 ND 0.77-35.00 |1.1-4.0;2.0-11.3; 4.26-8.10
competitive 2.3-14.7
Roche cobas ECLIA, 0.6 1.5 0.6-50.0 | 1.4-7.6;1.6-8.3; ND 3.1-6.8
Elecsys FT3 III competitive
Siemens CLIA, 0.31 ND 0.31-30.80 |0.67-7.59; ND; 3.5-6.5
Healthineers competitive 1.07-9.14
Atellica IM FT3
SNIBE Maglumi CLIA, 0.62 ND 0.62-77.00 |2.64-4.63; 1.77-6.12; 3.10-6.47
FT3 competitive 3.68-7.67

aReference intervals were calculated in a population of apparently healthy adult males and females. Information updated

to August 2022

CLIA chemiluminescent assay, CMIA chemiluminescent microparticle immunoassay, CV coefficient of variation,
ECLIA electrochemiluminescence assay, F73 free triiodothyronine, LOD limit of detection, LOQ limit of quantitation,

ND not disclosed

Table 3.3 Main analytical characteristics of the most frequently used TSH immunoassays, as quoted by

manufacturers
Imprecision (CV | Reference
LOD LOQ Assay range | %) (intra-assay; | interval®
Manufacturer/Assay | Assay principle | IRP (mIU/L) | (mIU/L) | (mIU/L) inter-assay; total) | (mIU/L)
Abbott Alinity i TSH | CMIA, ND 0.0036 |0.0083 | 0.0083— 1.3-1.6; ND; 0.35—
non-competitive 100 1.5-2.1 4.94
Beckman Coulter CLIA, 81/565 |0.005 0.01 0.005-50 2-4;0.2-2;3-6 | 0.38-
Access TSH 3rd IS non-competitive 5.33
DiaSorin Liaison CLIA, 80/558 |0.004 0.02 0.004-100 |0.7-1.9; 0.3-3.6
TSH non-competitive 1.6-5.1; ND
Mindray TSH CLIA, 81/565 | 0.005 0.02 0.005-100 | 1.75-2.39; 0.35-5.1
non-competitive 1.40-1.65;
2.32-3.13
Ortho Vitros TSH CLIA, 80/558 0.014 0.097 0.014-150 |0.9-5.3; 0.47-
non-competitive 1.7-7.4; 4.68
2.0-8.8
Roche cobas Elecsys | ECLIA, 80/558 | 0.005 0.005 0.005-100 |0.7-3.4; 0.27-
TSH non-competitive 1.5-11.2; ND 4.20
Siemens Healthineers | CLIA, 81/565 |0.008 0.008 0.008-150 | 1.5-3.6; 0.55—
Atellica IM non-competitive 2.9-4.5; ND 4.78
TSH3-UL
SNIBE Maglumi CLIA, 81/565 |0.006 ND 0.006-100 | 1.76-2.53; 0.3-4.5
TSH non-competitive 1.40-2.04;
2.25-3.71

“Reference intervals were calculated in a population of apparently healthy adult males and females. Information updated

to August 2022

CLIA chemiluminescent assay, CMIA chemiluminescent microparticle immunoassay, CV coefficient of variation,
ECLIA electrochemiluminescence assay, /RP international reference preparation, LOD limit of detection, LOQ limit of
quantitation, ND not disclosed, 7SH thyroid-stimulating hormone
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3.3.2 Thyroid-Stimulating Hormone

As previously discussed, Thyroid-Stimulating
Hormone (TSH) is the single most useful test of
thyroid function in most patients. Generally, no
further testing is indicated when TSH appears
within the normal range. Nevertheless, several
issues should be considered when interpreting a
TSH value, the importance of which requires that
a clinical decision not be made based on a single
TSH value when it is within or close to the nor-
mal range [13].

3.3.2.1 Normal Range

Considerable literature exists regarding the “nor-
mal” range for TSH, which is generally quoted to
be between 0.40 and 4.00 mIU/mL [15, 16].
However, the accuracy of any given immunoassay
can strongly affect TSH cutoffs, as inter-method
differences of about 1 mU/L at concentrations of
4-5 mU/L have been reported [17]. The lack of
interchangeability of laboratory results and cut-
offs (due to poor harmonization of TSH assays)
does not allow standardized cutoffs to be used in
clinical practice. Therefore, each clinical labora-
tory must establish reliable cutoffs based on their
adopted method. Adopted cutoffs may differ
based on population and clinical context. In the
general population, the approach is to adopt cut-
offs that facilitate the greatest reduction in the fre-
quency of FT4 testing; in other clinical settings, a
different cutoff may be preferable to avoid miss-
ing hypo- and/or hyperthyroidism diagnoses.

3.3.2.2 Circadian Variability

Though not usually accounted for in clinical
practice TSH secretion follows a circadian
rhythm, with maximal levels in the early morning
and a nadir in the late afternoon to mid-evening.
Generally, TSH levels remain within the normal
range, but variation in TSH by a mean of 0.95-
2.00 mIU/mL can be observed and may affect
clinical decisions [18].

3.3.2.3 Individual Variation
Individual variation in TSH levels may occur
without an obvious cause. In a study assessing

TSH values monthly for 1 year in healthy men,
random variations occurred, with a mean TSH of
0.75 mIU/mL and a range of 0.2-1.6 mIU/mL
[19]. Thus, variation in TSH of up to 40-50%
within the normal range does not necessarily
indicate a change in thyroid function or status
[10, 19].

Overall, the “reflex TSH” strategy highlights
an opportunity to improve appropriateness in
test requests and save unjustified costs for
healthcare systems. However, caution must be
exercised when using solely TSH tests for sub-
clinical thyroid dysfunction and for secondary
hypothyroidism, and during the initial phases of
medical therapy for hyper- and hypothyroidism
[20].

3.3.3 FreeThyroid Hormones

Measurement of FT4 levels is integral in both
the diagnosis and management of relevant cen-
tral dysfunctions, as well as therapy monitoring
in hyperthyroid patients treated with antithyroid
drugs or radioiodine. FT3 measurement may
also add useful information in patients with sup-
pressed TSH and normal FT4 levels to distin-
guish subclinical hyperthyroidism (i.e., normal
FT3) from T3-thyrotoxicosis (i.e., high FT3).
The accuracy of FT4 and FT3 tests depends
greatly on the assay used. Unfortunately, the
assays used in the vast majority of clinical labo-
ratories are still hindered by some limitations
and pitfalls. Although considerable progress has
been made in the standardization of FT4 proce-
dures, some challenges remain, including estab-
lishing clinical decision limits in varying patient
populations and education of stakeholders [21].
As such, different assays and reference values
cannot be interchanged at present. Two-way
communication between laboratory and clinical
specialists is vital in choosing a reliable FT4
assay, establishing local reference ranges, inves-
tigating discordant results, and monitoring the
analytical and clinical performance of the assay
over time.
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3.4 Diagnosis of Thyroid

Dysfunctions

Symptoms of thyroid dysfunction may be non-
specific with minimal signs; thus, the use of thy-
roid function tests in patient evaluation is vital.
While testing TSH alone is sufficient for general
screening, both FT4 and TSH assays are needed
for diagnosing subclinical thyroid dysfunction,
central hypothyroidism, drug effects, and hospi-
talized patients, as well as for accurate assess-
ment of treatment effects. Close communication
between the bedside and bench-side is crucial for
the successful interpretation of thyroid function
test results, particularly when inconsistent results
are rendered. An algorithm for thyroid function
test interpretation is presented in Fig. 3.3.

3.4.1 Subclinical Thyroid

Dysfunctions

Increased frequency of screening and routine
blood tests have resulted in more patients being
diagnosed with subclinical thyroid dysfunction.
In subclinical hyperthyroidism, TSH level is low/
suppressed and FT4 level is within the normal
range. FT3 should be measured to rule out T3
toxicosis in these cases. Patients with subclinical

hyperthyroidism should be further screened and
considered for treatment, especially if they are
elderly and/or at risk for atrial fibrillation or
osteoporosis [22].

In subclinical hypothyroidism, TSH level is
elevated and the FT4 level is within the normal
range. Levothyroxine should be started if the
TSH level exceeds 10 mIU/L. Treatment may
also be considered in other situations, such as in
patients with consistent symptoms, poorly con-
trolled hypercholesterolemia, or subfertility [9].

3.4.2 OvertThyroid Dysfunctions

3.4.2.1 Hyperthyroidism
Hyperthyroid patients may present with symp-
toms such as palpitations, tremors, anxiety,
weight loss, and heat intolerance. Clinicians
should in the first instance confirm biochemical
thyrotoxicosis by testing both TSH and FT4 [23].
Most patients with thyrotoxicosis have pri-
mary hyperthyroidism, giving a typical constella-
tion of elevated FT4 and suppressed TSH. The
most frequent cause of thyroid hyperfunction is
Graves’ disease, the diagnosis of which is typi-
cally obvious upon clinical examination in many
cases. In other cases, however, it may be chal-
lenging to distinguish Graves’ disease from other

| Increased ;‘_‘. TSH )—0{ Decreased |
FT4 | FT'4
I.olw Non‘-r'nal Hiléh Ltw Normal H!gh
Printn,r Su bcl;r:ical -Assayli;'lre rference Sel:!’nclan,uI Subclinical Pr#nan,r
hypothyroidism  hypothyroidism ;;i;—oma hypothyroidism  hyperthyroidism hyperthyroidism

Fig. 3.3 Algorithm for thyroid function test interpreta-
tion. FT3 free triiodothyronine, F74 free thyroxine, 73
triiodothyronine, THR thyroid hormone receptor, TSH

!

FT3

-Normal: subclinical hyperthyroidism

Increased: T3-toxicosis

thyroid-stimulating hormone, TSH-oma, TSH-secreting
pituitary adenoma
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forms of thyrotoxicosis, and several etiologies
should be considered before making a definitive
diagnosis and starting treatment [24, 25]
(Table 3.4). In unclear cases, thyroid scintigra-
phy, TSH receptor antibody (TRAb) measure-
ment, or ultrasound with Doppler analysis of
thyroid vascularity are recommended, depending
on local availability and clinical preferences [23].
In addition to aiding diagnosis of Graves’ dis-
ease, the magnitude of TRADb elevation can serve
as a prognostic indicator of remission during
medical treatment. In pregnant women with cur-
rent or previous Graves’ disease, TRAb should
be tested during the later stages of gestation to

Table 3.4 Causes of thyrotoxicosis: etiology and
pathophysiology
Cause Etiology Pathophysiology
Graves’ Autoimmune TSH-R stimulation
disease
Thyroid Somatic Overactive TSH-R
functional mutations and/or Gsa subunit
autonomy
Subacute Viral Inflammatory
thyroiditis destruction
Painless Autoimmune Immune-mediated
thyroiditis destruction
Drug- Iodine overload | Pathologic escape
induced type 1 from Wolff-
Chaikoff effect
Iodine overload | Iodine-induced
type 2 destructive
thyroiditis
TKI, ICPI Destructive
thyroiditis
Factitious T4, T3, TH analogs
thyrotoxicosis
Tumor Struma ovarii Ovarian TH
biosynthesis
Thyroid cancer | Functioning
metastasis
Germinal BHCG
tumors overproduction
Central Pituitary THR mutation
resistance (TRP)
Pituitary TSH-secreting
adenoma tumor

HCG human chorionic gonadotropin, /CP/ immune
checkpoint inhibitors, 73 triiodothyronine, 74 thyroxine,
TH thyroid hormone, THR TH receptor, TKI tyrosine
kinase inhibitors, TRAb TSH receptor antibody, TSH
thyroid-stimulating hormone, 7SH-R TSH-receptor

assess the risk of fetal/neonatal thyrotoxicosis
[24].

In some cases, patients may present with an
elevated FT4 level and elevated or inappropri-
ately normal TSH level. While laboratory assay
imprecision and/or interferences may explain this
abnormality when thyrotoxicosis symptoms are
absent, two differential diagnoses should be con-
sidered: secondary hyperthyroidism from TSH-
oma [prevalence 0.85/1 million] and resistance to
thyroid  hormone-fp  (RTHP) [prevalence
1/40,000]. Patients with TSH-oma have elevated
levels of alpha-subunit, a high alpha-subunit/
TSH ratio, and a blunted response to thyrotropin-
release hormone (TRH) stimulation. Magnetic
resonance imaging of the pituitary gland reveals
an adenoma (typically a macroadenoma) [26].

Resistance to thyroid hormone (RTH) is a rare
genetic syndrome that affects the thyroid hor-
mone receptor isoforms § and o. RTHP must be
considered in patients with unexplained elevated
FT4 and unsuppressed TSH levels (inappropri-
ately normal or elevated). Most patients have a
positive family history (autosomal dominant
inheritance) and show decreased serum FT4/T3
ratio and normal or exaggerated response to TRH
stimulation [27].

Finally, it is important to keep in mind that
FT4 responds faster to antithyroid therapy and
radioiodine than TSH. Consequently, TSH recov-
ery can lag behind FT4 recovery by several
months. Clinical actions, such as antithyroid drug
titration or introduction of thyroid substitution,
should be undertaken according to improvement
in FT4 levels in these cases (Table 3.5).

3.4.2.2 Hypothyroidism

Patients who present with overt symptoms of
hypothyroidism have low FT4 and elevated TSH
levels. The most common cause of primary
hypothyroidism in iodine-replete regions is
autoimmune thyroiditis (Hashimoto’s thyroid-
itis).  Antithyroid peroxidase antibodies
(TPOADb) may be tested to confirm the diagno-
sis. Previous neck surgery, radioactive iodine
therapy, and antithyroid drug therapy are also
frequent causes of primary hypothyroidism.
Patients with secondary hypothyroidism have
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Table 3.5 Measurement of FT4: clinical indications

Indication Aim

Suppressed To differentiate subclinical from overt

TSH hyperthyroidism
To assess the degree of overt
hyperthyroidism

Increased To differentiate subclinical from overt

TSH hypothyroidism

ATD therapy | To monitor response in the initial
months of therapy

RAI therapy | To monitor response in the initial
months after RAI therapy

Pituitary To evaluate/monitor patients (TSH not

disease reliable)

ATD antithyroid drug, F74 free thyroxine, TSH thyroid-
stimulating hormone, RA/ radioactive iodine

low FT4 and low or inappropriately normal TSH
levels. After exclusion of assay imprecision or
interferences, when a normal TSH level is found
alongside low/low-normal T4 but high/high-
normal T3 levels, it is important to rule out
hypopituitarism and consider resistance to thy-
roid hormone a-subtype (RTHa). Notably, dur-
ing early treatment of secondary hypothyroidism
with levothyroxine, FT4 levels improve while
TSH levels remain low/low-normal, thus mak-
ing TSH unsuitable for patient monitoring. In
these cases, measurement of FT4 alone is rec-
ommended (Table 3.5). In pregnant women with
hypothyroidism, the usual levothyroxine dose is
increased by 30% due to physiological changes.
Thyroid function must be monitored closely
(every 4-6 weeks) during pregnancy, as mater-
nal hypothyroidism is associated with subopti-
mal obstetric outcomes and poor fetal
neurocognitive development [28].

3.5 Management of Inconsistent

Results

Although thyroid function tests are routine exam-
inations, the analytical procedure for determining
TSH, FT3, and FT4 remains a major challenge
due to multiple interference factors. Notably,
most inconsistent thyroid test results are related
to nonspecific fluctuations, assay imprecision, or
inappropriate reference range rather than clini-

cally relevant dysfunctions [29]. Indeed, falsely
increased or decreased thyroid hormone mea-
surements caused by interference factors in
immunoassays may result in a considerable num-
ber of possible misinterpretations of laboratory
findings [30, 31].

3.5.1 Analytical Interferences

in Immunoassays
Numerous factors may interfere with
immunoassay measurements of TSH, FT3,
and FT4, such as macromolecules (fre-

quency < 1:100) [32], interfering antibod-
ies (frequency < 1.1:100) [33], and amino
acids and/or glycosylation variants (fre-
quency < 1:100,000), respectively [34, 35].
The use of high-dose biotin (100-300 mg/
day) for multiple sclerosis and inherited meta-
bolic disorders has attracted the attention of
laboratorians and clinicians, as it can cause
inexplicable thyroid test results. Biotin is also
advertised and sold for healthy nails and hair
and may be present in supplements for this pur-
pose in doses of up to 10 mg per tablet. As most
manufacturers have enhanced the biotin toler-
ance of their assays in recent years, this effect
is mainly theoretical unless patients are taking
very large doses of biotin or have concomitant
renal failure [36, 37]. Nevertheless, it is impor-
tant that endocrinologists understand the risks
of potential interactions with exogenous biotin.
Some drugs (e.g., aspirin, furosemide, and phe-
nytoin) may displace the equilibrium between
thyroid hormones and binding proteins; others
may increase (e.g., estrogen, fluorouracil, and
tamoxifen) or inhibit (e.g., androgens, gluco-
corticoids, and nicotinic acid) the synthesis of
thyroxine-binding globulin, leading to dubi-
ous method-dependent results in the measure-
ment of FT4 [8]. The administration of heparin
may also cause an artificial elevation in FT4
by displacing thyroid hormones from binding
proteins via rapidly generated non-esterified
fatty acids, especially when FT4 is measured
via equilibrium dialysis [38].
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3.5.2 Nonthyroidal lliness

Interpretation of thyroid function tests can be
confounded by several factors in critically ill
patients, depending on the onset, severity, and
duration of the critical illness [39]. During criti-
cal illness, FT3 levels are the first to decrease,
typically within the first 24 h (i.e., low T3 syn-
drome). FT4 levels decrease subsequently, fol-
lowed by a decrease in TSH. During the recovery
phase, TSH increases early and can transiently
exceed the normal range; however, normalization
of free thyroid hormones will ensue. These
changes in thyroid hormones in critical illness
may be due to several factors, such as reduced
deiodinase activity, reduced thyroid hormone-
binding protein concentrations, increased circu-
lating pro-inflammatory cytokines, and use of
certain medications, such as dopamine and glu-
cocorticoids. Whether these changes are a form
of beneficial or maladaptive response remains
unclear. From a practical point of view, thyroid
function tests should be performed during critical
illness only if strictly necessary and interpreted
with great caution. Otherwise, it is recommended
to postpone thyroid testing until the resolution of
the acute illness phase.

3.6 Conclusion

Laboratory tests are integral in the management
of thyroid dysfunction, and their rational use and
proper interpretation may greatly simplify man-
agement of patients, and avoid inappropriate
diagnostic procedures and clinical actions,
including drug administration. In most clinical
situations, a concrete understanding of thyroid
physiology and the various thyroid tests suffices
for the proper and accurate interpretation of the
test results. However, unexpected and inconsis-
tent results should be interpreted with caution;
clinicians and laboratorians should consider lab-
oratory assay interferences, concurrent medica-
tions, pregnancy, nonthyroidal illness, and older
age, and interpret results according to the clinical
setting. Close communication between all mem-
bers of the care team is vital.
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4.1 Basics of Thyroid Imaging
Modern integrated imaging of thyroid diseases
combines multiparametric thyroid ultrasound as
morphological imaging method and molecular
imaging with radiopharmaceutical substances to
assess the structure and the functional status of
the thyroid gland or thyroid lesions. This chapter
provides an overview of thyroid ultrasound and
molecular imaging for diffuse and nodular thy-
roid diseases.
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4.1.1 Sonography

Since its initial description by Fujimoto et al. in
1967, ultrasound (US) has gained a critical role
in the evaluation of diffuse and nodular thyroid
diseases. With today’s high-resolution systems,
ultrasound examinations are among the most
widely used imaging methods worldwide.
Ultrasound is cost-effective, free of radiation, can
be repeated as often as required, is easy to learn,
and allows versatile use. Modern ultrasound
devices are equipped with transducers that have a
frequency spectrum of typically 2-20 Megahertz
(MHz), with the choice of frequency depending
on the target structure (location and depth within
the body). For thyroid ultrasound high-resolution
linear transducers with a frequency of 7-15 MHz
have been used. Besides brightness-mode
(B-mode, gray-scale ultrasound), multiparamet-
ric ultrasound (MPUS) also integrates vascular-
ization (spectral/color/power Doppler ultrasound,
SDUS/CDUS/PDUS,  superb  microvascular
imaging, SMI, and contrast-enhanced ultrasound,
CEUS) and tissue stiffness (ultrasound elastogra-

phy) [1-4].

4.1.1.1 B-Mode Sonography (Gray-

Scale Ultrasound)
B-mode sonography is the standard imaging
method for the structured examination of thyroid
morphology. The thyroid gland as a whole (i.e.,
position, enlargement, shape, echogenicity, and
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composition) as well as focal lesions (i.e., size,
localization, echogenicity, shape, margins, com-
position, and calcification) can be described in
detail; B-mode sonography is usually displayed
in gray-scale mode. B-mode sonography is useful
for the assessment of diffuse thyroid disorders
(DTD), thyroid nodules, and other thyroid
lesions, e.g., inflammatory disorders. The follow-
ing objectives reflect the indications for thyroid
ultrasound set out by the American Thyroid
Association (ATA) and American Association of

IL

1L

Iv.

To characterize thyroid nodules to differenti-
ate between benign and malignant lesions
(Table 4.1).

To evaluate diffuse changes in thyroid
parenchyma.

To differentiate thyroid lesions from other
cervical structures like cervical cysts or a
thyroglossal duct.

To detect and to follow up cervical lymph
nodes and recurrent disease in patients with
thyroid malignancy.

Clinical Endocrinology (AACE):

Table 4.1 Ultrasound criteria for thyroid nodule assessment [9-11]

Ultrasound criterion Description
Composition Completely solid nodule or almost completely solid nodule cystic portion <50%
e Solid Entirely cystic without solid components (including septa), partially cystic (cystic
¢ Predominately portion >50%)
solid Predominately (>50%) composed of tiny cystic spaces with numerous septa
e Cystic (microcystic change, honeycomb)
¢ Predominately
cystic
* Spongiform
Echogenicity Compared to normal thyroid tissue/strap and strap muscle
e Markedly Hypoechoic/decreased relative to anterior neck /strap muscle
hypoechoic Markedly hypoechoic relative to normal thyroid tissue
* Hypoechoic Hypoechoic to normal thyroid tissue
* Isoechoic Comparable to normal thyroid tissue
e Hyperechoic Hyperechoic/increased compared to normal thyroid tissue
e Anechoic Completely cystic
Margin Obviously demarkable from adjacent structures
o Well- Hypoechoic rim surrounding the nodule
circumscribed/ Not obviously demarkable from adjacent structures
smooth Obviously demarkable with jagged appearance
e Halo Typically nodal conglomerates
e Ill-defined Obviously demarkable with corrugated appearance
e TIrregular/spiculated | Surpassing the thyroid capsule; invasion of adjacent tissue/vascular structure
* Macrolobulated
* Microlobulated
* Extrathyroidal
extension
Calcification Echogenic foci <1 mm within a solid portion (typically without posterior acoustic
* Microcalcification | shadowing)
*  Macrocalcification | Echogenic foci >1 mm with posterior acoustic shadowing
e Rim calcification Peripheral echogenic rim (complete/incomplete)
¢ Punctate Echogenic foci with reverberation artifact (within cystic component)
hyperechoic foci
with comet-tail
artifact
Shape Anteroposterior diameter > transverse diameter/
e Taller-than-wide/ Anteroposterior diameter > longitudinal diameter
long (non-parallel Anteroposterior diameter < transverse diameter/
growth) Anteroposterior diameter < longitudinal diameter
* Wider/longer-than-
tall (parallel
growth)
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V. To screen high-risk patients with MEN type
II, a history of familial thyroid cancer or
neck irradiation in childhood.

VI. To guide diagnostic (e.g., fine-needle aspira-
tion cytology, FNAC) and therapeutic (e.g.,
radiofrequency ablation) procedures [35, 6].

The normal thyroid gland physiologically
consists of two lobes and the thyroid isthmus.
Occasionally, a residue or rests of the thyroglos-
sal duct (pyramidal lobe) may be seen. The nor-
mal thyroid size and volume depend on age, sex,
and iodine supply. The volume of the thyroid
lobe is approximated by the ellipsoid formula:
volume = width (mediolateral) x depth (antero-
posterior) x length (craniocaudal) x n/6. In case
of enlargement, both, the volume of the thyroid
isthmus and the pyramid lobe should be added
to the total thyroid volume. The upper limit of
the thyroid gland volume in a slightly iodine-
deficient area such as Germany is as high as
18 mL and 25 mL in adult women and men,
respectively [7]. A lower volume limit is fre-
quently not given. However, some studies have
shown that thyroid volumes below 5 mL may
not be sufficient for adequate thyroid hormone
production. The internal structure of a normal
thyroid gland is homogenously bright compara-
ble to the salivary glands and markedly hyper-
echogenic compared to the adjacent cervical
muscles [6, 8].

4.1.1.2 Cine-Mode and Tomographic
Ultrasound

Cine-mode ultrasound allows for the continuous
acquisition of ultrasound images over time [12].
This provides additional means of documentation
and storage of cross-sectional data in multiple
planes. With the acquired data sets incorporating
the whole thyroid gland, structured assessment
can be carried out in retrospective and longitudi-
nal comparison of corresponding image planes
becomes more accurate. Continuous image
acquisition combined with probe tracking tech-
nology provides the basis for tomographic ultra-
sound imaging [13]. Data acquired in an axial
plane can thus be reconstructed in multiple planes
and fused with functional imaging data as needed.

Integrated =~ SPECT/Ultrasound and PET/
Ultrasound fusion imaging have been shown to
be feasible and may gain wider use once avail-
able on a larger scale [14, 15]. Volume data
derived from standardized cine-mode acquisi-
tions are the basis for automatic segmentation
algorithms and—in the future—artificial intelli-
gence applications.

4.1.1.3 Color Doppler Ultrasound
(CDUS) and Contrast-Enhanced
Ultrasound (CEUS)
CDUS gives information about the vasculariza-
tion of the thyroidal tissue by visualizing intrapa-
renchymal as well as the perithyroidal vessels.
The underlying technique is based on the change
in frequency of a sound wave once reflected by
the motion of red blood cells in vessels. Using
color coding (red: toward the transducer, blue:
away from the transducer), the direction of blood
flow is shown in an overlay of Doppler and gray-
scale images (Fig. 4.1a). In power Doppler mode
only one color (e.g., orange) is used to code both
flow directions.
The vascularity patterns of thyroid nodules
can be categorized into four types:

I. Type 1: No vascularity (absence of intra-/

perinodular vascularity).

II. Type 2: Perinodular vascularity (circumfer-
ential vascularity of the nodule).

III. Type 3: Mild intranodular vascularity (with
or without perinodular vascularity).

IV. Type 4: Marked intranodular vascularity (with
or without perinodular vascularity) [3, 9].

In CEUS, an intravenous microbubble con-
trast agent is used, which enhances the backscat-
tering of ultrasound waves resulting in an
amplification of flow signals. This means, it
allows visualization of blood flow in thyroid ves-
sels and within the microvasculature. The
enhancement pattern reflects the different vascu-
lar phases (i.e., arterial, portal-venous, and
venous) comparable to contrast-enhanced com-
puted tomography. CEUS is a safe procedure,
however, rarely allergic events are possible [3,
16]. Image evaluation for thyroid nodule assess-
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Fig. 4.1 Normal thyroid gland on color Doppler ultra-
sound (CDUS) (a) and contrast-enhanced ultrasound
(CEUS) (b; left image: after contrast agent application;

ment includes qualitative (quality of enhance-
ment, washout behavior, and comparison to the
paranodular tissue) and quantitative (time-to-
peak, wash-in slope, peak intensity, mean transit
time, and area under time-intensity curves)
parameters [17]. Normal thyroid tissue shows
only small areas with flow termed as “normal
background flow” as shown in Fig. 4.1b [18].

D2/Peak Hol

right image: native B-mode ultrasound). (Courtesy Prof.
J. Bojunga, Frankfurt University Hospital)

4.1.1.4 Ultrasound Elastography

With Ultrasound Elastography (UE) it is possible
to measure the elasticity of tissues. The concept
of UE was first introduced by Orphir et al. in
1991. The principle is based on an external com-
pression of the tissue, which leads to a measur-

able deformation. This deformation is more
pronounced in soft tissues than in hard structures.
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Since a change in the elasticity of tissue typically
correlates with pathologic features, UE can aid in
differential diagnosis [19]. Three methods are
distinguished in UE on the basis of the external
stimulus: strain-based UE (USE, mechanically
induced force, measuring tissue strain), acoustic
radiation force impulse (ARFI, ultrasound
induced, measuring tissue displacement), and
shear wave-based UE (SWE, ultrasound induced,
measuring quantitative shear wave propagation)

1 E1 12.14 kPa
V1 2.01 mis
2 E2
V2

Fig. 4.2 (a, b) Normal thyroid gland. (a) Strain elastog-
raphy (left: transverse orientation in B-mode sonography;
right: superimposed strain elastography) showing a
homogenously green/red colored (soft) thyroid lobe and
blue colored (hard) trachea. (b) Shear wave elastography:

[20, 21]. UE reflects the histologic composition
of a tissue (i.e., cells, membranes, and ultrastruc-
tures). Normal thyroid parenchyma presents
homogenously soft on UE (in case of USE mostly
green, sometimes mixed green/yellow/red,
Fig. 4.2). For thyroid nodule elasticity evaluation
two qualitative scores are commonly used. The
Asteria score ranges from elasticity score 1 rep-
resenting soft (i.e., benign) tissue to elasticity 4
representing hard (i.e., suspicious) tissue. The

transverse image of the left thyroid lobe (left: B-mode
sonography and calculated elasticity modulus (kPa) and
velocity of the propagation of the shear wave (m/s); right:
box with three regions of interest to calculated velocity in
the normal thyroid tissue
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three-tier Rago Score ranges from an elasticity
score 1 representing elasticity in whole or large
part of the nodule (i.e., benign) to score 3 without
elasticity in the nodule and in the posterior shad-
owing (i.e., suspicious) [22, 23]. For quantitative
SWE it is known, that the stiffer (i.e., suspicious)
the tissue is, the higher the propagation of shear
waves. Data for normal thyroid tissue are sparse.
The World Federation for Ultrasound in Medicine
and Biology reported a range for normal thyroid
tissue 1.60 = 0.18 m/s for point-SWE and
2.6 £ 1.8 m/s for 2-D SWE; a single cutoff for
differentiation of thyroid nodules are so far not
established [24-26].

4.1.2 Radionuclide Imaging

4.1.2.1 **Tc-Pertechnetate/'#lodine

Thyroid scintigraphy (TS) allows for global and
regional imaging of the sodium iodide trans-
porter (NIS) activity within the thyroid gland
in vivo. TS has long been performed with iodine
isotopes (', 'I7). For standard TS, nowadays,
“mTc-pertechnetate is preferred over iodine iso-
topes due to its advantageous physical properties
(short physical half-life [6 h], pure gamma emis-
sion [140 keV], radiation exposure as low as
approx. 1 mSv for a standard application of
70 MBgq, i.e., 0.013 mSv/MBgq, its easy availabil-
ity and lower costs. As a mimicker of ionic
iodine, *"Tc-pertechnetate enters the thyroid
cell through the basolateral cell via the NIS. In
contrast to iodine, *™Tc-pertechnetate is not
further organified and leaves the thyroid cell
with a rather short effective half-life (hours)
compared to about half a day in '*I~ or a couple
of days in"*'I~ [27, 28]. Since the import and the
organification of iodine are key for thyroid hor-
mone synthesis, the NIS activity and thus the
uptake of *"Tc-pertechnetate is deemed repre-
sentative of overall hormone production. TS thus
provides overall and regional functional infor-
mation about the thyroid gland. Under physio-
logical conditions, the activity of the NIS is
positively regulated by TSH. Only a small pro-
portion of NIS activity appears to be indepen-

dent of TSH regulation as indicated by a low
(<0.5%, see below), but detectable scintigraphic
uptake of *™Tc-pertechnetate even in subjects
with full TSH suppression (physiological back-
ground autonomy) [29, 30]. The **Tc-pertech-
netate uptake can be quantified and is often given
as a percentage of injected radioactivity.
Sometimes a “normal” range is also given for the
“raw” *mTc-pertechnetate uptake, e.g., 0.5%-—
4% [31]. The raw uptake can only be interpreted
with knowledge of the current TSH value. To
avoid bias by fluctuations of TSH, TSH assess-
ment should be closely connected with scintigra-
phy—with both exams ideally performed at the
same time and at the same institution(s).

The authors suggest calculating %™Tc-
pertechnetate uptake normalized to TSH (i.e., %
per mU/L) in addition to raw uptake. The accord-
ing normal range should be obtained from a site-
specific cohort of about 20-30 subjects with
normal thyroid function and may range from
0.3-3.0% per mU/L [32]. In addition to TSH reg-
ulation, NIS activity is also under inverse regula-
tion by the intrathyroidal iodine concentration
(“autoregulation”) which in turn is representative
of the iodine supply. High iodine concentrations
may deteriorate image quality given the inverse
effect on NIS activity. The influence of iodine
may reach a point, where a scintigraphic image
becomes “blocked” (uptake 0%), e.g., after
administration of contrast agents containing
iodine. This may also occur after the use of NIS
blocking agents such as perchlorate. As a conclu-
sion, any “excess” iodine intake should be either
avoided prior to scintigraphic imaging or scintig-
raphy should be postponed for at least 1-3
months in cases of severe iodine contamination
to yield high-quality images and usable uptake
values.

Thyroid hormones exert their influence on
thyroid uptake mainly via TSH regulation. As
TSH influence can be accounted for by the use of
TSH-normalized uptake values, a properly sub-
stituted patient is not necessarily required to
withdraw thyroid hormones before TS. However,
one should bear in mind that roughly two-thirds
of thyroid hormone mass is made up of iodine.
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This may result in a somewhat hypernormal
iodine status reducing image quality and (nor-
malized) uptake values via “autoregulation” (see
above). For this reason, a mild reduction of thy-
roid hormone substitution may be appropriate
before TS. In contrast to *"Tc-pertechnetate
scintigraphy, TS with radioiodine isotopes not
only reflects the import of iodine but also organi-
fication allowing for late imaging at and beyond
24 h. Owing to organification, thyroid uptake
may increase about ten-fold on scintigraphies
with radioiodine compared to *Tc-pertechnetate
resulting in much better thyroid-to-background
contrast. Radioiodine scintigraphy is usually per-
formed with "I~ (pure gamma emitter) for its
lower radiation burden and better imaging quality
compared to BT~ (90% beta- and 10% gamma
emitter). 311~ is reserved for thyroid imaging in a
therapeutic setting, e.g., testing before and during
radioiodine therapy. I~ TS should be used for
evaluating mediastinal or ectopic/dystopic thy-
roid tissue allowing for better delineation against
bloodpool activity (mediastinum) and non-
thyroidal uptake (e.g., salivary glands) compared
with ®mTc-pertechnetate (see below). There may
be a role of '»I- scintigraphy for delineating
small autonomously functioning thyroid nodules
(AFTNs) below 1 cm in diameter. As shown
below, AFTNs can mimic thyroid cancer on
ultrasound imaging. Small AFTNs cannot be reli-
ably diagnosed by *™Tc-pertechnetate scintigra-
phy owing to limited contrast resolution and TSH
may not be indicative of autonomous function
due to limited autonomous volume [33, 34]. Due
to the higher contrast on late images, 2’1~ scintig-
raphies could delineate such small AFTNs and
prevent them from further work-up since AFTNs
are presumed to be benign. Another role of I~
scintigraphy may be ruling out of “trapping only”
nodules (see below). Trapping only nodules may
mimic true AFTNs by showing a high initial
uptake on TS but rapid washout over time as seen
on late imaging (e.g., 24 h). Since trapping only
nodules harbor a significant risk of malignancy
ranging between 5 and 10% it is advised to use
121~ TS if the autonomous nature of a nodule is

doubtable [28, 35]. On scintigraphy, the intensity
of radionuclide uptake within nodules is visually
rated relative to the surrounding thyroid tissue
and described as ‘“hyperfunctioning” (“hot”),
“hypofunctioning” (“cold”), or isofunctioning
(“indifferent”). Note that “hyperfunctioning”
indicates a relatively increased thyroid hormone
synthesis but not automatically an absolutely
increased one. In fact, when thyroid parenchyma
is damaged, e.g., by Hashimoto’s thyroiditis, a
“hot” nodule may be the only site with normal
and preserved hormone synthesis. Vice versa, a
cold nodule mostly, but not always indicates a
decreased hormone synthesis. In summary, indi-
cations for thyroid scintigraphy are shown in
Table 4.2.

4.1.2.2 **Tc-Methoxy-Isobutyl-

Isonitrile (MIBI) Imaging
mTc-methoxy-isobutyl-isonitrile (MIBI) is a
cationic lipophile complex agent that accumu-
lates in mitochondria by passive diffusion. It has
a high first-pass extraction and the MIBI uptake
in viable cells depends on the blood flow.
Besides its use as a marker for myocardial per-
fusion and hyperactive parathyroidal tissue,
numerous studies have described MIBI uptake
in various tumors such as lungs, brain, breast,
bone, and thyroid. It is suggested that in addi-
tion to the number of mitochondria, their nega-
tive membrane potential is also responsible for
the binding of MIBI [37-39]. The usefulness of
MIBI imaging for risk stratification of hypo-
functioning thyroid nodules has been investi-
gated for more than 30 years. For qualitative
image evaluation, the MIBI uptake in the thy-
roid nodule is compared to the MIBI uptake in
the paranodular thyroid tissue and classified as
hyper-, iso-, and hypointense with the latter rul-
ing out malignancy with high probability. A
semiquantitative method has been published by
Campenni et al. taking the MIBI kinetics into
account also (see below) [40-43]. A further thy-
roid-specific application for MIBI imaging is to
differentiate amiodarone-induced hyperthyroid-
ism (AIT) type 1 and type 2 [44]
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Table 4.2 Indications for thyroid scintigraphy with either *Tc-pertechnetate or '*I-, adapted from [28, 36]

#mTc-pertechnetate 15[ ‘
Indication Purpose Indication Purpose
Nodules found on > 1 cm in diameter Hot nodule: Usually no <1 ¢m but with Hot nodule on
ultrasound FNAC; “Cold” nodule: suspicious late imaging:
(predominantly Consider FNAC ultrasound features® | No FNAC
solid)
Hot nodule on Rule out
“mTc-pertechnetate | trapping only
but doubt on nodule
autonomous nature*
Goiter grade > 2 Todine administration | Rule out (hidden) focal Thyroid cannot be Rule out
planned or diffuse autonomy fully delineated on | mediastinal
(TSH <2 mU/L) Ultrasound extension
Goiter grade 1 Iodine administration | Rule out (hidden) focal Thyroid gland Rule out
planned (e.g., or diffuse autonomy) cannot be fully mediastinal
TSH < 1 mU/L) delineated on extension
Ultrasound
Ectopic and dystopic | (with limitations) (detect aberrant tissue) Base of the tongue, | Preferred
thyroid tissue mediastinal, other method to

(preferably SPECT/
CT)

detect aberrant
thyroid tissue

Suspicion of

E.g., TSH (be)low

Detect focal or diffuse

thyrotoxicosis normal, with and autonomy; discern
without nodules productive forms of
thyrotoxicosis from
destructive ones
Therapeutic After radioiodine Document therapeutic
management therapy (benign) or success

local ablative
treatments

Suppression test

Borderline uptake for
autonomy on native
scintigram

Distinguish relevant
autonomy from
non-relevant one.
Discern iodine avidity

from autonomy in goiters

“Not yet validated

4.1.3 Hybrid Imaging

4.1.3.1 Hybrid Imaging with **"Tc-
Pertechnetate and 'I-Nal
Single photon emission computed tomography
(SPECT) with integrated computed tomography
(SPECT/CT) enables co-registration of anatomic
and functional data and provides accurate attenu-
ation correction of the detected tracer distribution
(Table 4.3). It has substantially improved patient
care in the management of thyroid cancer. A lot
of reported advantages over conventional planar
imaging after 3!~ post-thyroidectomy radioac-
tive iodine ablation have led to the use of SPECT/

CT for precise localization and characterization
of radioactive iodine foci and therefore influence
staging, risk stratification, and clinical manage-
ment [45]. SPECT/CT systems use the same
gamma camera component generally used for
planar and tomographic imaging of single photon
emitting radiotracers, without additional radia-
tion exposure for SPECT. In Germany, a volume
CT dose index (CTDIvol) of 3 mGy has been
defined for auxiliary CT imaging for attenuation
correction and anatomic co-registration [46]. For
benign thyroid conditions and pretherapeutic thy-
roid imaging SPECT/CT is not routinely used but
SPECT/CT can be helpful in a number of indica-
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Table 4.3 Tracer properties according to [36, 46, 48]

Administered activity in MBq | Effective dose equivalent Effective dose in
Tracer DRL for a 75 kg patient (mSv/MBq) mSv
8E-FDG 3 MBqg/kg | 225i.v. 0.019 4.3
9mTc-pertechnetate | 70 MBq 60-70 i.v. 0.013 0.78-0.91
123]-Nal 5-101i.v. 0.20 1.0-2.0

tions, especially for substernal or ectopic thyroid
tissue [28]. And it can be useful in detecting the
dominant nodule in a goiter with multiple nod-
ules and in distinguishing ectopic thyroid tissue
from adjacent structures that may physiologically
show an elevated iodine concentration, such as
salivary glands, salivary collections in the mouth,
and swallowed saliva in the esophagus. CT can
also provide additional information, e.g., on tra-
cheal compression and shift.

4.1.3.2 Hybrid Imaging
with "®F-FDG-PET

Hybrid imaging with positron-emission tomogra-
phy/computed tomography (PET/CT) and PET/
magnetic resonance imaging (PET/MRI) com-
bines imaging of function, e.g., metabolic infor-
mation, and anatomic structure to provide
accurate localization, characterization, and diag-
nosis in a “one-stop” imaging approach. Under
normal conditions, thyroid tissue shows low or
absent uptake of FDG. Due to the increase in
BE-fluorodeoxyglucose (**F-FDG)-PET exami-
nations in patients with malignant and non-
malignant diseases, incidental FDG uptake in the
thyroid gland is seen more frequently and
reported in up to 3% of the examinations. FDG
uptake patterns in thyroid are generally classified
as focal or diffuse. Currently, 'SF-FDG-PET/CT
is not recommended for initial or preoperative
risk assessment of newly detected thyroid nod-
ules or diffuse thyroid diseases. For some thyroid
indications, "*F-FDG-PET/CT shows promising
results, especially for cytologically indeterminate
nodules (see below).

Currently, the radiolabelled glucose analog
BE-FDG-PET/CT is established in clinical prac-

tice and widely used for initial staging, restaging,
recurrence detection, and assessment of treat-
ment outcomes in a variety of malignant diseases.
Combining metabolic and anatomical informa-
tion, ®F-FDG-PET/CT detects malignant tumor
lesions by identifying regions with increased gly-
colytic metabolism and expression of membrane
glucose transporter (GLUT) proteins [47].
However, increased FDG uptake is not only
found in malignant diseases but also in infectious
or inflammatory conditions. Combined PET/MRI
provides complementary data acquired at the
same time and offers advantages over PET/CT
with regard to increased anatomical details and
radiation dose reduction by omitting radiation
exposure through the CT component. The radia-
tion exposure related to a PET/CT scan is depen-
dent on the administered activity of FDG and on
the intended use of the CT scan. Exposure can be
chosen very low for attenuation correction only
or mere anatomical correlation, but is higher for a
diagnostic CT scan including intravenous con-
trast agent administration. The effective dose for
the CT component thus ranges from 1 to 20 mSv
[48]. Scan range can reach from a limited area
confined to the tumor, to torso imaging up to
whole-body imaging. For Germany, new diag-
nostic reference levels (DRL) for typical nuclear
medicine examinations have been published in
2021. DRL for PET tracers are expressed as
administered activity per body weight and for
scintigraphies or SPECT as upper threshold lev-
els for activities [46]. The effective dose from
FDG application in adults is 0.019 mSv/MBq
according to ICRP publication 106, i.e., about
4.3 mSv for an administered activity of 225 MBq
[48] (Table 4.3).
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4.2 Integrated Imaging

of Thyroid Disorders
4.2.1 Diffuse Thyroid Diseases

The most frequent diffuse disorder of the thyroid
gland is an enlargement of the glandular volume
(goiter). This disorder can easily be assessed by
ultrasound using the standard formula for volume
calculation (thyroid volume = transverse diame-
ter x anteroposterior diameter x longitudinal
diameter x /n/6) [3]. In theory, growth of the thy-
roid gland is diffuse in first instance but becomes
more and more nodular over time. However, nod-
ules mostly occur already in non-enlarged thy-
roid glands. Up to two-thirds of a population may
have thyroid nodules above 5 mm in diameter
whereas thyroid gland enlargement affects only
17% in a mildly iodine-deficient population [49].
Therefore, in clinical routine, diffuse growth and
development of nodules have a parallel time
course rather than a consecutive one. For the sake
of clarity, diffuse and nodular growth are treated
separately in the following. Goitrous growth is
seen in about one-tenth of the world population
and it is driven by two main causes: genetic
factors and iodine supply [50]. Other factors such
as smoking and childbearing have also been
shown to play a role [51]. Since iodine deficiency
in areas endemic to goiter often dates back over
centenaries or even thousands of years [52], it
can be hypothesized that longstanding iodine
deficiency is also a driving force behind genetic
factors promoting goitrous growth. Goiters attrib-
utable to iodine deficiency can be assumed to be
normofunctioning in the presence of normal or
rather high TSH values. TS can demonstrate
iodine avidity of the thyroid gland by a rather
high uptake (e.g., uptake % twice or more per
TSH unit) representing high NIS activity.
However, TS is rarely considered necessary for
such a diagnosis. Nevertheless, in doubt of the
reason for goitrous growth, TS readily distin-
guishes between iodine deficiency and other rea-
sons such as inflammatory causes (e.g.,
autoimmune disease, see below) by a high nor-
malized uptake versus a low uptake. This may
have implications for the treatment of the goiter—

e.g., iodine vs. levothyroxine. In more advanced
or longstanding endemic goiters autonomously
functioning thyroid tissue above a certain base-
line level of autonomy (see above) occasionally
develops. By definition, autonomously function-
ing thyroid tissue produces thyroid hormone
without being controlled by TSH regulation. The
detection of autonomy is the core indication for
TS—mostly performed with *™Tc-pertechnetate
as the preferred radionuclide. In many cases,
autonomy can be assigned to a single thyroid
nodule or multiple thyroid nodules (i.e., unifocal
autonomy and multifocal autonomy, see below)
on the basis of an elevated circumscribed uptake
on the scintigram. However, the thyroid gland as
a whole can also be affected by autonomy, then
termed “diffuse” or “disseminated” autonomy.
While this disorder is frequently encountered in
endemic areas, it is rather uncommon in non-
endemic areas. In non-endemic areas, this pre-
sentation is often summarized under abortive/
antibody-negative forms of Graves’ disease (GD)
or multinodular autonomy [53, 54]. However,
diffuse autonomy exhibits unique features not
shared by GD such as a normal echogenicity on
thyroid ultrasound, insidious onset, a rather sta-
ble clinical course over time and no curative res-
titution after the use of thyreostatics. Compared
to multinodular autonomy there is no focal “hot”
lesion on scintigraphy although the scintigraphic
appearance may be somewhat patchy. However,
diffuse autonomy may occur in combination with
AFTN [55] then being named focally- or
multifocally-disseminated autonomy. Diffuse
thyroid autonomy is a mere scintigraphic diagno-
sis (see Fig. 4.3). In the absence of serological/
biochemical or sonographic hints for GD, diffuse
autonomy can be assumed when a goiter shows a
moderately increased global uptake (raw uptake
typically between 1 and 3%) not attributable to
thyroid nodules—in combination with a low or
subnormal TSH value. Thyroid antibodies are
typically negative. However, in patients with pos-
itive TPO antibodies, some overlap with abortive
forms of GD exist as well as with iodine avidity
in endemic goiter. In goiters without nodules, TS
may be considered when TSH is low, e.g., below
1 mU/L, in order to rule out diffuse thyroid
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Fig. 4.3 (a, b) Seventy-year-old man with borderline low
TSH over several years. At presentation TSH is
0.23 mU/L. Thyroid antibodies are negative and the
patient has no appreciable symptoms. (a) Ultrasound
examination reveals grade 2-3 goiter (60 mL) with begin-
ning nodular transformation mainly in the caudal portions
of the gland. The thyroid parenchyma is otherwise unre-
markable on thyroid ultrasound. (b) On scintigraphy [the

autonomy—e.g., in elderly patients before anti-
goitrous therapy with iodine is initiated or in
other instances such as impending iodine con-
tamination from contrast agents or disinfecting
agents.

From studies in nodular goiter it is known that
thyroid autonomy may occur in the presence of
TSH values up to approx. 2 mU/L. This TSH
value may also be adopted as a threshold below
which diffuse thyroid autonomy may be present
in goiters [56, 57]. However, in goiters with TSH
in the mid-range TS cannot reliably differentiate
between hidden diffuse autonomy and iodine
avidity since both exhibit a rather high normal-
ized uptake (see above). A suppression study may
be added for a definitive diagnosis (see below).
Ruling out disseminated autonomy in large goi-
ters with TSH in the mid-range may have impli-
cations for goiter therapy and on how to deal with
iodine contamination and its potential to enhance
thyroid function. TS is not only able to detect
autonomy but also to grade autonomous func-
tions. The overall excess of hormone production

hook marks the jugular groove], the uptake is somewhat
inhomogeneous with more pronounced accumulation in
the cranial and mid portions, i.e., the portions with the
least nodular transformation. The raw uptake (1.5%)
appears moderate but normalization to TSH reveals a
clearly elevated normalized uptake of 6.5% per mU/L. On
the basis of the scintigraphy, the diagnosis of dissemi-
nated autonomy is made

originating from AFTNs and/or diffuse autonomy
can be estimated by calculating the radionuclide
uptake. As a threshold, a raw uptake between or
above 1-2% is considered a relevant autonomy
when TSH is suppressed to or below 0.1 mU/L
[56]. In this regard, it plays no role whether TSH
is suppressed endogenously or exogenously by
administering thyroid hormone. The actual
uptake threshold may vary between different
regions depending on the prevailing iodine sup-
ply. Threshold values are lower in regions with
sufficient iodine supply (e.g., 1%) as compared to
regions with insufficient supply (e.g., 2%) [58,
59]. In subjects with TSH being naturally sup-
pressed by autonomy, raw uptake will almost cer-
tainly be above 1%. If not, recent iodine
contamination has to be taken into account—pos-
sibly lowering or even blocking the uptake [60].
The most common reason for thyrotoxicosis in
non-endemic areas is GD [61]. GD is a hormone-
productive autoimmune thyroid disease relying
on the formation of TSH receptor-stimulating
antibodies (TRADbs). Typically, it can readily be



36

S.A.Schenke et al.

diagnosed by a high uptake on TS (generally >
2%) in combination with a marked thyrotoxico-
sis, diffuse goiter with lowered echogenicity
(Fig. 4.4a) with or without micronodulation, and
positive Trabs. If CDUS of the thyroid gland
shows a diffuse increase in vascularization (“thy-
roid inferno,” Fig. 4.4b), in such settings TS can
be omitted—in particular in juveniles—since the
diagnosis is sufficiently certain [3, 8]. The thy-
roid gland stiffness is significantly higher in GD
than in healthy controls [62], but this could also
be shown for Hashimoto’s thyroiditis (HT) and
subacute thyroiditis (SAT) [63—-65]. There are

Fig.4.4 (a—c)A 30-year-old male presenting with weight
loss (20 kg within a few weeks), nervousness, and finger
trembling. Pulse rate at 120 bpm. On ultrasound (a) the
thyroid gland is enlarged with reduced echogenicity—
comparable to the overlying strap muscle. Vascularity of
the thyroid gland is markedly increased (b). Severe hyper-

mild forms of GD showing only minor ultrasound
signs, no elevated vascularization, borderline
TRAbs, and high antibodies against thyroid per-
oxidase (TPO) and/or human Thyroglobulin
(hTg). In such cases, differentiation from destruc-
tive autoimmune thyroid disease—in particular
HT, which can also present with a hypervascular-
ization, and hormone release as the underlying
cause for thyrotoxicosis is difficult without TS
[3]. Scintigraphy reliably shows an elevated
uptake even in mild forms of GD (Fig. 4.4¢c) vs. a
low uptake in destructive thyroid disease [66].
However, the uptake must be related to the TSH

thyroidism (TSH suppressed, fT3 31 pg/mL) with high
TRAD levels (25 TU/L). On scintigraphic imaging (c)
there is a markedly increased uptake (11.5%) yielding a
normalized uptake (% per mU/L TSH) approaching
“infinity”
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value (“normalized uptake”) in order to become
meaningfully interpreted. The only pitfall in this
regard may be a recent (<3 months) iodine con-
tamination resulting in a temporarily blocked
scintigraphy in GD. CDUS is helpful for the eval-
vation of disease remission, recurrence, and
response to treatment in patients with
GD. However, in the early stage of disease, HT
shows a diffuse increase in vascularization that
decreases in the course of disease due to exten-
sive fibrosis [3].

Autoimmune (destructive) thyroid disease as
well as postpartal thyroiditis and silent thyroiditis
are the most common causes for acquired hypo-
thyroidism—besides thyroid surgery [67]. The
ultrasound patterns of autoimmune thyroiditis
are:

e (markedly) hypoechoic and more or less het-
erogeneous parenchyma

e (“Swiss cheese” or “honeycombing,” 1-6 mm)
changes

e Pseudomacronodular changes

* Fibrotic (pseudolobulated) changes

* Speckled appearance (infrequently)

* Increased stiffness of the thyroid

Thyroid volume may be normal, increased
(HT), or decreased (Ord’s disease). Ultrasound
may detect perithyroidal satellite lymph nodes in
patients with HT (e.g., “Delphian lymph node”
above the cranial isthmus) [8, 65, 68].

The onset of autoimmune thyroiditis may be
insidious or prompt. The latter often entails an ini-
tial interval (some weeks) of thyrotoxicosis as a
result of hormone liberation from damaged thy-
roid follicles. Commonly, the insidious and the
prompt form end up in hypothyroidism. TS mostly
is not needed for the diagnosis of autoimmune
thyroiditis since patients usually present with typ-
ical ultrasound and laboratory findings (TPO-
antibodies, Tg-antibodies, hypothyroidism). A
possible initial interval of thyrotoxicosis fre-
quently goes unnoticed but can otherwise prompt
confusion with GD. In this situation, TS is valu-
able to differentiate GD from early autoimmune
thyroiditis by a high vs. a low uptake. As in GD,
there are mild (e.g., silent thyroiditis) or even

abortive forms of autoimmune thyroiditis (e.g.,
postpartum thyroiditis) with no recognizable
ultrasound signs or without marked elevation of
TPO-antibodies (and /or Tg-antibodies). If TSH
elevation is borderline there may be doubt whether
hypothyroidism is present. Any diagnosis—in
favor or against a mild form of thyroiditis—is
arbitrary in this situation and may rely on clinical
symptoms and signs alone. Although not part of
clinical routine work-up, TS may be helpful in
selected cases by showing a lowered normalized
uptake which reflects parenchymal damage ver-
sus a normal uptake in unaffected glands.
However, when using TS in this case, high stan-
dardization of uptake calculation, site-specific
normalized uptake ranges, and exclusion of iodine
contamination are mandatory. Subacute thyroid-
itis (SAT, de Quervain’s thyroiditis, Fig. 4.5a—d)
is of unclear origin, mostly occurring a few weeks
after a viral infection—including COVID-19—
and usually exhibiting a painful clinical course
over weeks [69]. At the inflammatory stage, even
ultrasound examination may be painful for the
patient almost always showing rather large, irreg-
ularly confined hypoechoic lesions in an enlarged
thyroid gland (Fig. 4.5a) and higher stiffness in
UE. CDUS shows decreased flow in the
hypoechoic areas (Fig. 4.5b). The disease often
starts unilaterally but tends to involve both sides
over time or to shift to the contralateral side.
Within a few months, the ultrasound pattern and
enlargement of the thyroid resolve with some
strands of fibrosis reflecting the residual thyroid
damage. Functionally, SAT mostly has a marked
initial interval of thyrotoxicosis [8, 63, 70, 71]. In
COVID-19-induced cases, an abortive even pain-
less form of SAT may be seen [72]. If ultrasound
features and clinical symptoms are equivocal, TS
may be necessary to differentiate SAT from
GD. Following the initial phase, a post-
inflammatory decline in hormone production
often gives rise to increased TSH secretion above
normal but usually returns to normal levels within
weeks. There is debate over how often a (slight)
parenchymal damage after SAT may persist [70].
In individual patients, TS may help to detect thy-
roid damage on the basis of a decreased normal-
ized uptake (Fig. 4.5¢).
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Fig. 4.5 (a—d) Seventy-three-year-old male patient pre-
senting with neck pain. TSH 0.01 mU/L, free T3 and free
T4 normal, thyroid antibodies not elevated. (a) B-mode
ultrasound (right thyroid lobe, transverse image) showing
thyroid gland enlargement (volume right lobe: 17 mL, left
lobe: 12 mL) and confluent hypoechoic areas in both

4.2.1.1 Diffuse Incidental Thyroid
18F-FDG-Uptake

Diffuse thyroid uptake (Fig. 4.6) is most often
associated with benign disease corresponding to
inflammatory uptake, e.g., in autoimmune thy-
roid disorders like HT or hyper-/hypothyroidism
[73, 74]. For further clarification, a sonographic
examination  should be  carried  out.
Sonographically, these patients often show char-
acteristic diffuse heterogeneity; FNAC or inter-
vention is generally not required. In addition, a
correlation between thyroid function and the
presence of antibodies against thyroid antigens is
helpful.

lobes. (b) CDUS without increased vascularization. (c)
Absent tracer uptake at thyroid scintigraphy. (d) Three
months follow-up shows a hypoechoic thyroid shrunken
to normal volume (right lobe: 5 mL, left lobe: 5 mL) and
TSH 6.15 mU/L and low-free T3 2.35 pg/mL)

4.2.1.2 Nodular Thyroid Diseases

Autonomously Functioning Thyroid

Nodules

As shown by a recent multicenter study, depend-
ing on the size, Autonomously Functioning
Thyroid Nodules (AFTNs) may constitute up to
27% of all thyroid nodules in Germany [75]. The
development of AFTNs is based on somatic
mutations. In contrast to many other organs, the
thyroid gland harbors a high spontaneous muta-
tion rate which even increases in an environment
of iodine deficiency or other goitrogens. As the
mutation load increases, clones with positively
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Fig. 4.6 (a—c) Diffusely increased 'SF-FDG uptake in
thyroid of 53-year-old woman referred for evaluation of
melanoma. Patient is taking Levothyroxine 50 mcg/d.
TSH 2.03 mU/L, TPO- and Tg-antibodies were elevated at
649 U/mL (reference range, <60 U/mL) and 66 U/mL

activating mutations may outgrowth the sur-
rounding thyroid tissue and give rise to AFTNs
with elevated hormone production [76]. Since
activated thyroid hormone production leads to an
increased import of iodine by the NIS, AFTNs
are readily detectable on TS as a “hot spot”
(hyperfunctioning). If significant, the increased
hormone synthesis in AFTNs leads to TSH down-
regulation which in turn reduces hormone syn-
thesis in the non-autonomous thyroid tissue.
However, TSH secretion by the pituitary gland is
mostly not suppressed but normal or low normal
[34, 77, 78]. Only, about one-half of AFTNs lead
to TSH suppression which often is referred to as
a “decompensated” AFTN [75, 78]. On B-mode
ultrasound and CDUS, AFTNs may mimic suspi-
cious nodules [33], including cases with a rather

(reference range, <29 U/mL) because of known
Hashimoto’s thyroiditis. (a) Transaxial CT image, (b)
transaxial fused PET/CT image, (¢) maximum intensity
projection image presented diffuse homogeneous tracer
uptake, with SUVmax 6.7 in the thyroid gland

high vascularization centrally [79]. In other
cases, AFTNs are unremarkable with a small rim-
like perfusion [80]. AFTNs cannot be safely
identified by thyroid elastography as shown in
several studies. Ruhlmann et al. found that up to
70% of the examined AFTNs were rated as hard
(i.e., suspicious) according to Rago and Asteria
score. A more recent study by Trimboli et al.
described that 45% of the AFTNs were hard on
UE and 30% showed an intermediate classifica-
tion [77, 81]. Another study by Ruhlmann and
colleagues investigated whether UE can be used
to predict the treatment response of AFTNs to
radioiodine therapy. They found no significant
difference between the groups of responders and
non-responders for visual Rago classification
[82]. CEUS is not routinely used for the diagno-



40

S.A.Schenke et al.

sis of autonomous thyroid nodules. AFTNs have
a negligibly low malignancy risk—usually below
1% [28, 83]. Overall, AFTNs can be regarded as
safely benign and further diagnostic work-up to
exclude malignancy is not necessary. As men-
tioned above, AFTNs develop through mutations.
However, in rare instances, a further—inactivat-
ing—mutation may occur which disrupts the pro-
duction line for hormone synthesis. This small
subgroup of AFTNSs is referred to as “trapping
only” nodules and constitutes about 5% of all
AFTNs in the presence of a non-suppressed
TSH. Trapping only nodules exhibit both an
increased iodine import and a decreased organifi-
cation/hormone synthesis. As a consequence, on
“mTc-pertechnetate scintigraphy and early phase
(up to 4 h after injection) radioiodine scintigra-
phy trapping only nodules appear hyperfunction-
ing and indistinguishable from true AFTNs. On
delayed radioiodine scintigraphies (e.g., 24 h),
however, trapping only nodules become “cold”
representing the decreased organification of
iodine. Trapping only nodules is functionally not
relevant and thus no candidate for radioiodine
therapy. The small number of hyperfunctioning
thyroid carcinomas is probably attributable to
trapping only nodules, since such nodules harbor
a significant risk of malignancy of about 30%
[35]. The diagnosis of an AFTN should be made
with care for its importance with regard to a safe
exclusion of malignancy. For this reason, hyper-
functioning nodules with a disproportion between
size and intensity on the one hand and TSH level
on the other hand should be regarded as potential
trapping only nodules. Scintigraphy with 23~
including late-phase scans 24 h after injection
can be performed to demonstrate or rule out trap-
ping only nodules. If no late-phase radioiodine
scan is available, in a potential trapping only nod-
ule, FNAC should be considered if suspicious
sonographic features are present [See Fig. 4.7].
Hyperfunctioning focal lesions in destructive
thyroiditis mostly are not AFTNs but rather
pseudonodules (“white knight”) [84, 85]. Often,
they are the only place with preserved hormone
synthesis rendering them hyperfunctioning on
TS. As with trapping only nodules, further work-

up should be considered in such nodules if suspi-
cious sonographic features are present.

4.2.2 Imaging in the Risk
Assessment of Thyroid

Nodules

4.2.2.1 Ultrasound Risk Stratification
Systems (B-Mode Ultrasound,
UE, CEUS)

Many lesions within the thyroid gland can be
diagnosed as almost safely benign on ultrasound.
Cystic lesions often can be excluded from further
work-up for risk assessment since thyroid carci-
nomas are predominantly solid in nature. This
applies not only to pure cysts but also to cysts
with a concentric solid part at the periphery or
with some polygonal solid parts (ATA 2016)
(Figs. 4.8 and 4.9). However, with an increasing
solid component, evaluation of the solid parts
according to Table 4.3 is necessary in order to
further assess the risk of malignancy. A spongi-
form thyroid nodule is almost always benign. It is
characterized by close proximity of numerous
tiny cystic spaces with membranes in between
and only sparse solid parts, giving it the ultra-
sound appearance of a sponge (Fig. 4.10).
Spongiform nodules should also be excluded
from further work-up for risk assessment.

In case of significant (e.g., >50%) solid parts
within a thyroid lesion, a structured and consis-
tent sonographic risk assessment is recommended
according to Table 4.3. As a rule, the risk of
malignancy for a thyroid nodule increases as the
number of suspicious features
Howeyver, it is difficult to define the exact number
or constellation of sonographic risk factors in
order to sharply differentiate benign from malig-
nant nodules since suspicious features are also
shared by many benign nodules. According to a
low prevalence of malignant thyroid nodes (0.1-
1%) in primary care institutions, a higher number
of risk factors or the addition of further modali-
ties may be adequate as compared to third-level
care centers with an a priori malignancy risk as
high 20%.

increases.
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Fig. 4.7 (a, b) (a) Female patient with a hypoechoic and
solid thyroid nodule in the left lower lobe (10 x 10 x 14
mm, TSH 0.8 mU/L, left image: transverse orientation,
right image: longitudinal orientation). (b) I~ scintigra-

Fig. 4.8 A predominantly cystic lesion with a concentric
rim of solid tissue (small arrows) can safely be diagnosed
as benign on ultrasound. Note the artifacts from reflec-
tions at surfaces from above tissue layers (asterisk) within
the cyst and a brightening artifact dorsal to the cyst

phy 60 min (left image) and 24 h (right image) after appli-
cation of 12 MBq '*I" shows a focal tracer uptake in the
left lower lobe representing a true AFTN, thus ruling out a
trapping only nodule

Ultrasound  risk  stratification  systems
(US-RSSs) such as the Thyroid Imaging
Reporting and Data System (TIRADS) are
increasingly used in clinical routine for the risk
assessment of thyroid nodules in order to select
candidates for further diagnostic work-up and
reduce unnecessary FNACs. With all US-RSSs
the combination and/or the number of certain
ultrasound criteria are documented (i.e., compo-
sition, echogenicity, margin, spots/calcification,
and shape) because no single criterion alone is
sufficiently predictive for malignancy [86]
(Table 4.4).

The correct application and interpretation of
these five ultrasound criteria for the assessment
of malignancy risk in thyroid nodules is crucial
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Fig. 4.9 A predominantly solid without suspicious sono-
graphic features such that it can be safely diagnosed as
benign on ultrasound. Even when hypofunctioning on TS
such nodule needs no FNAC for further risk assessment
since the finding is explained by the relevant cystic com-
ponent in this case

Fig. 4.10 This spongiform nodule is safely benign and
needs no FNAC for further work-up, even when cold on
scintigram—the latter finding being explained by an
abundant content of fluid

Table 4.4 Thyroid ultrasound criteria and diagnostic performance [87]

Criterion according to TIRADS Suspicious feature Sensitivity (%) Specificity (%)
Composition Solidity (e.g., <10% cystic parts) 92 21
Echogenicity Hypoechoic nodule 85 52
Margin Irregular margin 50 92
Echogenic foci/calcification Microcalcification 55 91
Shape Taller than wide 33 85

for TIRADS categorization but is more sophisti-
cated than it may look at first glance. The catego-
rization of a nodule as solid is rather
straightforward as it relies on the subjective esti-
mation of the cystic proportion of a nodule. For
labelling as “solid” a nodule should exhibit less
than 10% cystic portions (ATA 2016: <5%).
“Solidity” has a sensitivity for the detection of
malignancy around 90% but a very low specific-
ity of around 20% [87]. For this reason, solidity
cannot serve as a sole criterion for indicating
FNAC. Classifying a nodule as hypoechoic heav-
ily relies on subjective assessment since many
nodules are heterogenous in pattern, exhibit cys-
tic parts which may lower overall echogenicity or
show artifacts from e.g. calcifications. In addi-
tion, the assessment is complicated in thyroiditis

such that the surrounding thyroid tissue is no lon-
ger representative of normal echogenicity. It is
not surprising that the assessment of echogenicity
has a high interobserver variability (kappa around
0.6) but can be somewhat improved by consensus
meetings [88]. Irregular margins including
microlobulation and external thyroid extension as
a hint for malignancy is a rather inconstant fea-
ture of thyroid carcinomas (sensitivity around
50%) but is among the most specific criteria.
However, it is difficult to discriminate irregular
margins from more ill-defined margins in inflam-
matory lesions (e.g., SAT) or from macrolobu-
lated margins in composite nodules—again
resulting in a high interobserver variability. This
variability can substantially be improved by con-
sensus meetings. Microcalcifications are charac-
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teristic of papillary thyroid carcinoma and
histologically most likely represent psammoma
bodies. The assessment of microcalcifications is
the most cumbersome among the ultrasound cri-
teria for malignancy. Thus, it has the highest
interobserver variability with a kappa of around
0.4 which virtually cannot be improved by con-
sensus meetings [88]. In many nodules, even for
specialists, it is difficult to discern microcalcifi-
cations from frequent similar findings in benign
nodules such as colloidal spots, small macrocal-
cifications, scars, and ultrasound artifacts result-
ing from tiny membranes/crystals, etc. (Fig. 4.11).

A taller-than-wide shape of a nodule is defined
by a nodule growth more into the depth than into
the width on axial imaging. In some settings, this
configuration is referred to as “non parallel orien-
tation” in relation to the shape of the thyroid lobe.
This antiparallel orientation has been associated
with malignant growth [9]. Recently, however, it
has been shown that up to 17% of benign nodules
also show a taller-than-wide shape. It could be
demonstrated that such benign nodules while
growing often follow a dorsal protrusion of the
thyroid lobe (e.g., Zuckerkandl’s tubercle). In
this regard, they are still parallel with respect to
the anatomically given preconditions (Fig. 4.12).
A pole concept of nodule growth (Fig. 4.13) was

introduced allowing to exclude the vast majority
of taller-than-wide nodules from FNAC [89].
The different US-RSSs are divided into score-
based (i.e., ACR TI-RADS and Kwak TIRADS),
pattern-based (Horvath TIRADS, ATA
Guideline), and mixed systems (EU-TIRADS,
K-TIRADS). In combination with the size of the
thyroid nodule, a recommendation for the next
diagnostic steps is provided (i.e., FNAC or fol-
low-up by ultrasound) [10, 11, 83, 84, 90, 91].
Many studies have investigated the diagnostic
performance of the systems and all have been
shown to be useful for risk stratification [92-95].
Migda et al. investigated the diagnostic perfor-
mance of Kwak TIRADS in their meta-analysis
including four retrospective and two prospective
studies. They found sensitivities, specificities,
and diagnostic odds ratios (DOR) of 97-99%
(pooled sensitivity 98%), 16-91% (pooled speci-
ficity 55%), and 12-372 (pooled DOR 51) [96].
There are significant differences regarding the
recommendation for FNAC. In this point, ACR
TI-RADS seems to be superior compared to other
systems [95, 97]. However, there are limitations
that must be considered when using
TIRADS. These include the missing integration
of TS for functional assessment of the nodules
(see below), the varying performance in different
histologic subtypes of thyroid cancer (e.g., poor

Fig. 4.11 (a, b) This nodule in the left thyroid lobe (a)
shows signs of benignity such as a cystic portion >10%
and a predominantly isoechogenic appearance of the solid
component. However, it shows echogenic foci which may
not readily allow discrimination from microcalcification.
Whereas most of the foci exhibit no dorsal ultrasound
phenomena one such focus does show (a clear dorsal

reverberation artifact (“comet tail”) classifying it as a
benign colloidal spot. The localization within a small cys-
tic collection underlines the colloidal nature. With this
spot in mind, the other echogenic spots in this nodule and
in further nodules in the same lobe (b) should also be clas-
sified as most probably colloidal/benign. Otherwise, clas-
sification of such tiny hyperechoic foci may be difficult
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Fig.4.12 (a, b) This large nodule in the left lobe is solid,
echonormal, without calcifications, and well circum-
scribed. Its lower part grows toward a posteroinferior
direction making it taller than wide (1.6 cm x 2.5 cm, red
arrows). Formally, the nodule shows two signs of malig-
nancy (solidity and taller-than-wide shape) and should
undergo FNAC. However, the posteroinferior direction of
growth is typical for nodules at the posterior surface of the

upper pole

thyroid rendering this feature non-suspicious in this case.
At a primary care center, one single sign of malignancy
generally does not justify FNAC. Nevertheless, this hypo-
functioning (b, *™Tc-pertechnetate scintigraphy) nodule
underwent FNAC. FNAC was unremarkable showing
regressive changes of otherwise normal follicular epithe-
lium (Bethesda II)

isthmus

lower pole

posteroinferior horn

posterior horn

Fig. 4.13 Pole concept of goiter growth. Nodule growth
follows the shape of the respective pole. A taller-than-
wide configuration of nodules at a posterior or posterior/

performance for follicular thyroid cancer), and
interobserver variability (see above) [33, 88, 98].

As a complementary method, UE could help
with risk stratification of thyroid nodules
(Fig. 4.14). In their meta-analysis that included
14 prospective and one retrospective studies, Lin
et al. reported sensitivity, specificity, positive pre-
dictive value (PPV), and negative predictive
value (NPV) for quantitative elastography (SWE
and ARFI) of 84%, 88%, 28—45%, and 98-99%
[99]. For the group of thyroid nodules with inde-

inferior horn should not be regarded as a suspicious fea-
ture without further hints of malignancy. Schematic depic-
tion of nodule growth along the pole model

terminate results on FNAC, a meta-analysis on a
total of 486 thyroid nodules from eight studies
showed pooled sensitivity of 69%, specificity of
75%, PPV of 63%, and NPV of 82%, respec-
tively. Thus, the accuracy of elastography appears
to be lower for this subset of nodules, but the
number of cases was very small [100]. The cru-
cial parameter for the use of UE is the high NPV
for a soft nodule, both for qualitative and quanti-
tative elastography. Proper performance of the
respective method for UE and knowledge of the
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underlying technical principles and limitations is
essential. Typical limitations for UE are:

¢ Presence of calcifications

e Cystic changes (fluid is not compressible)

¢ Unfavorable location of the nodule (i.e., dor-
sal position of the thyroid nodule)

Another  limitation is—comparable to
TIRADS—that follicular thyroid cancer may be
soft on UE and therefore lead to false negative
results [21]. When comparing different elasto-
graphic methods, SWE proves to be less operator-
dependent than SE in most studies [4, 20]. With
CEUS, the enhancement of ultrasound contrast

Fig. 4.14 (a—d) Twenty-seven-year-old female patient,
TSH 1.18 mU/L, Calcitonin <1.0 pg/mL; (a) B-mode
sonography (left: transverse orientation; right: longitudi-
nal orientation) shows a solitary thyroid nodule in the
lower left lobe (7 x 8 x 12 mm). EU-TIRADS 5
(hypoechoic and solid composition, taller-than-wide con-
figuration). (b) Color Doppler ultrasound of the thyroid
nodule shows no hypervascularization; (c) Strain elastog-

raphy shows homogeneous green (soft) normal thyroid
tissue and blue (hard) thyroid nodule. (d) *"Tc-
pertechnetate scintigraphy shows a reduced tracer uptake
in the lower left lobe (i.e., hypofunctioning thyroid nod-
ule). Fine-needle aspiration cytology was non-diagnostic
(Bethesda I). Histology revealed papillary thyroid cancer
(pT1b pNO)
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Fig.4.14 (continued)

agent in the thyroid nodule compared to the
paranodular tissue can be described. The qualita-
tive parameters of enhancement include intensity,
homogeneity, as well as retention of the contrast
agent. Hypoenhancement (sensitivity 82%, spec-
ificity 85%, accuracy 84%) and a heterogeneous
pattern (sensitivity 88%, specificity 93%, accu-
racy 90%) as well as early arterial central wash-
out are suspicious for malignancy. The
hypoenhancement of malignant nodules goes
back to a lack of blood supply because of necro-
sis and embolus formation within the tumor. A
ring enhancement pattern (sensitivity 83%, speci-
ficity 94%, accuracy 89%) is suggestive of a
benign thyroid nodule. Additionally, quantitative
parameters are evaluated including time-intensity

S.A.Schenke et al.

curves using a region of interest in the thyroid
nodule and comparison to the adjacent thyroid
tissues [3, 101, 102]. Trimboli et al. included
1515 thyroid nodules with preoperative CEUS in
their systematic review and meta-analysis. For
the quantitative methods, the pooled sensitivity
and specificity were found to be 85% and 82%,
respectively, the pooled PPV was 83% and the
NPV 85% [103]. Although performed as a single-
center study, the results of a study by Xu et al.
combining TIRADS and CEUS are promising in
highly preselected cohorts (sensitivity 91%,
specificity 90%, PPV 93%, and NPV 87%) [104].
However, to date no single feature has been found
to be sufficiently sensitive or specific and CEUS
is still an active field of research [101].
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4.2.2.2 Value of **"Tc-Pertechnetate/
123]-Scintigraphy

TS, in many guidelines, is no longer a mandatory
part of assessing the malignancy risk of a thyroid
nodule. Notably, ATA guidelines from 2015 men-
tion TS as an auxiliary but not mandatory tool
only in nodules accompanied by a low or lowered
TSH [83]. The purpose of TS in such a setting is
to virtually rule out malignancy in cases where a
nodule is found to be hyperfunctioning on scin-
tigraphy. However, in other countries (e.g.,
Germany), TS is recommended for all thyroid
nodules at >1 cm in diameter [36]. How are these
differences explicable regarding the purpose of
TS? The answer may be found in epidemiologic
statistics.

A merely ultrasound-based preselection of
thyroid nodules for FNAC is derived from studies
with a carcinoma-to-nodule ratio as high as 1:6
[84, 90]. Assessment by FNAC is recommended
once a certain malignancy risk can be expected
(i.e., PPV), e.g., 2-10% [ultrasound risk category
4a according to Kwak] or 7% [ultrasound risk
category 4a according to Horvath]. At institutions
with an a priori risk as high as above (1:6), e.g.,
at tertiary care units, such an ultrasound routine
for FNAC preselection results in a reasonably
low absolute number of false positive FNAC
results (specificity 60-70%) and thus unneces-
sary surgeries. This is attributable to the rather
high predictive values for malignancy of the
ultrasound threshold used for indications for
FNAC in such settings. In addition, the high sen-
sitivity of FNAC (>90%) would prevent from
overlooking a relevant number of thyroid carci-
nomas. In a non-preselected population, how-
ever, carcinoma-to-nodule ratios are as low as
1:1000 [49]. Recalculating the PPV of ultrasound
risk category 4a according to Kwak, yields a
value as low as roughly 1-2 per thousand for
such low risk-settings, i.e., by a factor 20 or more
lower as compared to the values from the original
study. In such low-risk settings, adopting ultra-
sound thresholds for FNAC from the above stud-
ies with high risk would result in an overwhelming
majority of the selected nodules being benign.
According to the rather low specificity of FNAC,
there would be a great number of unnecessary

surgeries, e.g., about 200 per carcinoma vs. 3 per
carcinoma in the above study settings. As a con-
sequence, one would be urged to adjust ultra-
sound criteria toward a more restrictive
application in order to reduce unnecessary sur-
geries but this, in turn, would increase the num-
ber of thyroid carcinomas being overlooked. For
this reason, in primary care units, the preselec-
tion of thyroid nodules by ultrasound alone
appears to be suboptimal. TS is necessary to rule
out a significant percentage of thyroid nodules
(about 25% in Germany) from further diagnostic
work-up by the finding of a hyperfunctioning
nodule. Such AFTNs harbor a negligible malig-
nancy risk and generally need no cytological or
histological examination [28]. In particular, as
described previously, AFTNs can present with
intermediate or highly suspicious ultrasound fea-
tures. In the prospective study by Schenke et al.,
58% of the AFTNs in the subgroup of euthyroid
patients were classified as intermediate (4B) and
high risk (4C, 5) according to Kwak TIRADS
[33]. Although the rate of AFTNs in the cohort of
1029 euthyroid thyroid nodules retrospectively
examined by Noto et al. was low (5% of all nod-
ules), the rate of recommended FNAC for AFTNs
for ATA guidelines, EU-TIRADS, and ACR
TI-RADS was remarkable (64.7%, 43.1%, and
25.5% respectively). Also, none of the ultrasound
features studied was associated with hyperfunc-
tionality, emphasizing the importance of TS as a
complementary diagnostic procedure in the diag-
nostic algorithm [105] (Fig. 4.15).

Even the exclusion of 25% of thyroid nodules
from FNAC by identifying AFTNs on TS cannot
profoundly reduce the number of unnecessary
surgeries when adopting ultrasound criteria from
a setting with high risk to a setting with low risk
of malignancy. For this reason, TS has long been
used in low-risk settings not only to rule out
hyperfunctioning nodules but also to rule in
hypofunctioning thyroid nodules for further
work-up by FNAC. In nodules >1 c¢m in diame-
ter, the sensitivity of a hypofunctioning nodule
for malignancy is more than 80% [106]. The
addition of a hypofunctioning nodule as a reason
for FNAC thus compensates for the loss of sensi-
tivity by a more restrictive use of ultrasound cri-
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Fig. 4.15 (a—c) This 60-year-old man has a solitary
hypoechoic and solid nodule (10 x 11 x 12 mm) in the
dorsal right thyroid lobe (a). The configuration of the nod-
ule is slightly taller than wide which may be triggered by
the gross protrusion of the thyroid lobe toward the back
(b, EU-TIRADS 5). Formally, this nodule exhibits three
of five ultrasound risk factors making FNAC necessary.
However, on TS, the nodule is hyperfunctioning com-

teria. The finding of a hypofunctioning nodule,
however, in conjunction with substantial cystic
proportion should not per se lead to FNAC, since
such a finding is readily explicable by the miss-
ing uptake in the fluid and thus has no predictive
value.

4.2.2.3 Value of MIBI Imaging

Many studies have shown that an absent/low
MIBI uptake in hypofunctioning thyroid nodules
as well as a high washout of MIBI in semiquanti-
tative analyses are predictive of a benign finding

pared to the surrounding tissue (c¢) indicating an AFTN
and obviating the need for FNAC. TSH was at 0.8 mU/Lx
meaning no functional relevance of the autonomy. The
non-suppressed TSH as well as a normal normalized
uptake (1.6% per mU/L TSH) are plausible owing to the
small volume of the nodule and the only slightly elevated
uptake therein

(high NPV) [40, 107]. On the other hand, if a
higher uptake of MIBI in a nodule is detected,
surgery is recommended to exclude malignancy;
but, overall specificity is low, especially for
unselected thyroid nodules [42]. To increase
specificity it is recommended to select thyroid
nodules for MIBI imaging by sonographic
appearance (i.e., TIRADS intermediate or high-
risk nodules), functional status (exclusion of
AFTNSs), and FNAC (i.e., indeterminate results)
[41, 43, 108]. In a very recent study, the diagnos-
tic performance of MIBI imaging was analyzed
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at 12 European study sites. The authors included
365 hypofunctioning thyroid nodules, that were
classified as intermediate-risk (38%) or high-risk
(62%) according to EU-TIRADS and had inde-
terminate results on FNAC. MIBI imaging evalu-
ation was performed visually and
semiquantitatively. As a main result of the study,
the authors stated that a negative result on visual
image evaluation can rule out malignancy with a

very high probability (NPV 96% on planar and
SPECT imaging). Additionally, the semiquantita-
tive approach can improve the overall diagnostic
performance by providing a more accurate dif-
ferentiation between malignant and benign thy-
roid nodules (cutoff -19%: sensitivity 100%,
specificity 89%, PPV 82%, NPV 100%, ACC
93%) [109] (Fig. 4.16).

Fig.4.16 (a—c) A 59-year-old female patient with multi-
nodular goiter, TSH 0.50 mU/I, Calcitonin <1.0 pg/ml. (a)
B-mode sonography showed two thyroid nodules (upper
images: right central lobe, 14 x 10 x 15 mm, EU-TIRADS
3; lower images: left lower pole, 12x12x14 mm,
EU-TIRADS 4). (¢) “™Tc-pertechnetate scintigraphy with
64 MBq, both thyroid nodules were identified as hypo-
functioning (black circles). (d) MIBI imaging: planar

early image (left, 10 minutes p.i.) and late image (right,
60 minutes p.i.) show MIBI uptake in the thyroid nodule
in the left lobe that visually decreases with time.
Semiquantitative analysis reveals a washout index of
—28% (MIBI negative). Note: The thyroid nodule in the
right lobe is visually MIBI negative in the early and late
images. Surgery revealed benign multinodular goiter
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Fig.4.16 (continued)

4.2.2.4 Incidental Focal Uptake on
8F-FDG Imaging

Focal thyroid incidental FDG uptake (FTI) is
detected in 1-2% of patients and defined as an
incidentaloma which is in contrast to diffuse
uptake associated with a high risk of malignancy
ranging 20-40%. A meta-analysis with 34 stud-
ies and 215,057 included patients showed a
pooled risk of malignancy of 36.2% and a preva-
lence of FTT of 1.9%. No significant differences
among iodine-deficient or iodine-sufficient coun-
tries and various geographic regions were found
[110]. A systematic review of 125,754 patients
without known thyroid disease had an unex-
pected focal hypermetabolic activity in 2.1%.
Approximately one in three (~35%) revealed thy-

roid malignancy with a higher standardized
uptake value (SUV) in malignancies compared to
benign nodules (6.9 £4.7 vs. 4.8 3.1, p < 0.001)
[111]. SUV may be helpful in predicting malig-
nant versus benign histology but in clinical set-
tings a reliable discrimination is not always
possible. Therefore, an ultrasound exam is rec-
ommended for patients with new focal thyroid
lesions on "*F-FDG-PET to further assess thyroid
tissue, depending on clinical and prognostic con-
texts. In this case, nodules >1 cm with focal '*F-
FDG uptake require further work-up and nodules
<1 cm should be monitored like thyroid nodules
with a high-risk pattern in sonography [83, 112].
We suggest performing TS with *"Tc-
pertechnetate or %I~ to detect AFTNS, rule out
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malignancy with a NPV of 96-99% [28], and pre-
select for FNAC. Additionally, in hypofunction-
ing nodules molecular imaging with *"Tc-MIBI
may be useful in discriminating malignant from
benign nodules.

4.2.2.5 Thyroid Nodules
with Indeterminate Cytology

The management of cytologically indeterminate
nodules represents a dilemma for thyreologists.
The term indeterminate nodule summarizes the
results of the FNAC for Bethesda categories I1I
and IV [113]. On the one hand, a 15-40% risk of
nodule malignancy leads to overtreatment in
most patients when hemithyroidectomy is per-
formed including the risk of operative complica-
tions. On the other hand, a conservative
management is associated with a residual risk for
malignancy. In recent years the utility of
BE-FDG-PET was examined in predicting the
correct diagnosis of nodules with indeterminate
cytology. The rationale for using the glucose ana-
log FDG is that most malignant tumors charac-
teristically have increased glucose utilization.
This is in part related to the overexpression of
GLUT glucose transporters and increased hexo-
kinase activity.

In one recent systematic review and meta-
analysis which included 225 patients a pooled
sensitivity, specificity, PPV, NPV, and accuracy
of 95%, 48%, 39%, 96%, and 60% were shown,
respectively. Specifically, in patients who had
nodules >15 mm sensitivity increased to 100%. A
negative 'F-FDG-PET/CT examination can
improve diagnostic accuracy in these patients and
can reliably exclude T2 thyroid malignancies
[114]. Vice versa, an "*F-FDG-PET-positivity did
not identify malignant nodules with sufficient
certainty, as approximately 50% of these patients
had benign lesions. A prospective study in 87
patients compared the preoperative accuracy of
BE_-FDG-PET/CT, ultrasound, and %™Tc-MIBI
scan for thyroid nodules with indeterminate
cytology. The authors showed that overall sensi-
tivity (94%) and NPV (98%) were significantly
higher than with ultrasound and *™Tc-MIBI
imaging. Therefore, a negative *F-FDG-PET/CT
correctly predicts benign nodules and could pre-

vent unnecessary (hemi)thyroidectomies. As in
previous studies, "*F-FDG-PET/CT showed a low
PPV (37%). Consequently, 'SF-FDG-positive
nodules should undergo (hemi)thyreoidectomy
with histopathological confirmation [115].
Currently, F-FDG-PET/CT for preoperative
risk assessment shows promising results but
needs further evaluation and is not routinely rec-
ommended for cytologically indeterminate
nodules.

In another preoperative comparison study in
hypofunctioning thyroid nodules, in a limited
number of patients (n = 23) with larger thyroid
nodule size (median 32 mm diameter), a similar
NPV and the same sensitivity in detecting malig-
nant nodules was shown for 'SF-FDG-PET/CT
and MIBI scans. The authors suggest that
BE-FDG-PET/CT imaging is not superior to
PmTc-MIBI scintigraphy in differentiating thy-
roid nodules. For the reasons of costs and avail-
ability MIBI should thus be the first choice in
preoperative evaluation of hypofunctioning thy-
roid nodules complementary to FNAC [116].

4.2.3 Medication-Induced Thyroid
Dysfunction

The antiarrhythmic drug amiodarone is iodine-
rich (a single 200 mg tablet contains 75 mg bound
iodine and 7 mg free iodine) and lipophilic, thus
accumulating in the thyroid gland. It causes thy-
roid dysfunction in 15-20% of treated patients:
amiodarone-induced thyrotoxicosis (AIT), type 1
is an iodine-induced thyrotoxicosis in patients
with promoting underlying thyroid abnormali-
ties. Type 2 is a destructive thyroiditis with pro-
longed hormone liberation and mixed type. Type
1 is typically found in iodine-deficient areas
whereas amiodarone-induced hypothyroidism,
AIH, is more frequent in iodine-rich areas
(Table 4.5).

Differentiation of the type of AIT is important
because of the different treatments (Antithyroid
drugs vs. oral glucocorticoids) [117, 119, 120].
Besides the laboratory findings, both, ultrasonog-
raphy and nuclear medicine imaging have been
used to confirm the diagnosis of amiodarone-
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Table 4.5 Amiodarone-associated thyroid disorders [44, 117, 118]

Amiodarone-induced Amiodarone-induced | Mixed form of AIT | Amiodarone-induced
thyrotoxicosis (AIT) 1 thyrotoxicosis (AIT) 2 | 1/2 hypothyroidism (AIH)
Laboratory Thyrotoxicosis, thyroid | Thyrotoxicosis, Thyrotoxicosis Hypothyroidism,
constellation antibodies may be usually no thyroid thyroid antibodies may
present antibodies be present
Mechanism Productive Cytotoxic effects of Productive and Wolff-Chaikoff effect
amiodarone and its destructive (no “escape”), loss of
metabolites parenchyma
Thyroid uptake | Low, moderate, Low to absent Low Low to absent
scintigraphy increased
MIBI imaging | Positive Negative Variable Negative
Color Doppler | Present, pattern 1-3 Absent, pattern 0 Variable Absent, pattern 0
ultrasound
B-mode Underlying thyroid Normal thyroid tissue | Underlying Preexisting chronic
sonography disease (nodular goiter, thyroid disease/ thyroiditis/normal
Graves’ disease) normal

associated thyroid dysfunctions. AIH often
occurs in patients with preexisting chronic auto-
immune thyroiditis according to typical struc-
tural changes on ultrasound. However, a normal
appearance on ultrasound may be present. In AIT
type 1 underlying (latent) GD or nodular goiter
can be detected in thyroid ultrasound whereas
AIT type 2 often presents with normal thyroid
tissue [117]. Additional CDUS can be helpful by
specifying different patterns of blood flow.
Pattern O (absent vascularity) is associated with
AIT type 2, and pattern 1 (uneven patchy paren-
chymal flow), 2 (diffuse, homogeneous distribu-
tion or increased flow, similar to GD), or 3
(marked increased signal and diffuse homoge-
neous distribution) are typically associated with
AIT type 1 [121]. TS with *™Tc-pertechnetate
mostly shows low or absent uptake owing to the
high intrathyroidal content of iodine (“autoregu-
lation™). In type 1 AIT, occasionally, there may
be appreciable or normal uptake reflecting the
underlying disease [117]. In case of unclear find-
ings, molecular imaging with *"Tc-labelled
MIBI can be used. This lipophilic cation complex
accumulates in the mitochondria of viable cells
and thus in hyperfunctioning thyroid tissue, i.e.,
toxic nodular goiter and GD, whereas MIBI
uptake is reduced in type 2 destructive thyroiditis
(Piga et al. 2008, Pattison et al. 2014). In their
study of 20 patients with AIT, Piga et al. identi-
fied the visual MIBI uptake as the only method to
differentiate AIT type 1 from AIT type 2 [44]. A

more operator-independent method was pub-
lished in 2018 by Censi and colleagues. They cal-
culated a target-to-background ratio with a
cut-off of 0.482 to differentiate AIT type 1 (>
0.482) from AIT type 2 with a specificity of
100% and a sensitivity of 91.7% [122].

Targeted cancer therapies with immune-
checkpoint inhibitors (ICIs) and tyrosine kinase
inhibitors (TKIs) play an important role in the
therapy of various malignancies. However, dur-
ing therapy, immune-related adverse effects
(irAEs) are common including endocrine disor-
ders (10%). Thyroid dysfunction is the most
common endocrine irAE. The overall incidence
of primary hypothyroidism and hyperthyroid-
ism is reported as 8% and 3%, respectively.
Typically, inflammatory destructive thyroiditis
is the most common manifestation with an ini-
tial thyrotoxicosis followed by a hypothyroid
phase. In rare cases, ICIs and TKI can cause
autoimmune-mediated GD, also presenting with
thyrotoxicosis in the initial course of the dis-
ease. Besides the typical course of thyroid dys-
function, thyroid ultrasound, and TS can help in
the differential diagnosis, especially in cases
with  negative Trab (PD-1 inhibitors).
Comparable to other causes of thyroiditis, the
CDUS and “™Tc-pertechnetate uptake is
decreased in the destructive form, whereas it is
increased in autoimmune-mediated
GD. CTLA-4 inhibitors are known to cause an
inflammation of the pituitary gland (hypophysi-
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tis) that can lead to secondary hypothyroidism
with the typical laboratory constellation of a
low/normal TSH and low free T4. Also, hypoph-
ysitis and thyroiditis can be detected by
BE-FDG-PET/CT showing diffusely increased
uptake that could serve as a surrogate prognos-
tic marker during ICI and TKI treatments
[123-127].

4.2.4 Aberrant Localization
of Thyroid Tissue
and Congenital
Hypothyroidism

During embryonic development, the thyroid
gland arises from mesodermal tissue at the pha-
ryngeal floor [128]. It subsequently descends
through the foramen cecum at the tongue base,
following the anterior trachea before ultimately
separating into two lobes. Anywhere along this
passage—the so-termed thyroglossal duct—ecto-
pic thyroid tissue can persist. This may present as
minimal cellular remnants detectable by scinti-
graphic imaging only or a macroscopic pyrami-
dal lobe on structural imaging. More rarely
cervical cysts remain patent along the thyroglos-
sal duct baring the possibility of benign or malig-
nant thyroid tissue growth over time. Embryonic
remnants of thyroid cells at the tongue base can
give rise to lingual struma clinically presenting
with globus sensation and swallowing complaints
in affected patients.

Occasionally, thyroid tissue may be found
outside of its ontogenetic path. To make a distinc-
tion, such thyroid tissue is referred to as dystopic
throughout this chapter as compared to ectopic
tissue within the ontogenetic path and to ortho-
topic location of the thyroid gland next to the sec-
ond to fifth tracheal ring. Dystopic thyroid tissue
often occurs just below the lower poles of any of
both thyroid lobes and may easily be overlooked
on ultrasound. It is often nodular in nature and
may be connected to the lower pole by a fibrous
band. Ontogenetically, such dystopic tissue can
be considered as having descended too far. It is
frequently encountered in the upper anterior but
also in the middle mediastinum and may give rise

to intrathoracic goiter [129]. Dystopic intratho-
racic goiter must be distinguished from extensive
downward growth of an a priori orthotopic multi-
nodular goiter. Both, bulky retrosternal goiter
(arising from orthotopic goiter) as well as dys-
topic intrathoracic goiter may impair tracheal,
esophageal, or vascular passage. However, as
their blood supply differs, retrosternal goiter
most often can be removed by a cervical
approach, whereas intrathoracic goiter often
requires sternotomy.

Rarely, dystopic thyroid tissue may be found
within the trachea, within the heart, below the
diaphragm or at other sites [130, 131]. Particular
ontogenetic incidents may be causative, e.g., dis-
location of thyroid cells during separation of the
thyroid gland (see above) into the trachea or car-
riage of thyroid cells within the cardiac precursor
tissue.

12T~ is the radionuclide of choice when ecto-
pic or dystopic thyroid tissue is suspected. Due to
superior properties such as higher gamma energy
(159 ke V) compared to ™Technetium (140 keV),
123]- allows for better penetration of osseous
structures and detection of retrosternal, intratho-
racic and abdominal thyrogenous masses
(Fig. 4.17). Sensitivity and specificity of scintig-
raphy increase if SPECT/CT hybrid imaging is
available for anatomic correlation and attenua-
tion correction [132]. Once sufficient iodine
uptake to benign lesions is detected, radioiodine
therapy is a therapeutic option. Successful treat-
ment of both retrosternal and lingual strumae has
been carried out with radioiodine therapy [133,
134]

Further rare localization of thyroid tissue may
be present in ovarian struma. First described by
Boettlin et al. in the late nineteenth century,
struma ovarii is classified as a rare form of mature
teratoma with a predominant fraction of thyroid
tissue on histologic assessment. Struma ovarii is
mostly detected as an incidental finding after
resection of a clinically manifest ovarian mass, in
some cases incidental uptake to the ovary is seen
in patients undergoing radioiodine therapy for
differentiated thyroid cancer. Since up to 5% of
all ovarian strumae exhibit features of malig-
nancy histological work-up is warranted [135].
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Fig. 4.17 'I~ imaging; (a) planar image from anterior,
(b) SPECT+MRI fusion image showing intense iodine
uptake to a benign lingual struma in a 49-year-old patient
presenting with swallowing complaints (after having

Congenital hypothyroidism is a heterogeneous
disorder that can present with either eutopic, dys-
topic, or dysplastic thyroid tissues. Early diagnosis
and treatment are essential to maintain regular
neurological and cognitive development in
affected infants [136]. Neonatal '>’I~ scintigraphy
can be used to localize functional thyroid tissue in
clinically suspected cases. Absent uptake is seen in
thyroid aplasia, necessitating lifelong hormone
substitution therapy. If 2T~ uptake indicates the
presence of thyroid tissue, congenital hypothy-
roidism can remain in a transient state [137].

4.2.5 Tracers Beyond '*F-FDG—
Present and Future Directions

In some challenging cases, traditional radiotrac-
ers may fail in detecting the presence and extent
of disease. Beyond F-FDG there are several
other PET tracers available, which have been
studied and described (Table 4.6). For their use in
thyroid nodule risk assessment, there are almost
only case reports or studies with a small number
of patients.
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undergone total thyroidectomy for multinodular goiter).
The patient underwent partial tongue ground resection
and radioiodine therapy

Table 4.6 Overview of potential PET radiopharmaceuti-
cals in thyroid diseases and their measured effects

PET tracer
8F-fluorodeoxyglucose (FDG)

Measured effect
Aerobic and
anaerobic
glycolysis,
glycolytic
metabolism
1241 Todine kinetics,
NIS expression
8F-tetrafluoroborate (TFB)
SE-SiTATE, ®*Ga-DOTA-X,
%Cu-DOTA-X in-111-octreotide,
%Ga-somatostatin receptor
antagonists
BFE-fluorodihydroxyphenylalanine
(F-DOPA)

NIS expression
Somatostatin
receptor status

Dopamine
synthesis, natural
amino acid
transport
Prostate-specific
membrane
antigen

BE-PSMA, %Ga-PSMA

Cell membrane
metabolism,
tumor cell
proliferation
Tumor-associated
fibroblast-
activated protein

C-choline, '*F-fluorocholine

'SE-FAPI, %Ga-FAPI
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However, the vast expanse of tumor microen-
vironment provides even more opportunities to
exploit several other pathways. The relevant
radiopharmaceuticals are listed in Table 4.6.
Most PET radiopharmaceuticals are used for the
detection of residual disease in malignancy and
not for primary risk stratification.

12T~ emits positrons and allows PET/CT or
PET/MRI imaging in high resolution and for
quantification. It is used as a diagnostic tool to
localize disease and also for dosimetry which can
be carried out for each individual tumor or meta-
static focus without stunning effects [138].

The superiority of low-activity '*I-PET/low-
dose CT in functional-morphological assessment
of thyroid nodules has been recently showed. A
multiobserver study to investigate '*I-PET/
Ultrasound fusion imaging demonstrated more
hyper- and hypofunctional nodules and less indif-
ferent or not ratable nodules with additional use
of '2I-PET/Ultrasound together with conven-
tional imaging vs. using conventional imaging
only (ultrasound, TS, and laboratory parameters).
The authors showed a significantly lower sugges-
tion of follow-up and more proposals of invasive
treatments, e.g., FNAC and surgery [139]. '*I-
PET/Ultrasound fusion improves the accuracy of
the functional assessment of thyroid nodules
even in unfavorable localizations and thus influ-
ences the suggested treatment for patients with
ambiguous findings in conventional diagnostics.

8F-tetrafluoroborate (**F-TFB) is a promising
iodide analog for PET imaging and has been
recently proposed as a novel PET tracer for
human NIS imaging [140]. ®F-TFB is retained
but shows no thyroid organification. Therefore,
BE-TFB may show benefit in so-called
“Thyreoglobulin Elevated and Negative Iodine
Scintigraphy” (TENIS) while not requiring
thyroid-stimulating hormone (TSH) stimulation
to detect metastatic lesions after therapy. But
clinical evaluation of '®F-TFB is needed in larger
patient cohorts [141].

Since the 1990s somatostatin receptors
(SSTRs) are known to play a role in regulation
and proliferation of normal thyroid cells and
tumor tissue [142]. In neuroendocrine tumors
(NETs), SSTRs are often overexpressed on the

surface of tumor cells. This has led to the devel-
opment of different radiolabelled somatostatin
analogs for diagnostics and/or therapy. Medullary
thyroid carcinoma (MTC) is a neuroendocrine
tumor arising from parafollicular C-cells of the
thyroid glands. The experience in diagnostic per-
formance with ®Ga-labelled DOTA peptides in
preoperative MTC staging is very limited. In the
situation of disease recurrence, ®*Ga-DOTATATE-
PET/CT showed promising results, especially in
higher levels of tumor marker serum calcitonin
[143]. Globally the diagnostic performance is
inferior compared with other NETs and %Ga
DOTATATE-PET/CT performs inferior to
BE-DOPA-PET in recurrent MTC lesions [144].

SE-DOPA, which explores amino acid uptake,
decarboxylation, and storage, when applied in
MTC prior to surgery demonstrated a high sensi-
tivity of 88% in detection of primary tumor sites
and sensitivity in detection of central and lateral
lymph node metastasis of 53% and 73%, com-
pared to 20% and 39%, respectively, for ultraso-
nography [145]. Atpresent, neither '*F-FDG-PET/
CT nor BF-DOPA-PET/CT is recommended for
primary staging in MTC [146, 147].

PSMA-PET/CT imaging in prostate cancer
has become widely established in diagnostics,
especially in recurrence situations, due to the pre-
cise imaging of the tumor spread. PSMA is a type
I transmembrane glycoprotein and is overex-
pressed in prostate cancer. PSMA could be
expressed by vascular endothelium in other solid
tumors such as thyroid carcinoma [148].

As BF-FDG-PET, ®*Ga-PSMA- or '*F-PSMA-
PET harbor the capability of detecting thyroid
lesions (PSMA thyroid incidentalomas - PTI). A
systematic review demonstrated among 23
detected thyroid incidentalomas 5 proven pri-
mary thyroid carcinomas (4 papillary thyroid car-
cinomas, 1 follicular thyroid carcinoma) [149].

BE-choline PET/CT is mostly used for evalua-
tion of prostate cancer. But an increased cell
membrane choline metabolism can also be seen
in other conditions like in patients with primary
hyperparathyroidism and thyroid
incidentalomas.

In a retrospective study, the authors identified
9 incidentalomas, 8 of them underwent further
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investigation and two cases were revealed to be
malignant [150].

The percentage of carcinomas identified with
choline PET (25%) is similar to FDG-PET
(~35%).

However, it must be mentioned that PSMA
and choline radiotracers are mainly used in men
with prostate cancer and therefore women have
so far not been included in these analyses.

Fibroblast activation protein (FAP) is expressed
in the stroma of many malignancies and histo-
pathological studies have shown FAP-positive
cancer-associated fibroblasts in over 90% of epi-
thelial tumors. FAP inhibitors (FAPIs) specifi-
cally bind to the enzymatic domain of FAP with a
rapid and almost complete internalization. FAPI-
based PET imaging has yielded high uptake and
image contrast in several cancers. FAPI as a novel
tracer may be helpful in applications from nonin-
vasive tumor characterization up to radioligand
therapy. In differentiated thyroid cancers only
low-to-moderate FAPI uptake was observed
[151]. Currently, major issues are the complemen-
tary use of '®F-FDG-PET/CT in localizing disease
recurrence and detecting metastatic lesions in
patients with “Thyreoglobulin Elevated and
Negative lodine Scintigraphy” (TENIS) [152].
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Non-invasive Imaging Biomarkers
of Thyroid Nodules
with Indeterminate Cytology
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and Dennis Vriens

5.1 Introduction

After stratification by ultrasonography (US), the
next step in analysis of a thyroid nodule in a non-
hyperthyroid patient is by obtaining cytology.
Usually, this is performed by fine-needle aspira-
tion cytology (FNAC) as this procedure is simple,
safe, inexpensive, and has high accuracy. The
FNAC specimens are categorized into six diag-
nostic categories according to the Bethesda
System for the Reporting of Thyroid Cytology
(Table 5.1) [1]. Around 20% of thyroid nodules
are cytologically indeterminate, including both
atypia of undetermined significance or follicular
nodules of undetermined significance (Bethesda
III, AUS/FLUS) with a malignancy rate of 6-18%
and cytology suspicious for a follicular neoplasm
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(Bethesda IV, FN/SFN) or Hiirthle cell neoplasm
(Bethesda IV, HCN/SHCN) together having a
malignancy rate of 10-40% [1, 2]. Nodules that
are suspicious for malignancy upon FNAC
(Bethesda V, SUSP) encounter a malignancy rate
of 45-60% and can also be considered cytologi-
cally indeterminate [1].

Indeterminate thyroid cytology corresponds to
histopathological follicular adenoma (FA),
Hiirthle cell adenoma (HCA), non-invasive fol-
licular thyroid neoplasm with papillary-like
nuclear features (NIFTP), (encapsulated) follicu-
lar variant of papillary thyroid carcinoma ((E)
FVPTC), follicular thyroid carcinoma (FTC),
and Hiirthle cell carcinoma (HCC), but can also
be seen in papillary thyroid carcinoma (PTC).
Unlike histology, cytology does not provide
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Table 5.1 The 2017 Bethesda System for reporting thyroid cytopathology [1]. Reported malignancy rates consider
NIFTPs as benign

Malignancy | Proposed management (ATA

Category| Description Diagnostic categories rate (%) guidelines)

1 Non-diagnostic of e Cyst fluid only. 5-10 Repeat FNAC with US
unsatisfactory e Virtually acellular guidance

specimen.
¢ Other (obscuring blood,
clotting artefact etc.).

11 Benign * Consistent with a benign 0-3 Clinical and sonographic

follicular nodule (including follow-up
adenomatoid nodule,
colloid nodule etc.).

e Consistent with
lymphocytic (Hashimoto)
thyroiditis in the proper
clinical context.

¢ Consistent with
granulomatous (subacute)
thyroiditis.

e Other.

1 Atypia of 6-18 Repeat FNAC. If the second
undetermined Bethesda III result, consider
significance or additional tests and/or
follicular lesions of diagnostic hemithyroidectomy
undetermined
significance

v Follicular neoplasm * Hiirthle cell. 10-40 Consider additional tests and/or
suspicious for a diagnostic hemithyroidectomy
follicular neoplasm

\% Suspicious for * Suspicious for papillary 45-60 Thyroid surgery is
malignancy carcinoma. recommended. Consider

¢ Suspicious for medullary pre-operative additional
carcinoma. (molecular) testing to determine

* Suspicious for metastatic the extent of surgery
carcinoma.

e Suspicious for lymphoma.

e Other.

VI Malignant e Papillary thyroid carcinoma. | 94-96 Thyroid surgery recommended

¢ Poorly differentiated
carcinoma.

¢ Undifferentiated
(anaplastic) carcinoma.

e Squamous cell carcinoma.

e Carcinoma with mixed
features (specify).

e Metastatic carcinoma.

e Non-Hodgkin lymphoma.

e Other.

insight into tissue structure: it does not show the
capsular and/or vascular invasion that distin-
guishes an FTC from a benign FA. In FVPTC, the
growth pattern is follicular and clearly identify-

ing nuclear features of PTC can usually not be
distinguished cytologically.

As an alternative to FNAC, the use of core
needle histological biopsy has recently received
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increased interest [3]. Although lower non-
diagnostic (Bethesda I) or indeterminate rates are
published, core needle histological biopsy
requires more advanced training for radiologists
and histopathologists. Furthermore, this proce-
dure is more painful for patients and has more
complications including haematomas and voice
changes, and therefore it has not been
well-adopted.

The American Thyroid Association (ATA)
specified recommendations for the clinical man-
agement of the different cytological categories
[4]. Repeat FNAC for a Bethesda III nodule may
oftentimes result in a Bethesda II result. For
nodules that remain Bethesda III after repeat
FNAC, or those with Bethesda IV or V cytology,
diagnostic hemithyroidectomy is often per-
formed [4]. As the joint malignancy rate in inde-
terminate nodules is approximately 25%,
approximately 75% of these diagnostic surger-
ies result in a benign histopathological diagno-
sis. For these benign nodules, the diagnostic
surgery can be considered unbeneficial from an
oncological perspective, increasing health care
consumption expenses and exposing patients to
unnecessary surgical risks. In case of malignant
histopathology, a completion thyroidectomy
might be indicated, putting the patient at a
higher risk of two-stage surgical complications
and consequently additional costs. Therefore, an
additional diagnostic test or combination of
tests may prevent unbeneficial diagnostic
hemithyroidectomies for benign nodules by rul-
ing out malignancy, and/or prevent two-stage
surgery if malignancy can be confirmed
pre-operatively.

A multimodal stepwise approach using a sen-
sitive rule-out test and a specific rule-in test might
provide the most conclusive diagnosis for inde-
terminate thyroid nodules [5]. The ATA guide-
lines state that an ideal “rule-in” test would have
a positive predictive value (PPV) similar to a
malignant cytologic diagnosis (i.e. 98.6%), and
an ideal “rule-out” test would have a negative
predictive value (NPV) similar to a benign cyto-
logic diagnosis (i.e. 96.3%) [2, 4]. Diagnostic
tests on cytological samples might include
molecular tests like gene mutation panels, gene

or microRNA expression profiles, immunocyto-
chemistry, and sequencing techniques. Also, sev-
eral imaging modalities may be used in the
workup of indeterminate thyroid nodules in vivo,
including anatomical imaging techniques such as
US and magnetic resonance imaging (MRI), and
molecular imaging techniques such as 2-['8F]
fluoro-2-deoxy-D-glucose (['*F]JFDG) positron-
emission tomography (PET) combined with
computed tomography (CT) and hexakis(2-
methoxy-2-methylpropylisonitrile)
technetium[*™Tc] ([*"Tc]Tc-MIBI, also known
as [*"Tc]Tc-sestaMIBI) scintigraphy with single
photon emission computed tomography com-
bined with CT (SPECT/CT). Performance of any
diagnostic tests is usually expressed by their sen-
sitivity, specificity, PPV, NPV, accuracy, diagnos-
tic odds ratio (dOR), positive likelihood ratio
(LR+), negative likelihood ratio (LR-), area
under the receiver operating characteristic curve
(AUC), and benign call rate, when available
(Panel 5.1). The reader should be aware that,
albeit clinically very useful, parameters like PPV,
NPV but also accuracy and benign call rate are
dependent on the a priori risk of a patient suffer-
ing from the disease and thus can only be com-
pared between different cohorts if the definition
and prevalence of the malignancy are similar.
Most studies featured in this chapter present out-
come measures of a single cohort, without vali-
dation in a separate part of the dataset or
(preferably) in an external cohort. When (exter-
nal) validation was performed, this is specifically
mentioned.

This chapter provides an overview of bio-
markers obtained using conventional as well as
Al-based non-invasive imaging strategies for the
differentiation of thyroid nodules with indetermi-
nate cytology. It presents the ability of a test to
differentiate between benign and malignant nod-
ules, taking into account the clinical readiness
and cost-effectiveness. This chapter presents
studies with different definitions of indeterminate
cytology: some include Bethesda III and IV, only;
others also include Bethesda V; and some have
not incorporated the Bethesda System yet. The
definition of indeterminate cytology will be spe-
cifically reported, when available.
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Panel 5.1: Performance Measures of Diagnostic Tests

true positive __ true positive

* sensitivity = — — = - ;
true positive + false negative  all diseased

true negative __ true negative

* specificity = =
P Y true negative + false positive  all healthy

true positive __ true positive

e positive predictive Value(PPV) = — — = —;
true positive + false positive  all positive

true negative __ true negative

* negative prective value(NPV) = _ — — —;
true negative + false negative  all negative

true positive + true negative _ allcorrect

® accuracy = o . - = L
true positive + true negative + false positive + false negative  all examined

« prevalence = true positive + false negative _ alldiseased

rue positive + true negative + false positive + false negative ~ allexamined

true positive / false positive LR+

e diagnostic odds ratio(dOR ) = = ;
£ ( ) false negative / true negative LR —

o . true positive / (true positive + false negative sensitivit
*  positive likelihood ratio(LR +) = b — (i — = - ) = = y ;
false positive / (false positive + true negatlve) 1 — specificity

o . false negative / ( true positive + false negative) 1 — sensitivit
* negative likelihood ratio(LR +) = £ : (true p — = : ) = L
true negative / (false positive + true negatlve) specificity

* Receiver operating characteristic (ROC) curve: true positive rate (=sensitivity) against the
false positive rate (=1-specificity) at various threshold settings;
* Area under the receiver operating characteristic curve (AUC);

o Benign call rate:cytomorphologically indeterminate cases with subsequent benign molecular results.

true negative+false negative _ allnegative

benign call rate = — - — —= -
true positive+true negative+false positive+false negative all examined
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5.2  Uniting Medical Imaging

with Artificial Intelligence

Unlike tissue sampling procedures, medical
imaging can provide information about the entire
lesion, including intra- and interlesional hetero-
geneity [6], thereby circumventing the shortcom-
ing of sampling error that may occur with
FNAC. Visual interpretation of images consists
of (qualitative) assessment of signal intensity
(e.g. density, echogenicity, radiopharmaceutical
uptake, and apparent diffusion coefficient), loca-
tion, size, shape, deformability (elastography),
border (relation with surrounding tissues), pat-
terns or vascularity (e.g. intravenous contrast
enhancement, Doppler) of lesions. Medical

imaging can stratify nodules before FNAC-
procedures and thereby guide the choice of sam-
pling location. Moreover, it can provide
circumstantial evidence towards the nature of the
nodule, such as suspicious cervical
lymphadenopathy.

5.2.1 Quantitative Imaging

Medical images contain much more information
about the biology of the lesion hidden in the myr-
iad of voxels of both lesions and healthy tissue
than can be assessed visually by a human reader
[7]. (Semi-)quantitative analysis of the images
provides an objective complement to visual inter-
pretation. The use of quantitative imaging in
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(multidevice) studies, and to a lesser extent in
clinical management, requires adequate repeat-
ability and reproducibility [8]. Repeatability
refers to the likelihood of obtaining the same
result in the same patient, when examined more
than once on the same system. Reproducibility
refers to the ability to yield the same results when
that patient is examined on different systems and/
or at different imaging sites. Ultimately, quantita-
tive imaging enables the comparison of measure-
ments in a single subject with normative values
from a healthy population and permits the moni-
toring of subtle changes caused by the progres-
sion or remission of disease.

PET, as no other, allows for (semi-)quantita-
tive analysis [9]. The standardized uptake value
(SUYV, unit [g/mL]) expresses the ratio between
the local activity concentration and the decay-
corrected amount of injected radiotracer per unit
of body mass. It indicates the radiotracer concen-
tration factor in a specific region compared to
homogeneous distribution of the radiotracer
through the body. In case of the radiotracer ['3F]
FDG, the SUV is generally higher in malignant
than in benign lesions. Nevertheless, the SUV is
not only determined by tumour biology but also
by preparative, procedural and post-procedural
factors. The European Association of Nuclear
Medicine (EANM) established guidelines for
PET tumour imaging with the aim to achieve har-
monization in multicentre settings including
accreditation programmes (EARL) [8].

CT also allows for quantification, as attenua-
tion coefficients of tissues are linearly trans-
formed to Hounsfield units (HU), where a value
of 0 represents the attenuation coefficient of dis-
tilled water and a value of —1000 represents the
attenuation coefficient of air. However, in prac-
tice, deviations in this linearity occur. Increasing
the tube voltage and with that the photon energy
generally decreases the probability of interac-
tions, i.e. attenuation and, therefore, increases
penetration. Also, different scanners deliver dif-
ferent tube currents or photons to the subjects for
a given milliamperage x seconds (mAs), as a
consequence of differences in beam filtration,
variances in tube potential, and rotation times
[10]. Consequently, a fixed milliamperage yields

different exposures, resulting in noise differences
and inconsistencies in HU measurements. Other
critical factors include spatial and temporal reso-
lution, reconstruction kernel, subject positioning
within the CT scanner bore, breath-holding tech-
niques, and the (frequency of) monitoring of the
CT scanner calibrations (i.e. quality control pro-
cedures). No central accreditation programmes
have been ventured yet, but harmonization has
been attempted in specific applications [10].

Quantitative analysis of MRI is even more
complex, due to the relative scale of the so-called
weighted images. Image contrast is affected by
factors intrinsic to the tissue, specific to the
examination, and dependent on the hardware.
Also, conventional MRI techniques lack
biological specificity, i.e. different physiological
and pathological substrates can produce similar
changes in image contrast. MRI studies can be
quantified by obtaining parametric maps of
meaningful physical or chemical variables (e.g.
apparent diffusion coefficient, ADC) that can be
measured in physical units (mm?/s for ADC) and
compared between tissue regions and amongst
subjects. As for CT, only local initiatives aim to
harmonize images [11, 12].

Conventional US is qualitative in nature, but
quantitative US can provide specific numbers
related to tissue features that can increase the
specificity of image findings [13]. Qualitative
bright mode (B-mode) US displays a morpho-
logical representation of the tissue, obtained from
the radiofrequency data. Quantitative US, on the
other hand, processes the raw radiofrequency
data from tissue backscatters to characterize and
distinguish phenotypic changes at a cellular level.
Other US techniques like spectral-based param-
eterization, elastography, shear wave imaging,
flow estimation, and envelope statistics can also
be performed quantitatively. However, most clin-
ical devices do not incorporate quantitative US
yet.

5.2.2 Artificial Intelligence

Recent developments in computer science have
led to advanced artificial intelligence (AI)
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approaches, capable of capturing the information
concealed in the image in the interest of lesion or
disease detection, classification and diagnosis,
segmentation, image reconstruction, and quanti-
fication [14]. An important breakthrough within
Al was the advancement of machine learning, the
ability of a system to extract information from
raw data and to learn from experience. Decision
trees, random forests, and support-vector
machines are well-known examples of machine
learning algorithms. More recently, deep learn-
ing, which is a subset of machine learning that
uses a (convolutional) neural network structure
loosely inspired by the human brain, emerged,
providing even more sophisticated algorithms
(Fig. 5.1) [14]. Growing amounts of data and the
availability of powerful computational hardware
have empowered Al, allowing computers to bet-
ter represent and interpret complex data [15].
The development and, to a lesser extent, use
of Al in oncology are rapidly emerging, also in
thyroid cancer. Applications vary from detection
of abnormalities, lesions characterization, and
the prediction of treatment response [16-19].
Whereas the first Al algorithms performing sim-
ple tasks with subhuman performance, more
recent algorithms sometimes surpass humans in

Fig. 5.1 Differences
between artificial
intelligence, machine
learning, and deep
learning

task-specific applications. As a result, tasks that,
until a couple of years ago, could only be per-
formed by humans, can now be executed by Al
algorithms. In addition, Al algorithms have the
potential to reduce variation, improve efficiency
and prevent avoidable medical errors, when inte-
grated in clinical practice as tools to assist clini-
cians [20]. Quantitative assessment by an
algorithm reduces subjectivity that comes with
visual assessment, because of the education and
experience of a human reader, thereby prevent-
ing inter- and intraobserver variability [15]. In
addition, a human reader can consider only a few
variables at a time, quickly approaching the
information processing capacity [21]. In contrast
to qualitative assessment by a human reader, Al
algorithms evaluate a large number of complex
quantitative variables together, consistently, fast,
and efficiently. A major challenge of Al, how-
ever, is that the quality of a model highly depends
on the input data, which is also referred to as
“garbage in, garbage out”. Furthermore, Al algo-
rithms are often considered as black boxes, since
they usually lack an easy and intuitive interpreta-
tion that can be interpreted in the domain of biol-
ogy or radiology [22, 23]. Explainable AI (XAI)
is developed to facilitate the interpretation of

ARTIFICIAL INTELLIGENCE
programs with the ability to learn
and reason like humans

MACHINE LEARNING
subset of Al that uses statistical
methods to learn from data

DEEP LEARNING
subset of machine learning with
multilayered neural networks
inspired by the human brain
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data in the context of a specific application and
to retrace the results on demand [22]. Moreover,
Al methodology is often heterogeneous and not
unambiguously reported, complicating valida-
tion of the model. Model validation is a crucial
step towards clinical translation, verifying
whether the model is predictive for the general
target population or just for a particular subset of
patients. Models must be validated using an
independent test set, preferably using data from
a different institution. Currently, a lack of this
external validation is still one of the major limi-
tations of Al, whilst replication might be of even
more scientific value than original discoveries
[24].

Since 2012, Al analysis of a large number of
quantitative variables derived from medical
images has been studied in the field of radiomics
[25]. Radiomics consists of the conversion of
(parts of) medical images into a high-dimensional
set of quantitative features and the subsequent
mining of this dataset for potential information
useful for the quantification or monitoring of
tumour or disease characteristics in clinical prac-
tice. The field of radiomics includes the extrac-
tion of predefined, handcrafted intensity (i.e. first
order), shape and texture features combined with
statistical methods or machine learning algo-
rithms for modelling; and more recent deep
learning algorithms that both learn features from
raw data and perform modelling (Fig. 5.2) [26].
To create a holistic model, in addition to the
imaging features, clinical characteristics or other -
omics data, like genomics, proteomics, or metab-
olomics, are also incorporated [27]. Radiomic
analysis aims to find stable and clinically relevant
image-derived biomarkers for tumour character-
ization, prognostic stratification, and response
prediction, thereby contributing to precision
medicine. In this chapter, the umbrella term
radiomics encompasses a broad spectrum of
image analysis methods, ranging from simple
Al-based methods to sophisticated deep learning
algorithms.

The promises of radiomics were high.
Hypothesizing that medical images contained
much more information than could be assessed
by the human eye, radiomics was expected to

contribute to medical decision-making on a large
scale and even to provide new insights into dis-
ease processes [7]. Yet, as for any new technol-
ogy, many (technical and statistical) challenges
have to be faced before reaching the goal of
large-scale implementation in clinical practice.
Radiomic features are sensitive to technical vari-
ations in the different steps of the radiomic pipe-
line (Fig. 5.2), hampering the reproducibility,
validation, and clinical translation of radiomic
research. These technical variations should be as
small as possible in order to attribute differences
in feature values to tumour biology instead of
technical variation.

Image acquisition and reconstruction largely
contribute to data inhomogeneity. Radiomic anal-
ysis often consists of retrospective analysis of
standard-of-care images and reanalysis of previ-
ously published cohorts, where scanners and scan
protocols may vary widely between different
manufacturers and medical centres. Also, volume
of interest segmentation should be performed in a
standardized manner, preferably (semi-)automat-
ically using an algorithm to reduce inter- and
intraobserver variability [28]. In addition, a lack
of standardization in definition and extraction of
radiomic features introduced variation. The
Image Biomarker Standardisation Initiative
(IBSI) made an effort to harmonize this by pro-
viding common nomenclature, mathematical
definitions, benchmarks for image processing
and feature extraction, and reporting guidelines
[29, 30]. Similarly, repeatability and reproduc-
ibility studies have been performed to identify
features that show minimal variations at different
time points, under different conditions and with
different feature definitions [31, 32].

Besides overcoming technical variations,
another challenge of radiomics lies in a large
number of features (generally over 100 features
per lesion) compared to the number of subjects
in a study (varying from several tens to hundreds
in typical PET and CT studies, respectively). In
contrast to traditional biomarker research, which
is hypothesis-driven, radiomic research is of
explorative nature. In explorative or data-driven
research, a biological rationale of a feature rep-
resenting certain disease characteristics lacks
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a Handcrafted radiomics

feature extraction

intensity

Input
layer

Fig. 5.2 Handcrafted and deep learning radiomics pipe-
line. (a) In the handcrafted pipeline, predefined features
are extracted from a manually or (semi-) automatically
defined volume of interest (VOI). Feature selection or
dimension reduction is performed and these features are
consecutively introduced in a statistical or machine learn-

[33]. Therefore, many features are investigated,
under the assumption that some features show
association with underlying biology.
Simultaneously, because of variations in scan
protocols, it is challenging to find sufficiently
large homogeneous datasets. When the number
of data points (patients or scans) are small com-
pared to the number of features, overfitting
occurs, negatively impacting the generalization
performance of the radiomic model [34].
Overfitting means that the model is specifically
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ing model. (b) Deep learning radiomics does not require
VOI delineation, but processes the images in their raw
form. The deep learning architecture consists of several
hidden layers including convolutional and pooling layers,
that extract increasingly complex features and perform
feature selection and classification

adjusted to the training, or input, dataset, solely
reflecting its noise and random fluctuations, and,
consequently, it cannot be applied to other data-
sets, i.e. it is not generalizable. Therefore, before
modelling, the number of features should be
reduced using feature selection (supervised by
outcome) or dimensionality reduction (unsuper-
vised) [35]. In the modelling step, an Al algo-
rithm may be used to fit a function to the input
data and compares it with the desired output
(e.g. tumour phenotype) minimizing a cost func-
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tion [36]. Several (integrated) algorithms for
both feature selection/dimensionality reduction
and modelling are available, but no consensus on
which one to use for radiomic analysis exists.
The choice of the algorithm has been shown to
affect the prediction performance of the radiomic
model and depends on the nature of the data [6].
Many radiomic studies employ multiple Al algo-
rithms, which comes with the risk of multiple
testing and thus increasing the false-discovery
rate. Multiple-modelling strategies can be justi-
fied when comprehensively documented to
ensure reproducibility, and when extensively
(and externally) validated [37]. In addition to
external validation of the radiomic model,
another strategy that contributes to clinical trans-
lation is the comparison of the performance of a
radiomic model with the performance of current
approaches, e.g. blood biomarkers or visual
interpretation. Also, false discoveries can be
minimized by, amongst other things, validation
of the results using sham data, i.e. randomly
shuffling outcome labels or using radiomic fea-
tures from healthy tissue, test-retest studies, and
by studying the biological rationale, or seman-
tics, of the radiomic features in the model [38,
39].

5.3 Modalities

5.3.1 Ultrasonography

US is an anatomical as well as functional imag-
ing technique that uses pulses of high-frequency
(2-15 MHz) sound emitted by a transducer to
capture tissue characteristics in real time. The
pulses are reflected by the tissue and returned to
the transducer. The amplitude and time of the
echo represent the reflection properties of spe-
cific tissue, which form the images. Conventional
B-mode (for brightness) US displays the acoustic
impedance of a two-dimensional cross-section of
tissue, but other types capture blood flow, tissue
motion, the presence of specific molecules, or the
stiffness of tissue. Drawbacks of US are its lim-
ited field of view, its dependency on skilled oper-
ators, and its interobserver variability.

5.3.1.1 Conventional (B-Mode)
Ultrasonography

US is an important step in the initial workup of
thyroid nodules for its non-invasiveness, cost-
effectiveness, and global availability. A large
body of literature has investigated the role of US
in the stratification of thyroid nodules. Two meta-
analyses demonstrated that, in otherwise
unselected nodules, US features like composi-
tion, hypoechogenicity, microcalcification, irreg-
ular margins (i.e. infiltrative or microlobular
margins), and a taller-than-wide shape are suspi-
cious for thyroid malignancy [40, 41]. The cur-
rent ATA guidelines provide a decision tree based
on nodule size and other US features with an
incremental suspicion for malignancy. These
well-known US features are mainly characteristic
of PTC, the most prevalent thyroid malignancy.
FVPTC and FTC may exhibit other characteris-
tics and may be less easily diagnosed using this
decision tree [4, 42, 43]. In an unselected popula-
tion, no US feature alone is sensitive or specific
enough to accurately identify malignancies, but
combinations of features might provide new
insights [40].

The use of US in thyroid nodules with indeter-
minate cytology is less widely studied. Both pre-
viously mentioned meta-analyses briefly
discussed its value in indeterminate nodules
(Bethesda System was not taken into account)
[40, 41]. As FTC has a higher prevalence in inde-
terminate nodules, US using the classic charac-
teristics is less accurate in indeterminate nodules
than in unselected thyroid nodules, generally
demonstrating limited sensitivity. Only solid
nodules, in contrast to partially cystic nodules,
demonstrated sensitivities above 90% (range:
46%—-100%) [5]. The features taller-than-wide
shape, presence of irregular margins, presence of
microcalcifications, and nodule diameter larger
than 4 cm were promising, with specificities
ranging from 72% to 99%, 65% to 100%, 36% to
100%, and 69 to 94%, respectively [5]. Remonti
et al. presented an increased central vasculariza-
tion as the best predictor for malignancy, with a
specificity of 96%, but other studies showed
extremely poor specificities, ranging from 0% to
100% [41].
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5.3.1.2 TI-RADS

Since 2009, several US-based risk stratification
systems to identify nodules that warrant biopsy
or sonographic follow-up have been proposed.
Following the BI-RADS classification system
that is widely used in breast imaging, the
American College of Radiology (ACR) presented
the TI-RADS (for Thyroid Imaging, Reporting,
and Data System). TI-RADS aims to (1) provide
recommendations for reporting incidental thy-
roid nodules, (2) develop a set of standard terms
(Iexicon) for US reporting, and (3) propose a
TI-RADS risk stratification system on the basis
of the lexicon [44]. The ACR TI-RADS scores
the composition, echogenicity, shape, margin,
and echogenic foci of a thyroid nodule, all con-
sisting of 0 up to 3 points. The total number of
points determines whether a nodule is considered
benign (TR1, O points), not suspicious (TR2, 2
points), mildly suspicious (TR3, 3 points), mod-
erately suspicious (TR4, 4-6 points), or highly
suspicious (TRS5, >7 points) and also guides the
decision to perform FNAC or follow-up: no
FNAC or follow-up (TR1-2), FNAC if nodule
maximum diameter (@) > 2.5 cm and follow-up if
¢ > 1.5 cm (TR3), FNAC if ¢ > 1.5 cm and fol-
low-up if ¢ > 1.0 cm (TR4) or FNAC if ¢ > | cm
and follow-up if @ > 0.5 cm (TRS).

In addition to ACR TI-RADS, the European
Thyroid Association and the Korean Society of
Thyroid Radiology/Korean Thyroid Association
developed similar US risk stratification systems;
the EU-TI-RADS and K-TI-RADS, respectively
[45, 46]. Also, the ATA and the American
Association of Clinical Endocrinologists/
American College of Endocrinology/
Associazione Medici Endocrinologi propose US
risk stratification systems [4, 47]. An interna-
tional survey investigating the utilization of all
five aforementioned risk stratification systems
with 875 respondents in 52 countries demon-
strated that almost one-third of respondents used
more than one risk stratification system in their
practice, potentially leading to confusion [48].
Grani et al. compared the risk stratification sys-
tems in 477 patients and found that the systems
vary widely in their ability to reduce the number
of unnecessary thyroid nodule FNACs (17.1 up

to 53.4%) [49]. The ACR TI-RADS outper-
formed the others, classifying more than half of
the biopsies as unnecessary with a false-negative
rate of 2.2%. The remainder of this chapter
focuses on the ACR TI-RADS.

Over recent years, TI-RADS has become fully
incorporated in the management of thyroid nod-
ules [4]. As FNAC may be more systematically
withheld for patients with a presumed benign
nodule with TI-RADS 1, 2, and most 3, the
patient population that is selected for additional
diagnostic tests has potentially changed. Many of
the studies on additional diagnostics have not
incorporated TI-RADS yet, and it is currently
unclear to say what effect the introduction of
TI-RADS may have on the diagnostic accuracy
and therapeutic yield of other tests. A different
population, or reference class, with a larger pro-
portion of malignant nodules, impacts the PPV
and NPV, but also the sensitivity and specificity.

Stratification of cytologically indeterminate
nodules according to the risk of malignancy as
determined by combining the TI-RADS and
Bethesda system might be of interest, notwith-
standing a limited body of evidence comprising
small retrospective cohorts. Larcher de Almeida
et al. investigated the risk of malignancy in inde-
terminate thyroid nodules by combining the ATA
classification with cytological subcategorization
(nuclear atypia, architectural atypia, oncocytic
atypia) [50]. They found that the risk of malig-
nancy reached almost 80% when both nuclear
atypia and ATA-based high-risk US features are
present. The presence of these cytological fea-
tures also increased the risk of malignancy in the
ATA-based intermediate-risk category.
Architectural atypia and oncocytic patterns were
not independently related to higher cancer risk.
Moreover, a recent meta-analysis by Staibano
et al. including 17 studies investigated sono-
graphic risk criteria (ACR TI-RADS, EU
TI-RADS, K-TI-RADS, or ATA) for further
prognostication of Bethesda III and IV nodules
[51]. In both Bethesda III and Bethesda IV nod-
ules separately, ATA had the highest pooled spec-
ificity of 90% and 94% (sensitivity of 52% and
15%), whilst K-TI-RADS had the highest pooled
sensitivity of 78% and 91% (specificity of 53%
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and 40%), respectively. EU-TI-RADS does not
contribute to the clinical management of patients
with cytologically indeterminate Hiirthle cell
nodules, particularly those classified as Bethesda
IV [52]. These results underline the combination
of cytological subcategorization and US risk
stratification in the management of indeterminate
nodules. A conservative approach is proposed in
nodules with low-risk US suspicion and Bethesda
III, whilst additional diagnostics and surgery
should be considered for nodules with high-risk
US suspicion and Bethesda IV or V [53, 54].

Al has been investigated for the optimization
of the ACR TI-RADS risk stratification.
Wildman-Tobriner et al. developed AI TI-RADS
as asimplification of ACR TI-RADS in unselected
nodules, where six features were assigned zero
points, using a genetic algorithm inspired by nat-
ural selection and its genetic underpinnings [55].
The model was trained using 1325 nodules and
validated using 100 nodules, resulting in similar
AUCs for ACR TI-RADS and AI TI-RADS of
91% and 93%, respectively. The specificity of Al
TI-RADS (65%) was higher than that of ACR
TI-RADS (47%).

US radiomics is gaining interest in thyroid
nodules. Yoon et al. built a US radiomic score
for the differentiation of benign and malignant
lesions, retrospectively including 155 nodules
with Bethesda III and IV indeterminate cytol-
ogy [56]. Seven hundred thirty radiomic fea-
tures were extracted from a square region of
interest delineated on a representative 2D
image of the initial US. A radiomic score
incorporating 15 radiomic features combined
with clinical variables (nodule size, gender,
age, Bethesda category) performed signifi-
cantly better than a model composed of clinical
variables only with cross-validated AUCs of
84% and 58%, respectively. Major limitations
of this study are the use of clinical US images
instead of quantitative images and the choice
of a representative image by a human reader.
Although inherent to US imaging, bias is intro-
duced by the implicit radiologist input in the
selection of the 2D slices as described as the
Clever Hans effect by Wallis et al. in a widely
used MRI dataset [57].

In addition, in unselected nodules, US
radiomic analysis has been extensively studied
for the differentiation of benign and malignant
nodules. A recent meta-analysis by Cleere et al.
including 75 studies found a pooled sensitivity of
87% and a pooled specificity of 84%, which indi-
cates that, for some patients, the use of radiomics
could possibly circumvent the need for FNAC
and surgical resection [58]. For deep learning
radiomics using convolutional neural networks
(CNN), the pooled sensitivity and specificity
were 85% and 82%, significantly lower than for
studies using non-CNN (sensitivity: 90%, speci-
ficity: 88%), which might be due to a larger
required sample size for a deep learning radiomic
study (at least 800) compared to a handcrafted
radiomic study (around 100) [38]. The
meta-analysis only touches upon the heteroge-
neous methodology of included studies, stating
the broad spectrum of analysis methods and
interobserver variability of US. Notwithstanding,
radiomic features extracted from US images are
impacted by the slice variability and pre-
processing [59]. To improve feature repeatability,
the use of intensity standardization with outlier
removal applied to the region of interest and a
fixed bin size grey-level discretization could be
performed and these and other pre-processing
steps should be extensively documented [59].
When standardization of the radiomic methodol-
ogy is performed and US radiomics is validated
in large prospective cohorts, it has the potential to
become a non-invasive and cost-effective diag-
nostic tool in (cytologically indeterminate) thy-
roid nodules.

5.3.1.3 Elastosonography

One of the key features during palpation of thy-
roid nodules is the degree of firmness; malignant
nodules tend to be firmer than benign ones.
Palpation, however, is highly subjective and
depends on the size and location of the nodule and
on the skill of the practitioner. Elastosonography,
a dynamic US technique that is used to evaluate
the biomechanical viscoelastic properties of tis-
sue, provides a quantitative method to measure
tissue firmness or elasticity. Lyshchik et al. were
the first to practice elastosonography for the eval-
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uation of the elasticity of thyroid nodules, mea-
suring the tissue distortion whilst applying a
standardized dosed external force by the US
transducer [60]. Elastosonography methodology
is diverse, but it follows the principle of estimat-
ing displacement fields in tissue using correlation
techniques that track the echo delays in wave-
forms recorded before and after the quasistatic
compression. Qualitative evaluation of the thyroid
elasticity is performed by repeated manual com-
pression (also known as strain elastosonography),
taking into account the amount of compression
and different zones of interest (i.e. healthy tissue
should be included in the measurement, which
might be complicated in the presence of thyroid
diseases or large nodules) [61]. Alternatively, and
circumventing the problem that the mechanical
compression force applied to the tissue cannot be
measured accurately and thus the absolute tissue
strain cannot be calculated, shear wave elasto-
sonography has been developed. This technique
evaluates tissue stiffness through focused pulses
of US instead of mechanical compression [62].
This acoustic force causes horizontal displace-
ments in the tissue, which are called shear waves.
These shear waves contain quantitative data about
the elastic properties of the tissue that can be mea-
sured in propagation speeds of these sheer waves
(m/s) or nodule stiffness (kiloPascals). It has the
advantages of being more objective, having a
higher reproducibility, and having decreased
operator dependence.

A colour-coded image superimposed on the
grayscale B-mode US images is generated, with
colours in the red spectrum representing soft tis-
sues and colours in the blue spectrum represent-
ing firm tissues. (Semi)quantitative analysis uses
numerical values that correspond to the deforma-
tion ratios (strain) or stiffness (sheer wave),
scored according to several systems.

A meta-analysis by Nell et al. based on 20
qualitative elastosonography studies concluded
that elastosonography could accurately diagnose
benign nodules with both a pooled sensitivity and
a NPV of 99%, thereby safely dismissing FNAC,
on condition that only completely soft nodules
are classified as benign (benign call rate 14%)
[63]. The role of elastosonography in the pre-

operative workup of cytologically indeterminate
thyroid nodules is limited. Qualitative US based
on colour-scales has insufficient sensitivity and
specificity and semi-quantitative methods lack
validation. A meta-analysis including 20 studies
on both qualitative and quantitative techniques
and a total of 1.734 indeterminate thyroid nod-
ules reported an overall pooled sensitivity and
specificity of 77% and 87%, respectively, with
similar diagnostic accuracies for real-time, shear
wave and strain ratio elastosonography [64]. The
power of the available evidence is negatively
impacted by methodological heterogeneity in
imaging techniques, image processing, and elas-
ticity scoring methods across studies. Yet, the
suggested rule-out capacity of qualitative
elastosonography when only completely soft
nodules are included is worth validating in inde-
terminate thyroid nodules, for its easy implemen-
tation and potential low costs. Elastosonography
can be performed during regular thyroid US with
the same equipment, prolonging the procedure to
only 5 min. To the best of our knowledge, no
cost-effectiveness studies have been carried out
in indeterminate thyroid nodules, possibly lim-
ited by the heterogeneous methodology.

5.3.2 Computed Tomography

CT is a 3D anatomical imaging technique that
reflects X-ray attenuation by different tissues. CT
scanners use a rotating X-ray tube and an oppo-
sitely placed row of detectors placed in the gantry
to measure X-ray photon attenuations, which are
reconstructed into tomographic images. Contrast
enhancement by iodine-based intravenous con-
trast may be performed to highlight structures
such as blood vessels that otherwise would be
difficult to distinguish from their surroundings on
native-phase CTs, to obtain functional (perfu-
sion) information about tissues and to improve
soft tissue contrast. However, the usage of iodin-
ated intravenous contrast media is relatively
contra-indicated as a post-thyroidectomy radio-
iodine (**'T) ablation dose might be indicated in
patients suffering from differentiated thyroid
cancer. The effectiveness of radioiodine therapy
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might decrease by recent use of high doses of
iodine and an interval of at least 1 month between
iodinated contrast and radioiodine is recom-
mended [65].

CT has not been investigated in thyroid nod-
ules specifically with indeterminate cytology. In
unselected nodules, some studies have been per-
formed. Lee et al. found no significant differences
between benign and malignant lesions in a num-
ber of lesions, lesion size, presence of calcifica-
tions, lesion consistency, and lesion attenuation
on CT in a dataset of 109 nodules (100 benign, 9
malignant) [66]. Another study in PTC found that
CT was inferior to US for the evaluation of thy-
roid nodules [67]. More recently, Al has been
investigated for CT lesion characterization. Peng
et al. investigated first-order features for the iden-
tification of malignant nodules (N = 50), benign
nodules (N = 84), and healthy controls (N = 150),
resulting in a sensitivity, specificity, PPV, NPV,
and accuracy of 82%, 93%, 92%, 85%, 95%, and
88%, respectively [68]. It should be noted that
results have not been validated using a test set. Li
et al. developed a deep learning model for auto-
matic recognition and classification of thyroid
nodules on iodine contrast-enhanced CTs [69].
The model was trained in a dataset of 786 nodules
(543 benign and 243 malignant) and validated in a
test set of 137 nodules (103 benign and 34 malig-
nant), resulting in an accuracy of 85%. There is a
large class imbalance between benign and malig-
nant nodules, which might have affected the accu-
racy, but authors state that this was corrected by
using class weights.

The role of CT in the pre-operative differentia-
tion of thyroid nodules is limited compared to other
imaging techniques. Yet, since CT is an important
source of thyroid incidentalomas (incidence: 15%
[70]), computer-aided detection systems to auto-
matically recognize and classify thyroid inciden-
talomas on CT might be of interest.

5.3.3 Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is a 3D ana-

tomical as well as functional imaging technique
based on nuclear magnetic resonance [71]. MRI

scanners use strong magnetic fields, magnetic
field gradients, and radiofrequency waves to gen-
erate images of the organs in the body, with
improved soft tissue contrast compared to
(contrast-enhanced) CT. Protons (hydrogen
atoms) in body tissue that contain water, give off
a signal that can be processed into an image.
First, a pulse of electromagnetic radiation is used
to excite nuclei of atoms in the magnetic field
with exactly the right resonance frequency. The
excited nuclear spins of the hydrogen nucleus
undergo relaxation to the ground state whilst
emitting radiofrequency waves, which are mea-
sured with a receiving coil. The contrast between
different tissues is determined by the speed at
which the nuclear spin of excited nuclei returns
to the ground state. Since different tissues have
different hydrogen densities, details of the anat-
omy can then be observed.

Different tissue properties can be measured
using different pulse sequences of pulsed mag-
netic field gradients, radiofrequency pulses,
intervals between delivery of successive pulses,
between pulse delivery and receipt of the echo
signal etc. Intravenous contrast, mostly by para-
magnetic substances containing gadolinium,
enhances relaxation of the excited nuclear spins
and thus adds information about tissue perfusion.
MRI imaging is less widely available, more com-
plex, lengthy, and costly than US and CT, but
provides unsurpassable soft tissue contrast with-
out the use of ionizing radiation.

The classic spin and gradient echo sequences
resulting in T1-, T2-, proton density-, and
susceptibility-weighted sequences seem to have
limited classification value in indeterminate thy-
roid nodules. Effective T2 mapping (T2* map-
ping) was explored by Shi et al. in 28 patients
with thyroid nodules of different cytological sub-
classes, subjected to (therapeutic and diagnostic)
surgery, describing 100% specificity and 84-90%
sensitivity to distinguish malignant and benign
thyroid nodules [72]. The use of dynamic gado-
linium contrast-enhanced MRI has found con-
flicting results [73, 74]. A much larger body of
evidence has been found for diffusion-weighted
MRI (DWI) and proton-magnetic resonance
spectroscopy (MRS).
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5.3.3.1 Diffusion-Weighted Magnetic
Resonance Imaging

DWI is a specific form of MR imaging that is
sensitive to the random Brownian motion of
water molecules within a voxel of tissue. The
easier water molecules diffuse and move around
in a region, the higher the isotropic signal will be
athigher degrees of diffusion weighting (b-value).
Apparent Diffusion Constant (ADC [mm?/s])
imaging results from a series of conventional
DWI sequences with different b-values. The
change in signal is proportional to the rate of dif-
fusion. An ADC image thus is an MRI image that
more specifically shows diffusion than conven-
tional DWI, by eliminating the T2 weighting that
is  otherwise inherent to  conventional
DWI. Contrary to DWI, the standard grayscale of
ADC images is to represent a smaller magnitude
of diffusion as darker. Generally, highly cellular
tissues or those with cellular swelling exhibit
lower ADC values.

The use of DWI in cytologically indetermi-
nate thyroid nodules is limited and methodology
varies largely. Nakahira et al. evaluated the role
of the ADC in 42 nodules, including 15 (36%)
with indeterminate cytology (Bethesda System
was not taken into account) [75]. The final diag-
nosis was confirmed by surgery and mean ADCs
(acquired with b-values of 0 and 1000 s/mm?)
were compared between benign and malignant
nodules (all with indeterminate cytology).
Malignant nodules showed significantly lower
ADCs than benign nodules. For all nodules, a
cut-off value for malignant nodules of
1.60 x 10~ mm?/s yielded a sensitivity, specific-
ity, and accuracy of 95%, 83%, and 88%, respec-
tively. It was concluded that ADC measurements
could potentially quantitatively differentiate
between benign and malignant thyroid nodules,
even those of indeterminate cytology [75]. Chung
et al. investigated the value of histogram analysis
of ADC maps in the differentiation of follicular
thyroid carcinoma from follicular adenoma in 17
Bethesda IIT and IV indeterminate nodules on
US-guided core needle biopsy [76]. Histogram
parameters were derived from ADC values
(acquired with b-values of 0 and 800 s/mm?)
obtained from the entire tumour volume and

compared with the histopathological diagnosis. It
was found that 10th, 25th, and 50th percentiles of
the ADC values were all significantly lower in
follicular adenoma than in follicular thyroid car-
cinoma. ROC curve analysis revealed that the
25th percentile resulted in the highest AUC of
87%, with an optimal cut-off value of
0.353 x 107 mm?s. A lower ADC value in fol-
licular adenoma compared to follicular carci-
noma seems contradictory with results of
Nakabhira et al., where lower ADCs were found in
malignant nodules. The probable reason for this
is that Nakahira et al. predominantly included
PTC with histological characteristics of calcifica-
tions and desmoplastic reactions, which cause
restriction of free water movement in the cellular
environment and reduce ADC values, whereas
follicular neoplasms including Hiirthle cell nod-
ules are known for their varying colloid tissue
involvement and thus histologically contain more
fluid. Thus, DW-MRI would inaccurately provide
a more benign image [76, 77].

DWI has been more extensively investigated
in the differentiation between benign and malig-
nant unselected thyroid nodules. A 2014 meta-
analysis by Wu et al. summarized seven studies
with 358 subjects and presented a pooled sensi-
tivity of 91%; a specificity of 93%, a LR+ of
12.24; a LR- of 0.99; a diagnostic OR of 123.78;
and an AUC of the summary ROC of 94% [78].
In 2016, a meta-analysis by Chen et al. summa-
rized 15 studies with 765 lesions and presented a
pooled sensitivity of 90%; a specificity of 95%; a
LR+ of 16.49; a LR- of 0.11; a diagnostic OR of
150.73; and an AUC of the summary ROC of
95% [79]. Most studies showed a significantly
lower mean ADC value in malignant lesions
compared to benign lesions, because of larger
nuclei, denser stroma, and higher cell counts, all
of which led to increased cellularity and reduced
extracellular space. However, no absolute cut-off
was found. This could be attributed to heteroge-
neous methodology such as varying b-values and
differences in ADC measurements. Other expla-
nations could be a diversity in patient population
or components with high diffusivity in malignant
lesions, like cystic components, central necrosis,
or intratumoral haemorrhage.
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DWI seems a promising non-invasive, non-
radiative, and accurate technique for the pre-
operative differentiation of (cytologically
indeterminate) thyroid nodules. Nevertheless,
whilst the worldwide availability of MRI scan-
ners is growing, MRI is still considered an expen-
sive technique in terms of hardware, overhead
costs, and relatively long scan duration. Large-
scale trials are necessary to assess and validate its
clinical value, to establish harmonization in
methodology, to determine cut-off values, and to
study cost-effectiveness, specifically in FNAC
indeterminate thyroid nodules.

5.3.3.2 Magnetic Resonance
Spectroscopy

Magnetic resonance spectroscopy (MRS) is an
analytical method used for the in vivo chemical
characterization of tissue, measuring the pres-
ence and concentration of various metabolites.
Magnetic resonance principles are used to detect
various nuclei, such as hydrogen-1 (‘H), which
all can provide valuable metabolic and physio-
logical information [80]. 'H-MRS is able to cap-
ture the metabolic profile of a lesion, by
determination of the relative concentrations and
physical properties of a variety of biochemicals.
These include several low molecular weight
metabolites such as choline, creatine, glutamate,
lactate, and different amino acids. Spectroscopy
uses the chemical shift of a nucleus to observe,
identify and quantify biologically important
compounds in tissue. An anatomical MR image is
acquired, on which a volume of interest is
selected, and the MR spectrum is acquired. As
protons in water are far more abundant than the
metabolites of interest (10*1), the water signal
should be suppressed during MRS-pulse
sequences.

The use of MRS specifically in indeterminate
thyroid nodules was rather limited. Therefore, we
focused on MRS in the differentiation of thyroid
carcinoma in general. The use of magnetic reso-
nance principles in thyroid cancer is in fact not
new, but originates from ex vivo proteomic and
metabolomic research [81]. MRS of cytology and
biopsy specimens was attempted to overcome the
limitations of FNAC [82, 83]. Also, ex vivo oper-

ative specimens have been analyzed, for the iden-
tification of the morphologic features of
malignancies in the first place; with the advance-
ment of the technology followed by the differen-
tiation between benign and malignant neoplasms
[84]. Ex vivo spectra showed lower content of
lipids and higher concentrations of amino acids
in malignant compared to benign nodules [85].

The first in vivo study by King et al. succeeded
in discriminating thyroid carcinomas from nor-
mal thyroid tissue based on the 1.5 Tesla 'H-MRS
spectra [86]. In their cohort of eight patients
(three anaplastic carcinomas, two papillary carci-
nomas, one follicular carcinoma) and five healthy
controls, they found that choline-to-creatine ratio
seemed a useful marker for the pre-operative dif-
ferentiation. This was confirmed by other studies,
showing that a choline peak was rather specific
for malignancies [87, 88]. It should be noted that
these studies considered the absolute choline
peak, without the creatine reference. Creatine is
considered a convenient internal standard, for its
relatively constant level in metabolically active
tissues. More recently, the choline-to-creatine
ratio was further evaluated by Aghaghazvini
et al. in a cohort of 9 malignant (7 papillary, 2
follicular) and 23 benign nodules using 3 Tesla
'"H-MRS [89]. At an echo time of 136 ms, a
choline-to-creatine ratio of 2.5 corresponded best
with histopathology with a sensitivity, specificity,
PPV, and NPV of 75%, 100%, 100%, and 92%,
respectively.

Whereas the MRS choline-to-creatine ratio
seems a promising biomarker for the differentia-
tion of thyroid nodules, all presented studies
were performed in small cohorts and with vary-
ing methodologies. To the best of our knowledge,
only four papers on in vivo MRS in thyroid nod-
ules were published in almost two decades, which
might indicate limited clinical interest or limited
feasibility. In contrast, the field of MRS is emerg-
ing and in recent years, the use of MRS in clinical
practice has increased, because of the installation
of human MRI systems with high field strengths
(=7 Tesla). Higher field strengths result in spec-
tral dispersion, i.e. a larger frequency between
peaks, improving the resolution, which allows
more accurate quantification of tissue compounds
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in smaller lesions [90]. Future studies should
validate these preliminary findings and also cast
light on cost-effectiveness.

5.3.3.3 Multiparametric MRI

Both DWI and '"H-MRS seem promising in the
evaluation of indeterminate thyroid nodules, but
a multiparametric approach has not been exten-
sively studied. Aydin et al. were the first to
describe multiparametric MRI, being DW-MRI
and 'H-MRS, in unselected thyroid nodules
[91]. Other approaches combined ADC values
and descriptions of the time-signal intensity
curves of dynamic contrast-enhanced MRI,
finding an accuracy of 91% [92], used ADC val-
ues and T1- and T2-weighted tumour-to-non-
tumour ratios with accuracies over 90% [93] or
compared DWI with proton transfer imaging
and found DWI to be superior [94]. Wang et al.
investigated conventional MRI, DWI, and DCE
in a retrospective cohort of 181 consecutive sub-
jects (148 benign and 111 unstratified malignant
nodules, confirmed by pathological results)
[95]. The multivariable analysis revealed that
ADC value, irregular shape, ring sign in the
delayed phase, and cystic degeneration were
independent predictors of malignancy, with an
AUC, sensitivity, and specificity of these vari-
ables combined of 99%, 97%, and 95%, respec-
tively. Song et al. investigated intravoxel
incoherent motion MRI and DCE in 38 unstrati-
fied nodules and found that parameters were
significantly different between benign and
malignant nodules [96].

Multiparametric radiomics has also been
investigated in a dataset of 120 PTC patients to
predict aggressiveness based on 1393 radiomic
features extracted from T1-weighted,
T2-weighted, and ADC-images. The dataset was
split into a training (N = 96) and test set (N = 24)
and machine learning was performed for feature
selection and classification, resulting in an AUC
in the test set of 92% (compared to 56% for clini-
cal characteristics alone) [97]. Another T1, T2,
and ADC radiomics approach in 132 PTC (92
training, 40 tests) used a machine learning algo-
rithm to detect extrathyroidal extension, resulting
in an AUC in the test set of 87% [98].

5.3.4 [**"Tc]Tc-MIBI Scintigraphy
Scintigraphy is a 2D functional imaging tech-
nique that in vivo localizes gamma-emitting iso-
topes such as technetium-99 m using a gamma
camera. Scintigraphy with the radiopharmaceuti-
cal [®"Tc]Tc-MIBI reflects perfusion and the
number of active mitochondria in cells [99]. It is
primarily known for its use in myocardial perfu-
sion imaging, the evaluation of hyperparathy-
roidism, and molecular breast imaging. [*™Tc]
Tc-MIBI scintigraphy has been investigated for
the differentiation between benign and malignant
nodules based on the uptake and by assessing an
eventual increase in uptake within the nodule
over time. [*"Tc]Tc-MIBI is more suitable than
[*mTc]pertechnetate or radioisotopes of iodine
(121, 1 (PET), B'). Iodine radioisotopes are
often used to assess thyroid nodule functioning
(“hot” or “cold”), which are unspecific and inef-
fective for the further stratification of cytologi-
cally indeterminate thyroid nodules. Whereas
malignant nodules are almost solely cold, as cell
dedifferentiation results in a decrease of the
sodium-iodide symporter and thereby lower
["Tc]pertechnetate or radioiodine uptake,
benign nodules can be hot as well as cold, whilst
far outnumbering carcinomas. [*"Tc]Tc-MIBI
uptake is independent of iodine trapping and
organification in the thyrocytes.

Increased [*™Tc]Tc-MIBI uptake and late
retention are often observed in malignant nodules
[100]. A meta-analysis from 2013 by Treglia
et al. showed 82% sensitivity and 63% specificity
for [®mTc]Tc-MIBI scintigraphy in clinically
suspicious,  hypofunctioning,  cytologically
unselected thyroid nodules [99]. Three studies
examined [*™Tc]Tc-MIBI scintigraphy in cyto-
logically indeterminate nodules (Bethesda III/IV/
pre-Bethesda) [100-105], based on an early
image between 10 and 20 min post-injection and
a delayed image between 60 and 120 min post-
injection. The uptake in the nodule and retention
on the delayed image were assessed and com-
pared with physiological wash-out in normal thy-
roid tissue. Nodules with increased uptake on
early images that persisted or increased on the
delayed images were suspicious for malignancy.
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The sensitivities and specificities for visual inter-
pretation ranged from 56% to 96% and from 20%
to 95%, respectively. Semi-quantitative analysis
was performed using the retention index (RI, per-
centage MIBI uptake reduction in a nodule
between the early and the late image, corrected
for uptake in the contralateral lobe) and the wash-
out index (WO, percentage MIBI uptake reduc-
tion in a nodule between the early and the late
image, corrected for uptake in tissue outside the
thyroid). At the cut-off determined, for the RI, the
sensitivities were 100% and the specificities
ranged from 57% to 90% [101, 104]. For the
WO,,4, sensitivities were 100% and specificities
ranged from 89% to 100% [100, 104, 105]. A
recent retrospective multicentre study by Schenke
et al. including 365 hypofunctioning Bethesda IIT
and I'V nodules in 12 European centres concluded
that negative [*Tc]Tc-MIBI results on visual
evaluation is an effective tool to rule-out thyroid
malignancy in 18% of negative nodules [105].
Semi-quantitative image analysis may consider-
ably improve the overall diagnostic performance
at an optimal WOy, cut-off of —19%, with a sen-
sitivity, specificity, PPV, NPV, accuracy, and
benign call rate of 100%, 89%, 82%, 100%, 93%,
and 61%, respectively. These findings cannot be
extrapolated to all patients with indeterminate
cytology, since preselection of intermediate- or
high-risk nodules by EU-TI-RADS and the
exclusion of hyperfunctioning nodules, probably
by thyroid scintigraphy, is required.

Planar gamma camera imaging is globally
widely available. Also, the tracer [***Tc]Tc-MIBI
can be easily complexed using MIBI-kits and an
on-site molybdenum-technetium generator. The
average costs of [*"Tc¢]Tc-MIBI scintigraphy
range from €119 to €500 in Europe and from
$669 to $1156 in the United States [106]. A cost-
effectiveness study in 2014 found that [*MTc]
Tc-MIBI-based management was more cost-
effective than Afirma® gene expression classifier
testing from a German perspective [106], but
modelled costs for [*"Tc]Tc-MIBI scintigraphy
and thyroid surgery were likely underestimated
and performance parameters were extrapolated
from unselected nodules. Disadvantages of
[*™Tc]Tc-MIBI scintigraphy include the limited

spatial resolution of the gamma camera, which
limits the test sensitivity in lesions smaller than
30 mm, and the radiation burden is 2—6 mil-
lisievert for an adult male (20-30% higher for
females) [107].

5.3.5 ["®F]FDG PET/CT
PET/CT is a 3D functional imaging technique
that in vivo localizes and quantifies positron-
emitting isotopes such as fluorine-18. PET imag-
ing with the non-metabolizable glucose analogue
["8F]FDG reflects glucose metabolism [9]. After
intravenous  injection, [®FJFDG is, like
D-glucose, taken up in eucaryotic cells by the
membrane-bound sodium-dependent glucose
transporters (GLUT) family. In the cytosol, it is
phosphorylated to ['®F]JFDG-6-phosphate by
members of the hexokinase family. As phospho-
glucose isomerase, the enzyme responsible for
the second step in the glycolytic pathway, does
not interact with deoxyglucose ["*F]FDG cannot
be degraded further. Moreover, as most mamma-
lian cells lack the enzyme to dephosphorylate
['®F]FDG-6-phosphate, it accumulates in the
cells, the rate dependent on perfusion, GLUT
capacity, and hexokinase activity. Many patho-
logical conditions cause regional alterations in
glucose metabolism in tissues, through which
[®®F]JFDG PET/CT is an important tool in the
detection and staging of cancer and active inflam-
mations. [¥F]PET/CT is an imaging technique
using ionizing radiation with high sensitivity, but
limited specificity due to other causes of ['3F]
FDG uptake: coincidental findings may lead to
further invasive diagnostics. ['*F]JFDG PET/CT is
an important source of thyroid incidentalomas
(i.e. unexpected incidental findings during an
['|!FIFDG PET/CT for other indications), with a
pooled incidence of around 2.5% [108] and a rate
of malignancy of around 30% [109]. These inci-
dentalomas require additional workup by FNAC
when their diameter exceeds 1 cm [110].
["*F]FDG PET/CT has a limited role in the
management of thyroid cancer. Only when radio-
iodine refractory disease is suspected, ["*F][FDG
PET/CT plays an important role in disease moni-
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toring [4]. In radioiodine refractory disease, dif-
ferentiated thyroid carcinomas lost the capacity
to concentrate radioiodine, but still have measur-
able thyroglobulin serum values as sign of vital
residual disease. ['|F]JFDG PET/CT is also uti-
lized for the initial staging of poorly differenti-
ated or invasive Hiirthle cell carcinoma. Similarly,
['®F]JFDG PET/CT plays an important role in the
staging of undifferentiated forms of thyroid can-
cer such as anaplastic thyroid cancer.

['"8FIFDG PET/CT is mentioned but not rou-
tinely advised in the current ATA guidelines for
the management of thyroid nodules with indeter-
minate cytology, despite a growing body of evi-
dence. The first prospective study by Kresnik
et al. dates from 2003 and evaluated the useful-
ness of [FJFDG PET/CT in the pre-operative
assessment of 43 suspicious thyroid nodules with
suggestive cytologic results (pre-Bethesda)
[111]. They found that thyroid carcinomas, in
contrast to most benign thyroid nodules, demon-
strate significantly increased glucose metabo-
lism; at a cut-off value of the SUV of 2 g/mL, a
100% sensitivity, 63% specificity, and 100%
negative predictive value was reached. However,
the study by Kresnik et al. did not represent the
general population, because the study was per-
formed in an area of endemic goitre and patients
with papillary carcinoma were selected as a posi-
tive control group. Subsequently, De Geus-Oei
et al. investigated [|F]JFDG PET/CT in 44
patients with indeterminate cytology, defined as
inconclusive fine-needle aspiration biopsy (pre-
Bethesda), who subsequently underwent diag-
nostic  hemithyroidectomy  [112].  They
demonstrated that a negative ['*F]JFDG PET/CT
could theoretically reduce the number of futile
hemithyroidectomies by 66% at a NPV of 100%.
A subsequent meta-analysis from 2011 by Vriens
et al., including six studies, presented a pooled
sensitivity of 95% and a pooled specificity of
48%, resulting in a NPV and PPV of 96% and
39%, respectively (benign call rate: 37%) [113].
In 2017, a review by De Koster et al. reported
sensitivities and specificities of [*F]JFDG PET/
CT to detect thyroid carcinoma in indeterminate
thyroid nodules ranging from 77% to 100% and
33% to 64%, respectively [5].

These findings were recently validated in a
recent multicentric diagnostic randomized con-
trolled trial that assessed the impact of ['"*F]JFDG
PET/CT in the management of thyroid nodules
with double-read Bethesda III or IV cytology to
rule out malignancy, avoid futile diagnostic sur-
geries, and improve patient outcomes (EfFECTS
trial) [114]. De Koster et al. randomized 132
patients with an indeterminate nodule who were
scheduled for diagnostic surgery and underwent
an ["®F]FDG PET/CT scan into a PET/CT-driven
arm or a diagnostic surgery arm. In the PET/
CT-driven arm, diagnostic surgery was advised in
visually ['®F]FDG-positive nodules and active
surveillance in ['®F]JFDG-negative nodules. In the
diagnostic surgery arm, all patients were advised
to continue with the scheduled diagnostic sur-
gery. Patient management was considered unben-
eficial (i.e. diagnostic surgery for benign nodules
or active surveillance for malignant/borderline
nodules) in 42% of patients in the ['*F]FDG PET/
CT-driven arm and 83% in the diagnostic surgery
arm. No wrongful active surveillance for malig-
nant/borderline nodules was reported. As such,
[®F]JFDG PET/CT-driven management avoided
40% of diagnostic surgeries for benign nodules.
Therapeutic yield was the highest (48% reduc-
tion in diagnostic surgeries) when only non-
Hiirthle cell nodules were considered, as nearly
all Hiirthle cell nodules were ['"SF]FDG positive
on visual interpretation.

Several studies have reported the quantitative
assessment of [8F]JFDG PET/CT images using
the SUV of the indeterminate thyroid nodule,
with a higher SUV ,, reported in thyroid malig-
nancies than in benign lesions [102, 115-120].
Nevertheless, major variations in SUV cut-offs
and diagnostic accuracy are found between stud-
ies. Deandreis et al. and Rosario et al., respec-
tively, included 56 indeterminate nodules
(pre-Bethesda) and 63 Bethesda III/IV nodules
and showed that a SUV,, cut-off of at least 5 g/
mL was 91% specific to detect thyroid carci-
noma, NIFTP, and FT-UMP [116, 117]. This was
substantiated by Piccardo et al. in 111 indetermi-
nate nodules, but no AUCs or corresponding sen-
sitivity and specificity were reported [118].
Contrarily, Merten et al. demonstrated that a cut-
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off of 5 g/mL was only 41% specific but 80%
sensitive in their study in 51 Bethesda I'V nodules
[120]. Pathak et al. reported a SUV,,,, cut-off of
3.25 g/mL best differentiated 42 non-Hiirthle cell
nodules with 79% sensitivity and 83% specificity
[119]. An additional analysis of the EfFECTS
trial dataset assessed the added value of SUV
metrics, SUV ratios (node to contralateral normal
thyroid), and radiomics for the pre-operative dif-
ferentiation [115]. None of these previous studies
used ROC curve analysis to determine SUV cut-
offs that corresponded to optimal test sensitivity,
i.e. a NPV similar to a benign cytologic diagnosis
(i.e. 96.3%) as per the ATA recommendations for
a useful rule-out test [4]. De Koster et al. per-
formed quantitative analysis and ROC curve
analysis of the EfFECTS dataset, including 123
patients who underwent [®F]JFDG PET/CT
according to the EANM guidelines [115].
Quantitative ["*F]FDG PET/CT assessment ruled
out malignancy in indeterminate thyroid nodules,
optimizing the rule-out ability when distinctive
SUV cut-offs were applied to Hiirthle and non-
Hiirthle cell nodules. In non-Hiirthle cell nod-
ules, malignancy could be ruled out at a SUV,,,
cut-off of 2.1 g/mL (similar to visual interpreta-
tion) with a sensitivity of 96% and benign call
rate of 18%. In Hiirthle cell nodules, a higher cut-
off at 5.2 g/mL could rule out malignancy with a
sensitivity of 100% and benign call rate of 17%.
As such, quantitative analysis appears advanta-
geous over visual analysis in Hiirthle cell nod-
ules. Consequently, ['*F]JFDG PET/CT may be a
reliable rule-out test for both non-Hiirthle and
Hiirthle cell nodules, although external validation
of these SUV thresholds is required before imple-
mentation in clinical practice.

Two recent publications investigated ['°F]
FDG PET/CT radiomics in cytologically indeter-
minate thyroid nodules for the classification of
malignancies [115, 121]. Giovanella et al. pub-
lished the first retrospective study in 78 Bethesda
III/IV patients (65 non-Hiirthle nodules), sug-
gesting a multiparametric model including cyto-
logical classification and two radiomic features
[121]. The included features were the autocorre-
lation of the grey-level cooccurrence matrix, a
feature that describes the fineness of a texture,
and the sphericity of the nodule shape, indicating

a taller-than-wide shape. The cross-validated
models with the two radiomic features resulted in
AUCs of 73% and 73% for all nodules and in a
subgroup of non-Hiirthle cell nodules, respec-
tively. In non-Hiirthle cell nodules, a model with
both the radiomic features and the cytological
classification resulted in an AUC of 82%. A sec-
ondary analysis of the EfFECTS dataset per-
formed additional radiomic analysis in ['8F]
FDG-positive scans only [115]. The authors
found that radiomic analysis did not contribute to
the additional differentiation of [“F]FDG-
positive nodules. Both studies concluded that
radiomic analysis alone on ["®F]JFDG PET/CT
seems of no added value in the management of
indeterminate thyroid nodules. However, imple-
mented in the multiparametric model of two
radiomic features and the cytological classifica-
tion that Giovanella et al. proposed, clinical
application of radiomics seems feasible, although
validation is required.

The availability of PET-CT scanners and trac-
ers is increasing but varies worldwide. Transport
distances are limited due to the short half-life of
18F (~110 min), which is produced in cyclotrons.
The radiation exposure of an ['*F]FDG PET/CT
scan is mainly accounted for by the ["*F]FDG
dosage, which amounts to about 3.5 millisievert
for an administered activity of 185 MBq [8]. The
radiation exposure of CT largely varies, but can
be less than 0.5 millisievert for a low-dose CT of
the neck region only. Costs for an investigation
are generally higher than for the other modalities
described, because of the costs of PET hardware
and the production and transportation of radio-
pharmaceuticals. Two studies assessed the cost-
effectiveness of an ["“F]JFDG PET/CT-driven
management as compared to diagnostic surgery
in all Bethesda II/IV patients. A 2014 cost-
effectiveness model by Vriens et al. showed that
[""FIFDG PET/CT decreased the number of
futile surgeries by 47%, thereby reducing the
expected 5-year direct medical costs per patient
by €822 (from €8804 to €7983) as compared to
surgical treatment whilst maintaining health-
related quality of life (HRQoL). This study also
concluded that, from a European perspective,
['!F]FDG PET/CT would be cost-effective over
molecular testing [122]. Another cost-effective-
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ness study performed by the same group was
recently conducted using the observed health
care consumption and HRQoL data of the
EfFECTS trial, which had found a similar reduc-
tion in futile surgeries [123]. This study assessed
all societal costs over a lifelong horizon, and
found that an ["*F]JFDG PET/CT-driven manage-
ment reduced the lifelong societal costs by
almost €10,000 as compared to diagnostic sur-
gery, with similar HRQoL for both strategies.
Whilst diagnostic surgery for a nodule with
benign histopathology resulted in more cogni-
tive impairment and physical problems includ-
ing cosmetic complaints, the reassurance of a
negative FDG PET/CT resulted in sustained
HRQoL throughout the first year of active sur-
veillance [124].

5.3.6 Combined Approaches

Every currently known engagement point from
the genotype to the phenotype of the tumour is
being explored. Combined, the various research
fields encompass an extensive range of investiga-
tive methods. Individually they usually focus on
one or two methods only, making one-to-one
comparisons of these diagnostics difficult. The
2015 American Thyroid Association (ATA)
guidelines suggested several additional tests, but
a definitive answer or complete overview of all
available tests is still lacking [4]. Alongside
higher-level expert discussions and lobbying of
MedTech companies, clinical endocrinologists
and thyroid surgeons ponder about the best solu-
tion for their individual patients. Their choices
depend on the characteristics of their patient pop-
ulations, availability and costs of a certain test,
and personal preference. In any case, a useful
additional test should be accurate, accessible,
affordable, and affect patient management. A
multimodal stepwise approach using a sensitive
rule-out test and a specific rule-in test might pro-
vide the most conclusive diagnosis, e.g. in a spe-
cific test a relatively higher threshold value may
be recommended to minimize missing malig-
nancy in screening, whilst when appended to
another diagnostic test, a relatively lower thresh-
old value may be recommended to reduce false-

positive results. Nevertheless, research into
combined approaches is limited.

Piccardo et al. compared ["*F]FDG PET/CT,
multiparametric US (including elastosonogra-
phy), and [*"Tc]Tc-MIBI scintigraphy in 87
nodules with indeterminate cytology (accord-
ing to the Societa Italiana di Anatomia e
Citologia Patologica-International Academy of
Pathology classification published in 2010),
wherefrom 18 nodules were found to be malig-
nant in histopathology. Separately, ["*F]FDG
PET/CT outperformed qualitative multipara-
metric US and [*"Tc]Tc-MIBI scintigraphy for
the detection of thyroid malignancy. Also, com-
bined approaches were evaluated, demonstrat-
ing that (1) a negative [®F]JFDG PET/CT
correctly predicted benign findings on histopa-
thology, (2) a positive [*F]JFDG PET/CT was
significantly associated with malignancy when
qualitative [*™Tc]Tc-MIBI scans were rated as
negative, and (3) the association of a positive
['8F]FDG PET/CT combined with a positive
multiparametric US was significantly more spe-
cific than ['®F]FDG PET/CT alone in identify-
ing differentiated thyroid cancer.

A combined approach by Trimboli et al.
investigated whether ["*F]FDG PET/CT could
play a role in the stratification of nodules with
an intermediate risk upon EU-TI-RADS in 93
unselected nodules with EU-TI-RADS 4 and 5,
including 38 nodules with indeterminate cytol-
ogy [125]. They found that thyroid lesions clas-
sified as EU-TI-RADS 4 and with no ["¥*F]FDG
uptake could be excluded from further exami-
nation. Another study by Piccardo et al. also
investigated ["*F]JFDG PET/CT, EU-TI-RADS,
and the Italian consensus for the classification
and reporting of thyroid cytology (ICCRTC) to
distinguish differentiated thyroid cancers and
FNs from nodular hyperplasias in 201 Bethesda
IIT and IV thyroid nodules [118]. On multivari-
ate analysis, [®FJFDG PET/CT (OR 9.04),
ICCRTC (OR 7.57), and EU-TI-RADS (OR
4.41) were all independent risk factors associ-
ated with differentiated thyroid carcinomas and
FNs. These studies conclude that [|F]JFDG
PET/CT could serve as a reliable rule-out test
in case of nodules with intermediate risk upon
US stratification.
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5.4  Future Perspectives

Medical imaging plays an important role in the
pre-operative workup of cytologically indetermi-
nate thyroid nodules. A comprehensive overview
of imaging biomarkers exemplified in this chap-
ter can be found in Table 5.2. Most biomarkers
used in the clinical workup are visual interpreta-
tion or basic quantitative metrics. Al applications
and radiomic methodologies, on the other hand,
are less well established, but are currently devel-
oped on a large scale. Extensive external valida-
tion should be performed in order to achieve
implementation of Al-derived imaging biomark-
ers in clinical practice.

Many of the imaging biomarkers have either
an adequate rule-in or rule-out capacity, but no
single biomarker seems to serve both purposes
well. A multimodal stepwise approach using a
sensitive rule-out test and a specific rule-in test

complementing each other might provide the
most conclusive diagnosis for indeterminate thy-
roid nodules [5].

It should be noted that test performance of a
test depends on the patient population. With the
introduction of US risk stratification systems,
FNAC might be withheld more often for
patients with a presumed benign nodule,
thereby potentially changing the composition
of patient population and increasing its associ-
ated risk of malignancy. The proportion of
Hiirthle cell nodules is additionally crucial, as
these nodules should be considered a separate
entity with varying diagnostic yield of the dif-
ferent imaging modalities [114]. In addition,
the prevalence of malignancy and the perfor-
mance, costs, and feasibility of the imaging
techniques might vary globally. Clinical utility
should be examined in local implementation
studies.

Table 5.2 Overview of imaging biomarkers in the management of cytologically indeterminate thyroid nodules exem-

plified in this chapter
Benign call
rate (given a
prevalence of’ Cost-
Technique Sensitivity | Specificity | 26%) Advantages Drawbacks effectiveness
UsS ATA: 52%* | ATA: 90%* | ATA: 79% ¢ Global e Operator Presumed,
[51] [51] ACR availability dependency but
ACR ACR TI-RADS: e Low costs e Limited unpublished
TI-RADS: | TI-RADS: | 52% ¢ No ionizing prospective
70%* [51] | 60%*[51] |EU radiation clinical
EU-TI- EU-TI- TI-RADS: * Possibility of validation
RADS: RADS: 76% US-guided
38%* [51] | 81%"[51] |K-RADS: FNAC
K-TI- K-TI- 45%
RADS: RADS:
T8%* [S1] | 53%" [51]
CT NA NA NA NA e Not investigated | NA
in indeterminate
nodules
MRI 97%° [95] |95%"[95] |NA * No ionizing * High costs Currently
radiation e Limited unknown
evidence
* No
methodological
consensus
¢ Research
ongoing
e Limited (but
increasing)
availability of
(high field) MRI
scanners
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Table 5.2 Continued
Benign call
rate (given a
prevalence of Cost-
Technique Sensitivity | Specificity |26%) Advantages Drawbacks effectiveness
[*™Tc] 100%* 89%* 66%°¢ e More widely » Tonizing Unclear
Te-MIBI [105] [105] available and radiation
scintigraphy lower costs than e Limited
(WOn4) PET sensitivity in
lesions smaller
than 30 mm
["*FIFDG 94% [114] | 40% [114] | 31% [114] e High NPV * High costs Reduced the
PET/CT ¢ High benign e Jonizing lifelong
call rate radiation societal
» Effective * Limited but costs by
reducing increasing almost
futile availability of €10,000 as
diagnostic scanners and compared to
lobectomies radiotracers diagnostic
* Incidental surgery
findings (low [123]
specificity)

“In Bethesda III nodules

"In unselected nodules, sensitivity and specificity in indeterminate nodules unknown

‘Requires pre-selection of hypofunctioning nodules
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6.1 Introduction

Molecular imaging has an important role in the
evaluation and management of benign thyroid
disorders. Radioisotopes of iodine, i.e., B'T, 121,
and '?*1, are crucial for a theragnostic and indi-
vidualized approach.

In 1941, Saul Hertz applied the first radioio-
dine therapy to a patient with Graves’ disease
(GD). For the last 80 years, ' is successfully
used for the treatment of hyperthyroidism, either
autoimmune (GD) origin or non-autoimmune,
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i.e., toxic nodular goiter (TNG) or a toxic multi-
nodular goiter (TMNG). Furthermore, radioio-
dine therapy is also used as a treatment option for
patients with non-toxic nodular goiter (NTG), in
order to reduce the thyroid volume [1, 2]. The
introduction of radioiodine therapy resulted in a
significant shift in the therapeutic approach of
benign thyroid disorders, from surgical to radio-
nuclide therapy. Thus, the use of radioiodine has
also reduced potential significant side effects of
surgery, as well as healthcare costs.

6.2 Radiopharmaceuticals
for Thyroid Imaging

and Therapy

#mTc-pertechnetate (Na[*"Tc]Tc0,) and radioio-
dine-123 (Na['ZI]]) are mainly used tracers in the
diagnostic management of benign thyroid disor-
ders. They have a specific affinity for the Sodium
Iodide Symporter (NIS) and therefore they are
trapped (Na[**"Tc]Tc0,) in thyroid follicular
cells, additionally further organified in case of
Na['#I]I. *"Tc-pertechnetate is the most com-
monly used diagnostic tracer, while the use of
Na['2I]I is limited due to its higher cost.

Both of them are almost pure gamma emitters.
Peak energy of *™Tc is 140 KeV and 159 KeV of
123]. They have a relatively short half-life, 6 h of
9mTc, compared to 13.2 h of 1. Most commonly
they are administered intravenously, although
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Na['#I]I may be applied also per os. Scintigraphy
is performed 15-20 min following the applica-
tion of Na[*"T¢]TcO, and 2-6 (early phase) and
24 (delayed phase) hours later for Na['>I]T [3].
Both tracers are used for differential diagnosis of
thyrotoxicosis and for identifying hyper- or
hypofunctioning thyroid nodules. As Na[*™Tc]
TcO, is only trapped by follicular cells, while
Na['2[]I is also organified, in very rare cases,
thyroid nodule may be hyperfunctional on
Na[*™Tc]TcO,, while hypofunctional on Na['?*]]
I scintigraphy due to organification defects in the
nodule resulting in fast washout of radioiodine
[3, 4]. The so-called “trapping-only nodule” may
be associated with an increased risk of malig-
nancy [5].

31T has a half-life of 8.02 days. Its most abun-
dant gamma-ray has an energy of 364
KeV. Besides that, it also emits p-particles with a
maximum energy of the main decay of 0.61 MeV,
an average energy per transition of 0.192 MeV,
and an average path length in the tissue of
0.4 mm. Therefore, Na["*'I]I serves as a diagnos-
tic and therapeutic tracer. It is actually the first
“theragnostic” tracer.

6.3  Graves’'Disease
Graves’ disease is a form of hyperthyroidism that
affects the whole gland. It is an autoimmune dis-
ease caused by loss of immune tolerance to thy-
roid autoantigens and subsequent production of
autoantibodies to TSH receptors (TRAD). They
stimulate hyperfunction and growth of the thy-
roid [6]. GD is the most common cause of non-
transient hyperthyroidism in the adult population
living in iodine-sufficient areas [7]. It comprises
80% of all cases of hyperthyroidism with an age
prevalence between 30 and 60 years and women
predominance (5-10) [6, 8—10]. The annual inci-
dence is 20-50 cases per 100,000 people [11,
12]. It is more common among smokers than
non-smokers, and more frequently presented
with overt than subclinical hyperthyroidism.

GD patients frequently have a family history
of autoimmune thyroid disease and may be
affected by other autoimmune diseases such as

vitiligo, rheumatoid arthritis, and coeliacia [13,
14]. Due to thyroid hormones’ influence on most
tissues, the signs and symptoms of a hyperthy-
roid state are various. Younger patients mostly
present with hyperactivity, anxiety, tremor, heat
intolerance, etc. while older mainly exhibit car-
diovascular symptoms and weight loss [13].

Graves’ orbitopathy (GO) is the serious and
most frequent extra-thyroidal manifestation of
GD [15]. It affects almost half of all GD patients
and usually exhibits simultaneously with the thy-
roid disease due to autoreactive T lymphocytes to
thyroid-orbit cross-reacting autoantigens [16].
Patients show symptoms of orbital soft tissue
inflammation, adipogenesis, and fibrosis of ocu-
lar muscles [17, 18].

Diagnosis of GD is based on detailed clinical
examination, medical history, and biochemically
detected overt or subclinical hyperthyroidism.
Increased TRADs are typical for GD. They have
very high sensitivity, as well as specificity (99%).
Thyroid ultrasonography (US) usually demon-
strates an enlarged gland with different features,
such as a diffusely hypoechoic gland, or
hypoechoic areas within isoechoic tissue, some-
times also with coexisting nodules. There is usu-
ally increased vascularization at Color Doppler
(CD). CD flow evaluation is useful in the differ-
ential diagnosis between GD and destructive thy-
roiditis, which is especially important in
pregnancy and during lactation [19]. GD is char-
acterized by an increased peak systolic and end-
diastolic velocity across arteria thyreoidea
superior et inferior, compared to normal arterial
velocity in destructive thyroiditis [20].

Thyroid scintigraphy with Na[**Tc]TcO, or
Na['#I]I is generally indicated in patients with
low or low-normal serum TSH values and refer-
ence range TRADbs values. In GD it demonstrates
diffusely increased uptake in both thyroid lobes.

Na["'T]I uptake (RAIU) is indicated before
radioiodine therapy, especially if a dosimetric
approach is required and it generally shows
increased values in GD patients [21, 22].

The first-line treatment usually consists of
anti-thyroid drugs (ATD), i.e., carbimazole,
thimazole, and propylthiouracil (PTU). Their
purpose is a long-term restoration of the euthyroid
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state or preparation for radioiodine therapy or
surgery as they decrease the risk of early side
effects associated with thyrotoxicosis [23, 24].
Surgical treatment in the form of total thyroidec-
tomy may be the preferred treatment option in
patients with: low RAIU, symptomatic and/or
large goiters (> 80 g), malignant thyroid nodules
(confirmed or suspicious), moderate to severe
active GO, as well as in women planning preg-
nancy within the next 6 months [22]. In GD
patients affected by moderate or severe GO, after
thyroidectomy, rhTSH-aided radioiodine therapy
may be performed to achieve complete thyroid
ablation and additionally improve GO [16, 25].

Toxic Nodular Goiter
and Toxic Multi-Nodular
Goiter

6.4

Thyroid nodules in the form of a single hyper-
functioning nodule, i.e., TNG or multiple hyper-
functioning nodules, i.e., TMNG are the most
common cause of hyperthyroidism in elder
patients coming from iodine-deficient regions
[21, 22, 26, 27]. Hyperfunctioning thyroid nod-
ules represent up to one-tenth of all thyroid nod-
ules. Thyrotropin receptor (TSHR) gene
activating mutation as well as mutation of the
gene that encodes stimulatory GPT-binding pro-
tein are demonstrated as the main causes in the
development of hyperfunctioning nodules [28,
29].

TMNG patients usually have non-toxic goiter
for many years before the development of hyper-
functioning nodules. Long-term TSH stimulation
due to low-iodine intake may result in nodules’
enlargement and the development of new nodules
with autonomous function. There is usually a
slow progression from subclinical to overt hyper-
thyroidism, which may be potentiated by iodine
overload, e.g., iodinated contrast media and ami-
odarone [9, 21]. Biochemically, the earliest stage
of TNG and TMNG may present with
T3-toxicosis, i.e., low-normal or suppressed TSH
in conjunction with high FT3 and normal FT4,
while the thyroid autoantibodies are mainly in
reference values [6, 21, 22].

Thyroid ultrasonography is important in the
evaluation of thyroid nodules in TNG and TMNG
as it detects nodules’ size, echographic features,
and potentially suspicious nodules. For this latter
point, nodules’ characteristics should be always
analyzed and scored also according to objective
criteria [30].

Thyroid scintigraphy obtained with Na[*™Tc]
TcO, or Na['ZI]I is indicated in patients with
low-normal or suppressed TSH for detection of
hyperfunctioning nodules as well as evaluation of
the rest of the thyroid [3, 27].

Na["*'T]I uptake test is necessary in case of
planned radioiodine therapy, especially in the
dosimetry approach. RAIU values are usually
normal or high in TNG and TMNG patients [7].

ATD may be given as a first-line treatment to
restore euthyroidism and prepare a patient for
radioiodine therapy, and also to prepare a patient
for surgery [23, 31]. Surgical treatment may be
the preferred treatment option in patients with:
low RAIU, symptomatic and/or large goiters
(>80 g), proven or suspicious malignant thyroid
nodules, and in women planning pregnancy
within the next 6 months [22]. Surgery may be
hemithyroidectomy (TNG, TMNG) or total thy-
roidectomy (TMNG), depending on the case.

6.5 Radioiodine Therapy

for Hyperthyroidism

Patients are preferably treated in a euthyroid state
to reduce early side effects of transient thyrotoxi-
cosis that occurs in one-tenth of cases or, rarely,
the so-called “thyroid storm,” usually occurring
in poorly controlled GD [22, 32]. The overt hyper-
thyroid state should be especially avoided in
active GO, in elderly patients, and those with
comorbidities, e.g., cardiovascular and cerebro-
vascular [22, 32]. Therefore, ATD, i.e., thiam-
azole or carbimazole, is usually excluded 3—7 days
before radioiodine therapy, while PTU during
2-8 weeks due to its strong radioprotectivity [31,
33-35], although some authors demonstrated
high cure rates of ablative radioiodine therapy in
GD patients using short PTU withdrawal periods
(2 days) in a dosimetric approach [36].
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ATD should be avoided after RIT, if possible,
as they may reduce the desirable effect of radio-
iodine therapy, except in elder patients with car-
diovascular comorbidities, which may continue
with ATD 3-7 days after therapy administration
[22].

Todine-containing  products  should be
excluded before therapy application, as they may
reduce RAIU and the success of radioiodine ther-
apy. The specific time interval depends on the
type of iodine-containing product (Table 6.1).

The B-adrenergic blockers are strongly recom-
mended before and after radioiodine therapy in
patients with overt hyperthyroidism, particularly
in elder population and those with cardiovascular
comorbidities, to avoid side effects, e.g., tachy-
cardia or arrhythmia [37, 38].

In case of NTG and TMNG, radioiodine
therapy should be delayed if serum TSH is
high-normal or increased to reduce the risk of
subsequent hypothyroidism due to the radio-
iodine effect on extranodular thyroid tissue
[22, 39].

In GD patients suffering from comorbidities
like diabetes and osteoporosis, and active but
mild GO, and absence of risk factors (high TRAb
level, smoking), radioiodine therapy without cor-

Table 6.1 Contrast media and medications affecting
radioiodine uptake and their recommended time with-
drawal before radioiodine therapy

Contrast media and

Recommended time

medications withdrawal
Water-soluble intravenous | 1-2 months
radiographic contrast

media

Oil-based intravenous 3-6 months
radiographic contrast

media

Levothyroxine 4 weeks
Liothyronine 2 weeks
Methimazole, thiamazole 3-7 days

Propylthiouracil

2-8 weeks (2-3 days in
case of dosimetric
approach)

Todine solution (Lugol)

4-6 weeks, depending
on iodide concentration

Perchlorate

1 week

Topical iodine (antiseptics)

4 weeks

Amiodarone

3—6 months

ticoids is an acceptable therapeutic approach.
However, corticoids are recommended in the
presence of risk factors [22]. In GD patients
affected by active moderate to severe GO corti-
coids are recommended to reduce the risk of
exacerbation of ophthalmopathy, mostly in pres-
ence of risk factors [7, 40]. The initial dose regi-
men of corticoids is usually 0.5 g per week for
6 weeks, and subsequently 0.25 g per week for
6 weeks [39, 40]. For GD patients who have a
high risk of development or exacerbation of GO
and are candidates for radioiodine therapy, corti-
coids are recommended as prophylaxis.
Prednisone is applied per os in a dosage of 0.3—
0.5 mg/kg initially, and then slowly withdrawn
3 months later [39]. Corticoid therapy is not rec-
ommended in patients with inactive GO and
those without apparent GO and no risk factors
[22]. It should not be initiated before radioiodine
therapy as may decrease RAIU so it is started
1-3 days after the therapy [7, 41].

Lithium is rarely used in hyperthyroidism.
Still, it prolongs the biological half-life of *'I in
the thyroid and may be used in GD with low
RAIU (<20%). It is applied for 7 days starting
immediately after the therapy and according to
some data may increase its efficiency without
inducing side effects such as exacerbation of GO
[42]. Recent systematic review and meta-analysis
compared the effect of lithium as an add-on ther-
apy with radioiodine alone in increasing the cure
rate of hyperthyroidism. There was no significant
difference between the two therapy regimens
although the dose of 5000-6000 mg of Li might
increase the cure rates [43]. However, due to
other common side effects, it may be considered
only as an alternative treatment option [31].

Low-iodine diet is recommended for
1-2 weeks before radioiodine therapy [7].
Additionally, measurement of iodine in urine is
useful in certain cases, i.e., in patients with large
iodine intake, those who received iodinated con-
trast media, etc. [22].

Pregnancy is an absolute contraindication for
radioiodine therapy and it has to be avoided 6
months after the therapy, while breastfeeding
must be stopped at least 6 weeks before therapy
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to reduce high radioiodine uptake in mammary
glands [22, 44, 45].

Radionuclide diagnostics and therapy proce-
dures should be in accordance with the safety
standards for radiation protection—Chap. VII of
the Council Directive 2013/59/Euratom [46].
Na["*'T]l may be administered orally (capsule,
liquid), or alternatively intravenously. Capsule
form enables safer treatment compared to the lat-
ter two due to the lower risk of contamination.
On the other hand, the liquid form can be used in
patients with ingestion problems, it is more
affordable and can be divided among more
patients. Intravenous application is suitable in
patients with the inability to process iodine
through the gastrointestinal tract. If case of oral
administration patients need to fast before and
approximately 2 h after radioiodine therapy.
Generally, patients should be advised to take
enough fluid for 1-2 days after the therapy to
reduce the absorbed dose to the bladder (i.e., crit-
ical organ) and the rest of the body. They are
advised to keep their distance from other people
on post-therapy days, particularly children and
pregnant women [31, 46].

6.5.1 Radioiodine Therapy

in Graves’ Disease

Na["*'T]I administered activity depends on the
purpose (ablative vs. functional) and the approach
(fixed dose vs. dosimetric).

Radioiodine therapy is the main therapy
option in GD patients older than 10 years, with
small to medium goiter and inactive or low to
mild active GO; in patients with comorbidities
that increase the risk of surgical therapy (espe-
cially in elderly); in patients with contraindica-
tions to ATD; in patients with relapse after ATD
withdrawal or inadequate thyroid surgery; in
institutions/regions without high volume endo-
crine surgeon; in patients with thyroid remnant
tissue and severe GO after surgery [22, 47].

On the other hand, there are a few absolute
contraindications: pregnancy or breastfeeding;
suspicious or proven thyroid malignancy; age

5 years or younger. Relative contraindications are
goiter over 80 g; active moderate to severe GO;
and high TRAD levels (mainly in smokers) [22,
47, 48].

The main goal of radioiodine therapy in GD is
to establish euthyroidism (“functional dose con-
cept”) or hypothyroidism (“ablative dose con-
cept”). However, ultimate success rate is
significantly higher in the current ablative con-
cept (>90%) compared to the previous functional
concept (< 70%) [22, 31, 36]. A secondary goal
of radioiodine therapy is a reduction of the thy-
roid volume due to mechanical and aesthetic
issues [7, 49].

The success rate is mainly linked with admin-
istered activity and thyroid volume [22, 31, 34,
50]. Recent systematic review and meta-analy-
sis demonstrated that the radiation dose to the
thyroid directly positively correlates with the
success of therapy [51]. According to the func-
tional concept, an absorbed dose of 150 Gy is
required to establish euthyroidism [48, 52]
while a dose of 200-300 Gy is necessary accord-
ing to an ablative concept [31, 52, 53], although
not resolving hyperthyroidism in all patients
[53].

Fixed-Activity Approach

The easiest and most widely used method for per-
forming radioiodine therapy with the aim of per-
manent correction of hyperthyroidism is the
fixed-activity method. It is based on the evalua-
tion of thyroid size mainly by thyroid ultrasonog-
raphy or scintigraphy [7, 31], and measuring
RAIU and its turnover in the gland [54]. Most
commonly, activities of 370-555 MBq are
administered [22, 44, 48] (Fig. 6.1).

Higher activities are considered in case of thy-
roid volume above 40 cm?, although in this case
dosimetric approach may be preferred [55].

The main advantage of the fixed-activity
approach is the simplicity of the pre-therapeutic
procedure and, additionally, it is less time con-
suming. Still, there is a potential risk of over- and
undertreatment with its consequences in the form
of unnecessary radiation exposure and risk of
uncured hyperthyroidism [7, 49].
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Fig. 6.1 A 44-year-old woman affected by autoimmune
overt hyperthyroidism [TSH 0.001 mIU/mL (0.35-4.94),
FT3 11.4 pg/mL (1.71-3.71), FT4 4.11 ng/dL (0.70—
1.48), anti-thyroglobulin antibody (TgAb) 334 UI/mL
(<5), anti-thyroperoxidase antibody (TPOAb) 402 UI/mL
(<7), anti-TSH receptor antibody (TRAb) 2.99 U/L
(>1.55)] associated with tachycardia, weight loss, asthe-
nia,  hyperhidrosis,  insomnia, and irritability.
Ultrasonography showed a high-normal thyroid volume
(with prevalence of the right lobe) with irregularly
hypoechoic structure but without nodular lesion and
strongly increased blood flow (i.e., thyroid hell). Thyroid

Dosimetric Approach

A dosimetric approach is performed to determine
the exact Na['*'I]I activity necessary to deliver
the target absorbed dose to the thyroid.
Furthermore, it may be used to determine the
actual absorbed dose after the administration of
radioiodine.

Recent systematic review and meta-analysis
demonstrated a positive correlation between suc-
cess rates of radioiodine therapy for GD and the
thyroid absorbed dose. Estimated thyroid absorbed
doses of 150 Gy, 200 Gy, and 300 Gy resolve
hyperthyroidism in 74%, 81%, and 88% of patients
and result in the establishment of a euthyroid state
in 38%, 35%, and 29% of them, respectively [S1].
An additional risk factor for non-cured hyperthy-

10 crn

scintigraphy (a) performed 20 min after *™Tc-
perthecnetate administration (111 MBq) demonstrated
intense tracer uptake in both lobes and isthmus. Thus, a
toxic diffuse goiter (TDG) was diagnosed. The patient
underwent 131-radioiodine treatment (RIT) by fixed-
activity approach (407 MBq). Four months after RIT, a
clinical and laboratory euthyroid status [TSH 2.80 ulU/
mL (0.27-4.2), FT3 2.80 pg/mL (2.02-4.43), FT4
12.90 pg/mL (9.32-17.09)] was diagnosed. At the same
time, *"Tc-perthecnetate thyroid scintigraphy (b) showed
a significant tracer uptake reduction in the thyroid
parenchyma

roidism is a larger gland size, which is linked with
fast radioiodine kinetics [53, 56].

A target thyroid dose of a minimum 200 Gy is
recommended for the permanent treatment of
patients affected by refractory Graves’ disease,
while up to 300 Gy is used in case of large-
volume thyroid and very severe hyperthyroidism
in order to resolve the disease quickly. A target
dose of 150 Gy may be used in case of mild low
recurrence-risk disease with the aim of restora-
tion of a euthyroid state. However, the success of
radioiodine therapy is not guaranteed due to
interindividual variability. Even if euthyroidism
is established after the therapy, hormonal status
evaluation should be continued as the rate of
hypothyroidism increases over the years.
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In case of a shorter half-life, i.e., early and
high RAIU, especially in large thyroid glands,
underestimation of the thyroid absorbed dose is
possible, which may result in significant failure
rates [56]. In those cases, estimated absorbed
doses over 200 Gy may be required.

6.5.2 Radioiodine Therapy
in Patients with Toxic Nodular
and Toxic Multi-Nodular
Goiter

In patients affected by TNG or TMNG, radioio-
dine therapy is an efficient and safe therapeutic
option to definitively treat hyperthyroidism [7,
57]. It may be the first option in patients with
overt or subclinical hyperthyroidism having soli-
tary or multiple hyperfunctioning thyroid nod-
ules without suspicious malignant nodules,
particularly in an elderly population, patients
with comorbidities that have a higher risk of sur-
gery, those that have undergone previous thyroid
surgery or irradiation therapy of the neck, and
patients with no access to a high volume endo-
crine surgeon [7, 22].

On the other hand, absolute contraindications
to radioiodine therapy of TNG or TMNG patients
are pregnancy or breastfeeding and suspicious or
confirmed thyroid cancer. Relative contraindica-
tions are large TMNG and symptoms of com-
pression [22].

The first goal of radioiodine therapy is to cor-
rect hyperthyroidism, and preferably restoration
of euthyroidism. The success rate depends mostly
on administered activity, kinetics of radioiodine,
and nodule(s) volume [22, 58]. An absorbed thy-
roid dose of 150-300 Gy is required to resolve
the hyperthyroid state [31, 59, 60]. Higher
absorbed doses, up to 400 Gy usually improve
the success rate [60].

In general, the success rate ranges from 81 to
94% in case of TMNG and TNG, respectively
[22, 31, 49, 59, 60]. The risk of persistent/recur-

rent hyperthyroidism is higher up to 20% in
TMNG than in TNG patients [22, 49, 61]. The
risk of subsequent hypothyroidism is higher in
patients who received higher radioiodine activi-
ties, in those with high RAIU, older than 45 years,
in patients previously treated with ATD, and in
those with incomplete suppression of extranodu-
lar parenchyma [22, 62]. The risk of hypothy-
roidism increases during the next two decades
and approximately occurs in two-thirds of TNG
and TMNG patients, slightly more common in
TMNG [62-64].

The secondary purpose of radioiodine therapy
in TNG and TMNG is to reduce larger nodule(s)
and thyroid volume to decrease mechanical and
esthetic problems. Toxic thyroid nodule(s) reduce
in volume by approximately one-third within
3 months, and up to half during 24 months post-
therapy [49, 65, 66].

Fixed-Activity Approach

The easiest and most widely used method for per-
forming radioiodine therapy is the fixed-activity
method. It is based on the evaluation of thyroid
size, RAIU and its biokinetics [54].

However, this method lacks pre-diagnostic
accuracy [67] which results in a non-negligible
incidence of persistent or recurrent hyperthyroid-
ism (mostly in TMNG) or hypothyroidism
(mostly in TNG with non-suppressed extranodu-
lar parenchyma) [49, 63]. Activities of 370-
740 MBq are most commonly used to treat TNG
or TMNG patients [22, 44] (Fig. 6.2).

Still, hyperfunctioning nodule(s) volume
larger than 26 cm? can hamper the efficiency of
radioiodine therapy. In those cases, a dosimetric
approach may be more useful [55].

Dosimetric Approach
In the dosimetric approach, it would be prefera-
ble to consider the autonomously functioning
nodules only (Fig. 6.3).

Measurement of RAIU is reliable only if the
healthy thyroid tissue is completely suppressed



100

A.Campenni et al.

¥ ,,.‘

10 cm

Fig. 6.2 A 75-year-old woman affected by overt hyper-
thyroidism [TSH 0.006 pIU/mL (0.27-4.20), FT3 8.0 pg/
mL (2.00-4.40), FT4 23.12 pmol/L (12.00-22.00)] asso-
ciated with tachycardia, weight loss, hyperhidrosis,
insomnia, and irritability. Thyroid ultrasonography (TU)
showed a multinodular goiter with a larger sized iso-
hypoechoic nodule (30 mm in maximum diameter) in the
left thyroid lobe. Thyroid scintigraphy (a) performed
20 min after %"Tc-perthecnetate administration
(111 MBq) demonstrated three well-defined hyperfunc-
tioning areas located in the left thyroid lobe (prevalent for
size and tracer uptake), isthmus, and right lobe (basal
region), respectively. No tracer uptake was noted in the

[52]. Persistent or recurrent hyperthyroidism
due to underdosing usually occurs if a signifi-
cant amount of the measured activity is in the
extranodal unsuppressed tissue. Conversely,
hypothyroidism occurs if thyroid tissue is
incompletely suppressed or in case of too high
absorbed dose. In TNG or TMNG with a single
or a few correctly measurable nodules, complete
dosimetry resolves hyperthyroidism in 85-100%
of patients treated with a target dose of 300—
400 Gy, while the hypothyroidism occurs in
10%-20% of cases [59, 60]. When a correct vol-
ume measurement is not possible, lower target
absorbed doses (100-150 Gy) to the entire thy-

10 cm

extranodular thyroid parenchyma. As per consequence, a
toxic multi-nodular goiter (TMNG) inhibiting extranodu-
lar parenchyma was diagnosed. The patient underwent
131-radioiodine treatment (RIT) by fixed-activity
approach (555 MBq). Five months after RIT, a clinical
and laboratory euthyroid status [TSH 3.02 pIU/mL (0.27-
4.20), FT3 3.02 pg/mL (2.40-4.22), FT4 14.88 pmol/L
(12.00-22.00)] was diagnosed. At the same time, *™Tc-
perthecnetate thyroid scintigraphy (b) clearly demon-
strated the complete ablation of the hyperfunctioning
nodules while restored tracer uptake in the extranodular
parenchyma was noted

roid are successfully used to determine the ade-
quate radioiodine activity, but still, the
proportion of the autonomic tissue should be
approximately taken into account as well [59,
68]. If complete dosimetry is not possible,
administered activity should be based on the
measurement of an early uptake [69]. Target
doses are also adjusted according to the degree
of hyperthyroidism. Therefore, higher doses are
used in patients with more severe hyperthyroid-
ism [70]. Dosimetric approach according to the
European standard operational procedure
enables the most reliable results regarding
achieved and intended target doses [52].
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Fig. 6.3 A 75-year-old woman affected by overt hyper-
thyroidism [TSH 0.003 pIU/mL (0.30-3.07), FT3 5.3 pg/
mL (2.40-4.22), FT4 1.22 ng/dL (0.75-1.54)] associated
with tachycardia, insomnia, and irritability. Thyroid ultra-
sonography (TU) showed a large-sized nodule
(33*%22*%20 mm) in the left thyroid lobe, irregularly
hypoechoic with the presence of several regression areas.
An increased intra-nodular blood flow was also noted.
Thyroid scintigraphy (a) performed 20 min after *™Tc-
perthecnetate administration (111 MBq) demonstrated a
well-defined hyperfunctioning area located in the left thy-
roid lobe. In this latter, tracer uptake/distribution was
quite intense and homogeneous, respectively. On the con-

6.6  Non-Toxic Goiter

Non-toxic goiter is an enlarged thyroid gland
with, or without intrathyroidal nodules, with
TSH, FT3, and FT4 values within the reference
range.

The prevalence is highest in iodine-deficient
regions [22, 71]. On the other hand, NTG inci-
dence in iodine-sufficient areas is very low, with
approximately 1/3500000 cases per year [72].

Since therapeutic management of NTG is
largely controversial, nuclear medicine physicians
must carefully select candidates for RIT taking
into account possible treatment failure and
patients’ preferences. Clinical examination, results
of laboratory tests, and imaging procedures are
evaluated. Thyroid ultrasonography provides
information regarding nodules’ location, size, and

10 cm

trary, no tracer uptake was noted both in the right lobe and
isthmus. Thus, a toxic nodular goiter (TNG) with func-
tional inhibition of the remaining thyroid parenchyma was
diagnosed. The patient underwent 131-radioiodine treat-
ment (RIT) by dosimetric approach (296 MBq). Three
months after RIT, a clinical and laboratory euthyroid sta-
tus [TSH 2.72 plU/mL (0.30-3.07), FT3 3.02 pg/mL
(2.40-4.22), FT4 0.80 ng/dL (0.75-1.54)] was diagnosed.
At the same time, *"Tc-perthecnetate thyroid scintigra-
phy (b) clearly demonstrated the complete ablation of the
hyperfunctioning nodule while restored tracer uptake in
the right thyroid lobe and isthmus was noted

echographic features. It detects suspicious nodules
and in combination with fine-needle aspiration
cytology usually rules out malignancy [22].
Alternative morphological procedures, i.e., con-
trast-free CT or MRI are mainly reserved for
patients with large goiter or those with intratho-
racic gland extension. They enable reliable evalua-
tion of thyroid volume, its relation to surrounding
structures, and the smallest transversal tracheal
area. The use of the same imaging study is recom-
mended before and after radioiodine therapy to
compare the results of the therapy [73]. Thyroid
scintigraphy performed using Na[*™Tc]TcO, or
Na['I]] is indicated mainly in patients with low-
normal serum TSH, for excluding hyperfunction-
ing nodules and identifying non-functioning
nodules and their location within the gland. RATU
should be measured as well since applied radioio-
dine activity is adjusted according to its value [71].
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There is no ideal treatment for NTG as there is
no consensus regarding the best therapeutic man-
agement of those patients. Approximately one-
third of clinicians use just an observational
approach [1, 71]. Iodine supplementation has been
suggested as goiter development is associated with
iodine deficiency. However, its efficiency is
scarcely evaluated. Additionally, its use has been
associated with a higher incidence of Hashimoto’s
thyroiditis, and also thyroid malignancy, i.e., pap-
illary thyroid carcinoma. So the routine use of
iodine supplements is not recommended [73].

Levothyroxine therapy is an alternative treat-
ment option [74]. However, there is no consensus
regarding its efficiency and a sufficient goiter
reduction is detected in a very limited number of
patients [73, 75]. Furthermore, goiter reduction is
significantly lower in patients on levothyroxine
than in those who received radioiodine therapy
[76]. Additionally, the thyroid volume usually
returns to baseline after levothyroxine with-
drawal [77]. Levothyroxine therapy can be con-
sidered in younger patients with smaller goiter as
it may result in overt hyperthyroidism with its
side effects, e.g., cardiovascular [73].

Thyroidectomy is the preferred therapeutic
option in patients that require immediate and sig-
nificant goiter reduction due to severe
compression-related symptoms. However, it may
have severe side effects in a significant number of
patients, especially those with large goiter and
substernal gland extension, i.e., hypoparathyroid-
ism, recurrent laryngeal nerve palsy, or tracheo-
malacia. Furthermore, goiter recurrence may
occur in patients who underwent less than subto-
tal thyroidectomy [73]. In those cases, radioio-
dine therapy is more favorable compared to
second surgical therapy [73, 78, 79] as the risk of
vocal cord paralysis and hypoparathyroidism is
up to 10x higher [73, 80].

6.7 Radioiodine Therapy of Non-

TOXIC Goiter

Radioiodine therapy is a feasible therapeutic
option used for the reduction of thyroid or nodule
volume in patients with NTG [68, 81].

Candidates for radioiodine therapy are symp-
tomatic NTG patients with a thyroid volume up
to 100 cm?, mostly elderly, patients with comor-
bidities that raise the risk of thyroid surgery,
those that underwent previous neck surgery, and
patients with intrathoracic goiter. Conversely,
absolute contraindications for radioiodine ther-
apy are pregnancy or breastfeeding, suspicious or
confirmed thyroid cancer, and a high degree of
tracheal compression, while relative contraindi-
cations are RAIU value at 24 h less than 15%
(rhTSH may be used in those cases) and thyroid
volume larger than 100 cm? [81].

Radioiodine therapy in most cases results in a
reduction of goiter volume by half 1 year and up
to 60% 2-5 years following therapy administra-
tion [68, 81-84].

Radioiodine activity of 3.7-14 MBq/g thyroid
tissue taking into account RAIU is usually sug-
gested for a target absorbed dose of 100-175 Gy
[81-83]. The best results are observed in patients
who received the highest thyroid doses, but this
approach also results in increased whole-body
radiation exposure [81].

Radioiodine efficiency negatively correlates
with initial goiter volume. Thus, in large goiters
>100 cm?, the volume reduction rate is lower than
usual, i.e., one-third 1 year after the therapy.
Furthermore, radioiodine efficiency is reduced in
case of low RAIU value [68, 81]. However, addi-
tional courses of radioiodine therapy are feasible
to obtain a larger goiter reduction.

Preparation for radioiodine therapy in patients
with NTNG is same as with hyperthyroid
patients. The same is with the procedure.

Patients with NTNG of >100 cm? volume and
severe tracheal constriction, particularly if <1 cm,
should be treated under corticoid therapy, e.g.,
prednisolone, 25 mg/day during 2 weeks [31,
81]. Radioiodine therapy is recommended in an
inpatient facility for the elder population and
those with comorbidities that may raise the risk
of post-therapy complications [31, 82].

Fixed-Activity Approach

The fixed-activity method is the easiest and most
common method used for performing radioiodine
therapy in NTNG. Goiter volume is measured by
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thyroid ultrasonography, CT, or MR. Thyroid
scintigraphy is used for functional mapping.
RAIU value is determined to extrapolate admin-
istered activity [31, 84-86].

Most commonly, activities of 600—1110 MBq
are used for the therapy of NTNG patients [81,
84-86].

Dosimetric Approach
Pre-therapeutic dosimetry is performed. The tar-
get mean thyroid absorbed dose is approximately
100 Gy [73], and in certain cases up to 150 Gy.
The dosimetric approach according to the
European standard operational procedure pro-
vides the most precise results regarding the
achieved and accomplished target dose [52].

Recombinant Human TSH-Aided
Radioiodine Therapy

Recombinant human TSH increases RAIU. Its
administration is linked with larger goiter reduc-
tion, compared with radioiodine therapy without
rhTSH stimulation [87]. However, it is not yet
approved for the treatment of NTNG, although it
may be administered on an off-label basis. Very
large goiters and low thyroid RAIU values are the
major causes of therapy failure, and as such, they
are the main indications for rhTSH-stimulated
radioiodine therapy [88]. In the superiority strat-
egy targeted absorbed dose is higher without
increasing the radioiodine activity, or alterna-
tively, in the equality strategy, administered
activity is reduced while maintaining the thyroid
dose [89]. rhTSH is administrated 24 h before
radioiodine therapy to achieve optimal RAIU
[68, 81, 90]. The administered dose of rhTSH
depends on the aim of the treatment. The recom-
mended dose in the equality strategy is usually
0.1 mg, whereas, in the superiority strategy, a
dose of 0.3 mg is mainly applied. Higher goiter
reduction is achieved in superiority than in the
equality approach [68].

The risk of hyperthyroidism and acute thyroid
enlargement is theoretically increased in rhTSH-
stimulated therapy and depends also on applied
activity. There is also approximately 5x higher
risk of permanent hypothyroidism [88].

However, rhTSH allows reduction of applied
radioiodine activity (equality strategy), higher
target absorbed dose (superiority strategy), and
significant goiter volume reduction.

6.8 Radioiodine Therapy

in Pediatric Patients

In pediatric patients, autonomous nodules or
NTNG are very rare. Almost all patients referred
for radioiodine therapy are diagnosed with ATD
refractory GD. According to the recently pub-
lished European Thyroid Association Guideline
for the management of pediatric Graves’ disease,
Na[*'T]T can be used in all age groups except
<5 years due to theoretically increased long-term
risk of malignancy. A relative contraindication is
the age of 5-10 years and therefore ATD should
be continued for years until the child reaches
adequate age for radioiodine treatment, rather
than undergoing surgical therapy [91].

Preparations are equal to those for adults,
although parent co-hospitalization might be nec-
essary, depending on the child’s age.

Functional ablation is a goal of radioiodine
therapy in order to reduce the risk of GD recur-
rence and possible malignant transformation of
viable thyroid cells during the years. There are
several therapeutic approaches: fixed-activity
strategy using activities 200-800 MBq [31], a
weight-based strategy applying 15 MBq Na['*1]1
/ gram thyroid tissue, and a dosimetric approach
with the thyroid target dose of at least 300 Gy
[92].

There is no strong evidence of the superiority
of one approach over another, although a recently
published systematic review and meta-analysis in
adult patients demonstrated that higher target
doses positively correlate with successful func-
tional ablation [51]. Although fixed-activity con-
cepts are successful, they do carry a risk of
overtreatment or undertreatment, which is par-
ticularly relevant at a young age. Therefore, thy-
roid dosimetry is recommended whenever
available. In case of therapy failure, radioiodine
therapy can be applied again after 3—6 months.
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Side effects following radioiodine therapy are
very rare. Thyroid tenderness is possible in the
first week after the therapy. According to avail-
able studies, there is no increased risk of fertility
problems or malignancy [93-95].

An alternative definitive treatment option is
total thyroidectomy. Generally, surgery is the
preferred treatment option in patients with con-
traindications for radioiodine therapy (i.e.,
age < 10 years, pregnancy), those with active
Graves’ ophthalmopathy, large goiter, and
patients requiring fast and definitive treatment.

6.9 Side Effects of Radioiodine
Therapy
Early Side Effects

Radioiodine therapy is a safe treatment option for
benign thyroid disorders. It is most commonly
well-tolerated, although acute or late side effects
may occasionally occur.

Early side effects occur during the first few
weeks following radioiodine therapy. Thyroid
swelling is observed in patients with non-toxic,
but also large toxic goiter. The main symptom is
pain although, in older patients with very large
nodular goiter, dyspnea may occur as well [84].
Medical therapy is rarely required, and it is usu-
ally symptomatic. In patients with higher risk fac-
tors non-steroidal anti-inflammatory drugs may
be used for 1-2 days following therapy, while cor-
ticoids are given selectively as they may reduce
the therapeutic effect of radioiodine [7, 41].

Radiation thyroiditis occurs in approximately
1% of cases during the first weeks following ther-
apy administration. It may cause transient thyro-
toxicosis in about 10% of cases [96]. The
so-called thyroid storm is very rare nowadays but
requires immediate treatment (inorganic iodide,
ATD, beta-blockers, corticoids, and antipyretics)
[97] and, if medically refractory, prompt
thyroidectomy.

Radiation sialadenitis, as an acute or delayed
side effect, may occur in case of high adminis-
tered radioiodine activities. Usual clinical signs
and symptoms are salivary glands swelling, xero-
stomia, pain, and taste dysfunctions that occur in

up to a third of cases [98]. Lemon juice or other
salivation-inducing products, e.g., lemon can-
dies, consumed 24 h after radioiodine therapy,
usually reduce the damage of salivary gland tis-
sue by a faster secretion of radioiodine-containing
saliva [99, 100].

The Marine-Lenhart syndrome is a rare side
effect occurring in up to 4.1% of cases [101,
102], generally in TNG patients in the first days
after therapy administration. Its incidence is
higher in patients with initially increased serum
thyroid peroxidase antibodies (TPOAb) and
those with increased TPOADb following radioio-
dine administration [101, 103].

Radioiodine, similar to surgery, may cause a
transient elevation of TRAb due to follicular cell
damage [104]. Activation of existing or new
onset GO is the most severe consequence of
immune side effects [68].

Late Side Effects

Persistent hypothyroidism is considered a side
effect in case of TNG or NTNG patients, but not
in case of Graves’ disease according to the new
“ablative dose concept.” Transient hypothyroid-
ism may occur 2-5 months following therapy
administration without symptoms of hypothy-
roidism and with spontaneous regression [7].

Radioiodine therapy is a risk factor for the
new onset or deterioration of GO, but the prophy-
lactic application of corticoids is efficient in pre-
venting this side effect [105]. Initially, high
TRAb levels, smoking, and untreated post-
therapy hypothyroidism are associated with GO
development/worsening [106].

Reduction of gonadal function may occur
45 days after radioiodine therapy but it is revers-
ible and normalize after 1 year [107]. It is reason-
able to postpone conception for the next
4—6 months in women and 3—4 months in men [7].
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of Differentiated Thyroid

Carcinoma
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7.1 Introduction

DTC is a slow-growing tumor with a very low
disease-specific mortality rate for local-regional
disease (5-year survival 99.9% for localized dis-
ease, and 98.3% for regional metastatic disease),
however, distant metastatic disease is associated
with significantly worse prognosis (5-year sur-
vival 54.9%) [1]. Standard of care management
for differentiated thyroid cancer (DTC) includes
risk-adapted surgery, post-operative lodine-131
(") therapy, and thyroid hormone therapy. In
uncommon cases of radioiodine-refractory
tumors, additional therapy may include re-
operative surgical intervention, external radio-
therapy, and interventional radiology for the
treatment of locoregional metastases, and multi-
kinase or tyrosine kinase inhibitors for treatment
of distant metastatic disease.

Current thyroid cancer guidelines emphasize a
patient-individualized approach to therapeutic
131-I administration, recommending against 131-I
ablation in low-risk tumors and selective use of
131-1 therapy for medium-risk patients [2-4].
Defining the categories of low-, intermediate- and
high-risk patients is important for clinical imple-
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mentation of risk-adapted therapeutic 131-I admin-
istration and the 2015 American Thyroid
Association (ATA) guidelines introduced the con-
cept of continuum of risk based on estimated risk
of structural disease recurrence according to surgi-
cal histopathology information [3]. Although refer-
ral for post-operative 131-I therapy is predicated on
risk stratification based on surgical pathology
information, post-operative diagnostic radioiodine
(RAI) scintigraphy contributes to the completion of
staging and risk stratification itself, thus having the
potential to influence 131-I therapeutic strategy [5].

7.2 Diagnosis

The most common clinical presentation of DTC
is as an incidental thyroid nodule. Neck ultra-
sound (US), serum thyroid stimulating hormone
(TSH), and thyroid scintigraphy are used to select
high-risk nodules for fine-needle aspiration
(FNA). Sonographic features have been used to
produce a standardized risk assessment for thy-
roid malignancy named Thyroid Imaging
Reporting and Data System (TIRADS) [6, 7]. In
the absence of suspicious cervical lymph nodes,
FNA is discouraged for nodules less than 1 cm,
and the decision to aspirate larger nodules is
guided by the TIRADS score in the context of
nodule size. The cytologic risk of malignancy is
determined using the Bethesda System for
Reporting Thyroid Cytopathology [8].
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7.3  Surgical Treatment
Traditionally, (near-) total thyroidectomy was
performed in most DTC patients, with lobectomy
reserved for cytologically indeterminate nodules
or patients with unifocal micro-PTC < | cm.
Currently, lobectomy is sometimes suggested for
patients with unifocal intrathyroidal low-risk
DTC in the absence of additional risk factors
(i.e., no clinical evidence of nodal metastases,
cNO) [3]. The management of low-risk DTC
between 2 and 4 cm is a topic of debate: While a
lobectomy may be proposed, total thyroidectomy
is still largely advised [9]. Active surveillance is
an alternative to lobectomy for unifocal micro-
PTC with no extracapsular extension or lymph
node metastases [10]. The decision for active sur-
veillance is based primarily on age-related risk of
progression, individual surgical risk factors, and
patient preference [11]. In all other cases, total
thyroidectomy remains the preferred surgical
approach [12].

Cervical lymph nodal metastases occur in
20-60% of patients with DTC and this nodal
involvement varies from clinically relevant mac-

rometastasis to seemingly clinically irrelevant
micrometastases [13, 14]. When lymph nodal
metastases are diagnosed pre-operatively, central
and/or lateral neck compartment dissection
reduces the risk of local-regional recurrence.
Prophylactic central neck dissection may improve
regional control for invasive tumors (T3-T4), but
it is discouraged for low-risk DTC because
potentially associated morbidities (i.e., hypo-
parathyroidism and recurrent laryngeal nerve
damage) are not justified by a significant clinical
benefit [15].

7.4  Staging and Risk
Stratification
for Differentiated Thyroid

Cancer

The concept of oncologic staging is central for pro-
viding a baseline assessment and defining a man-
agement strategy in malignant diseases. Staging
systems define the mortality risk in thyroid cancer
using pTNM classification and the derived AJCC
staging (summarized in Tables 7.1 and 7.2) [16].

Table 7.1 TNM classification for differentiated thyroid cancer. TNM UICC/AJCC 8th edition (2017) [16]

TNM 2017

Tx Primary tumor cannot be assessed

T TO No evidence of primary tumor

Tla |T<1lcm®

Tlb |T>1cmand <2cm®

T2 T>2cmand <4cm*

T3 T3a: Tumor more than 4 cm in greatest dimension, limited to the thyroid

T3b: Tumor of any size with
gross extrathyroidal extension
invading only strap muscles
(sternohyoid, sternothyroid,
thyrohyoid, or omohyoid
muscles)

T4a | Tumor extends beyond the thyroid capsule and invades any of the
following: Subcutaneous soft tissues, larynx, trachea, esophagus, and
recurrent laryngeal nerve

T4b | Tumor invades prevertebral fascia or encases carotid artery or
mediastinal vessels

N Nx Regional lymph nodes cannot be assessed

NO No regional lymph node metastasis

Nla

Metastases in level VI (pretracheal, paratracheal, and prelaryngeal/
Delphian lymph nodes) or upper/superior mediastinum (level VII)
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Table 7.1 (Continued)

TNM 2017
NI1b | Metastasis in other unilateral, bilateral, or contralateral cervical lymph
nodes (levels I, II, I1I, IV, or V) or retropharyngeal
M MO | No distant metastasis is found

Ml Distant metastasis is present

In this edition, minor extrathyroidal extension that involves perithyroidal adipose tissue, strap muscles, nerves, or small
vascular structures, identified only by microscopy but not clinically appreciated (no gross invasion), is no longer used
as a risk factor for staging; superior mediastinal (level VII) nodes are scored N1a

Table 7.2 AJCC prognostic grouping for differentiated
thyroid cancer. TNM UICC/AJCC 8th edition (2017) [16]

Table 7.3 Suggested framework for *'I therapy

Prescribed B'1 Clinical/Pathological
AJCC 8th edition (2017) \ Strategy activity context
Stage < 55 years old | Stage > 55 years old Risk- 1.11-1.85 GBq | Remnant ablation
StageI | AnyT,any N,MO | T1/T2, NO, MO adapted "'T | (30-50 mCi)
Stage I | Any T, any N, M1 T3a/T3b, NO, MO therapy S
T1/T2/T3, N1, MO Risk- 1.85-3.7 GBq Adjuvant treatment
Stage Il |- T4a, any N, MO adapted *'T | (50-100 mCi)
therapy BT
Stage - T4b, any N, MO
IVA Risk- 3.7-5.6 GBq Treatment of small
Stage ~ Any T, any N, M1 adapted *'T | (100-150 mCi) | volume local-
IVB ’ ’ therapy 1317 regional disease
Stage _ _ Risk- 5.6-7.4 GBq Treatment of
ve adapted *'T | (150-200 mCi) | advanced local-
therapy BT regional disease
and/or small volume
distant metastatic
The risk of structural disease recurrence is defined disease
by ATA as a continuum of risk for structural dis-  Whole >7.4GBq (> Treatment of diffuse
ease recurrence resulting in a 3-level system of risk EOd?’/ blood 200 mCi) ™11, Zl;stant metastatic
stratification described as low-, intermediate-, or ostmetry | maximum 1sease
. . . L. tolerable safe
high-risk based on surgical pathology and clinical BI] activity

information (summarized in Table 7.3) [3]. Both
staging and risk stratification play a crucial role in
defining the initial management strategy and sub-
sequent long-term surveillance for patients with
thyroid cancer. Due to its indolent nature, thyroid
cancer has a very low disease-specific mortality
rate for local-regional disease after complete initial
therapy (5-year survival 99.9% for localized dis-
ease, and 97.8% for regional metastatic disease),
however, distant metastatic disease is associated
with significantly worse prognosis (5-year survival
55.3%) [19] Therefore, in addition to staging which
is used to predict disease-specific survival, second-
ary outcome variables such as rates of persistent
disease, rates of recurrent disease, medico-
economic issues, and quality of life outcomes, need
to be considered when deciding 131-I therapeutic
strategy [20].

‘FDA approved the use of thTSH in combination with
100 mCi "'I for remnant ablation in December 2007 [1,
17]. Reproduced with permission from [18]

7.5 Post-operative Management
Post-operative evaluation includes Tg measure-
ment, neck US and diagnostic radioiodine (**'T or
123]) whole-body scan (DxWBS) which is helpful
to identify persistent disease and characterize
tumor T avidity. Institutional management pro-
tocols are established by multidisciplinary teams
based on the local availability and expertise of
the surgical, pathology, radiology, and laboratory
components integral to the DTC treatment algo-
rithm [21].
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7.6  Post-operative *'l Therapy

The goal of T therapy is outlined based on
standardized definitions as follows: remnant
ablation, adjuvant treatment, or treatment of
known disease [21, 22]. Upon integration of
various parameters including clinical-patho-
logic, laboratory, and imaging information, *'
therapy is administered for the following
reasons:

e Remnant ablation, for elimination of the nor-
mal thyroid remnant tissue which achieves
undetectable or minimal serum Tg levels (in
the absence of neoplastic tissue) and facili-
tates follow-up.

* Adjuvant treatment, for elimination of sus-
pected but unproven sites of neoplastic cells
with the goal of reducing the risk of disease
recurrence.

e Treatment of known disease, for treatment of
persistent or recurrent metastatic disease.

7.7  Benefits of 131-1 Therapy

in Thyroid Cancer

The impact of *'I therapy on the clinical outcome
of thyroid cancer patients has been demonstrated
in several large data series. An analysis of 2936
DTC patients in the National Thyroid Cancer
Therapy Cooperative Study Group (NTCTCS)
reported improved overall survival and disease-
specific survival in patients with advanced tumors
and regional and/or distant metastatic disease
who received post-operative 1 therapy [23]. An
updated analysis of 4941 patients in the NTCTCS
study with a median follow-up of 6 years (range
0-25 years) confirmed improved overall survival
in stages IIl and IV patients, and also demon-
strated improved disease-free survival for stage II
patients receiving *'I therapy [24]. A meta-
analysis of 31 patient-cohort studies regarding
the effectiveness of B!I therapeutic administra-
tion demonstrated a statistically significant effect
on improving clinical outcomes at 10 years, with
decreased risk for local-regional recurrence (RR
0.31; CI 0.2-0.49) and an absolute risk reduction

of 3% for distant metastatic disease [25]. An
analysis of the National Cancer Database com-
prising 21,870 intermediate-risk patients demon-
strated that adjuvant "'I treatment improved
overall survival, both for the younger (<45 years)
and for the older (>65 years) subsets of patients.
Adjuvant T therapy was associated with a 29%
reduction in the risk of death for all patients [26].
The beneficial effects of post-operative 'I ther-
apy are most evident in patients with local-
regionally advanced and distant metastatic
disease (stages IV-A, IV-B, and IV-C disease): an
analysis of the National Cancer Database com-
prising 11,832 patients demonstrated that the
administration of '3'T therapy was associated with
significantly improved 5- and 10-year survival
for both PTC and FTC patients, regardless of
pathological sub-stage (Stage IV A, B, or C), as
follows: mortality in the PTC cohort (n = 10,796)
at 5 years at 10 years was 11% and 14%, respec-
tively, in patients who received !I therapy, as
compared to 22.7% and 25.5%, respectively, in
patients who received none; mortality in the FTC
cohort (n = 1036) at 5 years at 10 years was
29.2% and 36.8%, respectively, in patients who
received T therapy, as compared to 45.5% and
51%, respectively, in patients who received none
[27].

7.8  Preparation for '*'l Therapy

Evaluation with radioiodine scintigraphy and 3T
therapy is scheduled at a minimum of 4 weeks
after surgery, which allows time for patient prep-
aration and for reaching post-operative Tg pla-
teau levels, used as a marker for residual thyroid
tissue and/or metastatic thyroid cancer after total
thyroidectomy. Tg levels must always be inter-
preted in the context of concomitant TSH level
(unstimulated vs. stimulated Tg) and type of TSH
stimulation (endogenous vs. exogenous) [28].
Patient preparation for optimal '*'I uptake by
residual thyroid tissue and metastatic disease
includes 1-2 weeks of a low-iodine diet (LID)—
see Table 7.2, and adequate TSH stimulation
(TSH > 30 mIU/L, measured 1-3 days prior to
BIT administration) by either a thyroid hormone
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withdrawal (THW) or recombinant human TSH
(rhTSH) stimulation [29]. For childbearing
females (aged 12-50 years) a negative pregnancy
test is required to be obtained within 72 h of 3T
administration, or prior to the first thTSH injec-
tion (if employed), unless the patient is status
post hysterectomy or postmenopausal.

There are two major approaches for obtaining
TSH stimulation which is necessary for increas-
ing Na-I symporter (NIS) expression and func-
tion in metastatic lesions (and residual thyroid
tissue) with the goal of increasing diagnostic sen-
sitivity of 13T scintigraphy and radiation absorbed
dose to target lesions

1. Endogenous TSH stimulation is obtained
through thyroid hormone deprivation follow-
ing total thyroidectomy, thus inducing a hypo-
thyroid state: the hypothyroid stimulation
protocol (THW) has 2 variants: a) L-T4 (levo-
thyroxine) withdrawal for 4 weeks; this inter-
val is determined by T4 elimination half-life
(T4 t,,) of 7 days and the physiologic pitu-
itary response to declining T4 concentrations.
b) T4/T3 (levothyroxine/liothyronine) substi-
tution for the first 2 weeks, followed by dis-
continuation of T3 for 2 weeks; this interval is
based on T3 t,, of 0.75 days.

2. Exogenous TSH stimulation: The patient con-
tinues T4 treatment and undergoes prepara-
tion with low-iodine diet. TSH elevation is
obtained through administration of rhTSH
(Thyrogen ® Stimulation Protocol): 0.9 mg
rhTSH injection is administered intramuscu-
larly on two consecutive days, followed by '
therapy administration at 48—72 h.

The choice of preparation method (THW vs.
rhTSH) needs to be individualized for each
patient. There is general agreement that for nor-
mal thyroid tissue (i.e., thyroid remnant), thTSH
and THW stimulation are equivalent, because
normal thyroid tissue has constitutive high
expression of highly functional NIS and does not
require prolonged TSH stimulation for adequate
BIT uptake and retention. However, metastatic
thyroid cancer has lesser density and poorer func-
tionality of NIS, and therefore TSH elevation

over time (area under the curve of TSH stimula-
tion) is important to promote increased '3'T uptake
and retention in tumors [30, 31]. In the setting of
distant metastatic disease THW preparation and
dosimetry-guided ' therapy is favored, when
clinically safe and feasible [32-34].

7.9  "¥'ITherapy Administration
There are two approaches to *'I therapy delivery:
the theranostic approach which integrates the
information obtained with post-operative diag-
nostic (Dx) radioiodine ('*’I, *'T or '*!I) scans in
the management algorithm, and the empirical
approach based on clinical-pathologic factors
and institutional protocols.

7.9.1 Diagnostic and Post-therapy
131-1 Scans with Diagnostic

Intent

Historically, post-therapy 131-I imaging had the
advantage of superior activity counts statistics
(count density) and appeared to provide more
diagnostic information than diagnostic 131-I
scans. In addition, the issue of stunning by the
diagnostic 131-I scan activity was raised (defined
as a reduction of 131-I uptake seen on post-
therapy scan as compared to the diagnostic scans
and interpreted as potentially causing a decreased
effect of the subsequent 131-I therapy dose when
administered after diagnostic 131-I scans) [35—
37]. However, other studies have questioned the
clinical relevance of stunning demonstrating lit-
tle or no clinical evidence of stunning [38—42].
Stunning appears not to be a problem when
activities <2 mCi 131-I are utilized for diagnos-
tic scintigraphy and when 131-1 therapy is
administered within 72 h of the diagnostic 131-1
activity [43—45]. It is possible that stunning may
be related to a true cytocidal effect of the high
131-1 diagnostic activities (5—-10 mCi 131-1)
used in the past, and therefore an effort to
decrease administered diagnostic 131-I activity
and optimize the imaging technique to preserve
diagnostic sensitivity for disease detection is
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important [43]. Progress in gamma camera
instrumentation over the past 10 years led to sig-
nificant improvement in spatial and contrast res-
olution of modern gamma camera systems
making possible the acquisition of high-quality
diagnostic 131-I scintigraphic images highly
concordant with the post-therapy 131-I scans.
McDougall et al. reported in a cohort of 280
patients a 98% concordance rate between the
findings obtained with 74 MBq (2 mCi) diagnos-
tic 131-I scans and post-therapy scans obtained
at 8 days after 131-I treatment [39]. Furthermore,
Avram et al. reported a 92% concordance rate
between the findings obtained with 37 MBq
(1 mCi) diagnostic 131-I scans and post-therapy
scans obtained at 2 days after 131-I treatment. In
only 6% of patients, additional foci of activity
were detected on post-therapy scans, however,
the findings were clinically significant (i.e.,
upstaged the patient) in only 1.4% of cases [46].
Therefore, it is possible to use diagnostic 131-I
scans for identification of regional and distant
iodine-avid metastases and for planning activity-
adjusted 131-I treatment. Diagnostic 131-I scans
performed with modern gamma camera SPECT/
CT technology and optimization of imaging pro-
tocols have been used post-operatively with
good results for assessing the extent of meta-
static disease and for guiding therapeutic 131-I
administration [47, 48].

7.9.2 Integration of Histopathology,
Laboratory, and Scintigraphy

Information

Integration of diagnostic and/or post-therapy
131-I scintigraphy information and stimulated
thyroglobulin (Tg) levels in the context of surgi-
cal pathology is of critical importance for deter-
mining disease status by completing initial
staging and risk stratification and guiding man-
agement decisions. Tg is a glycoprotein exclu-
sively produced by the follicular cells of the
thyroid gland and metabolized in the liver. Tg
levels can therefore be used as a thyroid cancer
biomarker as it declines with a half-life (t,;,) of
approximately 65 h after total thyroidectomy. Tg

levels can become significantly elevated immedi-
ately after surgery as compared to preoperative
values due to surgical manipulation of thyroid
resulting in enhanced wash-out of Tg into the cir-
culation, and it takes approximately 25 days after
surgery —10 t;,, for hepatic clearance) for Tg lev-
els to become a reliable marker of residual thy-
roid tissue and/or metastatic disease [49].
Thyroglobulin autoantibodies (TgAb) are a
marker of thyroid autoimmunity and are detected
in approximately 20% of DTC patients. Presence
of TgAb interferes with reliable measurement of
Tg levels causing a falsely low/undetectable Tg.
Therefore, every serum specimen for Tg testing
needs concomitant TgAb testing to inform that
Tg measurement is not compromised by TgAb
interference [50]. Tg levels become undetectable
in the absence of thyroid remnant and/or persist-
ing disease after total thyroidectomy and 131-I
therapy. On the other hand, an increased Tg trend
is used as an indicator for residual or recurrent
DTC [28].

7.10 Determining the Prescribed
Therapeutic *'l Activity

Current practice guidelines recommend routine
BIT adjuvant therapy for patients with intermedi-
ate to high risk of recurrence (although there are
some differences concerning intermediate-risk
disease) and avoiding routine “'I therapy for
patients with a small (<1 cm) intrathyroidal DTC
and no evidence of locoregional or distant meta-
static spread [3, 51]. However, "I therapy for
other low-risk DTC patients (i.e., pT1b-T2)
remains controversial: the various iterations of
the ATA guidelines advised against the system-
atic use of 'T in these patients [3], while the
2008 European Association of Nuclear Medicine
(EANM) suggests that 3T therapy is helpful, cit-
ing the lack of prospective data showing that
surveillance without ablation is non-inferior to
BIT administration [52].

The decision for B! therapy and the pre-
scribed T activity depends on the goal of 'l
therapy as determined by the estimated risk for
persistent/recurrent disease. Please see Table 7.3
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for suggested treatment *'I activities in the con-
text of therapeutic intent, as follows:

» Thyroid remnant ablation in low-risk patients
is typically performed with low T activity
(e.g., 1.1-1.85 GBq; 30 mCi-50 mCi) based
on the preponderance of published evidence
demonstrating equal effectiveness as com-
pared with higher 131-I activities, with lower
rate of adverse events [53-89]. The Federal
Drug Administration (FDA) approved the use
of thTSH (Thyrogen ®, Genzyme corpora-
tion) in combination with 3.7 GBq (100 mCi)
BIT for remnant ablation in December, 2007
[17,90,91].

e Adjuvant "*'I therapy is performed with 1.85—
3.7 GBq (50-100 mCi), with some institutions
extending this range to 5.6 GBq (150 mCi);
there are no comparison data regarding the
effectiveness of 3.7 GBq (100 mCi) vs.
5.6 GBq (150 mCi) for adjuvant treatment,
while current guidelines advise that the risk
for B! toxicity increases with therapeutic
activity escalation [92].

e Treatment of known disease is performed with
3.7-5.6 GBq (100-150 mCi) for small volume
local-regional disease, and 5.6—7.4 GBq (150—
200 mCi) "I for treatment of advanced local-
regional disease and/or small volume distant
metastatic disease. Identification of iodine-
avid diffuse metastatic disease may lead to
escalation of prescribed therapeutic T activ-
ity to >7.4 GBq (200 mCi) guided by dosim-
etry calculations [48, 93, 94].

A special circumstance is presented by use of
BIT therapy (3.7 GBq [100 mCi]) for ablation of a
remaining thyroid lobe after lobectomy/hemithy-
roidectomy as an alternative to completion thy-
roidectomy [95-97]. Current guidelines propose
lobectomy for patients deemed as low-risk for
recurrence; however, if the pathology demon-
strates a higher risk tumor, then completion thy-
roidectomy with resection of the contralateral
thyroid lobe is recommended with the goal of
facilitating post-operative *'I therapy and long-
term surveillance. Therapeutic '*'T administration
as a substitute for completion thyroidectomy is

not recommended routinely [3]. However, it can
be used to eliminate the residual thyroid lobe in
highly selected cases, such as patients who had
experienced complications during initial surgery
(e.g., recurrent laryngeal nerve paralysis), for
whom completion thyroidectomy is contraindi-
cated due to other comorbidities, or for patients
who decline additional surgery.

7.11  The Role of Dosimetry

for Thyroid Cancer Treatment

There are two approaches for individualization of
131-I treatment based on a pre-therapy study, as
follows: (1) blood dosimetry- and (2) lesion
dosimetry-based methods. Of these, the classic
blood-based method is more widely used, and
permits calculation of the maximum tolerated
activity (MTA) that can be administered to an
individual patient without the risk of severe
hematopoietic toxicity. In this dosimetry schema
the radiation absorbed dose to the blood is used
as a surrogate for the absorbed dose to the red
bone marrow, typically considered as the dose
limiting critical organ (in some situations, such
as extensive pulmonary metastatic disease, the
lung could be the critical organ). An upper limit
of 2 Gy to the blood is generally used as the
threshold that avoids any serious bone marrow
toxicity, which is based on the findings of the
original study of Benua et al. [98]. Treatment
individualization is based on determining the
maximum 131-I activity that can be administered
to each patient while keeping the absorbed dose
to the blood at <2 Gy. Blood-based dosimetry is
carried out by measuring activity counts in blood
samples obtained at specified time points over a
4-day period after the administration of a tracer
amount of 131-I as described in a document by
the EANM Dosimetry Committee [99]. The con-
tribution to the absorbed dose from beta radiation
originating from the activity in the blood, as well
as the contribution from gamma-ray emissions
originating from the activity throughout the
whole-body must be considered, although the lat-
ter component is usually <25%. To determine the
blood activity, whole blood samples (5 ml hepa-
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rinized aliquots) are collected at multiple time
points (2, 24, 48, 72, and 96 h) during the first
week after administration of tracer amount (e.g.,
15-37 MBq [0.4-1 mCi]) 131-T activity and mea-
surements are performed in an accurately cali-
brated (for 131-I) well counter. To determine the
whole-body activity, serial measurements are
performed with either a dual-head gamma cam-
era or a scintillation probe. Once time-integrated
activities (cumulated activities) for both blood
and whole body are determined from the serial
measurements, the absorbed dose to the blood
per unit administered activity (i.e., Gy/GBq
administered activity) can be determined using
the S-value-based equations of the MIRD schema
[99]. The therapeutic 131-I activity that can be
safely administered while maintaining blood
radiation absorbed dose <2 Gy) can then be
determined based on this pre-therapy predicted
radiation absorbed dose to the blood [100].
Further restrictions to MTA recommend that the
administered therapeutic activity does not exceed
4.44 GBq (120 mCi) 131-I whole-body retention
at 48 h, or 2.96 GBq (80 mCi) 131-I whole-body
retention at 48 h if pulmonary metastases are
present [101].

Maximizing therapeutic effectiveness 1is
highly desirable for the treatment of distant meta-
static disease, as the first 131-I treatment (“first
strike”) has the highest chance of being curative
[102]. The lower response rates from fractionated
empiric fixed activity treatments are a result of
lower radiation absorbed dose rates and reduced
radiation absorbed doses delivered by second and
subsequent treatments because of decreased
131-1 uptake in the metastatic lesions (likely
related to elimination of most radiosensitive
tumor cell populations with the first treatment
and survival of more radio-resistant and less-
iodine avid clonal cell lines) [103].

The choice of empiric vs. dosimetry-guided
131-I therapy remains controversial, as there is no
definitive published data to show the superiority
of one approach versus the other. Although
Deandreis et al. showed no survival advantage in

metastatic DTC patients who received dosimetry-
guided treatments vs. patients treated with
repeated courses of empiric 131-I activity [104],
the study has significant limitations due to the
imperfect matching of patient cohorts in regard to
age and preparation method (thTSH stimulation
vs. L-T4 withdrawal protocols) [105]. Klubo et al.
also compared clinical outcomes for two patient
cohorts treated either with empirically selected
vs. dosimetry-determined 131-I1 activities and
found that the rates of partial response, stable dis-
ease, and progression-free survival, as well as fre-
quency of side effects, were not significantly
different between the two groups. However, based
on multivariate analysis, the dosimetry-guided
treatment group was 70% less likely to progress
(odds ratio 0.29; 95% CI 0.087-1.02; p < 0.052)
and more likely to obtain a complete response
(odds ratio 8.2; 95% CI 1.2-53.5; p < 0.029)
[106]. Taking into consideration the limitations of
retrospective studies, the advantages and disad-
vantages of empiric fixed activity versus dosime-
try-guided  treatments, the radiobiological
principles, and thyroid cancer prognosis in the
context of disease stage, this author considers that
empiric fixed activity methods are adequate for
the selection of 131-I activity for remnant abla-
tion and adjuvant treatment, however, dosimetry-
guided treatments may offer a distinct advantage
for treatment of known metastatic disease.
Scintigraphic identification of distant metastatic
disease and therapeutic 131-I administration are
the most important factors associated with signifi-
cant improvement in survival and prolonged dis-
ease-free time interval [107-110].

7.12 Radioiodine Theranostics

The theranostic approach to '*'T administration
involves the acquisition of a post-operative Dx
radioiodine (**I, *'1, or '**T) scan for planning 3T
therapy. Figure 7.1 presents the central role of
radioiodine theragnostics in the management of
thyroid cancer.
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Fig. 7.1 Algorithm for radioiodine theragnostics for thyroid cancer management

Dx whole-body scans (WBS) are performed
with the intent of identifying and localizing
regional and distant metastatic disease, as well
as evaluating the capacity of metastatic deposits
to concentrate 'I. Depending on institutional
protocols, the findings on Dx WBS may alter
management, such as providing guidance for
additional surgery or altering the prescribed *'
therapy, either by adjusting empiric 3T activity,
or performing dosimetry calculations for deter-
mining the maximum tolerated therapeutic 1
activity (MTA) for therapy of distant metastatic
disease. Also, unnecessary ' treatment may be
avoided if Dx WBS finds no evidence of resid-
ual thyroid tissue or metastatic disease and the
stimulated Tg is <1 ng/mL in the absence of
interfering anti-Tg antibodies. Information
acquired from DxWBS may also lead to addi-
tional functional metabolic imaging with 8F-
FDG PET/CT when non-iodine avid metastatic
disease is suspected (based on Tg elevation out

of proportion to the findings on DxWBS).
Wherever available, it is preferable for post-
operative Dx scanning to be performed using
integrated multimodality imaging (i.e., single
photon computed emission tomography/com-
puted tomography (SPECT/CT). SPECT/CT
imaging is particularly important for assessing
focal radioiodine uptake in the neck and differ-
entiating thyroid remnant versus nodal metasta-
sis and for detecting metastases in normal-size
cervical lymph nodes (that would not be visible
on post-operative neck ultrasonography).
Scintigraphic evaluation with Dx WBS can
identify pulmonary micrometastases (which are
too small to be detected on routine chest X-ray
and may remain undetected on computer tomog-
raphy) and can diagnose bone metastases at an
early stage before cortical disruption is visible
on bone X-rays or CT. Most importantly, since
BIT therapy is most effective for smaller meta-
static deposits, early identification of regional
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and distant metastases is important for success-
ful therapy [111, 112]. In a group of 320 thyroid
cancer patients referred for post-operative *'I
therapy, Dx WBS with SPECT/CT imaging
detected regional metastases in 35% of patients,
and distant metastases in 8% of patients. This
information acquired changed staging in 4% of
younger, and 25% of older patients [46]. Both
imaging data and stimulated thyroglobulin lev-
els acquired at the time of Dx WBS are conse-
quential for T therapy planning, providing
information that changed clinical management
in 29% of patients as compared to a manage-
ment strategy based on clinical and surgical
pathology information alone [5]. The benefits of
integrating Dx WBS in the management algo-
rithm of intermediate- and high-risk thyroid
cancer for guiding 1 therapeutic administra-
tion have been demonstrated in a group of 350
patients who were evaluated to assess treatment
response with a median follow-up of 3 years
after primary treatment (surgery and post-oper-
ative 'l therapy): complete response (CR) to
treatment was achieved in 88% patients with
local-regional disease, and in 42% patients with
distant metastases after a single "*'T therapeutic
administration [48].

In all cases, *'I administration should be
followed by a post-treatment whole-body scan
(PT-WBS) to determine therapeutic *'I local-
ization which is routinely used to complete
post-operative staging. Hybrid imaging with
SPECT/CT improves the accuracy of PT-WBS
and should be done whenever possible, most
importantly when DxWBS was not performed
or when PT-WBS shows additional foci of
activity as compared to Dx WBS [113]. A high
level of concordance between Dx WBS and
PT-WBS findings has been demonstrated in 2
large data series from Stanford University
(98% concordance in a group of 280 patients)
and the University of Michigan (92% concor-
dance in a group of 303 patients) [39, 46].

Therefore, the information obtained with Dx
WBS reasonably predicts '*'I therapeutic local-
ization and can be used for "*'I therapy plan-
ning in the paradigm of thyroid cancer
radiotheragnostics [114]. The theragnostic
approach for the management of metastatic
DTC is illustrated in Fig. 7.2.

Treatment response evaluation is integral to
radiotheranostics, and the detection of elevated
basal and/or stimulated Tg in the context of nega-
tive diagnostic radioiodine scan requires further
evaluation with 18F-FDG PET/CT for early iden-
tification of non-iodine avid metastatic disease,
which is unlikely to respond to repeated 131-I
treatments [116]. In a study by Avram et al., only
a minority of patients had iodine-avid structural
incomplete response (8 patients, 2.3% of the
entire cohort) and required repeated 131-I treat-
ments. Meticulous follow-up and comprehensive
imaging evaluation for patients with biochemical
evidence of residual disease explain the low num-
ber of cases categorized as indeterminate (2.3%)
and biochemically incomplete (1.4%) treatment
responses in this study [48].

Integration of diagnostic radioiodine scin-
tigraphy in the management algorithm of
patients with thyroid cancer is feasible and
advantageous because it permits 131-I therapy
planning according to radiotheragnostic prin-
ciples. The cost of diagnostic radioiodine scin-
tigraphy is reasonable and approximately equal
to or significantly less than the cost of most
other imaging studies. According to a cost
analysis by Van Nostrand et al., as of December
2013, the cost of a 131-I diagnostic whole-
body scan was US $308, and compared favor-
ably with Chest CT scan $411, Neck MRI
$726, Neck PET-CT $1043, two rhTSH injec-
tions $2424. Neck US study is the least expen-
sive study ($102), and in many instances needs
to be supplemented by a US-guided FNA
biopsy ($175) for definitive characterization of
US study findings [117].
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Fig. 7.2 Radioiodine theranostics for a 63-year-old man
with regionally advanced thyroid cancer: 2.2 cm. PTC,
114/11 lymph nodes resected in the surgical specimen of
total thyroidectomy. Diagnostic 1 mCi '*'T WBS, anterior
projection (a) depicts multifocal neck activity and diffuse
lung activity. Neck SPECT/CT (b, ¢) demonstrates iodine-
avid soft tissue nodules consistent with cervical nodal
metastases. Chest SPECT/CT (d) demonstrates diffuse

7.13 Treatment of Advanced
Disease

Distant metastases develop in about 10% of DTC
patients, commonly in the lungs, bone, brain,
liver and skin, and are the main cause of death
(i.e., overall mortality 65% at 5 years and 75% at
10years) [118].

The prognosis of metastatic DTC is variable,
with two distinct phenotypes identified—indo-

lung activity and branching pulmonary vasculature with-
out definite lung nodules identified. The patient received
dosimetry-guided 12.6 GBq (340 mCi) "*'T treatment and
post-therapy WBS, anterior projection (e) obtained at
3 days demonstrates therapeutic "*'T localization to cervi-
cal lymph nodal metastases and diffuse miliary pulmo-
nary metastatic disease. Reproduced with permission
from [115]

lent and aggressive [119]. Patients with iodine-
avid metastatic DTC tend to have a more
favorable prognosis with 10-year survival greater
than 90%, while non-iodine avid metastatic DTC
has a dire 10-year survival of 10% [120]. Younger
patients and those with single-organ metastases
and low disease burden have the best outcome.
The mainstay of treatment is TSH suppression
and ! therapy as long as the disease remains
radioiodine avid. About two-thirds of patients
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have radioiodine-avid distant metastases and
one-third of them will achieve remission after
multiple radioiodine  treatments [111].
Approximately 15-20% of patients with meta-
static DTC and most patients with Hurthle cell
thyroid cancer are refractory to radioiodine (i.e.,
radioiodine-refractory) and overall survival for
these patients ranges between 2.5 and 4.5 years
[111,121].

Determining when a patient no longer
responds to I can be challenging. Factors
impacting the specific clinical situation such as
age, tumor histology, stage, residual radioiodine
avidity, and FDG avidity should be evaluated
[122]. BF-FDG-PET/CT is particularly useful for
the identification and localization of non-iodine
avid metastastases and is used for evaluating
patients with elevated Tg and negative DxWBS
(i.e., Tg+/scan-) [123]. In this setting, having
already established the lack of T uptake on a
DxWBS, a positive 8F-FDG-PET/CT strongly
supports the suspicion of *!I negative/refractory
disease, leading to changes in management by
identifying patients unlikely to benefit from addi-
tional "3'I therapy and instead qualify for alterna-
tive therapy [124]. In addition, '*F-FDG PET/CT
has shown a prognostic value in metastatic DTC
predicting the course of disease as aggressive or
indolent [125]. In radioiodine refractory meta-
static DTC there is a survival disadvantage for
patients with a positive PET as compared with
those with a negative PET [121].

7.14 Future Perspectives

Future studies addressing the benefits and limits of
131-I therapy in thyroid cancer must optimize the
balance between 131-I treatment efficacy and min-
imization of potential side effects. Determining
the objective and the target of 131-I therapy is
essential for performing dosimetry and for assess-
ing treatment the outcome, providing new compel-
ling reasons for pre-therapeutic diagnostic
scintigraphic imaging with low activities of 131-I
or 124-1. *'T therapy remains the only known cure
for metastatic radioiodine-sensitive DTC and the
use of redifferentiating strategies to permit addi-

tional "'T treatment for patients with radioiodine-
refractory metastatic disease represents a
promising therapeutic approach that remains yet to
be fully explored in future clinical trials.
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8.1 Introduction

Differentiated thyroid carcinoma (DTC) is the
most common endocrine cancer and its incidence
has increased in the past decades. Generally,
DTC has an indolent course with a favorable
prognosis, except for cases with distant metasta-
ses at the time of diagnosis. For a long time, DTC
was treated by thyroidectomy followed by radio-
iodine [iodine-131 (**'1)] therapy, with the theo-
retical result of the absence of residual benign
thyroid tissue, letting thyroglobulin (Tg) be an
ideal marker of disease.

Nowadays, recent American  Thyroid
Association (ATA) guidelines [1] suggest an indi-
vidualized risk-adapted approach where the type
and extent of surgery (lobectomy or total thyroid-
ectomy), the indication and the goal of T ther-
apy (ablation, adjuvant, curative), replacement
therapy with levothyroxine features (TSH sup-
pressive or not) are individually personalized for
each case [2].
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For example, nowadays low to intermediate
risk DTC patients are currently treated by thy-
roidectomy without radioiodine ablation or, in
selected low risk, even by lobectomy alone. In
these cases, the absolute value of Tg should be
less significant for the follow-up due to the diffi-
culties to discriminate between physiological and
pathological Tg values, and the absence of a spe-
cific reference value [3, 4].

8.2 Biomarkers: Tg and TgAb
Postoperative risk stratification is based on the
criteria reported by ATA guidelines [1].

Tg is a 660-kDa glycoprotein produced exclu-
sively in the thyroid gland where it serves as the
source for thyroxine (T4) and triiodothyronine
(T3) production within the thyroid follicles.
Small amounts of Tg are detected in the serum of
healthy individuals as it is secreted alongside T4
and T3 [5]. Increased serum Tg levels are present
during several disordered thyroid growths,
increased thyroid activity, and glandular destruc-
tion such as in goiter, Graves’ disease, and thy-
roiditis, or in DTC cells. Thus, the measurement
of Tg for the initial evaluation of suspicious thy-
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roid nodules is not recommended, due to the
overlap in Tg levels in patients with DTC and
benign nodules [3, 4].

Absolute Tg concentrations are correlated
with tumor load and are widely employed to
assess the extension of the disease and evaluate
the response to treatments. However, this single
tumor marker measurement may not be exhaus-
tive in the whole comprehension of disease status
and treatment response, because it is not intrinsi-
cally inclusive of previous measurements and the
overall trend.

During initial follow-up, the recommended
interval for serum Tg measurement is about
6—12 months, unless in high-risk patients where
more frequent measurements may be suggested.

Tg together with thyroglobulin autoantibodies
(TgAb), neck ultrasound (US), and any addi-
tional imaging procedures (i.e., *'I whole-body
scintigraphy [WBS], computed tomography
[CT], positron emission tomography [PET], and
magnetic resonance imaging [MRI]) are manda-
tory for the monitoring of patients in the postop-
erative field, aiding in the early detection of
persistent or recurrent disease and guiding the
evaluation of dynamic risk.

The main limitation of Tg is the potential
interference of TgAb which makes Tg not per-
fectly evaluable. More rarely, also heterophilic
antibodies (HAb) may interfere with Tg mea-
surement in vitro and cause false-positive Tg
results. In DTC patients, the presence of TgAb
and HAb is not so rare, with a prevalence
described in up to 15-25% for TgAb and 1% for
HAD [6].

Historically, Tg measurement was first per-
formed by competitive radioimmunological
assays (RIAs). However, RIAs were replaced by
direct immunometric assays (IMAs), which are
more sensitive, have a shorter incubation, a more
robust labeled antibody reagent and a larger
working range. Tg-IMAs are based on a two-site
reaction that involves Tg capture by a solid-phase
antibody followed by the addition of a labeled
antibody that targets different epitopes on the
captured Tg. Over the years, Tg assays have
evolved to achieve superior sensitivities and a
number of commercially available Tg-IMAs have

functional sensitivities of 0.1-0.2 mg/L, referred
to as high-sensitive (hsTg) or second-generation
Tg-IMas [7]. Before the introduction of hsTg,
thyroid hormone withdrawal or recombinant
human TSH stimulation was necessary to reach
the best degree of diagnostic sensitivity. Now,
these procedures can be skipped in most cases
with a significant improvement in patient quality
of life and a reduction in costs.

When possible it is fundamental that consecu-
tive Tg measurements be performed in the same
laboratory using the same assay each time. If any
change is unavoidable, a new baseline should be
established and proceed with the same method.

A big problem of different IMAS is the inter-
method variability, despite the introduction of the
Certified Reference Material (CRM 457, cur-
rently called BCR 457) has partially reduced this
variability. For this reason, it would be desirable
to have assay-specific Tg cutoffs instead of fixed
thresholds.

Moreover, the susceptibility of Tg-IMAs to
antibodies-based interference is another limita-
tion, causing an underestimation of Tg.
Otherwise, TgAb concentration may become a
surrogate tumor marker and guide patient man-
agement. Tumor recurrence can be anticipated by
arise in Tg antibodies with or without an increase
in serum Tg.

Serum Tg concentrations are further influ-
enced and regulated by the degree of thyroid
stimulating  hormone (TSH) stimulation.
Measurements of Tg can be TSH suppressed
while patients remain on suppressive doses of
thyroid hormone, or TSH stimulated after thyroid
hormone withdrawal or administration of recom-
binant human TSH (rhTSH).

Minor fluctuations between Tg measurements
are possible and not necessarily referable to the
recurrence or progression of the disease.
However, a progressive increase in circulating Tg
measurement strongly suggests recurrence/pro-
gression and should lead to further imaging tests
to identify the site of the disease. The dynamic
changes of Tg over time may be an alternative or
complementary tumor marker, aside from the
absolute Tg value. Tg kinetics may be expressed
as Tg doubling time (Tg-DT) or Tg velocity
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(Tg-vel). Tg doubling time (Tg-DT) was studied
more and has been demonstrated as a valuable
biomarker to predict loco-regional recurrences,
distant metastases, and survival independently
from the main prognostic variables (like gender,
age, and TNM stage) [8]. In addition, Tg-DT may
also help to select patients that will benefit from
[18F]-FDG PET/CT [9]. About Tg-vel only ini-
tial evidences are available and further studies are
mandatory [10].

Biomarkers Role in DTC
Patients Treated by Total
Thyroidectomy and 3"l

8.2.1

As previously discussed, Tg is a pivotal sensitive
tool used in monitoring patients with DTC for the
presence of residual or recurrent disease. In par-
ticular, Tg values have the highest sensitivity and
specificity for the detection of recurrent disease
after total thyroidectomy and '*'I ablation.

In the past, a measurement of stimulated Tg
(after thyroid hormone withdrawal or rhTSH
administration) every 6-12 months was sug-
gested. Stimulated Tg < 1-2 ng/mL without evi-
dence of structural disease (negative clinical
examination, US, and/or other imaging modali-
ties) predicted an excellent prognosis with a very
low risk of recurrence and a normal life expec-
tancy even in patients with high-risk disease [1].
More recently, with the development of Tg
immunoassays more sensitive (hsTg), measure-
ment of serum Tg concentrations of 0.1-0.2 ng/
mL is possible. hsTg assays let to avoid the need
for TSH stimulation, due to the fact that hsTg less
than 0.1-0.2 ng/mL has a comparable negative
predictive value (>95%) than sTg less than
1-2 ng/mL.

ATA guidelines classified response assess-
ment after total thyroidectomy and radioiodine in
different categories according to clinical, imag-
ing, and serum results [1].

Response to therapy is assessed at each clini-
cal appointment during surveillance. Careful
clinical assessment and review of serial Tg and
TgAb results allow us to follow patients during
the course of the disease. An excellent response is

defined in case of no evidence of disease on clini-
cal exam and imaging and undetectable serum Tg
measurements. A biochemical incomplete
response is defined in a case of no clinical or
imaging evidence of disease but with an elevated
or rising Tg or TgAb concentration. Structural
incomplete response is defined in case of evi-
dence of disease in the thyroid bed, cervical
nodes, or at distant sites in the presence of any Tg
or TgAb value. Lastly, an indeterminate response
category is for patients with non-specific or bor-
derline biochemical or structural findings. Often
patient surveillance with serial Tg and imaging
will allow them to be recategorized into one of
the above groups. Table 8.1 summarizes the
response to therapy definitions according to ATA
guidelines.

For patients undergoing total thyroidectomy
and B! therapy that achieved an excellent
response, an undetectable Tg during the follow-
up may avoid performing imaging procedures.
Instead in case of increasing Tg or TgAb levels,
further investigations, like neck US and radioio-
dine WBS, should be performed [11].

8.2.2 Biomarkers Role in DTC
Patients Treated by Total
Thyroidectomy

A total or near-total thyroidectomy without 31
ablation is now suggested in selected low- to
intermediate-risk DTC. In this scenario, Tg is
significantly influenced by the amount of residual
thyroid remnants and the TSH level at the time of
Tg measurement [12]. Thus, Tg potentially
obscures possible tumor-related Tg levels and
reduces the accuracy of dynamic risk stratifica-
tion. Spencer et al. [13] speculated that Tg values
under TSH suppression remain in the 0.1-
0.5 mg/L range during long-term follow-up of
these patients. Moreover, the amount of residual
remnant thyroid tissue 1is strictly surgeon-
dependent and widely variable, and chronic TSH
suppression is no longer recommended in these
patients. Tg reference intervals mathematically
normalized to TSH level and residual thyroid tis-
sue are needed to be validated. However, to guar-
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Table 8.1 Response assessment after total thyroidectomy and radioiodine ablation according to ATA guidelines

Response Definition Imaging Thyroglobulin ng/mL

Excellent No evidence of disease (clinical, Negative bTg<0.20RsTg< 1
biochemical, and structural)

Incomplete Abnormal Tg or rising TgAb. No Negative Tg>1O0ORSsT>100R

biochemical evidence of structural disease rising TgAb

Incomplete Evidence of structural disease Positive Any value

structural

Indeterminate Non-specific results Indeterminate bTg 0.2-1 OR sTg 1-10

bTg basal Thyroglobulin, s7g stimulated Thyroglobulin

antee reproducible results, stable TSH values are
desirable or, at least, extremely low lot-to-lot
variability and extremely good reproducibility
are needed over a long time to guarantee repro-
ducible results [3, 4, 14]. Dynamic evaluation of
circulating Tg concentration may still provide
useful information in such circumstances. A
trend of decreasing Tg after surgery is usually
reassuring, but general interpretation criteria for
Tg in non-ablated DTC are lacking.

8.2.3 Biomarkers Role in DTC
Patients Treated by
Lobectomy

In DTC patients treated only by lobectomy, mea-
suring Tg is not so useful as Tg levels will not
depend on the presence or absence of tumor foci,
but rather on the mass of the remaining thyroid
lobe, TSH concentration, and current iodine
status.

A recent meta-analysis based upon 7 studies
for a total of 2455 patients demonstrated that cir-
culating Tg was non-reliable in detecting early
response and predicting recurrence in patients
treated with lobectomy/hemithyroidectomy,
especially those with a low initial ATA classifica-
tion [15].

Thus, the benefit of Tg concentration in this
setting is questionable. If performed, the results
should be carefully interpreted, taking into
account both the corresponding TSH value and
the imaging findings (such as neck US). The
options for follow-up of DTC patients treated by
lobectomy are to perform periodic neck US and,
if recurrence or metastasis is suspected, to con-

firm the diagnosis through a fine-needle biopsy
or further examinations.

8.2.4 Patients with Positive TgAb

TgAb are present in approximately 10% of the
general population and in up to 25-30% of
patients with DTC [5]. Serum levels of TgAb are
not correlated with the tumor load of the patient,
but rather indicate the activity of the immune sys-
tem [16]. However, TgAb interference may result
in false low results in Tg-IMAs. TgAb interfer-
ences are variable in different patients and differ-
ent IMAs and are independent of TgAb levels
[17].

Tg RIAs are reported to be more resistant to
TgAb interference; however, a significant num-
ber of falsely low and falsely high results have
been described; moreover, the functional sensi-
tivities of these assays are suboptimal in com-
parison with IMAs.

Recently, tandem mass spectrometry-liquid
chromatography (MS/MS-LC) and Tg (mini)-
recovery test has emerged as a promising
method to overcome interferences in Tg mea-
surement, but the current generation of MS/
MS-LC assays had suboptimal functional sensi-
tivity and yield false-negative results in a sig-
nificant number of patients with evidence of
structural disease and slightly detectable Tg
concentrations in high-sensitive assays (0.1-
0.5 ng/mL).

Thus, hsTg assays remain the mainstay of
monitoring TgAb-negative patients, and also in
patients with TgAb-positive with detectable Tg
levels can be indicated.
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Serum TgAb had an average disappearance
time of 3 years after thyroid ablation for DTC,
indicating that TgAb can be used as a “surrogate
tumor marker.” Similarly to Tg, the use of serial
TgAb measurements as a surrogate tumor marker
needs continuity of the laboratory method to per-
form an accurate comparison.

A consistent reduction in the serum TgAb
level (especially when the reduction is more than
50% in the year after operation) indicates that the
patient is likely to be free of disease, whereas a
consistent rise or de novo appearance of serum
TgADb raises suspicion of recurrence and prompts
additional investigations; instead, an unchanged
serum TgAb concentrations should be regarded
as indeterminate and carefully monitored over
time [6].

In summary, undetectable high-sensitive Tg
and declining TgAb levels are both highly reas-
suring and predict favorable outcomes in TgAb-
positive DTC patients after complete thyroid
ablation and the lower, but still detectable Tg lev-
els can be followed over time by high-sensitive
Tg assay. No data are currently available to prop-
erly inform the management of TgAb-positive
DTC patients treated by surgery alone without
radioiodine ablation.

8.3  Molecular Imaging

8.3.1 Whole-Body Scintigraphy
and SPECT/CT

8.3.1.1 Postoperative Setting

The last ATA guidelines [1] suggest that postop-
erative planar whole-body scintigraphy (WBS),
after the administration of a diagnostic activity
(1-5 mCi) of ', may be useful for the assess-
ment of differentiated thyroid cancer (DTC)
when the extent of thyroid remnants or the pres-
ence of residual disease could not be accurately
ascertained from surgical report or ultrasonogra-
phy (US). In this setting, the specific choice of
the dose of *'T used to perform '3'T therapy can be
made empirically or can be guided by the integra-
tion of postoperative WBS. This latter method is
theoretically able to improve risk stratification

and staging of DTC patients, influencing the clin-
ical management of the patients in up to 25-50%
of the cases [11, 18, 19]. However, there are no
clear evidences to suggest the superiority of one
method over the other.

One of the issues that need to be considered
with the use of postoperative WBS is the so-
called “stunning effect,” resulting in a temporary
suppression of iodine trapping function of the
thyrocytes and thyroid cancer cells, as a result of
the radiation given off by *'I. In this setting, sev-
eral studies have reported that the use of 5 mCi of
BIT before RAI treatment was independently
associated with an increased risk of remnants
ablation failure. However, these findings were
not confirmed in other studies, resulting in het-
erogeneous insights. Recent improvements in
technology, imaging acquisition, and imaging
processing enable to use of lower *!'I doses,
resulting in reduced risk of the stunning effect. In
this setting, the possible negative impact of post-
operative WBS on RAI therapeutic efficacy and
on the success of remnant ablations may be
reduced or avoided with the use of low-activity of
BIT (1-3 mCi at least 72 h before the therapeutic
dose) or the use of alternative isotopes such as '*1
[20].

The use of single photon emission computed
tomography/computed tomography (SPECT/CT)
is one of the main factors that allow the reduction
of ¥ dose and it has also demonstrated signifi-
cant clinical benefit in terms of staging, risk strat-
ification, and follow-up of patients with DTC,
influencing the choice of the therapeutic dose to
use. Notably, SPECT/CT is able to improve the
diagnostic accuracy of planar WBS, reducing the
number of equivocal foci interpretations. In this
contest, it has demonstrated the ability to detect
residual or unsuspected regional metastasis in
about one-third of cases and distant metastases in
about 10%. When coupled with the presence of
high stimulated Tg values, postoperative diag-
nostic SPECT/CT underlined the presence of
unsuspected nodal and distant metastasis result-
ing in a change in the estimated risk of recurrence
and management. In addition, SPECT/CT is also
able to perform three-dimensional imaging,
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enabling the execution of dosimetric evaluation
in selected cases [21, 22].

8.3.1.2 Posttherapy Setting

Planar WBS, usually obtained 3-10 days after
BIT therapy, is considered as an essential diagnos-
tic tool in order to complete the staging, the risk
stratification, the assessment of residual disease,
the therapeutic planning, and the detection of
recurrence in patients affected by DTC. Recent
ATA guidelines [1] suggest that a posttherapy
WBS (with or without the use of SPECT/CT) is
recommended after ' treatment to complete the
disease staging and document radioiodine avidity
of any structural disease. The same guidelines
suggest that WBS integrated by SPECT/CT after
therapeutic radioiodine, and pre-ablation stimu-
lated Tg measurement, remain the most accurate
tools for the restaging of postoperative DTC and
are fundamental elements of the risk stratification
system. In practice, WBS allows the detection of
possible unknown loco-regional and distant
metastases, resulting in changing risk stratifica-
tion that is able to customize additional therapy
and subsequent follow-up. Notably, the presence
of a negative diagnostic WBS is pivotal to under-
line the absence of persistent disease, to fully
reassure the patients, and therefore to monitor
them periodically simply by clinical examination
and basal Tg measurement [11, 18].

The evaluation of the biodistribution of *'I
can be usually well defined with planar WBS
imaging, however, this modality lacks anatomi-
cal information and has poor image resolution.
As previously mentioned, the use of SPECT/CT
can improve the diagnostic accuracy of WBS,
resulting in accurate anatomic localization,
reduction of the number of indeterminate find-
ings, and correct assessment of size, localization,
and avidity of metastatic lesions. These data are
therefore able to guide further management deci-
sions and, in particular, it has been reported that
SPECT/CT was able to change patients’ manage-
ment in 25% of the cases, in particular for what
concerns the frequency and intensity of follow-
up studies. Interestingly, the incremental value of
SPECT/CT in influencing the therapeutic
approach appears to be greater in studies where

its role has been reserved in situations with diag-
nostic uncertainty at posttherapy WBS or in
advanced diseases with inconclusive WBS find-
ings. In this field, the combination of posttherapy
planar WBS and SPECT/CT of the neck and tho-
rax had a sensitivity of 78% and a specificity of
100% for the assessment of DTC and further-
more the use of SPECT/CT can reduce the need
for  additional  cross-sectional = imaging.
Interestingly, it was reported that a positive find-
ing on SPECT/CT was more predictive of treat-
ment failure than a positive finding on WBS [18].

The assessment of nodal localization of dis-
ease is mandatory for the correct staging of
DTC. In this setting, WBS is mandatory for
lymph node assessment and SPECT/CT has been
demonstrated to be more accurate than WBS
when evaluating nodal metastases, resulting
again in a change in risk stratification [21, 22].

SPECT/CT has, however, some limitations,
such as the presence of additional radiation expo-
sure to the patient derived from the CT compo-
nent (low-dose CT usually delivers to the patients
a dose of 2-5 mSv.), the need for additional
imaging time and the increased costs.

8.3.1.3 Response Assessment, Disease
Monitoring, and Long-Term
Follow-Up

The initial risk assessment of DTC patients is
continuously modified and refined by the evalua-
tion of response to treatment. Tg measurements,
neck US and WBS (with both '?*I or 3'T) are used
as primary tools for the follow-up of such sub-
jects, having the potential to impact prognosis
and risk stratification. However, at present no
shared consensus on the routine use of *'I WBS
during the follow-up of DTC patients is avail-
able. In this setting, the aforementioned ATA
guidelines suggest performing WBS in patients
with high- or intermediate-risk of persistent dis-
ease, while it should not be routinely performed
for the follow-up of other patients [1]. The use of
WBS in low-risk patients should be strongly dis-
couraged, especially in the presence of negative
Tg values and neck US [11, 23].

A diagnostic WBS, performed 6-12 months
after RAI therapy, can be useful for the follow-up
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of patients with high- or intermediate-risk and
should be performed with T or 'I. There is a
strong agreement on the relevant role of WBS in
patients with positive TgAb that reduce the eval-
uation of Tg, even in presence of negative US
imaging, with extra-thyroid uptake at postopera-
tive WBS, with large thyroid remnants preclud-
ing the execution of postoperative WBS and in
selected cases based on individual risk profile
[11,24].

Moreover, WBS has been reported as a useful
tool to select patients with a high risk of persis-
tence/recurrence of disease, to assess patients
with metastases and for the clear evaluation of
patients with rising markers (Tg or TgAb).
Notably, *'T WBS performed after primary treat-
ment of DTC has been reported as the only imag-
ing modality associated with improved
disease-specific survival. Furthermore, the use of
rhTSH has shown to give reduce patients’ dis-
comfort and significantly improve the diagnostic
performances of planar WBS [25-27].

As previously mentioned, also in the fol-
low-up setting, SPECT/CT after WBS is usu-
ally recommended due to the incremental
diagnostic value over planar imaging. SPECT/
CT is associated with an increased number of
patients with a diagnosis of metastatic lymph
nodes and a decreased frequency of equivocal
findings. In this setting, by providing precise
localization and characterization of the resid-
ual thyroid tissue and '*'T-avid metastases, it
strongly impacts the treatment approach for
DTC patients, leading to a decrease in unnec-
essary 1311 treatment in 20% of patients with-
out disease [22].

WABS is also crucial to define the presence of
iodine refractory disease, the condition when
DTC has lost fully or partially the ability to con-
centrate 3'T despite the presence of disease.

8.3.2 PET/CT Imaging

8.3.2.1 Postoperative Setting

The effective role of !'8F-fluorodeoxyglucose
[18F]-FDG) positron-emission tomography/CT
(PET/CT) for the assessment of DTC remnants at

the time of postoperative evaluation is yet unclear,
with low evidences available in literature.

[18F]-FDG PET/CT might be useful, espe-
cially in high-risk patients, such as those with
aggressive variants and poorly differentiated car-
cinoma, or in case of positive findings on other
imaging modalities. In this setting, it has been
reported that [18F]-FDG PET/CT can be very
effective to search for distant metastases.
Particularly, it can be sensitive for the evaluation
of neck and mediastinal involvement and it may
also be considered a prognostic tool in patients
with metastatic disease, in order to identify sub-
jects at higher risk for rapid disease progression
and poor survival [1, 28].

8.3.2.2 Suspicious Relapse

In general, high-quality evidences about the role
of [18F]-FDG PET/CT in studying DTC sus-
pected relapse have been present. In particular, a
pooled sensitivity ranging from 80% to 88% and
a pooled specificity ranging from 84% to 90%
were reported in the literature. In this setting, sev-
eral factors may influence the sensitivity of
[18F]-FDG PET/CT, such as tumor dedifferentia-
tion, larger tumor burden and, with less evi-
dences, TSH stimulation [29, 30].

The diagnostic performances of [18F]-FDG
PET/CT may improve after TSH stimulation,
however, it has been reported that sensitivity can
be only marginally improved with such interven-
tion and more studies are required to clearly iden-
tify the clinical benefit of this stimulation, in
particular in patients with low Tg values. In this
field, it has been described that [18F]-FDG PET/
CT after TSH stimulation is able to detect more
lesions than imaging performed on thyroid hor-
mone treatment. However, the sensitivity to detect
patients with at least one pathological site was not
different in these two conditions and again the
clinical benefit related to the identification of
focal uptake at PET/CT scan remains to be proven.
As a consequence, there are still no clear evi-
dences that TSH stimulation improves the prog-
nostic values of [18F]-FDG PET/CT [28, 31].

The last ATA guidelines recommend the use
of [18F]-FDG PET/CT in order to assess the pos-
sible presence of DTC relapse in patients with
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increasing Tg levels, negative US, and negative
WBS imaging. Also in cases of patients with neg-
ative WBS and US but increasing levels of TgAb
[18F]-FDG PET/CT has been proposed [1].

Interestingly, it has been reported that
[18F]-FDG PET/CT is more sensitive than neck
US in the detection of relapse in the retropharyn-
geal or retro-clavicular regions [28].

The best Tg cutoff able to define whether
[18F]-FDG PET/CT has been indicated to be per-
formed is still under debate. The aforementioned
ATA guidelines suggest that PET/CT should be
performed when Tg levels are higher than 10 ng/
mL and concomitant negative '*'T imaging. But, it
has been reported that true-positive findings are
present in 10-20% of DTC patients with Tg lev-
els lower than this threshold [32]. Recently, it has
emerged the potential role of Tg kinetics
(expressed as Tg doubling time and/or Tg veloc-
ity) toindependently predicta positive [ 18F]-FDG
PET/CT scan in patients with biochemical relapse
of disease. In particular, the accuracy of
[18F]-FDG PET/CT imaging significantly
improves when the Tg doubling time is less than
1 year, irrespective of the absolute value of Tg [9,
33]. Further studies are needed to confirm or con-
trovert these results.

Another potential field of application of
[18F]-FDG PET/CT is in the presence of high
TgAb levels, where Tg values cannot be reliably
assessed; in presence of elevated TgAb values
and a negative ' WBS a pooled sensitivity of
84% and a pooled specificity of 78% of
[18F]-FDG PET/CT was reported [34].

Moreover, it was also described that a second
empiric session of B!I therapy and subsequent
WBS were not diagnostically or therapeutically
useful in patients with negative [18F]-FDG PET/
CT scan but elevated Tg levels. This evidence
suggests that the correct use of PET/CT imaging
could be able to reduce unnecessary administra-
tions of high 1311 activities. In this scenario, the
correct integration of *'T imaging and [18F]-FDG
PET/CT may optimize additional administrations
of high 3T activities and inform alternative strat-
egies such as surgery or external beam radiation.
Furthermore, the presence of 18F-FDG uptake on
PET/CT imaging in metastatic patients is a major

negative predictive factor for response to '
treatment and an independent prognostic factor
for survival [18].

The presence of positive findings on
[18F]-FDG PET/CT may change the clinical
management of DTC patients in 20—40% of the
cases. In this setting, in the presence of 18F-FDG
positive lesions, alternative procedures instead of
BI therapy may be considered [28].

8.3.2.3 Prognostic Role of PET Imaging

In general, more aggressive and high-grade DTC
are characterized by higher [18F]-FDG uptake
compared to low-grade and less aggressive
tumors. The glycolytic rate of the most active
lesion (sometimes expressed as maximum stan-
dardized uptake value, SUVmax) and the number
of FDG-avid lesions are strongly associated with
survival, even better than RAI uptake, histology,
or immunohistochemical pattern [35-37].

On the other hand, a negative [18F]-FDG
PET/CT scan is able to predict a favorable prog-
nosis because it is associated with the absence of
active DTC and the disappearance of TgAb over
time. On the opposite, the presence of residual
FDG-avid lesions is associated with more aggres-
sive disease and persistently increased levels of
TgAb [38, 39].

Recent studies showed a prognostic role of
metabolic tumor volume (MTV) and total lesion
glycolysis (TLG) in predicting overall survival
and progression-free survival [40].

8.3.2.4 Assessment of lodine
Refractory Disease

In general, [18F]-FDG PET/CT helps address
disease aggressiveness, detect distant metastases,
and risk-stratify patients with iodine-refractory
DTC and anaplastic cancers. It is known that
while more differentiated thyroid cells tend to
retain iodine and have lower glucose metabolism,
undifferentiated cells tend to present with a lower
ability to retain iodine but higher glucose metab-
olism. In this context, [18F]-FDG PET/CT is able
to identify nodal localization or distant metasta-
ses of DTC patients that are not or only partially
detected with *'I WBS and as a consequence, the
need to perform further '*'T therapy should be
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reconsidered and avoided in these situations,
given its low probability to alter the outcome of
such patients. [18F]-FDG PET/CT may detect
new iodine-negative localization of disease in
patients with advanced DTC with stable 3'T WBS
and rising Tg levels. In this scenario, more appro-
priate treatments other than RAI should be con-
sidered [28, 41, 42].

About the role of [18F]-FDG PET/CT for the
prediction of systemic therapy in iodine refrac-
tory DTC, a significant association between aver-
age percent change in SUV and the response
evaluation criteria in solid tumors (RECIST)
response criteria were reported. Early [18F]-FDG
PET/CT in patients on tyrosine kinase inhibitors
(TKI) treatment could be an early indicator of
response and could identify patients that are
unlikely to respond to therapy. It has also been
reported that [18F]-FDG imaging assessment at
the baseline is able to predict radiological
response but not clinical outcomes [43].

8.3.2.5 |
124 is an iodine isotope able to emit positron and
it is, therefore, a suitable tracer to assess iodine
metabolism with PET/CT imaging. The role of
14T in the assessment of DTC is based on the
assumption that this tracer is able to overcome
some intrinsic limits of both '*T and '*’I such as
the reduced spatial resolution of SPECT/CT, poor
image quality, and dose exposure. Theoretically,
2T PET/CT could allow the selection of patients
with rising Tg levels but negative neck US and
[18F]-FDG PET/CT imaging, that will benefit
from subsequent radioiodine in order to avoid
inappropriate therapies. A high level of agreement
between I PET and "*'T WBS scan was reported
in the literature, suggesting that '>*I PET/CT could
be used for individualized treatment planning and
staging in DTC patients. In this setting, data in the
literature are however still controversial [1, 36].
It was reported that > PET/CT is able to pre-
dict the response to high dose "*'T and would be a
good diagnostic tool to support clinical decisions
with high diagnostic accuracy. In particular, this
imaging modality was able to reveal previously
unknown lymph nodes and distant metastases
[30, 44].

A negative '*I PET/CT scan could suggest
avoiding "*'T and performing further imaging to
detect the localization of the non-iodine-avid dis-
ease. In contrast, it has also been reported that !>
imaging had low sensitivity in detecting non-
iodine avid metastases that were subsequently
identified by post-therapeutic *'I WBS. In this
field, the high false-negative rate of rhTSH-
stimulated I PET/CT could preclude its use as
a scouting procedure to prevent futile *'I therapy.
It is worth underlining that low diagnostic sensi-
tivity of '**I imaging was reported in the condi-
tions of rhTSH stimulation, while in studies with
high sensitivity the patients were on thyroid hor-
mone withdrawal [45-47].

12T PET/CT could also be useful for the
assessment of post-operative DTC with high sen-
sitivity, providing the detection of unknown
metastases of disease and guiding subsequent 31
[48].

8.3.2.6 Other PET Tracers

Somatostatin Analogs

DTC expresses somatostatin receptors 2, 3, and
5; thus, as a consequence PET/CT with labeled
somatostatin analogs has been proposed as a
diagnostic tool in such disease. In this setting, the
comparison  between  %Ga-DOTATOC  or
%Ga-DOTANOC and [18F]-FDG PET/CT
revealed similar sensitivity in a patient-based
analysis. However, lesion-based analyses in mul-
tiple studies revealed a higher sensitivity for
[18F]-FDG. Interestingly, it was reported that the
accuracy of both modalities was not related to
serum Tg levels, without significant differences
in terms of accuracy between patients with low
and high Tg [49-51].

When using %Ga-DOTANOC in patients
with both negative '*'T WBS and [18F]-FDG
PET/CT, it was reported that the presence of
positive findings was significantly higher in
poorly differentiated and oxyphilic carcinomas
than in papillary or follicular tumors. In sum-
mary, these insights suggest that the diagnostic
role of radiolabeled somatostatin analogs PET/
CT in DTC is characterized by conflicting
results and therefore it should not be considered
in clinical practice [1].
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More recently peptide receptor radionuclide
therapy has been proposed as an alternative for
the treatment of DTC and therefore
%Ga-DOTATOC PET/CT was suggested as a
guide to select patients for treatment. These
insights are however in an embryonal phase and
need therefore to be confirmed by other data [52].

Choline

It has been reported that PET/CT with radiola-
beled choline may be useful in patients with met-
astatic DTC and negative [18F]-FDG PET/
CT. This imaging modality can also be consid-
ered complementary to [I8F]-FDG PET/CT,
thereby increasing information about the status
of the disease. Data in literature are, however,
still in the early phases, and therefore this imag-
ing modality should not be considered in clinical
practice [53].

PSMA

There are only a few evidences in the literature
on the role of labeled prostate-specific membrane
antigen (PSMA) PET/CT for the assessment of
DTC, underlying its potential usefulness for the
assessment of metastatic radioiodine negative
subjects. However, these insights need to be veri-
fied by further evidences [54].

NIS Imaging

BE-tetrafluoroborate ("F-FTB) and
BE-fluorosulfate (®F-FSO;) are iodine analogs
that are recently emerging as potential candidates
to assess DTC given their ability to visualize
sodium/iodide symporter (NIS) in preclinical and
preliminary clinical applications. Even if in small
samples, they revealed high sensitivity in some
cases but their applications in DTC need, how-
ever, to be verified with further studies [55, 56].

8.4  Future Perspectives:
Artificial Intelligence

and Radiomics

In the last years, new knowledge and better tech-
nologies expanded the applications of artificial
intelligence (AI) and extended it to medical prob-

lems: management of the malignant tumor repre-
sents one of the most important and promising
fields of application of Al, particularly in the
diagnosis of malignancy, in the prognostication
and in the management [57-59].

Moreover, a rising interest in quantitative
image analysis using techniques such as texture
analysis has been developed. This has led to the
introduction of radiomics, which has come to
define large radiological image-derived feature
sets, primed for exploration and analysis with
data mining or machine learning approaches.
Radiomics is a method that extracts a large num-
ber of features from radiographic medical images
using data-characterization algorithms. The goal
of both radiomics and texture analysis is to go
beyond the size or human eye-based semantic
descriptors, to enable the non-invasive extraction
of quantitative radiological data to correlate them
with clinical outcomes or pathological character-
istics [59, 60].

But, there is great uncertainty about the actual
clinical value of information derived from
radiomic features as questions are raised on their
reproducibility and interpretability in biological
terms, beyond ethical concerns.

Regarding the postoperative field, a little num-
ber of studies that investigate the potential role of
IA and/or radiomics are available.

The artificial neural network showed to have
optimal accuracy in identifying factors that pre-
dict the presence of central nodal metastases [61],
even better than traditional logistic regression
analysis [62]. In a recent study [63], the applica-
tion of machine learning algorithms showed to be
superior to the classical US and clinical features
in predicting central nodal metastases and after
multivariate analysis and feature selection, the
combination of young age, male gender, low
serum thyroid peroxidase antibody, and US char-
acteristics (like the presence suspected lymph
nodes, size>1.1 cm and microcalcifications) were
the most contributing predictors.

Furthermore, it has been reported that machine
learning techniques could predict the presence of
lymph node metastases with high sensitivity and
specificity using only visual histopathological
data derived from the primary tumor [64, 65].
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The possible presence of skip metastases (a
nodal disease in laterocervical levels without the
involvement of the VI level), was also assessed
reporting a model with high accuracy, specificity,
and NPV. In this setting, the possibilities to better
predict the presence of undetectable central node
metastases and exclusion of skip metastases may
help to choose when prophylactic lymphadenec-
tomy of the VI level could be necessary [66].

Another promising application seems to be
the prediction of disease recurrence: recent stud-
ies currently reported an accuracy of about
70-90% in the prediction of disease recurrence
with an optimal NPV. According to the main
international guidelines, thyroglobulin level after
thyroidectomy, tumor size, and presence of con-
tralateral nodal disease apparently are the most
significant parameters derived by Machine
Learning systems. More studies are needed to
establish the best family of parameters or the
combination of them for predicting the risk of
recurrence. The possibility to predict DCT
metastases and local recurrence could help in
defining therapeutic and follow-up strategies.

It is worth underlining that despite a large
number of works in the literature about the char-
acterization of thyroid nodules and preoperative
management of thyroid malignancy, no studies
about the possible clinical usefulness of the anal-
ysis of radiomics features, a specific field of Al
based on the extraction radiological and nuclear
medicine imaging, in the postoperative manage-
ment of DTC are actually available.

The application of promising machine learn-
ing techniques for the assessment of DTC has
just started and more studies are necessary in
order to create better models able to guide clini-
cal practice.
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Definition of Radioactive lodine
Refractory Thyroid Cancer
and Redifferentiation Strategies

M. Finessi, V. Liberini, and D. Deandreis

9.1 Definition of Radioiodine

Refractory Thyroid Cancer

Differentiated thyroid cancer (DTC) arises from
follicular cells and includes papillary and follicu-
lar cancers that represent the majority (>90%) of
all thyroid cancers [1]. It represents a heteroge-
neous disease, with a very wide range of clinical
presentation and prognosis.

Mostly of DTC are represented by indolent
tumors with an excellent prognosis but the 5-year
survival greatly varies according to the disease
stage at diagnosis, ranging from 99.9% in case of
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localized thyroid cancer to 56.2% in case of dis-
tant metastases and patient age, that shifted from
45 years to 55 years for prognostic stratification
into the recent TNM system [2]. Accordingly to
the initial presentation and on the basis of histo-
logical findings [1] patients are also stratified in
different classes of risk of recurrence: low (risk
of recurrence <5%), intermediate (risk of recur-
rence ranging from 5 to 30%), and high risk (risk
of recurrence >30-40%), according to American
Thyroid Association classification [1]. The first-
line treatment approach to DTC is represented by
surgery, radioactive iodine (RAI) and suppressive
therapy with L-thyroxine (L-T4) with achieve-
ment of excellent response in a high pourcentage
of patients without distant metastases.
Metastatic disease is present in 4% up to 10%
of DTC patients [3] and may be discovered at the
time of initial disease or during follow-up [2].
The presence of distant metastases represents the
leading cause of cancer-related death and the
most challenging situation to treat. Radioactive
iodine (RAI) therapy with [131I]I is the main
treatment modality, in the case of persistent or
metastatic disease frequently in association with
other treatment modalities such as surgery, ther-
mal ablation and external beam radiation therapy
[1]. About 50% of metastatic patients obtain
complete remission or stabilization of the disease
over a long-term period with RAI therapy.
Unfortunately, another 50%, develop an RAI
refractory disease [4] with 5-year disease-spe-
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cific survival ranging from 60% to 70% and
10-year survival of around 10%, respectively.
RAI refractory disease definition is still chal-
lenging and includes wide clinical presentations
and heterogeneous clinical conditions notably,
patients with high volume and rapidly progres-
sive disease or patients with low volume and slow
disease progression after the failure of RAI treat-
ment. According to radioactive iodine uptake
ATA guidelines [1] classified RAI refractory thy-
roid cancer in four categories: (1) malignant/
metastatic structurally evident disease that does
not ever concentrate RAI (no uptake outside the
thyroid bed at the first therapeutic whole-body
scan (WBS)), (2) tumor tissue that loses the abil-
ity to concentrate RAI after previous evidence of
RAI avid disease (in the absence of stable iodine
contamination), (3) RAI concentration in some
lesions but not in others, (4) metastatic disease
that progresses despite significant concentration
of RAI Further proposals also include patients
with 2-deoxy-2-[18F]-fluoro-D-glucose ([18F]
FDG) avid lesions at Positron Emission tomogra-
phy/computed tomography (PET/CT) as a condi-
tion related to scarce response to RAI and patients
that do not reach complete response after a fixed
cut-off of 22.2. GBq of cumulative activity of
RAI [5, 6]. The therapeutic decision to discon-
tinue RAI therapy is nevertheless critical and
should be based on several elements: the clinical
presentation of the disease, the presence and the
entity of RAI uptake, the entity of metabolic and
morphological response to previous RAI treat-
ment, the trend of serum thyroglobulin (Tg)
value, the morphological progression slope, the
cumulated activity, and RAI side effects.

9.1.1 Clinical Presentation

Patient age, tumor differentiation, histological
subtype, tumor burden, and molecular patterns
are the most defined predictive factors of tumor
response to RAIT. Older patients (> 40 years)
with poorly differentiated carcinomas or with
most aggressive histology (such as Tall cells vari-
ants, hurtle cells, poorly differentiated) and with
multiple and macro-metastases present poorer

overall survival (OS) compared to younger
patients with well-differentiated tumors and
micro-metastases, who can be cured by RAI [7].

In 2006, Durante et al. [8] retrospectively
evaluated a cohort of 444 patients with distant
metastases from papillary and follicular thyroid
carcinoma (223 with lung metastases only, 115
with bone metastases only, 82 with both lung and
bone metastases, and 24 with other sites of dis-
ease) and observed that RAIT was highly effec-
tive in patients younger than 40 years with
micro-metastases from papillary thyroid cancer;
while patients older than 40 years with macro-
metastases were associated with poor prognosis,
even in presence of RAI uptake. In case of no
objective response, RAIT should be abandoned,
and other treatment modalities should be
preferred.

In 2017, also Deandreis et al. [7] in a retro-
spective study on the optimal management of
RAI treatment in patients with metastatic disease
found out that male sex, age over 40 years at the
diagnosis of distant metastases, follicular histol-
ogy, macro- or multiple metastases, and the pres-
ence of both lung and bone metastases had a
negative impact on OS.

In particular, bone lesions from thyroid cancer
are often lytic with a large skeletal burden, some-
times with extension into surrounding soft tis-
sues, and are less responsive to RAI compared to
lung metastases [9]. The spine is the most fre-
quent site, and spinal metastases can be the first
manifestation of follicular thyroid cancer [9—11].
A recent review on bone metastases in thyroid
cancer [12] underlines that the factors causing
low RAI efficacy are principally large skeletal
burden and high absorbed dose required to
achieve an effective treatment. Complete
response to RAI in case of bone metastases can
be achieved but only in case of high iodine uptake
and focal uptake in the absence of evident lesions
on morphological imaging.

From a molecular point of view, several mech-
anisms are involved in NIS expression and sev-
eral are responsible for NIS expression loss.
Firstly, Thyroid Stimulating Hormone (TSH)
regulates NIS expression through stimulation of
the TSH receptor (TSHR), which activates
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adenylyl cyclase accumulating cyclic AMP
(cAMP) that induces NIS transcription by stimu-
lating thyroid-specific transcriptional factors
(TTFs), such as paired box 8 (PAX8) [13].

Genetic and epigenetic alterations of RTK/
BRAF/MAPK/ERK and PI3K/AKT-mTOR
pathways are responsible for lower NIS signaling
and subsequent RAI refractoriness (Fig. 9.1) and
higher expression of glucose transporter espe-
cially GLUTI, responsible for 18F-FDG uptake
[14, 15].

The mutation of v-raf murine sarcoma viral
oncogene homolog B1 (BRAF-V600E) is the
most frequent mutation in papillary thyroid can-
cer (around 60% of cases) and it is strongly cor-

related to the loss of NIS expression [16] both
directly driving histone deacetylation of the H3
and H4 lysine residues of the sodium/iodide sym-
porter (NIS) promoter, preventing its transcrip-
tion [14, 17] and indirectly, repressing paired box
gene 8 (PAXS) binding to the NIS promoter by
activation of Transforming growth factor f
(TGFp)/Smad3 signalling [14, 18]. These mecha-
nisms lead to tumor dedifferentiation, high risk
of recurrence, and distant metastasis [14]. In fol-
licular cancer, RAS is the most frequent muta-
tion, but it is mostly related to a well-differentiated
tumor forms. RET/PTC rearrangement has also
been reported and related to a decreased NIS
expression in thyroid cells [19].
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Fig. 9.1 Principle mechanisms involved in NIS expression and “flip-flop phenomenon.” Created with BioRender.com
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9.1.2 Radioactive lodine Treatment

A great debate is still of actuality also on the best
approach to RAI uptake evaluation and adminis-
tration modalities in metastatic patients.

In 2013, the Council of the European Union
with the directive 2013/59 EURATOM [20], fol-
lowing the “ALARA” (“As Low As Reasonably
Achievable”) concept, stated that for all medical
exposure of patients for radio-therapeutic pur-
poses, including metastatic DTC, exposures of
target volumes shall be individually planned.
Considering the approach between empiric
compared to dosimetry determined activities of
radioactive iodine, after more than 60 years of
RALI use for thyroid cancer. However, the opti-
mal activity to be administered is still unknown,
especially in metastatic patients, and the
American Thyroid Association (ATA) guide-
lines [1] suggest activities variably between 3.7
and 7.4 GBq higher for bone metastases com-
pared to lung metastases.

The empirical approach is based on the admin-
istration of fixed activities (from 3.7 to 7.4 GBq)
according to clinical factors and tumor burden:
this approach is widespread as it is easier to man-
age, with low patient discomfort and shorter hos-
pitalization. Most of the data available are based
on this approach. Typically, lower activities are
administrated in case of multiple lung lesions and
higher activities in case of bone metastases with
or without lung involvement. Treatment is usu-
ally repeated in case of objective benefit every
6-12 months or disappearance of RAI uptake
[21]. However, it does not take into account
tumor biology and repeated fractionated lower
activities may lead to changes in tumor biology
or different lesion biokinetics as described by
Samuel et al. [22].

Dosimetric evaluation could be provided by
both Maximum Tolerated Activity (MTA) calcu-
lation or lesional dosimetry [21]: the first one,
originally proposed by Benua and Leeper et al.
[23, 24], allows the administration of the highest
therapeutic activity to the lesions with the respect
of absorbed dose limit to the blood marrow of
2 Gy and whole-body retention of 80 mCi at
48 h.

This approach could allow administering
higher activities avoiding toxicity. Nevertheless,
higher activities could not be effective if a signifi-
cant absorbed dose is not delivered to the tumors.
Lesional dosimetry can evaluate the absorbed
dose delivered to the tumoral lesions assessed by
[1311]T SPECT/CT or [124I]1 PET/CT imaging,
but is not feasible in all lesions and presents some
limits in case of disseminated metastases, such as
miliary pulmonary metastases, irregularly shaped
lesions, lesions without a correlate in morpho-
logical imaging and lesions with low radioiodine
uptake [21]. Neverthless it is not has been yet
demonstrated if the simulated absorbed dose cal-
culated by pre-therapeutic dosimetry is equiva-
lent to the dose delivered after the therapeutic
administration.

PET imaging is probably the best approach to
quantify tracer concentration and, if available, a
pre-therapeutic theranostic approach with [1241]1
PET lesion dosimetry is feasible [25], allowing
the assessment of absorbed radiation doses to the
tumors and the normal organs.

Previous studies demonstrated that response
can be achieved by an effective delivered dose of
85 Gy for lung and lymph nodes [26-29], instead,
to achieve response there is a great variation in
absorbed dose for bone metastases ranging from
85 to 650 Gy [28].

The evaluation of the response to the first RAI
treatment is another crucial point in the history of
DTC patients: high-risk patients with complete
response after initial therapy presented no differ-
ences in recurrence or DTC-related mortality
rates compared to low-risk patients, but the DTC
recurrence rate increased with an increasing
number of RAIT cycles required to achieve com-
plete response (p = 0.001) and the DTC-related
mortality increased in high-risk patients from
four RAIT cycles as demonstrated by Thies et al.
[30].

According to different approaches for RAI
treatment in metastatic disease, tumor response
rates are very heterogenous [21] and variables
among the studies; the different studies are not
comparable and the superiority of a specific
method to the others cannot be defined. In the
last years, two retrospective studies compared
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the impact on overall survival (OS) and
progression-free survival (PES) of the dosimet-
ric and the empiric approach. In a retrospective
analysis conducted on patients with locoregion-
ally advanced DTC or metastatic DTC treated
with either dosimetric approach (n = 43) or
empiric approach (n = 44), Klubo-Gwiezdzinska
et al. [31] demonstrated higher efficacy of
Maximum Tolerated Activity based on the dosi-
metric approach compared to the empiric
approach in a patient with locally advanced DTC
with a similar safety profile. Patients treated by
dosimetric approach tended to be 70% less likely
to progress (odds ratio, 0.29; 95% confidence
interval, 0.087-1.02; p = 0.052) and more likely
to obtain complete response (CR) (odds ratio,
8.2; 95% confidence interval, 1.2-53.5;
p = 0.029) with only a trend of association with
longer PFS for dosimetry-based approach. On
the other hand, there were no statistical differ-
ences in response rate and PFS in the subgroup
of patients with distant metastases (p = 0.422).
In 2017, Deandreis et al. [7] in a retrospective
study found no differences in OS in patients with
metastatic DTC treated with whole-body/—blood
clearance (WB/BC) dosimetric approach com-
pared to empiric approach based on the adminis-
tration of fixed activities of 3.7 GBq. Patients
treated according to the dosimetric approach
received a significantly higher median cumula-
tive activity compared to patients treated with
the empiric approach (24.2 GBq vs 14.8 GBq,
p < 0.0001). No statistical differences in OS,
both at 5 and 10 years, were found stratifying
patients for age and metastases extension (p = no
significance) with the worst prognosis for older
patients (>40 years), multiple bones, and lung
lesions.

A retrospective study evaluated 1229 low-
intermediate and high-risk patients including
135 with distant metastases [30]. The endpoint
was to evaluate the impact of the number of
radioiodine therapies required to achieve com-
plete remission on the risk of recurrence, dis-
ease-specific mortality, and life expectancy.
Complete remission was defined based on the
stimulated thyroglobulin assay and the negativ-

ity of diagnostic [1311]I WBS. In the entire pop-
ulation after a median follow-up of 9 years
(0.1-31.8 years), a total of 896 patients achieved
remission after a median of only one RAI treat-
ment (range 1-11) and only 10 patients achieved
complete remission after 5 or more treatments.
The median value of the cumulative activity
needed to achieve complete remission in the
entire population was 370 MBq, and only 1.3%
needed a cumulative activity above 22.2 GBq.
Among the 135 patients with distant metastases,
only 25 achieved disease complete remission
and only 4 after a total of 5 or more treatments
and therefore cumulative activity above
22.2 GBgq.

Recently, Kaewput et al. [32] retrospectively
investigated the outcomes and complications in
176 DTC patients who received RAI treatment
with a cumulative dose exceeding or equal to
22.2 GBq (median 33.3 GBq, range 22.2—
81.4 GBq): 67% of patients had locoregional
metastasis (n = 118), whereas 27% of them
(n = 48) had distant metastases at presentation.
Remission criteria were no clinical and imaging
evidence of disease and low serum thyroglobulin
levels during TSH suppression of <0.2 ng/mL or
of <1 ng/mL after stimulation in the absence of
interfering antibodies. Only 9.1% of patients
(n=16) met remission criteria at the end of treat-
ment, 53.4% presented stable disease (n = 94),
19.3% presented at least 1 metastasis without
[1311]T uptake (n = 34), 11.9% manifested pro-
gressive disease (n = 21), and 6.3% died during
the follow-up (n = 11). In all series, 1.1% of
patients (n = 2) developed second primary malig-
nancy, 10.8% (n = 14) were suspected of bone
marrow suppression, 3.9% (n =7) developed per-
manent salivary gland dysfunction. Although the
complications after receiving RAI treatment with
a cumulative dose greater than 600 mCi were low
and not severe, the patients with disease remis-
sion were less than 10%. They concluded by sug-
gesting that the decision to administer further
treatments (>22.2 GBq) should be made on an
individual basis, because beneficial effects may
be controversial with increased toxicity (remis-
sion rate < 10%).
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9.1.3 TheRole of [18FIFDG PET/CT
in the Definition of Rai
Refractory DTC

[18F]FDG uptake in tumoral lesions is an essen-
tial tool, not only from a diagnostic point of view
to detect metastatic disease in case of thyroid
cancer relapse but also from a prognostic point of
view being a criterion taken into account to define
and predict RAI refractory thyroid tumor [14, 33,
34].

Dedifferentiation of DTC cancer reduces
expression of NIS, losing the ability to concen-
trate RAI and simultaneously increasing [18F]
FDG uptake, likely for an upregulation of glu-
cose transporter-1 (GLUT1) [35]. This phenom-
enon, called “flip-flop,” could be observed not
only in different patients but also in different
tumor sites in the same patient. For this phenom-
enon, [18F]FDG PET/CT could be an early pre-
dictor of reduced RAI therapy response.

[18F]JFDG PET/CT scan is at this moment
contemplated by American Thyroid Association
(ATA) guidelines in the relapse of disease setting
in high-risk DTC patients with elevated serum Tg
and negative RAI imaging [1] or in the initial
staging in poorly differentiated thyroid cancers
and invasive Hurthle cell carcinomas, but also in
known metastatic disease to evaluate the exten-
sion of the disease and to study disease
heterogeneity.

In 2012, Leboulleux et al. [33] suggested that
[18F]FDG PET/CT should be performed eventu-
ally before empiric RAI administration, which
should be performed only in patients without sig-
nificant [18F]FDG uptake. Authors compared the
sensitivities of WBS post-RAI and [18F]FDG
PET/CT in 47 patients with no evidence of dis-
ease and elevated Tg or Tg antibodies (Tg-Ab)
levels. Post-therapy WB scan and [18F]FDG
PET/CT were discordant in 18 patients: WBS
was negative in 17 patients with positive [18F]
FDG PET/CT, while [18F]JFDG PET/CT was
negative in only 1 patient with abnormal WBS,
with significantly higher sensitivities for meta-
static disease localization (65% vs 18%, 97% vs

22%, and 88% vs 16% for PET and RAI WBS,
respectively (p < 0.01).

In 2006, Robbins et al. [34] demonstrated that
[18F]FDG uptake is an independent negative
prognostic factor and that both [I8F]FDG
SUVmax and the number of lesions are strongly
correlated with poor survival (P < 0.001).
Deandreis et al. [36] confirmed these results in a
retrospective study including 80 patients with
metastatic thyroid cancer and showed that [18F]
FDG uptake was the only significant prognostic
factor for survival (p = 0.02) and the prognosis
was significantly related to both SUVmax and the
number of [18F]FDG avid lesion (p = 0.03 and
0.009, respectively). Furthermore, patients with
both [18F]FDG and RAI avid lesions have a
prognosis similar to patients with [18F]FDG-
only avid lesions.

[18F]FDG PET/CT could be a good predictor
of prognosis, not only for qualitative assessment
but also for quantitative analysis/parameters,
such as metabolic tumor volume (MTV) and total
lesion glycolysis (TLG). A retrospective study in
2018 by Manohar et al. [37] demonstrated in 62
RAI refractory DTC metastatic patients that
[18FIFDG PET/CT, with both qualitative and
quantitative analyses, could be considered as an
imaging biomarker for prognosis of OS and PFS
by identifying the imaging phenotype of patients
with aggressive disease; in fact, higher than
median values of MTV and TLG were associated
with worse OS (P = 0.06) and PFS (P = 0.007).

9.2 Treatment and Management
of RAI Refractory Thyroid

Cancer

Despite patients with RAI refractory DTC could
be asymptomatic for several years and with
slowly progressive disease, they present a 10-year
survival rate of 10% from the time of detection of
metastasis [38] and conventional treatment like
chemotherapy and/or external beam radiation
therapy presented scarce efficacy associated with
poor tolerability. In patients with multiple metas-
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tases, Tyrosine Kinase Inhibitors (TKI) systemic
treatment are recommended in case of
documented tumor progression and high tumor
burden [8].

Usually, eligible patients for enrollment in the
phase-3 trials have measurable, pathologically
confirmed differentiated thyroid cancer, evidence
of RAI refractory disease and independently
reviewed radiologic evidence of progression
within 12—-14 months [38].

Multitargeted TKI including Sorafenib and
Lenvatinib is actually authorized in RAI
refractory DTC treatment [39].

Sorafenib is an oral multikinase inhibitor with
anti-proliferative and antiangiogenic effects
approved for the treatment of advanced kidney
and hepatocellular carcinomas [40, 41]. It targets
several molecular signals like rat sarcoma gene
(RAS) and BRAF/MEK/ERK signalling path-
ways, ligand-dependent RET/PTC receptor tyro-
sine kinase activation, and pathways involving
vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF) and their
receptors that are involved in the pathogenesis of
thyroid cancer [42]. In a multicenter, random-
ized, double-blind, placebo-controlled, phase 3
trial (DECISION trial) Sorafenib showed a sig-
nificantly longer median PFS compared with pla-
cebo (10.8 vs 5.8 months p < 0,0001). improved
PFS was observed irrespective of mutations [40].

Lenvatinib is an oral, multitargeted tyrosine
kinase inhibitor of the VEGFRs 1, 2, and 3,
FGFRs 1 through 4, PDGFR «, RET, and KIT
[38, 41]. A phase 3, randomized, double-blind,
placebo-controlled, multicenter trial (SELECT
trial) demonstrated a median PFS of 18.3 months
in patients treated with Lenvatinib compared to
3.6 months in the placebo arm (p < 0.001) with
a higher response rate (64.8% vs 1.5%;
p <0.001) [38].

Also Vandetanib, a tyrosine kinase inhibitor of
RET, VEGFR, and EGFR signalling approved in
Canada, Europe, Switzerland, and the USA for
the treatment of medullary thyroid cancer in
patients with unresectable locally advanced or
metastatic disease, was investigated in a random-

ized, double-blind, phase 2 trial in patients with
locally advanced or metastatic differentiated thy-
roid carcinoma (papillary, follicular, or poorly
differentiated) [43]. In this phase 2 trial, patients
treated with Vandetanib presented a longer
median PFS compared to patients treated with
placebo (11.1 vs 5.9 months, one-sided p = 0.008,
two-sided p = 0.017).

Another TKI, Cabozantinib, is under investi-
gation in phase III trials for patients with RAI
refractory DTC unresponsive to previous VEGFR
therapy [14].

Moreover, several TKIs such as Axitinib,
Motesanib, Sunitinib, Pazopanib, Dovitinib,
Imatinib, Selumetinib, = Dabrafenib, and
Vemurafenib [44], have been studied but none of
them has been FDA approved yet.

Despite TKIs demonstrating good perfor-
mance in terms of PFS, they present a high rate of
incidence of treatment-related adverse events that
sometimes lead to treatment interruption dose
reduction, or withdrawal for the great impact on
the quality of life. Several adverse events are
described for different types of TKI such as hand-
foot skin reaction, diarrhea, alopecia, rash or des-
quamation, fatigue, weight loss, hypertension,
QTc prolongation, proteinuria, arterial and
venous thromboembolic effects, renal and hepatic
failure. Furthermore, TKIs should be continued
until evidence of tumoral progression or until the
appearance of severe adverse events: once
stopped for adverse effects, tumoral cells start to
grow rapidly and progression of the disease can
become more rapid [42].

If routine morphological imaging and RECIST
criteria are used to evaluate the response to TKI,
[18F]FDG PET/CT could be proposed as a reli-
able tool to identify no responders patients to
avoid useless treatments or to modulate drugs
dosage in case of clinical benefit but in presence
of adverse events [45-47]. Regarding the evalua-
tion of response to TKIs in advanced RAI refrac-
tory DTC with [18F]FDG PET/CT, some studies
are available but with discordant results.

Kloos et al. [48] in 2009, in phase II clinical
trial of Sorafenib, investigated as a secondary
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endpoint, the metabolic response with [18F][FDG
PET/CT in 14 patients, every 8 weeks on therapy
when possible (median time points was 3: range
2 to 5). The authors did not find clear correlation
between metabolic response, assessed by varia-
tion in SUVmax and MTV compared to baseline,
and objective tumor response, assessed by
RECIST criteria.

Also Leboulleux et al. [43], in the Vandetanib
phase II trial investigated the role of [18F]FDG
PET-CT at baseline and within 3 weeks after the
start of treatment in 79 patients (37 patients in the
Vandetanib group and 42 patients in the placebo
group) to assess early tumor response evaluating
SUVmax variations. Vandetanib group compared
to placebo group demonstrated stable disease in
89% (n =33) and 81% of cases (n = 35), respec-
tively, whereas progressive disease occurred in
11% (n =4) and 12% of patients (n = 5), respec-
tively. Tg levels did not change during Vandetanib
treatment, so no correlation could be made
between the changes in thyroglobulin concentra-
tions or [18F]FDG uptake and disease control.
One limit of [18F]FDG PET/CT evaluation could
be the execution time (within 3 weeks) that might
be too early to detect any change in [18F]FDG
uptake.

In 2013, Marotta et al. [49] evaluated early
metabolic response to Sorafenib in 11 RAI
refractory DTC patients that underwent [18F]
FDG-PET/CT assessment at baseline and after
15 days of treatment. Patients with progressive
disease showed an average baseline SUVmax
significantly higher compared to patients with
clinical benefit (stable disease + partial response)
(p = 0.001) and, despite SUVmax reduction
being evident in all patients, group of responders
presented more robust SUVmax variation com-
pared to non-responders’ group (p = 0.002).
Instead, no significant association was found

between PFS and SUVmax, neither for the base-
line average value (p = 0.07) nor for early reduc-
tion (p = 0.01).

Lin et al. [50] in a prospective study, assessed
efficacy and safety of Apatinib in 10 patients with
RAI refractory DTC and found, as a secondary
endpoint, a significant decrease in SUVmax after
both 4 and 8 weeks of treatment (p = 0.032 and
0.020, respectively).

More recently, Ahmaddy et al. [51] retrospec-
tively investigated the role of [18F]JFDG PET/CT
semiquantitative parameters in the assessment of
functional tumor response to Lenvatinib in 22
RAI refractory DTC patients that underwent
[18F]FDG PET/CT scan before and after 3 and
6 months of treatment. They assessed their pre-
diction of PFS and disease-specific survival
(DSS) and demonstrated that responders’ patients
showed a decline in all semiquantitative PET
parameters, and a lack of metabolic response was
associated with a worse outcome in terms of PFS
and DSS. Furthermore, they concluded that semi-
quantitative parameters such as standard uptake
value (SUV)peak, SUVmax, metabolic tumor
volume (MTV), and total lesion glycolysis (TLG)
both at 3 and 6 months were significantly higher
in patients with disease progression and could
serve as additional markers for monitoring early
tumor response and outcome.

Despite promising results of [1S8F]JFDG PET/
CT in the evaluation of early response to TKIs
treatment of RAI refractory DTC, studies avail-
able are heterogeneous. For these reasons, a stan-
dardization of [18F]FDG PET/CT acquisition
and evaluation is necessary, with the design of
clinical trials act to confirm the promising role of
[18F]FDG PET/CT in the evaluation of response
to TKIs (Figs. 9.2 and 9.3).
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Fig. 9.2 Serial [18F]FDG PET/CT scans of a 62-year-
old male patient with radioiodine-negative metastasized
poorly differentiated thyroid carcinoma before (a—d) as
well as at 24 months (e-h) after the start of TKI therapy
(lenvatinib, 10 mg daily). Previously, the patients under-
went thyroidectomy (pT3N1M1), radioiodine ablation
(3.7 GBq), and PRRT (17.0 MBq of 177Lu-DOTATATE
and 4.8 MBq of 90Y-DOTATATE). The follow-up PET/

L
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-
-

CT scan (e-h) demonstrates an increased tracer uptake in
the known right pleuro-parietal thickening (d and h) and
the appearance of several new FDG avid sclerotic bone
lesion (e—g) in the dorsal and lumbar vertebrae. Moreover,
the patient presented a progressive increase in serum Tg
levels (from 3899 ng/mL at baseline PET/CT to 43600 ng/
mL at follow-up PET/CT). The PET/CT findings associ-
ated with Tg increasing suggest disease progression
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Fig. 9.3 Serial [18F]FDG PET/CT scans of an 82-year-
old female patient with radioiodine-negative metastasized
papillary thyroid carcinoma before (a—d) as well as at
12 months (e-h) after the start of TKI therapy (lenvatinib,
10 mg daily). Previously, the patients underwent thyroid-
ectomy and three consecutive radioiodine ablations
(11.8 GBq). The follow-up PET/CT scan (e-h) demon-

9.3  Redifferentiation Strategies
In case of refractory thyroid cancer, a further
step is the possibility to pharmacologically
manipulate target(s) expression and to rein-
duce the expression of differentiation genes
with the final aim of improving the efficacy of
radioactive iodine treatment.

Several agents, including retinoic acid (RA),
peroxisome  proliferator-activated  receptor-
gamma (PPARY) agonists, and histone deacety-

d
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strates a partially decreased tracer uptake in the lung and
mediastinal lymph nodes metastases. Moreover, the
patient presented stable non-measurable Tg levels, but
with stable high levels of Tg-Ab (> 4000 UI/mL). The
PET/CT findings suggest a partial metabolic response to
the TKI therapy

lase (HDAC) inhibitors have been proposed in
the last years as redifferentiation drugs in RAI
refractory DTC patients, but with limited clinical
impact [16].

More recently, some studies suggested that a
pretreatment with TKI in RAI refractory DTC
thyroid cancer can restore iodine trapping in
these tumors (‘“re-differentiation” agents), restor-
ing RAI both avidity and efficacy [52, 53].

In vitro studies have demonstrated that the
activation of MAPK intracellular pathway



9 Definition of Radioactive lodine Refractory Thyroid Cancer and Redifferentiation Strategies

153

involved in tumor proliferation and neo-
angiogenesis reduces the expression and activity
of NIS with subsequent reduction of RAI avidity
in DTC lesions. The activation of the MAPK
pathway through MEK and ERK activation has
been found in mutated tumors harboring BRAF,
NRAS, or RET/PTC mutations. According to
preclinical data in mice, blockage of hyperacti-
vated pathways could lead to a re-expression of
NIS on the cell membrane [54, 55].

The first-in-human trial published in 2013
demonstrated the potential of target therapy to
reinduce a significant RAI uptake through the
inhibition of MAPK cascade in patients treated
by Selumetinib (MEK inhibitor) 4 weeks before
RAI treatment [56] in 20 patients with RAI
refractory DTC. RAI uptake evaluated by 1241
PET/CT was restored in 12/20 patients and when
calculated activities required to achieve a pre-
sumed absorbed dose >2000 cGy in the meta-
static lesions were < 11.1 GBq, patients were
treated with a personalized 1311 activity after
recombinant human rhTSH administration
Finally, 8/12 patients were treated with 5 partial
responses and 3 stable diseases at 6 months fol-
low-up. Nevertheless, RAI uptake reinduction
was observed in only 4/9 patients harboring
BRAF mutation and only 1 patient among them
was treated with RAI and achieved an objective
response: On the other hand, 5/5 patients with
NRAS mutation showed reinduction of RAI
uptake and all were treated with 1311 with an
objective response. The remaining 2 treated
patients had a wild type and RET/PTC mutated
thyroid carcinoma respectively. The low efficacy
of redifferentiation strategy by selumetinib in
BRAF mutated tumors was mainly related to a
sub-optimal inhibition of the MAPK pathway.
Consequently, specific BRAF inhibitors (i.e.,
dabrafenib, vemurafenib, or trametinib) may
induce a sustained MAPK pathway inhibition
and have been tested, as single agents or in com-
bination, in redifferentiation clinical trials in
BRAF mutated tumors.

In 2015, Rothenberg et al. [57] tested 4 weeks
of treatment with Dabrafenib (BRAF inhibitor)
in 10 patients harboring BRAFV600 mutation

and without RAI uptake at WBS whole-body
scan within 14 months before the inclusion in the
trial. Six among 10 patients showed new [1311]I
RAI uptake foci and were consequently treated
with a fixed activity of 5.5 GBq achieving 2 par-
tial responses and 4 stable diseases at 3 months
radiological restaging evaluation.

In 2019, Dunn et al. [58] investigated 4 weeks
of treatment with Vemurafenib, (BRAF inhibi-
tor), in 10 patients with BRAFV600 mutation.
Six patients presented uptake reinduction at
[1241I]T PET/CT, but only four met the lesional
dosimetry threshold and were treated with
[131I]I. All 4 patients did not present disease
progression at 6 months follow-up, 2 of them
achieving a partial response and 2 stable dis-
eases, respectively. Many other clinical trials
are ongoing (EudraCT No 2015-002269-47,
NCT03244956 NCT04554680, NCT04619316)
and many other targets are under investigation.
In particular, the hypothesis is that higher effi-
cacy in terms of objective response could be
achieved using the combination of different
drugs targeting MEK and BRAF to induce a
more robust MAPK pathway inhibition [59].
Recently, for example, Tchekmedyian et al.
from Memorial Sloan Kettering Cancer Center
hypothesized that combined inhibition of BRAF
and HER3 using vemurafenib and the human
monoclonal antibody CDX-3379, respectively,
could potently inhibit MAPK activation and
restore radioactive iodine (RAI) avidity in
patients with BRAF-mutant RAIR thyroid can-
cer. Seven patients were included, 5/7 patients
had increased RAI uptake after treatment and in
4/7 patients this increased uptake warranted
therapeutic 1311 with 2 partial responses after
1311 and 2 progression of disease at 6 months
after RAI treatment [60].

Despite very promising perspectives, there are
still several open questions to define the best
approach, in particular, the most appropriate ther-
apy sequence and drug combination, the role of a
direct effect of short-term target therapy alone on
tumor response, molecular pretreatment sched-
ule, 1311 activity to be administered and the dura-
tion of response.
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9.4  Conclusions

RAI refractory DTC is a changeling clinical situ-
ation. Despite patients could be asymptomatic for
several years, their survival rate rapidly decreases
from the time of detection of metastasis and other
treatment modality must be applied. The defini-
tion of RAIR tumor could be based on several
factors, including clinical biological and molecu-
lar with an impact on RATI uptake and response to
treatment. Standardized and reliable criteria for
the choice of stopping RAI in these patients is
still a challenge. TKIs are mostly preferred in the
treatment planning of these patients for their
impact on PFS, but they present a high rate of
incidence of treatment-related adverse events that
severely impact the quality of life and sometimes
lead to treatment interruptions, reductions, or
withdrawals that could invalidate treatment
efficacy.

[18F]FDG PET/CT could be a useful tool in
several steps of RAI refractory DTC patients
management: firstly, as baseline evaluation to
define the RAI refractoriness conditions and as a
prognostic factor of OS and PFS and, during
TKIs administration, could serve to assess
response to treatment. To confirm the multi-level
role of [18F]FDG PET/CT in RAI refractory
DTC patients management, more homogeneous
data are required to confirm these promising
observations with the necessity of prospective,
multicentre clinical trials. In the future, the asso-
ciation between RAI and TKI treatment accord-
ing to the first experience on redifferentiation
strategies is very promising for the best manage-
ment of these patients.
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10.1 Medullary Thyroid
Carcinoma and Related

Syndromes
10.1.1 Medullary Thyroid Carcinoma

Medullary thyroid carcinoma (MTC) is a rare
neoplasm derived from calcitonin-secreting cells
of the thyroid (C cells). MTC accounts for 3—10%
of all thyroid carcinomas, which has remained
stable over the last 20 years. It also represents
0.4-1.3% of all thyroid nodules [1]. MTC can
occur sporadically (about 70%) or as part of mul-
tiple endocrine neoplasia type 2 (MEN2) syn-
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dromes. MENZ2 is an autosomal dominant disease
caused by germline activating point mutations in
the RET proto-oncogene.

MTC typically arises from the posterior
upper-thirds of the thyroid lobes, characterized
by the largest concentration of C cells and high
propensity for regional lymph node metastases.
MEN2-related MTC is characterized by bilateral
C-cell hyperplasia (CCH) and is considered a
pre-neoplastic lesion. Multifocality also occurs
in sporadic cases (predominantly in large tumors)
in the absence of CCH via intrathyroidal diffu-
sion (5.6% of multifocal sporadic MTC) [2].

When serum calcitonin is routinely assayed as
a screening test in patients with thyroid disorders,
MTC can be suspected in the presence of hyper-
calcitoninemia. However, increased calcitonin
levels can also be seen in patients with chronic
renal failure, CCH due to thyroiditis, or from
medications such as acid-lowering drugs. In such
cases, additional procalcitonin measurement
recently proved to significantly increase diagnos-
tic accuracy [3]. Usually, the diagnosis of pri-
mary MTC is very likely for calcitonin levels
>100 pg/mL (and unlikely for calcitonin levels
<20 pg/mL) [4]. Calcitonin levels correlate with
tumor mass and differentiation. A dedifferenti-
ated MTC, however, can secrete carcinoembry-
onic antigen (CEA), which can be used as a
marker for follow-up. Patients with MTC can
present with a thyroid mass, with less frequent
local symptoms (neck fullness/pain, dysphagia,
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dyspnea, or hoarseness), or with exceptional sys-
temic symptoms (bone pain, flushing, weight
loss, and/or diarrhea) due to the presence of dis-
tant metastases secreting high levels of calcito-
nin. The diagnosis of MTC can be confirmed by
a fine-needle aspiration (FNA) biopsy of the thy-
roid lesions and immunohistochemistry (positive
for calcitonin) and/or calcitonin measurement on
fine-needle washouts.

10.1.2 Multiple Endocrine Neoplasia
Type 2

Multiple Endocrine Neoplasia Type 2 (MEN2) is
a rare autosomal dominant syndrome caused by
mutations in the RET proto-oncogene. MEN2 is
divided into two groups, depending on their clini-
cal features: MEN2A (95% of MEN?2, including
the former subgroup of familial MTC) and
MEN2B (5%) [5, 6]. Some MEN2A mutations
can lead to an earlier and possibly more aggres-
sive disease compared to others (for example, the
RET 634 mutation) [5], as outlined in the
American Thyroid Association (ATA) classifica-
tion of risk of RET variants. A recent study
reported that overall survival was no difference
between patients with high and moderate ATA
risk levels based on age at thyroidectomy, sug-
gesting that the RET codon might not influence
the natural history of the disease, but only the
onset of the disease [7]. Data from a large consor-
tium on MEN2B suggests that this might not be
true for the RET M918T codon mutation, as the
overall survival was drastically worse when com-
pared to other mutations. As detailed later, this
might explain why the M918T variant could the-
oretically be able to induce aggressive MTC in
comparison to other RET variants (on a somatic
level).

MEN?2 patients are younger at diagnosis of
MTC compared to sporadic cases and can present
with pathognomonic findings such as a family
history of MTC, presence of nostalgia paresthet-
ica (hyperpigmented macular pruritic skin that
can occur in cases of MEN2A with RET 634
codon mutation), pheochromocytoma (in
10-50% of cases depending on RET mutation

and age at last follow-up), and primary hyper-
parathyroidism (in roughly 10-20% of cases of
MEN2A only). Among less common clinical
signs, MEN2B is also associated with mucosal
neuromas, marfanoid habitus, and a more aggres-
sive form of MTC with disease onset during their
first year of life [6, 8, 9]. Of note, MEN2 can be
found in individuals without a family history,
known as de novo mutations (e.g., 15% of
MEN2A and >80% of MEN2B). A definitive
diagnosis of MEN2 is made by RET sequencing
(positive in more than 98% of cases). Somatic
RET mutations are identified in 23—-60% of MTC,
independent of MEN2. The M918T RET muta-
tion is the most frequent in tumors larger than
3 cm and predicts a more aggressive phenotype
of the tumor [10]. Genetic testing is recom-
mended for all recently detected cases of MTC
and for all first-degree relatives of a patient with
a RET mutation [5].

MEN2-related PHEOs occur most often dur-
ing young adult to mid-adult life. They are almost
always confined to the adrenal medullas and
unlikely to be metastatic. MEN2-related PHEOs
are characterized by increased plasma concentra-
tions of metanephrine (indicating that they con-
sistently produce epinephrine, with or without
norepinephrine) [11]. In PHEOs that exclusively
produce norepinephrine, MEN2 can be excluded
[12]. The presence of bilateral PHEO is highly
suggestive of hereditary PHEO but is not
restricted to the MEN2 phenotype (e.g., MAX). In
all cases of PHEO, assessment of serum calcito-
nin, calcium, and PTH is recommended as PHEO
could be the first clinical manifestation of MEN2.
Elevated levels of serum calcitonin (usually
greater than 100 pg/ml) enable diagnosis of MTC
and therefore MEN2-related PHEO.

pHPT is rarely the first manifestation.
Diagnosis is established by detecting mild hyper-
calcemia with either mild elevations in PTH or
(inappropriately) normal PTH levels. Assessment
of serum calcitonin should be recommended in
patients younger than 40 years of age. Nowadays,
pHPT is diagnosed at an early stage and is often
due to a single parathyroid adenoma. pHPT in
MEN?2 is usually associated with RET mutations
in codon 634.
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A definitive diagnosis of MEN2 is made by
RET sequencing (positive in 98% of cases).
Genetic testing should be recommended in
patients with phenotypic abnormalities and in all
cases of MTC.

10.2 Role of Imaging According
to Different Clinical
Situations

Successful management of MTC and MEN2
heavily relies on the patient’s age, the tumor
stage at initial diagnosis, and the medical team’s
experience. The role of imaging is to guide the
clinician’s approach toward thyroid surgery,
reveal the extent of the lymph node dissection,
and determine the management plan for meta-
static disease. There are several points that must
be considered.

10.2.1 Prophylactic Thyroidectomy
for MTC Does Not Require any
Preoperative Imaging

In MEN2A cases diagnosed by genetic screen-
ing, prophylactic total thyroidectomy can cure
almost 100% of patients [5, 13, 14]. The optimal
timing of prophylactic thyroidectomy is based on
the type of RET mutations: moderate, high, or
highest risk of MTC aggressiveness [5]. No
imaging study is mandatory prior to prophylactic
thyroidectomy since the thyroid gland is patho-
logically normal or limited to C-cell hyperplasia
in patients who do not have an elevated serum
calcitonin. However, it is suggested to have a pre-
operative neck ultrasound (US) and calcitonin
assessment prior to prophylactic thyroidectomy,
and plasma metanephrines should be measured to
rule out pheochromocytoma (PHEO). In MEN2B,
prophylactic thyroidectomy is rarely observed as
most patients have de novo RET mutations.
MEN?2B familial cases are infrequent, however,
MEN2B patients may have children who test
positive for RET germline mutation and these
children should have a prophylactic total thyroid-
ectomy before the age of 1 [5].

10.2.2 Indications of Imaging
for Persistent/Recurrent MTC

Although total thyroidectomy with systematic
nodal dissection is routinely performed, approxi-
mately 20% of patients will present with persis-
tent/recurrent disease (frequently patients who
had nodal metastases at initial diagnosis). Here,
postoperative serum calcitonin measurement
plays a central role in detecting persistent or
recurrent disease. Although these patients
undergo an adequate initial surgery, the ability to
cure is rare due to lymph node involvement.

In patients with structural disease in the neck,
reoperation should be carefully discussed. The
extent of reoperative surgery depends on the ini-
tial surgery and ranges from a systematic
compartment-oriented to a modified functional
radical neck dissection. An exhaustive imaging
work-up and serum calcitonin levels should be
performed prior to reoperative surgery.

In persistent MTC, imaging is usually delayed
until serum calcitonin rises to approximately
100-200 pg/mL.

BE-FDOPA PET/CT is currently the best
molecular (functional) imaging modality for
evaluating patients with persistent/recurrent
MTC [15].

Hoegerle et al. were the first to demonstrate
the utility of *F-FDOPA PET to localize persis-
tent MTC [16]. This was confirmed by several
studies with a wide range of sensitivity, ranging
from 47% to 83% [17-20]. Differences in techni-
cal aspects and inclusion criteria could explain
the heterogeneity in the sensitivity values
reported, as well as the gold standard used to
define positive lesions. In MTC, tracer uptake is
often moderate and retention can be reduced
(Fig. 10.1) [21]. Therefore, it may be recom-
mended to increase duration of PET acquisition
(5—10 min per bed position on the neck) and to
begin acquisition 15-20 min post-injection.
Although these practical considerations are
essential for PET sensitivity, most studies have
reported similar findings with standard imaging
protocols [22].

In 2009, the ATA MTC guidelines recom-
mended performing an "F-FDOPA PET/CT in
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Fig. 10.1 Persistent disease in a sporadic MTC patient
evaluated by dual-time point F-FDOPA PET/CT. (a—c)
PET/CT acquisition performed at 15 min post-injection.
(d—f) PET/CT acquisition performed at 60 min post-
injection. 'F-FDOPA PET/CT shows a LN located in the

MTC patients with persistent/recurrent serum
calcitonin >150 pg/mL [23], however, this rec-
ommendation was not made in the 2015 revised
version [5]. The European Association of Nuclear
Medicine (EANM) did not endorse the revised
recommendations due to contradictions between
versions, no new evidence against the use of
BE_-FDOPA PET/CT, the amount of scientific
evidence in the literature, and quality of images
that can be obtained with an optimal imaging
protocol [24, 25]. A recent study has shown that
BE-FDOPA PET/CT can accurately help deter-
mine the involved lymph node compartments in
relapsed MTC, and could therefore guide the sur-
gical strategy [26]. Furthermore, 'F-FDOPA
PET/CT can also detect PHEO that can coexist
with MTC in MEN?2 patients, although biochem-
ical testing should be used to diagnose
PHEO. Based on 2 meta-analyses and several
original articles, '®F-FDOPA PET is considered
the best radiopharmaceutical for the detection of
persistent/recurrent MTC on both patient- and
lesion-based analyses [27, 28]. Overall, the per-

C. Fargette et al.

left lateral compartment on early phase PET/CT (a—c,
arrows) followed by decreased uptake on delayed images
(d—f). This case illustrates the role of early acquisition
phase in MTC patients

patient detection rate of 'F-FDOPA PET/CT is
estimated to 60-70% and heavily depends on
serum calcitonin levels and tumor behavior. The
main limitation of *F-FDOPA PET/CT is that it
relies on a poor spatial resolution that leads to
underestimation of millimetric nodes. However,
one study showed that ¥F-FDOPA PET/CT per-
formed better than whole-body MRI and whole-
body CT [29]. The cutoff value of 150 pg/mL for
calcitonin should not be taken as a strict value
that determines "F-FDOPA PET/CT sensitivity
but rather as a clinically relevant value for the
timing of reoperative surgery. 'SF-FDOPA PET/
CT, together with neck US, can show the involved
neck compartments/levels and help to determine
the optimal surgical strategy (extended versus
limited neck dissection). Therefore, there is no
evidence to disqualify the use of 'SF-DOPA in
countries where '8F-DOPA is approved and
implemented. In a recent prospective study that
included 36 MTC patients, *F-DOPA PET/CT
led to modification in treatment strategies in
nearly 40% of cases [30].
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10.2.3 "®F-FDOPA PET/CT Prior Initial
Surgery

Accurate preoperative staging of MTC is
important for treatment selection and prognos-
tication. Neck US should first be performed for
assessing thyroid nodules and cervical lymph
nodes, and it can also be used to guide fine-
needle aspiration cytology (FNAC). It is less
sensitive for evaluating the central neck com-
pared to the lateral neck compartment due to
the location of the thyroid gland. In subcenti-
meter MTC with no evidence of nodal exten-
sion on neck US, no additional imaging is
needed (apart from abdominal CT/MRI along
with biochemical assays like plasma or urine
metanephrines to rule out PHEO). In supracen-
timeter MTC, the work-up is more exhaustive
and usually includes a cervicothoracoabdomi-
nal CT. However, CT remains less sensitive
and specific than neck US for depicting cervi-
cal lymph nodes, and the risk of mediastinal
and lung metastases is almost nonexistent in

-! o
i .
-+
A

these cases. In contrast, a cervicothoracoab-
dominal CT can complement neck US for both
detecting potential mediastinal metastases and
ruling out lung metastases or PHEO in cases of
MTC with suspected lymph node metastases in
US. Certain patients with positive LNs in the
upper mediastinum, but without distant metas-
tasis, may benefit from mediastinal dissection.
Furthermore, in patients with distant metasta-
sis, a less extended neck surgery should be
considered to avoid local and lateral neck
complications.

Finally, a preoperative work-up should be
more exhaustive and include 'SF-FDOPA PET/
CT in MTC patients with highly elevated serum
calcitonin values (>500 ng/ml) [31]. Patients
must undergo plasma or urine metanephrines to
rule out PHEO in addition to an abdominal CT/
MRL

Although “F-FDOPA PET/CT can detect
MTC and LN metastases, its role prior to initial
therapeutic thyroidectomy must be further evalu-
ated (Figs. 10.2 and 10.3).

Fig.10.2 'SF-FDOPA PET at initial diagnosis of MTC in a sporadic case. 'SF-FDOPA PET/CT shows 2 right MTC (a,
arrowheads) and LN in the central and right lateral neck compartments (b—d, arrows)
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Fig.10.3 'SF-FDOPA PET at initial diagnosis of MTC in a MEN?2 patient. '"SF-FDOPA PET/CT shows a bilateral MTC
(a—c, arrowheads) and a bilateral pheochromocytoma (c—e, arrows)

A recent study from an experienced surgical
team has evaluated the impact of neck US and
contrast-enhanced "®F-FDOPA PET/CT prior to
initial surgery in 50 MTC patients [32]. All
patients underwent total thyroidectomy with
bilateral central neck dissection and bilateral lat-
eral lymphadenectomy (including level V)
regardless of serum CT levels and imaging find-
ings in the neck. The only criterion for modifying
this strategy was the presence of positive LNs in
the mediastinum and distant metastasis on
BE_.FDOPA PET/CT. Nodal, central, and lateral
compartment-based sensitivities were 43%, 6%,
and 56% for neck US and 57%, 28%, and 75%
for F-FDOPA PET/CT. Missed patients with
lateral LN involvement had small metastases
(5.6 £ 5.1 mm), illustrating that the small size of
LN metastasis affects PET sensitivity due to a
partial volume effect. One could argue that this
possible underestimation of small lateral LN
could lead to a systematic bilateral lateral neck
dissection. However, it is important to consider
that LN can also occur in the upper mediastinum
and patients do not benefit from systematic medi-
astinal dissection. Additionally, in cases of nega-
tive imaging findings, lateral neck dissection
revealed negative LN in a large proportion of
cases, even those with serum CT > 85 pg/mL

(42% in the series of Brammen et al) [32]. Also,
lateral neck dissection can be performed during a
second surgical procedure without additional
morbidity, if needed. Brammen et al. also argue
that the use of "F-FDOPA PET/CT results in
increased patient radiation exposure of approxi-
mately 25 mSv. However, this statement reflects
historical data as it is widely accepted that the
effective dose from radiopharmaceuticals in
adults is 0.025 mSv/MBq [33] with an additional
radiation dose from CT depending on scan
parameters (ranging from 2 to 5 mSv). Currently,
no guidelines recommend performing F-FDOPA
PET/CT prior to initial surgery due to scarce lit-
erature [5, 31, 34, 35]. Of note, all patients should
undergo genetic testing for RET mutations and
have PHEO excluded preoperatively by measure-
ments of plasma or urinary metanephrines.

'8F-FDG PET
and Prognostication

10.3

Recent data have shown that a patient’s genotype
is a determinant of the age of MTC occurrence
but has no impact on multivariate analysis of
overall survival or time to distant metastatic dis-
ease [7]. The tumor stage is a critical prognostic
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factor in MTC. Recently, new TNM staging has
been proposed for a more accurate risk stratifica-
tion and potential treatment selection. One major
change included placing only metastatic disease
in stage IV (T4 and N1b being downstaged),
which led to a revised 5-year disease-specific sur-
vival rate in this group of 40% compared to 82%
in the current AJCC TNM staging [36].

Serum calcitonin and CEA doubling times are
powerful prognosticators and they may guide the
timing and choice of diagnostic imaging
procedures.

The role of imaging is to evaluate the risk of
disease presence in certain locations and to pro-
vide prognostic information. The management of
metastatic disease heavily depends on tumor
behavior and location of metastasis. Imaging of
MTC remains, however, a challenge due to the
high frequency of disseminated and micrometa-
static disease. 'SF-FDG PET/CT is considered
suboptimal in assessing the extent of disease,
even if certain tumors exhibit a high tracer uptake
(59% per-patient sensitivity, 95% confidence
interval: 54—-63%) [37]. However, it has a unique
prognostic value [38]. Survival is significantly
reduced in "F-FDG-positive MTC compared to
F-FDG negative MTC, regardless of 'F-FDOPA
PET/CT results. "®F-FDG PET/CT sensitivity is
increased in patients with shorter biomarker dou-
bling times [39]. Additionally, in one small study,
imaging biomarkers such as intratumoral textural
features and volumetric parameters (total lesion
glycolysis, TLG) obtained from *F-FDG PET/
CT were found to be independent parameters for
overall survival prediction in MTC patients
treated with Vandetanib [40]. Some authors have
proposed performing PET/CT with both "*F-FDG
and F-FDOPA in patients with metastasis to
better characterize tumor behavior [41].

10.4 Peptide Receptor Targeting
and Theragnostic
Approaches

NETs usually overexpress somatostatin receptor
type 2 (SST2) and therefore, can be targeted by
radiolabeled somatostatin analogs (SSAs) for

imaging. The current importance of somatostatin
analogs as theragnostic radiopharmaceuticals lie
in their dual application as imaging agents (**Ga)
and therapeutic radioisotopes (such as °°Y and
7"Lu). The impressive results obtained from the
NETTER-1 study, which compared
"Lu-DOTATATE (4 administrations of 7.4 GBq)
with an augmented dose of octreotide long-acting
release (60 mg) in patients with progressive,
somatostatin receptor expressing mid-gut NETs
(ileal in 75% of cases), has provided a powerful
impetus for a wider application of peptide recep-
tor radionuclide therapy (PRRT) in NETs.
Overall, the diagnostic performance of PET/CT
using ®Ga-SSA in recurrent MTC seems to be
inferior compared to 'F-FDOPA PET/CT [42]
due to the variable SST2 expression in MTC
[43]. However, %Ga-SSA performs better than
BE-FDG PET [44], can provide complementary
informations to ®F-FDOPA, especially in the
detection of bone metastases [45] and may impact
on therapeutic strategies [46]. These results sug-
gest that PRRT can be a treatment option in a
subset of MTC patients [47]. In vitro receptor
autoradiography has revealed that SST2 antago-
nists can bind more receptor sites than agonists,
therefore, opening new opportunities for imaging
and PRRT with SST antagonists in MTC [48].

Specific overexpression of cholecystokinin 2
(CCK2)/gastrin receptors has been demonstrated
to be expressed in MTC. The safety of the use of
111In-DOTA-minigastrin analogue (CP04) for
diagnostic purposes has been demonstrated in the
setting of a phase 1 trial. Of note, there is a high
stomach (S) uptake is attributed to the high den-
sity of CCK2R located on enterochromaffin-like
cells in corpus mucosa of the stomach. CCK-2/
gastrin receptor imaging is expected to become a
valuable diagnostic method for the specific non-
invasive staging and monitoring of MTC patients
[49]. The treatment of recurrent and disseminated
disease with CCK2R analogs could also repre-
sent an interesting tool, especially for patients
that progress after targeted therapies such as
selective anti-RET TKI.

The expanded use of PSMA (for prostate-
specific membrane antigen) imaging has shown
uptake in nonprostatic benign and malignant
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entities including cases of recurrent MTC [50,
51]. Since PSMA targeting represents a therag-
nostic approach, it could be interesting to evalu-
ate the expression of PSMA in a series of MTC
with various tumor stages and genotypes.

Immuno-PET for CEA
Targeting

10.5

Medullary thyroid carcinoma is a prime example
of CEA-secreting tumors. The most sophisticated
approach for CEA targeting is the pre-targeted
method with bispecific monoclonal antibodies
(bsmAbs) [52]. One approach consists of first
administrating a bispecific antibody that recog-
nizes CEA at one site and a peptide at the other
site. After this, a radiolabeled bivalent peptide is
administered, which is eventually bound by 2
bsmAbs, thereby forming a ternary complex that
has been shown to improve tumor uptake (the
affinity enhancement system). This approach was
initially developed for radioimmunotherapy in
relapsed MTC [53], however, its use is currently
being questioned after the recent introduction of
tyrosine kinase inhibitors [54]. Recently, the
same approach has been developed for PET
imaging (immuno-PET) with promising results
[55, 56].

10.6 Future Perspectives

Future prospective studies are needed to better
address whether PET/CT could enhance risk
stratification and personalize approaches to MTC
patients. Targeted molecular therapies that inhibit
RET and other tyrosine kinase receptors involved
in angiogenesis have shown antitumor effects
with improved progression-free survival in
advanced MTC. However, it is still not clear
which patients will benefit the most from these
treatments. It would be of particular interest to
utilize PET imaging to gauge patient responses to
targeted therapies (patient selection, optimal tim-
ing, and effective molecular therapeutic targets).

The future of diagnostic and therapeutic
nuclear medicine in MTC will depend on the

identification of new MTC cell-specific targets.
Novel CCK-2 receptor ligands show promise for
MTC imaging and represent potential theragnos-
tic approaches in selected cases [57]. Molecular
imaging using 18F-AV-45 PET by its virtue of
detecting amyloid deposition should also be eval-
uated for disease subtyping of MTC [58].

In conclusion, theragnostic approaches in
combination with new future therapies, will
undoubtedly uncover novel imaging techniques
to effectively defeat these tumors.
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