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After exclusion of exogenous iodine overload, radioiodine uptake
(RAIU) testing with 123I or 131I enables the accurate evaluation and
quantification of iodine uptake and kinetics within thyroid cells. In
addition, scintigraphic evaluation with 123I or 99mTc-pertechnetate
(99mTc04-) provides the topographic distribution of thyroid cell activity
and allows the detection and localization of ectopic thyroid tissue.
Destructive thyrotoxicosis is characterized by abolished or reduced
uptake whereas productive thyrotoxicosis (i.e., hyperthyroidism
“sensu strictu”) is characterized by high RAIU with scintigraphically
diffuse (i.e., Graves disease and diffuse thyroid autonomy) or focal
(i.e., autonomously functioning thyroid nodules [AFTN]) overactivity.
Accordingly, RAIU or thyroid scintigraphy are widely used to differenti-
ate different causes of thyrotoxicosis. In addition, several radiophar-
maceuticals are also available to help in differentiating benign from
malignant thyroid nodules and inform clinical decision making. In fact,
AFTNs can be safely excluded from fine-needle aspiration biopsy
while either 99mTc-methoxyisobutylisonitrile (MIBI) and 18F-FDG may
complement the work-up of cytologically indeterminate cold nodules
and contribute to reducing the need for diagnostic lobectomies/thy-
roidectomies. Finally, RAIU studies are also useful for calculating the
administered therapeutic activity of 131I to treat hyperthyroidism and
euthyroid multinodular goiter. All considered, thyroid molecular imag-
ing allows us to characterize molecular/functional aspects of different
thyroid diseases, even before clinical symptoms become manifest
and remains integral to properly managing such conditions. Our pre-
sent paper summarizes basic concepts, clinical applications, and
potential developments of thyroid molecular imaging in patients
affected by thyrotoxicosis and thyroid nodules.
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Radioiodine uptake (RAIU) testing and thyroid scintigraphy
(TS) remained the only methods to evaluate both functional and
morphologic aspects of the thyroid gland and its diseases for deca-
des. Subsequently, with the development of immunometric assays,
multiparametric thyroid ultrasound (MPUS), and fine-needle aspi-
ration (FNA), the use of TS and RAIU tests has decreased. How-
ever, TS remains the only method able to differentiate
“productive” from “destructive” thyrotoxicosis and detect thyroid

functional autonomy (TFA) (1,2). Although the spatial resolution
of TS is approximately 5–7 mm compared with 1 mm for MPUS,
smaller sites of hyperfunctioning thyroid tissue may be detectable
provided the target–to–background count rate ratio is adequately
high (i.e., . 2.5 times) as it is expected in thyroid autonomy. Such
foci are rendered in the image larger than actual size (i.e., partial-
volume effect) and this should be considered; however, functional
information remain clinically relevant. Additionally, different trac-
ers able to evaluate the proliferation rate of cold thyroid nodules
are available to support the management of cytologically indeter-
minate cold nodules and limit unnecessary lobectomies/thyroidec-
tomies (3,4). The aim of our paper is to summarize molecular
imaging methods available for thyroid evaluation and provide
practical suggestions for their optimized use in clinical practice.

THYROID MOLECULAR IMAGING: BASIC CONCEPTS

Normal thyroid follicular cells trap stable iodine by the sodium
(i.e., natrium) iodide symporter, a laterobasal transmembrane gly-
coprotein. Then, iodine is transported at the apical membrane into
the follicular lumen and incorporated into selected tyrosyl residues
of thyroglobulin to form thyroxine (T4) and triiodothyronine (T3)
(5,6). Under physiologic conditions the thyroid-stimulating-hor-
mone (TSH), leading in first approximation an inverse log-linear
relationship TSH/FT4 (7) and a positive linear relationship TSH/
RAIU, respectively (8), mainly regulates the process. The thyroid
gland mainly produces T4, which accounts for 85%–90% of thyroid
hormones, whereas the bioactive T3 largely derives from peripheral
conversion of T4 under the action of liver deiodinases. More than
99% of T4 and T3 molecules are tightly bound to the carrier pro-
teins, thyroid-binding globulin, transthyretin, and albumin, and only
a small percentage circulates as free hormones (9,10).

Tracing Thyroid Function
123I is an ideal thyroid radiopharmaceutical because of its low

radiation burden and optimal imaging quality compared with 131I,
which is strongly discouraged for routine diagnostic use because
of its much higher radiation burden to the thyroid. 124I is a
positron-emitting isotope that allows high-quality imaging of the
thyroid: its use, however, is restricted to clinical trials involving
individuals with differentiated thyroid cancer (1). Different tracers,
such as 99mTc-pertechnetate (99mTc04-) and 18F-tetrafluoroborate,
are also trapped by the sodium iodide symporter, but wash out
completely from thyroid cells in about 30 min and are not organi-
fied. In most cases, 99mTc04- imaging provides the clinical infor-
mation needed (1,11) and, being inexpensive and readily available
from on-site generators, is widely used in clinical practice. On the
other hand, 123I allows a precise quantification of both iodine
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TABLE 1
Thyrotoxicosis: Etiology, Pathophysiology, and Relevant Points for Differential Diagnosis

Disease Etiology Pathophysiology Laboratory Thyroid scan and RAIU MPUS

GD Autoimmune TSH-R stimulation TSH, fT4/fT3; TRAb1
95%–99%; TPOAb1
�60%

Uptake (diffuse) Hypoechoic pattern;
Vascular flow
(diffuse)

GD variants Autoimmune Mixed GD/AITD TSH, fT4/fT3; TRAb1
95%–99%; TPOAb1
�80%

Uptake (heterogeneous) Hypoechoic pattern;
Vascular flow
(diffuse)

Autoimmune GD1hypofunctioning
nodule(s)

TSH, fT4/fT3; TRAb1
95%–99%; TPOAb1
�60%

Uptake (diffuse) with cold
nodule(s)

Hypoechoic
diffuse variable
for nodules

Autoimmune GD1hyperfunctioning
nodule

TSH, fT4/fT3; TRAb1
95%–99%; TPOAb1
�60%

Marine-Lenhardt
syndrome

Aspecific pattern

TFA Somatic mutations Overactive TSH-R;
overactive Gsa-
subunit

TSH, fT4/fT3; no specific
biomarkers

TSH-independent thyroid
uptake

Aspecific pattern

TFA variants Somatic mutations Unifocal autonomy TSH, fT4/fT3; no specific
biomarkers

TSH-independent unifocal
uptake

Aspecific pattern

Somatic mutations Multifocal autonomy TSH, fT4/fT3; no specific
biomarkers

TSH-independent
multifocal uptakes

Aspecific pattern

Somatic mutations Disseminated
autonomy

TSH, fT4/fT3; no specific
biomarkers

TSH-independent diffuse
uptake

Aspecific pattern

Subacute
thyroiditis

Viral Inflammatory
destruction

TSH, fT4/fT3; ESR/CRP;
TPOAb1 infrequent

Absent to uptake (early
phase)

Hypoechoic; irregular
vascular flow

Painless
thyroiditis

Autoimmune Transient immuno-
mediated cytolysis

TSH, fT4/fT3; TPOAb1
95%–99%; normal
ESR/CRP

Absent to uptake (early
phase)

Hypoechoic; normal
to vascular flow

Drug induced Iodine overload AIH type 1: pathologic
escape from Wolff-
Chaickoff effect

TSH, fT4/fT3; ioduria Uptake with visible
contrast

Aspecific pattern

Iodine overload AIH type 2: iodine-
induced destructive
thyroiditis

TSH, fT4/fT3; ioduria Absent uptake Hypoechoic; irregular
vascular flow

TKI, ICPI Destructive thyroiditis TSH, fT4/fT3; TPOAb1
variable

Absent to uptake Aspecific pattern

Factitious
thyrotoxicosis

T4, T3, TH analogs TSH, fT4/fT3;
thyroglobulin

Absent to uptake Normal to vascular
flow

Tumors Struma ovarii Ovarian TH
biosynthesis

TSH, fT4/fT3;
thyroglobulin

Suppressed to uptake Normal thyroid pelvic
US: ovarian tumor

Thyroid cancer Functioning
metastasis

TSH, fT4/fT3;
thyroglobulin

Consider 131I-WBS
(thyroid suppressed)

Suspicious lymph
nodes and thyroid
nodules

Germinal tumors bHCG overproduction TSH, fT4/fT3; bHCG Normal to diffuse uptake Normal to vascular
flow

Central Pituitary resistance THR mutation (TRb) Normal to TSH; normal to
fT4/fT3

Normal to diffuse uptake Normal to vascular
flow

Pituitary adenoma TSH-secreting tumor Normal to TSH; normal to
fT4/fT3; TSH a-subunit

Normal to diffuse uptake Normal to vascular
flow

AIH 5 amiodarone-induced hyperthyroidism; AITD 5 autoimmune thyroid diseases; CRP 5 C-reactive protein; ESR 5 erythrocyte
sedimentation rate; fT3 5 free triiodothyronine; fT4 5 free thyroxine; GD 5 Graves disease; HCG 5 human chorionic gonadotropin; ICPI
5 immune checkpoint inhibitor; TFA 5 thyroid functional autonomy; TH 5 thyroid hormone; THR 5 thyroid hormone receptor; TKI 5 thy-
rosine kinase inhibitors; TPOAb 5 thyroperoxidase antibody; TRAb 5 TSH-receptor antibody; TRb 5 thyroid receptor b; TSH 5 thyroid
stimulating hormone; TSH-R 5 TSH-receptor; T4 5 thyroxine; T3 5 liothyronine; US 5 ultrasound; WBS 5 whole-body scintigraphy.
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trapping and organification and supports individual dosimetric
therapy planning (3,11,12).

Tracing Thyroid Growth and Proliferation
99mTc-MIBI is a lipophilic cation that crosses the cell membrane

and penetrates reversibly into the cytoplasm and then irreversibly
into the mitochondria (13). Transmembrane glucose transporters
and hexokinases mediate the cellular uptake and retention of
18F-FDG, respectively. Notably, higher 99mTc-MIBI and 18F-FDG
uptake are expected in thyroid cancers due to the higher electrical
gradient of mitochondrial membrane and insulin-independent glu-
cose consumption of cancer cells compared with either normal cells
and those forming benign thyroid nodules (13,14).

Diagnostic Procedures
Extensive information on radiopharmaceutical activities, instru-

mentations, imaging protocols, interpretation criteria, and report-
ing can be found in recently published joint EANM practice
guideline/SNMMI procedure standard for RAIU and TS (1).

THYROTOXICOSIS

Thyrotoxicosis refers to the clinical syndrome of excess circu-
lating thyroid hormones, irrespective of the source, whereas

hyperthyroidism is characterized by increased thyroid hormone
synthesis and secretion from the thyroid gland (15). The clinical
presentation of thyrotoxicosis ranges from asymptomatic to thy-
roid storm, depending by its intensity and duration. Accordingly,
besides clinical examination serum TSH measurement is integral
to confirm (TSH , 0.1 mUI/L) or exclude (TSH . 0.4 mUI/L)
hyperthyroidism, with values between 0.1 and 0.4 mUI/L consid-
ered as a gray area requiring serial testing for surveillance. Serum
concentrations of free T4 and free T3 differentiate subclinical
from overt hyperthyroidism and assess the severity of the latter
(16–18). The most common cause of hyperthyroidism is Graves
disease (GD), followed by TFA. The latter may present as unifocal
or multifocal autonomously functioning thyroid nodules (AFTNs)
or disseminated gland overactivity (19,20). TFA is rare (,10%) in
countries with adequate iodine supply but its prevalence signifi-
cantly increases (up to 20% and more) in countries with current or
previous iodine deficiency (21). Other causes of thyrotoxicosis
include destructive thyroiditis, iodine-induced and drug-induced
thyroid dysfunction, and factitious ingestion of excess thyroid hor-
mones. Then, an accurate differential diagnosis is required to prop-
erly treat patients (22,23). Depending on the available resources,
TSH receptor antibody (TRAb) measurement (24), TS or RAIU
(25,26), and MPUS with color flow Doppler evaluation can be
used (27). A recent study on 124 consecutive patients with newly
diagnosed and untreated hyperthyroidism compared 2 TRAb
assays, TS and MPUS, respectively (28). Thyroid MPUS was less
accurate than both TRAb and TS, with the exception of a vascular
thyroid inferno pattern, which provides a high positive predictive
value (PPV) for GD. TS was the most reliable tool for differential
diagnosis, and easily delineated different GD and TFA variants,
including Marine-Lenhardt syndrome and compensated autonomy
(2,19,29–31). However, depending on locally available facilities,
TRAb assays can be adopted as a first-line diagnostic option limit-
ing the use of TS to TRAb-negative patients. Notably, exogenous
iodine overload should be always investigated as it may lead to a
sustained increase in hormone synthesis and, eventually, thyrotoxi-
cosis with inhibition of TSH and decreased uptake due to an
expanded iodine pool mimicking the early phase of destructive

thyroiditis on TS. Finally, conventional
TS is unsuitable to differentiate type 1
from type 2 amiodarone-induced hyper-
thyroidism (AIH) because iodine trapping
and organification are reduced by exoge-
nous iodine overload. Using 99mTc-MIBI
TS, which demonstrates preserved MIBI
uptake in type I AIH and decreased MIBI
uptake in type 2 AIH, may be useful in
such cases for determining clinical man-
agement (32,33). Etiology, pathophysiol-
ogy, and differential diagnosis of
thyrotoxicosis are summarized in Table 1.

THYROID NODULES

Thyroid nodules are commonly detected
in clinical practice, and thus it is necessary
to decide which ones carry a significant risk
of malignancy and require further workup
with FNA (34). MPUS provides an accurate
assessment of morphologic features, which
have been recently used to produce a

FIGURE 1. Sonographically suspicious left thyroid nodule in patient with
normal TSH level (i.e., 1.24 mUI/L). FNA biopsy demonstrated follicular
neoplasm (Bethesda IV cytology). MPUS shows slightly irregular hypoe-
choic nodule (A) with increased vascularization (B). 123I TS depicted AFTN
(C) excluding malignancy.

Thyroid Nodule

TSH

Scintigraphy
123I, 99mTc-pertechnetate

Non-AFTN MPUS
TIRADS

� Low-risk: follow-up

� High-risk: FNA
AFTN

≤ local treshold > local treshold

� Work-up/treatment

FIGURE 2. Diagnostic work-up of thyroid nodules. Local TSH threshold is mainly based on local
iodine supply: in general, levels below lower limit of reference range (i.e., ,0.3–0.4 mUI/L) are
adopted in countries with adequate iodine supply whereas higher values are suggested in coun-
tries with previous or current iodine deficiency (up to 2.5–3.0 mUI/L) (1,44–48).
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standardized risk assessment for thyroid malignancy under the differ-
ent Thyroid Imaging And Data Reporting Systems (TI-RADS) to
mitigate the high interoperator variability (35,36). Different
TI-RADS systems combine, with some differences, ultrasound fea-
tures such as shape, margins, echogenicity, composition, and micro-
calcifications in hierarchical risk categories and, overall,
demonstrated a satisfactory performance (37). However, almost all
information on the reliability of different TI-RADS are based on
studies that included papillary thyroid carcinoma, the cancer most
prevalent among all thyroid malignancies. Notably, however, the
accuracy of such systems is significantly reduced in other, more
aggressive, thyroid cancers such as follicular histotypes (38). Addi-
tionally, FNA is inappropriately performed in a large proportion of
AFTNs, based on TI-RADS classifications (27% to 90%, depending
on different TI-RADS) (39,40). AFTNs have a 96%–99% negative
predictive value (NPV) for malignancy but indeterminate cytologic
features are frequently reported: accordingly FNA procedures are
discouraged in such cases (41). Even if TS is essential to detect
AFTNs it is neither recommended nor, in some countries, reim-
bursed in patients with thyroid nodules but normal TSH. Although
this is reasonable in countries with adequate iodine supply, the TSH
levels may remain normal in the presence of AFTNs when iodine
supply is reduced as, especially early, the low synthesis rate of thy-
roid hormones is insufficient to suppress the TSH secretion (42,43)

(Fig. 1). Accordingly, up to 50% of AFTNs show normal TSH
values in Europe (2), leading to different recommendations on a
national or regional basis (1,41–47). In this case, the integration
of various information (i.e., regional iodine intake, local TSH ref-
erence range, and size and MPUS features of the nodule) may
better inform the decision to perform TS or not, instead of just
applying fixed TSH thresholds (Fig. 2). Conversely, nonautono-
mous nodules are managed based on TI-RADS to select high-risk
ones for FNA and cytopathology assessment (41,42). Thyroid
cytopathology is currently reported using the standardized
Bethesda system (48), which is highly accurate in detecting or
excluding malignancy in most nodules. Unfortunately, up to 25%
of nodules are reported as follicular lesion of undetermined sig-
nificance or atypia of undetermined significance (Bethesda III)
and follicular neoplasm (Bethesda IV). As the attached risk of

malignancy ranges from 10% to 50%, diag-
nostic lobectomies/thyroidectomies are fre-
quently performed but most indeterminate
nodules are ultimately found to be benign on
definitive pathology (49). Currently, both
molecular testing on FNA material and molec-
ular imaging with 99mTc-MIBI and 18F-FDG
should be considered before diagnostic surgery
(50) (Fig. 3). Overall, molecular imaging accu-
rately rules out whereas FNA mutational pan-
els are more useful to rule in malignancy.
99mTc-MIBI– or 18F-FDG–negative nodules
carry a risk of malignancy of only 0%–5%
and can be safely ruled out from surgery
(high NPV). Unfortunately, only 35%–60%
of 99mTc-MIBI– or 18F-FDG–positive nod-
ules are cancers (low PPV). On the other
hand, BRAF mutation analysis is 100% pre-
dictive of papillary thyroid carcinoma (high
PPV), but most cancers are BRAF-negative
(very low NPV) (51–53). More recently, dif-
ferent gene expression classifier tests have

become available, demonstrating different performance in terms
of PPV and MPV (54,55). Overall, mutation mapping and gene
expression analysis on FNA samples and molecular imaging can
be used to refine the diagnosis in patients with indeterminate thy-
roid nodules. However, all methods largely depend on local cancer
prevalence and pretest probabilities, and additionally high costs
limit their use in many countries. Accordingly, no definitive
guidelines exist, and a locally adapted multimodality stepwise
approach, ideally combining one rule-in and one rule-out test,
likely offers the most accurate diagnosis (50).

PREDICTIVE MOLECULAR IMAGING AND THERANOSTICS
In addition to overt thyrotoxicosis even latent forms of hyperthy-

roidism are responsible for an increase in cerebrovascular and car-
diovascular morbidity and mortality and overall mortality (56).
Recently, the risk of heart failure events was also shown to correlate
with low but unsuppressed TSH values (0.1–0.44 mU/L) (57,58). In
such a context, TS is the most reliable tool to differentiate true
TSH-independent thyroid overactivity from nonspecific TSH fluctu-
ations (59). In such cases, performing TS after administration of
25–60 lg T3 daily over 5–10 d allowed for the discrimination of
TSH-responsive from autonomously functioning tissue (Fig. 4). Par-
ticularly, a quantified 123I uptake at 24 h greater than 2% or techne-
tium thyroid uptake (TcTU) at 15 min greater than 1%–1.8% under

LT3 50 μg/day for 5 days 

A B

FIGURE 4. Chronically fluctuating low TSH values in woman with no biologic diagnosis for
autoimmune thyroid disease (i.e., negative TRAb and TPOAb) and unremarkable MPUS (not
shown). (A) Baseline TS: normal 123I thyroid uptake (13.1%) and homogeneous tracer distribution.
(B) Suppressed TS: not suppressed 123I thyroid uptake (9.2%) and well-contrasted thyroid image
after administration of liothyronine (50 lg/d) for 5 d demonstrate diffuse thyroid autonomy.

FIGURE 3. Cytologically indeterminate thyroid nodules at FNA. TS dem-
onstrates photopenic defect on 99mTc-pertechnetate scan consistent with
hypofunctioning nodule within right thyroid lobe (A) with uptake and reten-
tion of 99mTc-sestaMIBI (B). Histology: papillary thyroid cancer, follicular
variant.

MOLECULAR THYROID IMAGING � Giovanella et al. 23S



suppression are both consistent with significant thyroid autonomy
(60). Alternatively, 123I uptake (mpU) can be also estimated inte-
grating actual 123I uptake and TSH levels at baseline (61). Interest-
ingly, the TcTU at baseline or after suppression reliably predicts an
evolution toward overt hyperthyroidism in patients with compen-
sated autonomy and identifies patients at higher risk to decompen-
sate after exogenous iodine exposure (62). In addition, TcTU
provides estimates of functional volume, especially useful in plan-
ning multifocal or disseminated autonomy treatment with 131I (63).
Accordingly Dunkelmann et al. obtained a cure rate of 91.5% and a
very low rate (1%) of hypothyroidism in 641 patients with multifo-
cal and disseminated autonomy integrating the dosimetric Marine-
lli’s formula with TcTU-adapted target doses (i.e., 150 Gy for
TcTU , 3% to 250 Gy for TcTU . 12%), respectively (64). Fur-
thermore, functional volumes and activity quantification based on
SPECT/CT measurements is now possible, allowing real-time quan-
tification of radiation-absorbed dose in target volumes of interest
based on empiric data on 131I biokinetics in tissue (65). Therefore,
simplified SPECT/CT-based dosimetric protocols and the develop-
ment of dedicated software should further improve patient-centered
approaches to radioiodine thyroid theranostics (66). Furthermore,
although current radiomic predictors are less reproducible than hoped
for, integrating radiomics information with pathology, biochemical,
and molecular features will make possible a refined diagnosis of thy-
roid nodules using artificial intelligence (67,68).

CONCLUSION

For decades, nuclear medicine methods have allowed molecular/
functional characterization and tailored radioiodine therapy of dif-
ferent thyroid diseases. Even as accurate nonradioisotopic methods
emerged over time, the selective and optimized use of TS and
RAIU remains integral in differentiating the causes of hyperthyrod-
ism and properly informs clinical and therapeutic decisions. Fur-
thermore, among patients with thyroid nodules TS remains the
only method able to detect AFTNs while aspecific tracers such as
99mTc-MIBI and 18F-FDG may contribute to refining the clinical
management of cytologically indeterminate cold nodules, avoiding
inappropriate invasive procedures.
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KEY POINTS

QUESTION: What is the current role of molecular imaging in
evaluating thyrotoxicosis and thyroid nodules?
PERTINENT FINDINGS: Thyroid scintigraphy with 123I or
99mTc-pertechnetate allows a real-time differentiation of different
forms of thyrotoxicosis, the exclusion of autonomously
functioning thyroid nodules from inappropriate biopsy, and the
detection of ectopic thyroid tissue. The use of either
99mTc-methoxyisobutylisonitrile (MIBI) and 18F-FDG may
complement the work-up of cytologically indeterminate cold
nodules and contribute to reducing the need for diagnostic
lobectomies/thyroidectomies.
IMPLICATIONS FOR PATIENT CARE: Thyroid molecular imaging
characterizes molecular/functional aspects of different thyroid
diseases, even before clinical symptoms become manifest and
remains integral to properly managing such conditions.

24S THE JOURNAL OF NUCLEAR MEDICINE � Vol. 62 � No. 7 (Suppl. 2) � July 2021



31. Clerc J. Imagerie Isotopique des hyperthyroïdies infracliniques. Syndromes d’auto-
nomisation. In Imagerie de la Thyroïde et des Parathyroïdes. Tramalloni J, ed.
M�edecine Sciencs Publications; 2012:177–187.

32. Piga M, Cocco MC, Serra A, Boi F, Loy M, Mariotti S. The usefulness of 99mTc-
sestaMIBI thyroid scan in the differential diagnosis and management of
amiodarone-induced thyrotoxicosis. Eur J Endocrinol. 2008;159:423–429.

33. Pattison DA, Westcott J, Lichtenstein M, et al. Quantitative assessment of thyroid-
to-background ratio improves the interobserver reliability of technetium-99m sesta-
mibi thyroid scintigraphy for investigation of amiodarone-induced thyrotoxicosis.
Nucl Med Commun. 2015;36:356–362.

34. Heged€us L. Clinical practice. The thyroid nodule. N Engl J Med.
2004;351:1764–1771.

35. Choi SH, Kim EK, Kim SJ, Kwak JY. Thyroid ultrasonography: pitfalls and tech-
niques. Korean J Radiol. 2014;15:267–276.

36. Horvath E, Majlis S, Rossi R, et al. An ultrasonogram reporting system for thyroid
nodules stratifying cancer risk for clinical management. J Clin Endocrinol Metab.

2009;94:1748–1751.
37. Castellana M, Grani G, Radzina M, et al. Performance of EU-TIRADS in malig-

nancy risk stratification of thyroid nodules: a meta-analysis. Eur J Endocrinol.
2020;183:255–264.

38. Castellana M, Piccardo A, Virili C, et al. Can ultrasound systems for risk stratifica-
tion of thyroid nodules identify follicular carcinoma? Cancer Cytopathol.

2020;128:250–259.
39. Castellana M, Virili C, Paone G, et al. Ultrasound systems for risk stratification of

thyroid nodules prompt inappropriate biopsy in autonomously functioning thyroid
nodules. Clin Endocrinol (Oxf). 2020;93:67–75.

40. Schenke S, Seifert P, Zimny M, Winkens T, Binse I, Goerges R. Risk stratification
of thyroid nodules using Thyroid Imaging Reporting And Data System (TIRADS):
the omission of thyroid scintigraphy increases the rate of falsely suspected lesions.
J Nucl Med. 2019;60:342–347.

41. Haugen BR, Alexander EK, Bible KC, et al. 2015 American Thyroid Association
management guidelines for adult patients with thyroid nodules and differentiated
thyroid cancer: the American Thyroid Association guidelines task force on thyroid
nodules and differentiated thyroid cancer. Thyroid. 2016;26:1–133.

42. Chami R, Moreno-Reyes R, Corvilain B. TSH measurement is not an appropriate
screening test for autonomous functioning thyroid nodules: a retrospective study of
368 patients. Eur J Endocrinol. 2014;170:593–599.

43. Giovanella L, D’Aurizio F, Campenni’ A, et al. Searching for the most effective
thyrotropin (TSH) threshold to rule-out autonomously functioning thyroid nodules
in iodine deficient regions. Endocrine. 2016;54:757–761.

44. Gharib H, Papini E, Garber JR, et al. American Association of Clinical
Endocrinologists, American College of Endocrinology, and Associazione Medici
Endocrinologi medical guidelines for clinical practice for the diagnosis and man-
agement of thyroid nodules–2016 update. Endocr Pract. 2016;22:622–639.

45. Verburg FA, Aktolun C, Chiti A, et al. Why the European Association of Nuclear
Medicine has declined to endorse the 2015 American Thyroid Association manage-
ment guidelines for adult patients with thyroid nodules and differentiated thyroid
cancer. Eur J Nucl Med Mol Imaging. 2016;43:1001–1005.

46. Dietlein M, Dressler J, Eschner W, et al. Procedure guideline for thyroid scintigra-
phy (version 3). Nuklearmedizin. 2007;46:203–205.

47. Musholt TJ, Clerici T, Dralle H, et al. German Association of Endocrine Surgeons
practice guidelines for the surgical treatment of benign thyroid disease. Langen-
becks Arch Surg. 2011;396:639–649.

48. Cibas ES, Ali SZ. The 2017 Bethesda system for reporting thyroid cytopathology.
Thyroid. 2017;27:1341–1346.

49. Ross D. Evaluation and management of thyroid nodules with indeterminate cytol-
ogy. Up to Date 2018. https://www.uptodate.com/contents/evaluation-and-manage-
ment-of-thyroid-nodules-with-indeterminate-cytology. Accessed on June 12, 2020.

50. de Koster EJ, de Geus-Oei LF, Dekkers OM, et al. Diagnostic utility of molecular
and imaging biomarkers in cytological indeterminate thyroid nodules. Endocr Rev.
2018;39:154–191.

51. Giovanella L, Campenni A, Treglia G, et al. Molecular imaging with 99mTc-MIBI and
molecular testing for mutations in differentiating benign from malignant follicular neo-
plasm: a prospective comparison. Eur J Nucl Med Mol Imaging. 2016;43:1018–1026.

52. Piccardo A, Puntoni M, Treglia G, et al. Thyroid nodules with indeterminate cytology:
prospective comparison between 18F-FDG-PET/CT, multiparametric neck ultrasonog-
raphy, 99mTc-MIBI scintigraphy and histology. Eur J Endocrinol. 2016;174:693–703.

53. Trimboli P, Treglia G, Condorelli E, et al. BRAF-mutated carcinomas among thy-
roid nodules with prior indeterminate FNA report: a systematic review and meta-
analysis. Clin Endocrinol (Oxf). 2016;84:315–320.

54. Alexander EK, Kennedy GC, Baloch ZW, et al. Preoperative diagnosis of benign
thyroid nodules with indeterminate cytology. N Engl J Med. 2012;367:705–715.

55. Nishino M, Nikiforova M. Update on molecular testig for cytologically indetermi-
nate thyroid nodules. Arch Pathol Lab Med. 2018;142:446–457.

56. Lillevang-Johansen M, Abrahamsen B, Jørgensen HL, Brix TH, Heged€us L. Dura-
tion of hyperthyroidism and lack of sufficient treatment are associated with
increased cardiovascular risk. Thyroid. 2019;29:332–340.

57. Haentjens P, VanMeerhaeghe A, Poppe K, Velkeniers B. Subclinical thyroid dysfunc-
tion and mortality: an estimate of relative and absolute excess all-cause mortality based
on time-to-event data from cohort studies. Eur J Endocrinol. 2008;159:329–341.

58. Gencer B, Collet TH, Virgini V, et al. Subclinical thyroid dysfunction and the risk
of heart failure events: an individual participant data analysis from 6 prospective
cohorts. Circulation. 2012;126:1040–1049.

59. Wang D, Cheng X, Yu S, et al. Data mining: seasonal and temperature fluctuations
in thyroid-stimulating hormone. Clin Biochem. 2018;60:59–63.

60. Meller J, Becker W. The continuing importance of thyroid scintigraphy in the
era of high-resolution ultrasound. Eur J Nucl Med Mol Imaging. 2002;29(suppl
2):S425–S438.

61. Clerc J. Quantitated thyroid scan (123I) of the thyroid nodule: a new molecular
imaging. J Radiol. 2009;90:371–391.

62. Fricke E, Fricke H, Esdorn E, et al. Scintigraphy for risk stratification of iodine-
induced thyrotoxicosis in patients receiving contrast agents for coronary angiogra-
phy: a prospective study of patients with low thyrotropin. J Clin Endocrinol Metab.
2004;89:6092–6096.

63. Reinhardt MJ, Joe A, von Mallek D, et al. Dose selection for radioiodine therapy
of borderline hyperthyroid patients with multifocal and disseminated autonomy on
the basis of 99mTc-pertechnetate thyroid uptake. Eur J Nucl Med Mol Imaging.
2002;29:480–485.

64. Dunkelmann S, Endlicher D, Prillwitz F, et al. Results of TcTU-optimized radioiodine
therapy in multifocal and disseminated autonomy.Nuklearmedizin. 1999;38:131–139.

65. H€anscheid H, Lassmann M. Will SPECT/CT cameras soon be able to display
absorbed doses? Dosimetry from single-activity-concentration measurements.
J Nucl Med. 2020;61:1028–1029.

66. Fujita N, Koshiba Y, Abe S, Kato K. Investigation of post-therapeutic image-based
thyroid dosimetry using quantitative SPECT/CT, iodine biokinetics, and the
MIRD’s voxel S volume in Graves’ Disease. EJNMMI Phys. 2020;7:6.

67. Ceriani L, Milan L, Virili C, et al. Radiomic analysis of [18FDG]
fluorodeoxyglucose-avid thyroid incidentalomas improves risk stratification and
selection for clinical assessment. Thyroid. 2021;31:88–95.

68. Zwanenburg A. Radiomics in nuclear medicine: robustness, reproducibility, stan-
dardization, and how to avoid data analysis traps and replication crisis. Eur J Nucl
Med Mol Imaging. 2019;46:2638–2655.

MOLECULAR THYROID IMAGING � Giovanella et al. 25S


	TF1


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 300
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /FlateEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /Warning
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects false
	/DownsampleMonoImages false
	/PassThroughJPEGImages true
	/ColorSettingsFile (Color Management Off)
	/AutoRotatePages /None
	/Optimize false
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /Warning
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues true
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1000
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth 8
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IncludeProfiles false
			/AddBleedMarks false
			/ConvertColors /ConvertToCMYK
			/IncludeLayers false
			/FormElements false
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/IncludeInteractive false
			/AddColorBars false
			/DestinationProfileSelector /DocumentCMYK
			/MultimediaHandling /UseObjectSettings
			/UseDocumentBleed false
			/AddCropMarks false
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /DocumentCMYK
			/DestinationProfileName ()
			/UntaggedRGBHandling /UseDocumentProfile
			/GenerateStructure false
			/AddRegMarks false
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/AddPageInfo false
			/UntaggedCMYKHandling /LeaveUntagged
		>>
	]
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 300
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
		true
	]
	/EndPage -1
	/DownsampleColorImages false
	/ASCII85EncodePages false
	/PreserveEPSInfo true
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 1200
	/NeverEmbed [
		true
	]
	/CannotEmbedFontPolicy /Error
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (None)
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Average
	/EmitDSCWarnings true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages false
	/GrayImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /Warning
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ColorImageDepth 8
	/DetectCurves 0.0
	/PDFXTrapped /False
	/ColorImageFilter /FlateEncode
	/TransferFunctionInfo /Remove
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage false
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (DJS standard print-production joboptions; for use with Adobe Distiller v7.x; djs rev. 1.0)
		/PTB <>
		/FRA <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA <>
		/DAN <>
		/JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/QFactor 0.15
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		792.0
		1224.0
	]
	/HWResolution [
		2400
		2400
	]
>>
setpagedevice


