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Simple Summary: This year marks the 80th commemoration of the first time that radio-iodide
treatment (RAI) was used. RAI is one of the most effective targeted internal radiation anticancer
therapies ever devised and it has been used for many decades, however, a thorough understanding
of the underlying molecular mechanisms involved could greatly improve the success of this therapy.
This is an in-depth innovative review focusing on the molecular mechanisms underlying radio-iodide
therapy in thyroid cancer and how the alteration of these mechanisms affects the results in the clinic.

Abstract: Thyroid radio-iodide therapy (RAI) is one of the oldest known and used targeted therapies.
In thyroid cancer, it has been used for more than eight decades and is still being used to improve
thyroid tumor treatment to eliminate remnants after thyroid surgery, and tumor metastases. Knowl-
edge at the molecular level of the genes/proteins involved in the process has led to improvements in
therapy, both from the point of view of when, how much, and how to use the therapy according to
tumor type. The effectiveness of this therapy has spread into other types of targeted therapies, and
this has made sodium/iodide symporter (NIS) one of the favorite theragnostic tools. Here we focus
on describing the molecular mechanisms involved in radio-iodide therapy and how the alteration
of these mechanisms in thyroid tumor progression affects the diagnosis and results of therapy in
the clinic. We analyze basic questions when facing treatment, such as: (1) how the incorporation of
radioiodine in normal, tumor, and metastatic thyroid cells occurs and how it is regulated; (2) the pros
and cons of thyroid hormonal deprivation vs. recombinant human Thyroid Stimulating Hormone
(rhTSH) in radioiodine residence time, treatment efficacy, thyroglobulin levels and organification,
and its influence on diagnostic imaging tests and metastasis treatment; and (3) the effect of stunning
and the possible causes. We discuss the possible incorporation of massive sequencing data into
clinical practice, and we conclude with a socioeconomical and clinical vision of the above aspects.

Keywords: radio-iodide treatment; thyroid cancer; sodium/iodide symporter (NIS); thyroid hor-
monal deprivation; recombinant human TSH; theragnostic; stunning; differentiated thyroid cancer;
radio-iodine-refractory thyroid cancer; adjuvant therapy

1. Radioactive Iodide (RAI) Therapy

Radioactive iodide (RAI) therapy has been a treatment option for patients with benign
and malignant thyroid disease since the 1940s [1,2]. This post-surgical treatment after
thyroidectomy is the oldest targeted therapy and contributes significantly to differentiated
thyroid cancer (DTC) patients’ life expectancy. The potential secondary effects such as
damage to salivary glands or tear ducts, or soreness and swelling in glands, are generally
temporary and do not outweigh the benefits for thyroid malignancies. RAI is also used in
benign thyroid diseases such as hyperthyroidism [3].
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RAI is based on radiation capacity. In the case of 131I, high energy nuclear electron
emissions are used to destroy target cells (Table 1) (Figure 1). Ionizing radiation leads to
DNA damage, which is primarily caused by both the direct and indirect effects of radiation.
This leads to molecular damage such as single-strand breaks, double-strand breaks, base
damage, and DNA–protein cross links [4]. In the direct effects, 131I significantly inhibits
cell proliferation, enhances cell apoptosis by downregulating the effector of cell cycle
checkpoint Bcl2 gene, and promotes cell cycle arrest by upregulating the B-cell translocation
gene 2-mediated activation of JNK/NF-κB pathways [5]. The sodium/iodide symporter
(NIS) is also susceptible to DNA damage involving ataxia telangiectasia mutated kinase
(ATM)-mediated mechanisms [6]. Indirect effects of radiation occur in the surrounding
cells through non-targeted (bystander and abscopal) effects [7].

Table 1. Radioactive isotopes used in clinical medicine for thyroid cancer. 18F-FDG: 2-deoxy-2-[18F]-Fluor-D-glucose;
18F-BF4-: [18F]-tetrafluoroborate; EC: electronic capture; γ: gamma radiation (high energy photons); β+: positrons from the
nucleus; β-: electrons from the nucleus; IT: isometric transition; PET: positron emission tomography; SPECT: single-photon
emission computed tomography; TG: thyroglobulin; GLUT: Glucose Transporter.

Isotope Detection
Technique Transporter TG Organifi-

cation?

Energy
Emitted

Type

Energy
Emitted
(KeV)

Half Life
Tissue Penetra-

tion/Spatial
Resolution

123I SPECT NIS Yes EC/γ 159 13 h
124I PET NIS Yes β+ 510 4.17 d 5.0 mm
125I SPECT NIS Yes EC/γ 27 59.4 d 17 µm
131I SPECT NIS Yes β-/γ 364 8.02 d 0.44–2.4 mm

211At PET NIS, others No EC/α 27 y 6900 (α) 7.2 h 65 µm
99mTcO4

− SPECT NIS No IT/γ 140 6.03 h
188ReO4

− SPECT NIS No β-/γ 155 17 h 10.8 mm
18F-BF4

− PET NIS No β+ 511 110 min
18F-FDG PET GLUT No β+ 511 110 min 4.2 mm
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receptor; ROS: reactive oxygen species; Duox2: Dual oxidase 2; MCT8: Monocarboxylate transporter 
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Figure 1. Putative effects of radio-iodide in the cell. Two types of effects can be experienced: direct and
indirect. Four main types of damage can occur as a result of direct effects: (1) direct DNA damage such
as single-strand and double-strand breaks, (2) increased ROS, (3) inactivation of DNA repair proteins
to compensate for elevated ROS, (4) elevated ROS-mediated protein inactivation of proteins directly
implicated in iodide transport, such as NIS, or in general thyroid differentiation (TPO, Tg, Duox2,
TSH-R, Pendrin, etc.). Indirect non-targeted effects of radiation (5) occur in the surrounding cells as a
result of bystander and abscopal effects. In any case, damage intensity would depend on radioiodine
concentration and subcellular localization. Abbreviations: NIS: sodium/iodide symporter; TPO:
thyroid peroxidase; Tg: thyroglobulin; TSH-R: Thyroid Stimulating Hormone receptor; ROS: reactive
oxygen species; Duox2: Dual oxidase 2; MCT8: Monocarboxylate transporter 8.
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2. Iodide Accumulation in Normal, Tumor, and Metastatic Thyroid Cells

RAI therapy is a broad term that encompasses three different treatments associated
with the administered activity of 131I [8]. The first, remnant ablation, is where 131I is
given to destroy normal residual functioning thyroid tissue after surgery. This increases
the sensitivity of detection of putative locoregional and/or metastatic disease on whole-
body scans, maximizes therapeutic effects, and identifies additional sites of tumor cells.
The second, adjuvant treatment, is where 131I is used to destroy unknown microscopic
thyroid tumor cells and potentially decrease the chance of recurrence and patient mortality.
Finally, RAI treatment of known disease is where 131I is given to destroy locoregional and
distant metastasis to cure patients more efficiently, to reduce recurrence and mortality, and
in cases of palliative care. RAI therapy is usually recommended for patients who have
DTC. There are still issues to resolve regarding the therapeutic use of 131I for DTC once
implementing RAI in clinical practice is considered [9]. Among others, these include the
best method of preparation (thyroid hormone (TH) deprivation vs. recombinant human
Thyroid Stimulating Hormone (rhTSH)), the amount of 131I used (low vs. high doses)
depending on tumor risk stratification, assessment of post-operative disease status, precise
definition of successful therapy, the radioisotopes chosen in diagnosis to avoid stunning, the
use of personalized dosimetry, the management of refractory RAI cases, and the evaluation
of putative side effects in the risk–benefit ratio of RAI to optimize the decision-making
process. However, RAI therapy has provided undoubted benefits for DTC patients, and its
success in their treatment has turned RAI into a potential therapeutic tool for other extra-
thyroid tumors that express NIS [10–13]. Today, RAI through NIS is one of the favored
theragnostic tools in gene therapies [13–17]. Nevertheless, RAI therapy success essentially
depends on the capacity of the cell to accumulate radioactive iodide.

One of the main questions when approaching treatment is how radioiodine is incor-
porated into the tumor cell. To understand this process, it is necessary to describe the
incorporation of iodine by NIS into a thyroid cell in normal physiology. The main role
of iodine in metabolism is the synthesis of TH, which occurs in the thyroid gland [18,19].
Therefore, it is essential to know the molecular mechanisms involved in order to under-
stand the incorporation of stable iodine (127I−), its radioactive isotopes (123I−, 124I−, 125I−,
131I−), and other thyroid-accumulated radioisotopes such as 99mTcO4

−, 188ReO4
−, 18F-FDG,

and 18F-TFB which are currently used in clinical medicine (Table 1) [20].

2.1. Physiology of the Thyroid Epithelial Cell

The key molecule involved in the entry of iodine into a thyroid follicle cell is the
NIS protein [13,21–24] (Figure 2a). NIS is expressed on the basolateral membrane of the
thyroid follicular cell to allow the transport of iodine from the bloodstream into the cell
cytoplasm. NIS transports iodine against its concentration gradient using the favorable
sodium gradient since the concentration of Na+ is much higher in the blood than inside cells.
NIS transports not only iodine, but also other ions such as ClO4

− > ReO4
− > I− ≥ SeCN−

≥ SCN− > ClO3
− > NO3

− >> Br− > BF4
− > IO4

− [25]. NIS can also transport radioactive
isotopes used in clinical medicine, especially in diagnostic techniques (188ReO4

−, 18F-BF4
−,

211At, and 99mTcO4
−). Later, iodine is transported from the cytoplasm of the epithelial cell

to the colloid of the thyroid follicle through the apical membrane. Transport through this
membrane involves several molecules whose capacity (or affinity) to transport iodine is
much lower than NIS, but they take advantage of the favorable gradient of iodine that
NIS has previously created inside the epithelial cell. So far, three transporters have been
identified: pendrin, anoctamin 1/TMEM16A, and perhaps cystic fibrosis transmembrane
conductance regulator (CFTR) [13]. The participation of these transporters in the process
remains to be fully characterized, but mutations in these proteins have been related to
thyroid pathologies, especially congenital hypothyroidism. Following the process of the
synthesis of thyroid hormones, the enzyme TPO incorporates iodine into the tyrosine
residues of the thyroglobulin molecule to give rise to the iodinated residues mono- and di-
tyrosine iodine (MIT and DIT, respectively) [26]. This process, also known as organification,
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involves the oxidation of iodine. For this oxidation, the presence of H2O2 is required, which
is provided by the Dual oxidase 2 (Duox2) molecule [27].
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Figure 2. Schematic representation of the biosynthesis of thyroid hormones (TH) in normal and differentiated thyroid cancer
(DTC) thyroid tissue. (a) Physiology of a thyroid cell. The thyroid follicle is made up of epithelial cells. The basolateral
membrane is in contact with the blood stream, where iodide from the diet, or iodide recycled from dehalogenation in
peripheral tissues, arrives. Iodide is transported against its concentration gradient by the plasma membrane protein
sodium/iodide symporter (NIS) (red diamonds) thanks to the sodium gradient provided by the sodium and potassium-
ATPase. NIS can concentrate more than 40–100 times the concentration of iodide in the blood. The iodide goes to the apical
membrane side of the cell, essentially by concentration gradient, and is then transported to the colloid by means of different
transporters (Anoctamin 1 (Ano1/TMEM16A), Pendrin and cystic fibrosis transmembrane conductance regulator (CFTR)
located in the apical membrane of the thyroid follicle cell. The Duox2 enzyme generates H2O2, which is used by TPO
to oxidize iodide in the TG molecule (organification), forming iodotyrosine residues (MIT and DIT). TPO itself couples
two residues of MIT and/or DIT to synthetize the thyroid hormones (TH) T3 and T4, although they are still bound to TG.
Iodinated TG (TG-I), as iodotyrosine or iodotyronine residues, accumulates in the colloid until there is further need for TH.
When TH is required, TG is internalized into the cytoplasm, proteolyzed, and the iodinated residues are released. The iodine
from the MIT and DIT residues is recycled by the Iodotyrosine dehalogenase 1 (DEHAL) enzyme. T3 and T4 are transported
to the bloodstream by the MCT8 membrane protein. TSH, through its receptor on the basolateral membrane (TSH-R), is the
master hormone that regulates most of the indicated processes at different levels, in addition to cell proliferation and growth.
Immunohistochemistry shows the expression of NIS in the basolateral membrane of a non-anaplastic thyroid. (b) Thyroid
tumor cell physiology in differentiated thyroid cancer (DTC). In tumor cells, the follicular structure is not always well
preserved, and TG can be released into the bloodstream. The expression of key TH synthesis proteins is reduced (TSH-R,
NIS, TPO, and pendrin) or delocalized from the place where they are functional, which prevents correct TH synthesis.
Furthermore, Duox2 is usually not diminished, so the production of H2O2 does not decrease, which may lead to an increase
in ROS that alter the synthesis and degradation of cell mechanisms. Immunohistochemistry shows the expression of NIS
localized both at the basolateral membrane and in the cytoplasm in DTC tissue.

The same enzymes, TPO and Dual oxidase 2 (Duox2), are responsible for coupling
two iodinated residues to form the pre-hormones T3 and T4 within the TG [26]. Iodinated
TG (TG-I) is accumulated in the colloid, where it constitutes about 80% of total proteins.
Next, and depending on the TH metabolic needs, it can be endocytosed into the cell
cytoplasm. TG-I is digested and T3/T4 are released from TG. The iodine from MIT and DIT
residues that did not form TH is also released by the iodotyrosine deiodinase (IYD/DEHAL)
enzyme [28] and recycled for new TH synthesis. Finally, T3 and T4 are transported from
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the cell cytoplasm to the bloodstream through the Monocarboxylate transporter 8 (MCT8)
at the basolateral membrane [29].

Most of the mentioned mechanisms are regulated by the blood concentration of TSH.
It binds to its receptor (TSH-R) on the basolateral membrane of the thyroid follicle, and this,
in turn, activates different signaling pathways in the cell to regulate the expression, function,
degradation, and trafficking of the mentioned molecules (NIS, TPO, TG, Duox2, MCT8), as
well as cell proliferation and thyroid growth [18,29–32]. Furthermore, the production of
TSH in the pituitary is inversely regulated by the blood concentration of TH [32]. TG is
also usually found in blood, with concentrations between 5 and 25 µg/L being considered
normal. These levels can be increased in thyroid hyperplasia, subacute thyroiditis, or
Graves’ disease, and in the case of thyroid tumors and/or their metastases [33,34].

Another important regulator in the synthesis of thyroid hormones is iodine itself.
Very high blood iodine concentrations lead to iodine self-regulation in the thyroid, also
known as the Wolff–Chaikoff effect [35–37]. Excess iodine triggers several responses in the
thyroid: (i) inhibition of TPO and Duox2, and therefore inhibition of iodine organification
in TG, (ii) reduction in expression of NIS mRNA, and (iii) it has recently been shown
that it also inhibits the function of NIS at the plasma membrane; this is a very rapid
effect [35,38]. The Wolff–Chaikoff effect lasts 2–3 days and is molecularly explained by the
excessive oxidation of iodine in different proteins and lipids, which leads to an increase in
reactive oxygen species (ROS) [35]. The escape of this effect, or the return to normal thyroid
function, occurs after 4–10 days and is due to the action of antioxidant enzymes, mainly
thioredoxin reductase 1 (TxnRd1), which reduces ROS levels and allows the re-expression
of NIS and TPO [35,38,39]. Recent works have shown using in vitro and in vivo approaches
that iodinated contrast agents also affect the incorporation of iodine into the thyroid in an
effect that can last for more than eight days, longer than the Wolff–Chaikoff effect [40,41].
These authors reached several important conclusions: (a) that the effect drastically reduces
the expression of NIS, which can last more than four days; (b) that it is specific to the
thyroid, since it does not affect the expression of NIS in salivary glands; and (c) that it is
independent of free iodine. In a proteomics approach, the same group has found different
cellular pathways that are modulated both by iodine excess and by iodinated contrast
agents [40]. Perhaps the most interesting, communally regulated by both, are the elF4 and
P706SK cell signaling pathways and the insulin receptor, since both pathways that have
been shown to be involved in the regulation of NIS [42–44]. Furthermore, the TSH receptor
is also downregulated by iodinated contrast agents.

Finally, there are other factors that regulate iodide uptake and TH synthesis (Table 2).
It is noteworthy that most of them are inhibitory and compensate for the powerful stimu-
lating effect that TSH exerts on the thyroid cell.

Table 2. Iodide uptake and the main regulators of thyroid hormone synthesis.

Stimulators Inhibitor

TSH
Selenium

Iodide (I−)
Thyroglobulin (TG)

Growth factors and cytokines (IGF1, TGFβ,
TNFα, TNFβ, IFNγ, ILα, ILβ and IL-6)

Reactive oxygen species (ROS)
Iodinated contrast agents

2.2. Thyroid Tumor Cell

In thyroid carcinogenesis of epithelial cell origin, the expression and/or location of
some of the described molecules are altered (Table 3 and Figure 2b). It is essential to know
what happens to the proteins involved in these processes during tumor development to
understand and evaluate possible treatments and to predict clinical results. In differentiated
thyroid carcinoma (DTC), both papillary (PTC) and follicular (FTC), many of the properties
of normal follicular cells remain. Therefore, although decreased, the expression of TSH-R,
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NIS, pendrin, TPO and TG is preserved, while the expression of Duox2 is not altered
or is slightly increased, and these tumor cells can even synthesize TH [45–50]. In some
cases, however, these proteins are expressed but may be delocalized and not functional.
This has been seen for TPO, Duox2, pendrin and especially for NIS [48,49,51–55]. Many
DTC express NIS, even abundantly, but because it is not localized at the plasma membrane,
tumor cells are unable to capture iodine [51,56,57].

Table 3. Expression level modification of proteins involved in iodine transport and their organization
in thyroid cancer compared to normal tissue. ND: not detected; PM: plasma membrane; DTC:
differentiated thyroid cancer; mDTC: metastasis of DTC; PDTC: poorly differentiated thyroid cancer;
ATC: anaplastic thyroid cancer.

DTC mDTC PDTC and ATC

TSH-R ↓ ↓↓↓ ↓↓↓
NIS ↓ = (PM/cytoplasm) ↓↓ (PM/cytoplasm) ND

Pendrin ↓↓ ND
TG ↓ ↓↓↓ ↓↓↓↓

TPO ↓ (PM/cytoplasm) ↓↓ (PM/cytoplasm) ND
Duox2 = (PM/cytoplasm) ↓ ND
GLUT1 = or slightly ↑ ↑↑ ↑↑

↓: slight decrease, ↓↓: decrease, ↓↓↓: high decrease, ↓↓↓↓: Very high decrease, but still measurable, = unaltered.

Hence, the first limiting step is the incorporation/accumulation of iodine radioisotopes
and other clinically used isotopes (Table 1). This depends on the amount of NIS present
at the plasma membrane of the cell. However, since NIS is capable of incorporating more
than 40 times the blood iodine concentration into the cell [23,58], even a small amount of
NIS expression would be able to incorporate the necessary radioiodine for the therapy to
be effective. Such efficacy will also depend on other factors. One of them is the amount
of radioiodine that can be oxidized/organized. Although TPO and TG levels are also
decreased in DTC cells, the amount of radioiodine that they can incorporate and organify
is high. Another factor is the amount of iodized TG previously stored in the tumor
tissue. A low iodine diet will allow for low levels of iodized TG before therapy, and
more TG available to be organified by radioiodine. This would consequently increase
the effectiveness of the treatment. This has been experimentally demonstrated in vivo in
euthyroid mice [59], where it was observed that both a low iodine diet and rhTSH injections
in mice treated with T3 significantly increased the accumulation of iodine in the thyroid.
Molecularly, they observed that this effect was mainly due to an increase in the expression
of NIS. Therefore, in DTC cells where some of the mechanisms that regulate the expression
of NIS are still maintained, the phenomenon could be similar.

A decrease in TSH-R in DTC has also been observed in parallel with the decrease in
NIS expression (Table 3). Therefore, depending on the amount of TSH-R present in the
tumor cell, stimulation with TSH, either endogenous or exogenous, will be more or less
effective. In parallel, the expression of TSH/TSH-R dependent proteins will vary, as is
the case for NIS, TG, and TPO [45,60]. It has been observed that chronic TSH stimulation,
which occurs after the induction of hypothyroidism to raise endogenous TSH, does not
alter TSH-R levels and could lead not only to the increased expression of NIS, TG and
TPO, but also to an increase in the proliferation and growth of tumor cells [30]. For rhTSH
treatment, the situation will be similar, except for the increase in proliferation since the
treatment time is very short.

Another important factor that could affect the effectiveness of RAI is the presence of
ROS. In DTC, an increase in ROS is observed, mainly as a result of Duox2 (not because the
expression of Duox2 increases, but by decreasing the expression of TPO, the production
of H2O2 generated by Duox2 is not consumed and accumulates in the tumor cell) [61].
NOX4 expression is also increased in DTC, leading to an increase in oxidant species that
cause DNA damage and promote cell dedifferentiation, tumorigenesis, and chromosomal
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instability [62]; NOX4 also stimulates TGF-β in cancer [63], which has been shown to play
a key role in the BRAFV600E-induced repression of NIS [57,64,65].

Massive genomic sequencing has revealed an additional level of complexity in DTC
that could help to predict the success of RAI and/or establish new strategies to treat
these tumors. The Cancer Genome Atlas (TCGA) Research Network analyzed the genomic
landscape of 496 PTCs [66] and established a new molecular classification of PTC. The study
suggests that besides harboring the two main drivers of PTC, BRAF and RAS mutations,
tumors also have distinct subtypes and signaling pathways that are affected, establishing
a more genetically complex scenario than previously thought [66]. In general, BRAF-like
tumors have a less differentiated gene expression pattern than RAS-like or other gene fusion
tumors. In the case of the genes responsible for iodine uptake and metabolism expression,
they are greatly reduced in BRAF-like tumors, in contrast to RAS-like tumors in which the
expression of these genes is largely preserved [66,67]. These results (summarized in Table
3) are in agreement with studies in patients which have analyzed thyroid differentiation
markers by mRNA [46–48,68] or protein [51,53,55,57] analysis.

Thyroid differentiation genes are significantly diminished in poorly differentiated
(PDTC) or anaplastic (ATC) thyroid cancers. TG and TSH-R expression are considerably
reduced, although they are still detectable (Table 3). In addition, the presence of NIS,
TPO and pendrin is practically undetectable, so diagnosis and RAI therapy are usually
not effective. The main strategy to treat these tumors is NIS gene (SLC5A5) expression
re-induction. The current pharmacological drugs used in in vivo or in clinical trials target
the Mitogen-Activated Protein Kinase (MAPK) pathway using MAPK inhibitors such as
vemurafenib or dabrafenib, tyrosine kinase inhibitors such as sorafenib or cabozantinib,
and Mitogen-activated protein kinase kinase (MEK) inhibitors such as selumetinib, re-
fametinib, and PD98059 (for extensive reviews, see: [69–71]. Furthermore, other essential
thyroid pathways implicated in NIS expression have been targeted. These include, among
others: PI3K pathway inhibitors such as LY294002, serine/threonine-protein kinase (Akt)
inhibitors such as apigening and rapamycin, and Histone deacetylase (HDAC) inhibitors
such as sodium butyrate, trichostatin A, valproic acid, romidepsin, panobinostat, and
vorinostat. Other strategies have targeted the Notch1 pathway with inhibitors such as
resveratrol or hesperetin. The regulation of NADPH oxidase 4 (NOX4) by the antioxidant
alpha-lipoic acid has also been used to enhance radio-iodide accumulation. Most of the
above-mentioned pharmacological drugs have shown thyroid tumor cell re-differentiation
capacity in in vitro approaches, but clinical results are still on going.

2.3. Metastatic Differentiated Thyroid Cancer Cells

DTC metastatic tumor cells, in comparison with primary tumor cells, experience a
considerable reduction in the amount of essential genes necessary for RAI, such as TG,
TSH-R, and Duox2, but a relatively low reduction of NIS and TPO genes (Table 3) [72]. NIS
protein expression in lymph node metastatic DTC tissue has been reported to be around
70%, but only around 40% is localized at the plasma membrane [73]. In general, NIS
negative expression is also related to low TSH at the time of tumor resection [74]. Much of
the TG synthesized by these cells is discharged into the bloodstream since, in many cases,
there is no adequate follicular structure, and therefore iodized or non-iodized TG cannot
be stored in the colloid. The determination of high concentrations of TG in the blood after
thyroidectomy and RAI therapy is usually an indication of the presence of metastases [75].

The oxidation/organification of iodine in TG or other molecules can be mediated
not only by the TG/Duox2 system, but also by other more abundant enzymes in serum,
such as LPO and other oxidase enzymes that produce H2O2, such as the NADPH oxidase
(NOX) family [52]. Therefore, the second important step in the success of RAI therapy for
metastases will depend on the oxidation of iodide in these cells, which will be mediated
by the ability of the cells to store/retain TG-I, or whether cytoplasmic radioiodine can
be oxidized to other molecules thanks to the production of H2O2 by Duox2 and/or NOX
enzymes [52].
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Most available evidence from patients treated with RAI for metastatic DTC is based
on retrospective analysis [76]. Loss of RAI accumulation in distant metastases (DM) is the
most significant factor for patient disease-free survival (DFS), independently of whether
DM was detected in the initial diagnosis or during follow-up [77]. This can be an effective
treatment modality and it contributes significantly to patient life expectancy. Nonetheless,
it is necessary to clarify several aspects in the management of this malignancy, such as
which activity to use and how to determine this activity, as well as the potential long-
term complications [76]. Also, special considerations are necessary in pediatric patients
regarding the weight-adaptation of activities, as well as the risk of pulmonary fibrosis in
patients with diffuse miliary metastases.

In summary, the expression of the most relevant proteins involved in the accumulation
of iodine and its subsequent organification (NIS, TPO, TG, Duox2), as well as its main
regulator TSH-R, are reduced or delocalized during thyroid tumor progression. The success
of diagnostic imaging techniques and radioiodine therapy depends on the expression levels
of these proteins, as well as their correct subcellular location.

3. Thyroid Hormone Deprivation vs. Recombinant Human TSH: Pros and Cons
3.1. Which TSH Stimulation Treatment Obtains Higher Radioiodide Accumulation and
Organification in Tumor Cells?

RAI therapy strategies in DTC are summarized in Figure 3. Given the high capacity of
NIS to accumulate iodine against its concentration gradient [58], a very high expression of
NIS is not required, but it must be located in the plasma membrane. This could explain,
at least in part, why recent studies show that the use of only 30 mCi of 131I can have
as effective an outcome on remnant ablation as the most common clinically used dose
of 100 mCi [78,79]. To achieve maximum iodine organification in TG, and also to keep
follicular structures, the presence of the oxidative enzymes TPO and Duox2 is important.
Also, in case of TH deprivation, a low iodine diet is very important before radioiodide
treatment so that the accumulated/stored TG-I is as low as possible before the therapeutic
dose of radioiodide is administered [59].
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Both hormonal deprivation and rhTSH can be extrapolated, in part, to in vitro cultures
of thyroid cells. In the case of hypothyroidism induced by hormonal deprivation, TSH
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levels remain chronically high. In in vitro cultures, this chronic TSH stimulation has been
shown to result in a continuous synthesis of NIS, TPO, TG, and Duox2, in addition to
faster cell growth. However, the chronic induction of these genes results in relatively low
expression levels [31]. Additionally, patients need to maintain a significantly low iodine
intake because if they did not, part of the expressed TG would be iodized, and subsequent
radioiodine organization would be much less effective during therapy. On the other hand,
TH deprivation induces high concentrations of TG in colloids and/or in the blood. High
TG concentrations result in lower NIS levels [80], and this could affect the efficiency of the
organization process during therapy (Table 2). This situation occurs during TH deprivation.
Furthermore, the TG in the colloid undergoes different oligomerization processes to allow
better storage [26], which can later partially prevent the incorporation of radioiodine into
TG, or at least reduce the efficiency of the process.

To prepare for rhTSH treatment, patients are treated with TH to keep endogenous
TSH levels very low, and TSH-R protein at low or insignificant levels (Figure 3). Then,
there is a high peak of serum TSH with rhTSH treatment. However, the time before the 131I
treatment (in which TSH levels are high in the patient’s body) is short. In cell culture, the
lack of TSH in the medium usually results in the decrease, or even absence, of NIS, both
in the plasma membrane and in the cytoplasm [31], and also a considerable reduction in
TG expression. Subsequently, the treatment with high TSH produces de novo synthesis of
NIS, TG, and TPO, with maximum expression levels after 24–72 h [58]. These expression
levels are higher than those obtained with chronic TSH treatment, at least in the case of
NIS [31]. Additionally, because the temporal rhTSH stimulus is short, cell growth rate
is lower compared to chronic treatment. This could be beneficial for the patient when it
comes to tumor cells.

TH treatment inhibits TSH synthesis, and consequently, NIS is not synthesized in the
thyroid follicle cell. Therefore, TG will not be iodized before radioiodine treatment and,
after TSH stimulation, the efficiency of the organification of radioiodine in TG synthesized
de novo will be higher. The duration of the stimulation of rhTSH is shorter than chronic
TSH, and therefore a reduction in cell proliferation rate (and, as a consequence, the overall
amount of TG protein synthesized), will be lower both in the thyroid cells and in the serum,
but proportionally less iodinated.

The amount of radioiodine typically used for 131I therapy, regardless of the type
of TSH pretreatment, is very high, and only part of it will be transported, accumulated,
and organified in normal or tumor thyroid cells. This implies that with large doses of
radiation, the relative observed differences in the incorporation and organization in both
TSH treatments are not very relevant in terms of the final ablation response. However, there
is controversy in the literature regarding dose effects. Different studies compared 30 vs. 100
mCi doses of RAI for post-thyroidectomy low-risk DTC patients, showing similar results in
ablation independently of the TSH pre-therapy treatment used [78,79,81,82]. More recent
studies did not show similar results and determine that the ablation rate was better with a
higher dose of RAI [83]. In intermediate-risk or high-risk DTC patients, low doses appeared
inadequate for achieving successful ablation [84]. However, the follow-up period for all
these studies was too short (less than one year) to determine whether long-term disease-free
survival (DFS) or overall survival (OS) was equivalent.

With respect to differences between TSH stimulation treatments pre-RAI, these tend
to be minimal. Clinical data showed that there is a higher, but not significant, initial
accumulation of iodine with TH deprivation. On the other hand, some studies showed
that rhTSH treatment obtains a significantly greater retention of radioiodine during 131I
therapy [85,86], probably as a consequence of the greater efficiency of organification, and of
a lesser discharge of TG into the bloodstream. This could be observed as a greater amount
of radioiodine in whole-body scan images. These differences could become significantly
more relevant if the amount of therapeutic radioiodine used is lowered (Table 4).
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Table 4. Main benefits and disadvantages in the use of TH deprivation vs. stimulation with recombinant human TSH before
RAI therapy.

Benefit Disadvantages

TH deprivation for 2–4 weeks

- Chronic synthesis of thyroid
proteins (TG, NIS, TPO, and Duox2)

- High levels of TG protein within
the colloid

- Higher amount of TG-131I in the
remnant after RAI

- Increased tumor cell proliferation
- Cold iodine organified TG

accumulated within the colloid
- Colloid-accumulated TG

downregulation of NIS expression
- TG or TG-131I, before or after RAI

treatment, present in the
bloodstream

- 131I organification in TG less
efficient

- Lower half-life of organified 131I
within remnant tissue

- Hypothyroidism induced by
chronic TSH after 3–4 weeks of TH
deprivation

- Longer hospitalization time

Recombinant human TSH

- De novo NIS and TG protein
synthesis

- High efficiency in the organification
of radioiodine in the nascent TG

- Longer radioiodine half-life in the
remnant

- Less radioiodine biodistribution in
other organs

- Lower amount of TG in the
bloodstream

- Less proliferation of tumor cells
- Better quality of life for the patient
- Shorter patient admission time

- Lower amount of 131I
organification.

- Recombinant hTSH cost

In summary, TH deprivation keeps serum TSH chronically elevated (Figure 3), leading
to the constant expression of NIS and TG in addition to high tumor cell proliferation.
Globally, TG expression levels are high, although a significant proportion will be discharged
into the bloodstream and part of the TG in the colloid may be organified with cold iodine.
This translates into relatively inefficient radioiodine organization during 131I treatment.

In recombinant human TSH treatment, endogenous TSH levels are very low or not
present, as are NIS and TG expression levels. After treatment with rhTSH, high de novo
synthesis of NIS and TG is achieved. This allows for very high NIS radio-iodide uptake and
a greater efficiency of radioiodine TG organization in the colloid, increasing radioiodine
residence time in thyroid remnants. This approach can compensate for the lower overall
expression of TG and prevent the constant proliferation of tumor cells as compared to
TH deprivation.

3.2. Which TSH Stimulation Treatment Obtains Longer Radioiodine Residence Time in
Tumor Cells?

As previously mentioned, in the case of TH deprivation, TG levels are higher in
addition to increased proliferation and growth (Table 4). Therefore, the global TG amount
will be greater than in thyroid remnants treated with recombinant human TSH. However,
part of this TG may be iodized and/or in tertiary structures stored in the colloid, where the
incorporation of radioiodine will be less efficient than in the case of de novo synthetized TG,
as occurs in the case of stimulation with rhTSH. This would explain why there is a greater
amount of organized radioiodine in TH deprivation, and yet the period of time that this
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radioiodine stays in the remaining thyroid tissue is low [85,86]. Furthermore, chronic TSH
will stimulate the proliferation and growth of tumor cells [30]. In the case of TH deprivation,
it has been observed that a large part of TG is discharged into the blood before treatment,
again decreasing the effectiveness of radioiodine incorporation, and thus allowing a greater
exposure of TG to the immune system, which may increase the probability that new anti-TG
antibodies are generated. In any case, clinical data indicate that there are no significant
differences regarding ablation results obtained in both situations [78,79,85]. This could be
explained because the amount of radio-iodide typically used is very high. No significant
differences were observed with respect to the recurrence risk in patients treated with either
treatment [87,88].

Another important aspect may be kidney function. In TH deprivation, and therefore
chronic elevated TSH, kidney function is affected. Since NIS is also expressed in the kidney,
normal metabolism iodide flow can be altered [13]. This is important and explains, at least
in part, why in TH deprivation the levels of radioiodine in blood, and in general in whole-
body scans, are higher than in euthyroid patients treated with rhTSH. However, because
kidney function is altered, blood radioiodine levels could increase the risk of side effects
in other organs (stomach, ovary, salivary glands, etc.) where NIS is also expressed [13,21].
This would decrease potential radioiodine accumulation in thyroid remnants and/or
metastases. In this sense, recent studies demonstrate that DTC patients treated with 131I
after TSH stimulation have lower abdominal (liver, stomach, ascending colon, transverse
colon, descending colon, rectum, and small intestine) radioiodine activity, both in terms
of activity ratio and absorbed dose ratios, than patients with TH withdrawal [89]. These
results could be relevant to prevent possible gastrointestinal side effects after therapy and
also in post-therapy patient management (i.e., length of hospital stay, health cost, and
quality of life) [89].

In summary, kinetic data from patients indicate that there are differences in the
amount of radioiodine that can accumulate and/or be organified depending on whether
the treatment prior to radioiodine is via TH deprivation or by exogenous stimulation
with TSH. There is a greater quantity of TG and therefore radioiodine organification in a
situation of TH deprivation, but a large part of that TG-I is discharged into the bloodstream,
becoming a relatively inefficient process. TH treatment and recombinant human TSH
stimulation achieve lower total organification but allow a more efficient accumulation in
thyroid remnants. The opposite occurs with radio-iodide residence in blood and other
tissues, minimizing possible side effects in other organs (Table 4).

3.3. Do Different TSH Stimulation Treatments Affect Negative Scans in Diagnosis?

The management of DTC patients with rising TG levels and negative radioiodine
whole body scans is still controversial [90]. A radioiodine negative scan can be mainly due
to two factors: (i) NIS expression is very low or null, and (ii) even if there is expression, even
over-expression of NIS, the protein is delocalized and does not reach the plasma membrane.
Both cases can occur regardless of the type of previous TSH treatment and will depend
more on the degree of dedifferentiation of tumor cells and the expression of TSH-R. Iodide
negative scans will be more frequent in more de-differentiated cases within the umbrella
of those considered DTC. The new classification of DTC from panels of mutated and/or
altered genes after sequencing of many patients [66] may help to correlate tumor subtypes
more clearly and predict the response to radioiodine treatment. Alternative radioelements,
i.e., those not transported by NIS, have been proposed to scan thyroid remnants and/or
metastases [91–93]. The treatment of those cases may also differ from RAI and strategies
used in PDTC and ATC, previously mentioned, could be more promising [69].

3.4. What TSH Stimulation Treatment Could Be Better for DTC Metastases?

As in non-metastatic tumor thyroid tissue, the efficacy of radioiodine therapy will
depend mainly on the presence of NIS to accumulate iodine and on the TPO/Duox2 system
to oxidize radio-iodide into TG radioiodine. However, the organification of iodine can be
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carried out by other oxidative protein systems such as Lactoperoxidase (LPO)/NOX, and
protein targets could be different than TG. This last aspect becomes more important in the
treatment of metastasis since higher concentrations of radioiodine are used.

There is still debate regarding the efficacy of the treatment of DTC thyroid metastases
when comparing TH deprivation vs. rhTSH [94]. In metastatic patients where radioiodine
therapy was used compassionately, both pre-therapy methods were found to be equally
effective in dosimetry measurements of patients [94]. Nevertheless, the studies are mostly
retrospective, and groups of patients were heterogeneous. In addition, some studies did
not find significant differences in the efficacy of eliminating locoregional and pulmonary
metastases [95,96], or bone metastases [95,97]. Better programmed epidemiological studies
that use a higher number of patients are needed in order to obtain adequate scientific
evidence in this regard. One of the most recent studies [98] indicates that radio-iodide re-
tention rate and effective half-time in metastatic lymph nodes were significantly lower than
in thyroid remnants of primary tumors. This is concordant to lower levels of expression or
delocalization of NIS in metastatic cells (Table 3). Additionally, this study indicates that
the retention rate and the effective half-time of thyroid remnants and in metastatic lymph
nodes in the rhTSH pre-RAI treatment group were higher than those in the TH deprivation
group, although not statistically significant for metastatic cases [98]. Taking into account
the clinical response after RAI, overall patient survival after 5.5 years was similar when the
pre-RAI treatment was either TH deprivation or rhTSH [97].

In summary, although there are no available large comparative epidemiological stud-
ies of RAI treatment of metastases after TH deprivation or rhTSH, most studies show
similar effectiveness.

4. Stunning Phenomenon in RAI Therapy

Thyroid stunning was first reported in 1951 [99]. This phenomenon is characterized
by less 131I accumulation at therapy than was predicted from the radioiodine accumulation
measurement during dose planning at diagnosis. There is quite a bit of controversy
regarding the existence of such an effect, and the possible underlying mechanisms in the
stunning process. A wide variety of results both in vitro [100–102] and in vivo [103–105]
have been published, sometimes contradictory; at other times, procedures used differ and
results are difficult to compare [106].

Two different effects would explain a large part of the observed results. (1) If radioio-
dine, either 131I, 123I, or 124I, is used in the initial screening, it will end up oxidized, mostly
in TG. This organified radioiodine will be able, depending on quantity and radiation energy
levels, to affect the cell where it has been incorporated and even destroy it. Surrounding
cells could also be affected through non-targeted reactions (bystander and abscopal ef-
fects) [7] as occurs in typical 131I therapeutic doses. Therefore, these cells would no longer
be able to accumulate or incorporate radioiodine during treatment. Consequently, these
cells will have been successfully treated, even with apparently low radioiodine doses, and
thyroid stunning would be an artifact due to an early therapeutic effect of ablative 131I, and
not a clinical problem. In this sense, using 131I during diagnosis would be more effective
than 123I, since 131I has higher levels of radiation emission (Table 1). (2) If radioiodine
does not destroy the cell, it would be stored as TG-131I/123I, and this would diminish the
future capacity of that TG to organize radioiodine during treatment. In this sense, both
radioisotopes would interfere similarly. In these two effects, there would be an additional
indirect effect produced by the increase of ROS [107], which would affect the cell depending
on accumulated levels. Again, 131I would be more effective than 123I here. Given that tumor
cells already have high levels of ROS, the increased ROS could additionally contribute
to the elimination of the cell regardless of radiation. This would be equal in diagnosis
and treatment. Using 123I and 124I may have some disadvantages, such as lower sensitiv-
ity, higher costs, shorter half-life, and availability problems [108]. 124I has an additional
disadvantage because it is a positron emitter which can cause methodological problems.
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Other radioisotopes used in diagnosis [100,109] that can be transported by NIS, such
as 99mTcO4, 211At, and 18F-BF4

−, will not be organified in TG (Table 1). Therefore, the first
effect would not occur, and the other two effects would be greatly diminished. As there
is no organification in TG and they have short half-lives (Table 1), diagnostic images
should be recorded shortly after radioisotope administration. ROS production using theses
isotopes, except 211At, will be lower than using 131I, 123I, or 124I. Therefore, the isotopes
that could cause a minor stunning effect would be those that are not organified by TG, such
as 99mTcO4

− and 18F-BF4. This was demonstrated for 99mTcO4
−, where the stunning effect

in mice could only be observed at extremely high thyroid absorbed dose thresholds (above
20 Gy), a level unlikely to be found in clinical practice [110]. However, 99mTcO4

− has
the drawback of low sensitivity, especially for metastatic images, so a negative diagnosis
cannot be absolutely guaranteed [111]. Perhaps the most promising is 18F-BF4

−, which
provides more sensitive images using positron emission tomography (PET), although more
studies are needed to confirm this.

Concerning the first effect, in addition to cellular damage, ROS could generate an effect
similar to the Wolff–Chaikoff effect during diagnosis or treatment [35,39,112]. This would
cause not only an oxidation of iodide (both TG and lipid oxidation), but also a very rapid
inhibition of NIS present at the plasma membrane, even in times as short as 1 h, and could
last up to 48–72 h [35,112]. In this case it would be necessary to wait for the escape of the
Wolff–Chaikoff effect so that the cells are able to accumulate 131I again [35]. Given that
ROS are high in tumor cells before diagnostic 131I is applied, this phenomenon could be
possible even if relatively low doses of 131I are used [113].

Clinical results show that using 131I at concentrations between 1–3 mCi for diagno-
sis [114] and applying the therapeutic dose within 24–48 h prevents the stunning effect [106].
However, this effect is observed when using 2–5 mCi of 123I for diagnosis. Recent studies
have demonstrated the stunning effect in benign thyroid diseases [103], and that it is
dependent on pre-therapeutic radiation doses. A correction factor for the therapeutic dose,
to avoid the stunning effect, has been proposed [103,115].

One of the controversies in RAI is the most appropriate time-window to administer 131I.
It has been shown in clinical studies that the greatest accumulation of radioiodine occurs
24–48 h after the injection of rhTSH [116]; therefore, this would be the most appropriate
window to use radioiodine for diagnosis and/or treatment. According to this, the closer
the doses are given, the better the therapeutic outcome [116].

In summary, based on current data, the best way to avoid stunning would be to use
radioisotopes that are not organified in the TG and that are also transported by NIS, such as
18F-BF4

−, in diagnostic tests. In clinical studies, it has been shown that an initial dose of 1–3
mCi of 131I or 2–5 mCi 123I does not generate, or minimally generates, the stunning effect.
It is most appropriate to give radioiodine doses prior to 72 h post-injection of recombinant
human TSH.

5. Imaging Techniques in Thyroid Cancer

RAI therapy imaging techniques in thyroid cancer will depend on the functional ex-
pression of NIS in tumor cells, and the availability of the radioisotope (Table 1). Therefore,
imaging approaches will be different in DTC than in PDTC or ATC. In DTC, NIS trans-
ported photon emitter radionuclides such as 123/1245/131I and 99mTcO4

− can be detected by
the non-invasive single-photon emission computed tomography (SPECT) imaging tech-
nique for medical diagnostic imaging. 99mTcO4

− has a short half-life and a high level of
photon emission with appropriate energy for medical diagnostic imaging, but it is not
very abundant [117]. 123I is also a good radioisotope for SPECT, with a low half-life and
relatively close to 99mTcO4

− in photon emission energy, which provides higher sensitivity
and imaging quality than 125I or 131I. 125I has low photon energy and an undesirably long
half-life, which limits its use in SPECT. 131I is used both in diagnostic imaging and therapy.
131I emits both beta particles and photons with higher energy than 99mTcO4

− or 123I, which
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provides poorer quality images. In addition, its long half-live increases the unwanted
exposure of patients and medical staff.

NIS transported radioisotopes, such as 124I and [18F]-tetrafluoroborate (18F-BF4
-), can

be detected by the highly sensitive non-invasive imaging technique PET. Using 124I for PET
provides higher imaging sensitivity than SPECT. However, 124I emits not only positrons,
but also gamma radiation, which disturbs quantitative PET imaging and image quality
in several ways [118,119]. Perhaps the most promising NIS transported radioisotope for
imaging is 18F-BF4

−. It has high positron emission and low energy, which provides 3D PET
images with high quality and resolution. It also has the advantage of not being organized
in TG.

The use of another NIS-transported isotope, 211At, has also been proposed. However,
other transporters participate in its incorporation too, and accumulation in the liver, lung,
and kidneys has been observed. As a consequence, these non-tumor tissues could be
affected by treatment with 211At [120].

In undifferentiated tumors, since NIS is not expressed, it is necessary to used radioiso-
topes other than those carried by NIS for imaging techniques. 18F-FDG is transported into
the cell via glucose transporters (GLUT) and can be detected by PET. A large variety of
tumors overexpress GLUT1 [121], and therefore are capable of differentially accumulating
2-deoxy-2-[18F]-Fluor-D-glucose (18F-FDG) compared to non-tumor tissue. However, in
the thyroid follicle cell, the expression of GLUT1 is very low, and it only slightly increases
in DTC (Table 3). So, 18F-FDG accumulation is very low and this makes image acquisition
difficult. On the other hand, in more aggressive tumors such as ATC and PDTC, GLUT1
is over-expressed [16,46,122], which enhances 18F-FDG accumulation and tumor imaging
detection by PET. PET imaging of accumulated 18F-FDG could also be necessary in cases
of metastatic DTC that turn radioiodine-refractory, given that NIS is not expressed or is
not localized at the plasma membrane [92]. In these cases, as observed in the most undif-
ferentiated tumors, a metabolic change is observed that leads to the increased expression
of GLUT1.

Some studies have shown accidental 18F-FDG accumulation in thyroid cancer patients,
and these patients had higher TSH levels than those with no accumulation [123,124].
However, TSH values have been associated with hypothyroidism, probably caused by
autoimmune thyroiditis. In vitro studies showed that TSH upregulated GLUT1 mRNA
in tumor-free cell line (FRTL-5) [125], but not in FTC (ML-1 and FTC-133) or PTC (TPC-1)
cell lines [126,127]. However, since the highest expression of GLUT1 occurs in the most
aggressive tumors, and this is where the lowest expression of TSH-R is observed (Table 3),
it is unlikely that there is a significant influence of TSH on GLUT expression. This would
indicate that regardless of how TSH stimulation pre-treatment is conducted, there is no
influence on GLUT1 expression and therefore no significant improvements in PET images
using 18F-FDG.

In summary, TSH does not regulate GLUT1 expression in thyroid tumor cells. GLUT1
expression is very low in DCT, and therefore the use of 18F-FDG for PET imaging does not
provide improvements in diagnosis compared to the use of NIS radioiodine incorporation
by SPECT or PET. However, in more undifferentiated tumors (PDTC and ATC) or in
radioiodine-refractory cases, PET imaging of 18F-FDG accumulation could be feasible
and/or necessary.

6. Socio-Economic Facts

The final aspect to consider in any of the pre-radioiodine therapy treatments have to
do with socio-economic conditions. All of the studies carried out show an important benefit
in the quality of life of patients treated with recombinant human TSH [78,79,85,128–131],
avoiding mobility problems as a consequence of hypothyroidism induced by chronic
TSH after 3–4 weeks of TH deprivation. Even though some studies have shown that
hypothyroidism side effects can be reduced by maintaining TH deprivation for only two
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weeks and using levothyroxine substitutions [128], patients still have problems such as
reduced physical function, vitality, mental health, and emotional stability [128].

Regarding economic aspects, treatment with recombinant human TSH allows a reduc-
tion in the time of hospital stays, which can result in an important economic and clinical
benefit for the health system [132–134].

7. Conclusions

Eighty years after the first use of RAI therapy for hyperthyroidism [1], it is still
the first choice of treatment after thyroidectomy for primary and metastatic DTC tumors.
Improvements in patient management and significant advances in imaging techniques have
allowed us to refine the use of RAI. The success obtained in the treatment of DTC patients
(disease-free and overall survival) has turned RAI into a potential therapeutic tool for other
tumors that express NIS, such as breast cancer [12], ovarian cancer [11], and testicular
carcinomas [10]. However, there are still issues to improve in patient management, such
as pre-surgery treatment method (TH deprivation or rhTSH), the amount of radioiodine
used, and short and long-term responses to treatment. Massive sequencing techniques are
allowing a more accurate classification of traditional thyroid tumor types. This will allow
for improvements in the choice of treatment and in the prediction of patient response to
therapy. In turn, it will also help to predict RAI-refractory tumors more accurately and
to access alternative treatments without the unnecessary use of RAI, or even better, to
allow a re-differentiation treatment of the tumor so that the patient can then be successfully
treated with RAI. Even though there are still some challenges to address, this therapy
poses greater benefits for patients and relatively minor side effects compared to other
therapies. This has made RAI one of the major advances in therapeutic nuclear oncology
in the last two decades, and turns NIS into one of the favorite theragnostic tools in targeted
therapies [13–15,17].
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