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Preface to “Advances in the Diagnosis and Treatment
of Thyroid Carcinoma”

Dear Colleagues,

In the last 40 years, the incidence of thyroid carcinoma has considerably increased, making it the
most common endocrine malignancy. Even though, in most cases, the initial treatment is curative, a
certain number of patients experience a poor course of disease, with local or distant recurrence, and
require further medical or surgical treatment, which considerably worsens their quality of life.

Indeed, thyroid cancer represents a heterogeneous disease, comprising different molecular and
histological subtypes with distinct clinical behavior and prognosis.

In the last two decades, great efforts have been made to improve its diagnosis and surgical
outcomes. Molecular biomarkers have been studied and introduced in clinical practice, and new
pathological and clinical classifications have been proposed to consider tumor behavior and the risk
of disease recurrence. At the same time, new devices and surgical approaches have been developed
to improve radicality and reduce surgical trauma, including mini-invasive and remote access surgery,
the intraoperative monitoring of recurrent laryngeal nerves, and the use of indocyanine green
fluorescence to identify parathyroid glands.

Nevertheless, many issues remain a matter of debate, regarding, for example, the indication and
extent of lymphectomy of the central compartment, the treatment of microcarcinoma, the therapeutic
options for poorly differentiated and anaplastic carcinomas, and the indications and strategies in
cases of recurrent disease.

In this Special Issue of Cancers, we report the latest research on the diagnosis and therapy of

thyroid cancer.

Fabio Medas and Pier Francesco Alesina
Editors

vii
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Prophylactic Central Lymph Node Dissection
Improves Disease-Free Survival in Patients with
Intermediate and High Risk Differentiated Thyroid
Carcinoma: A Retrospective Analysis on 399 Patients
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Abstract: The role of prophylactic central lymph node dissection (pCLND) in the treatment of
differentiated thyroid cancer (DTC) is controversial and still a matter of debate. The primary outcome
of our study was to assess whether pCLND is effective in reducing the incidence of recurrent
disease, and the secondary goal was to estimate the incidence of postoperative complications in
patients who underwent pCLND and to evaluate the prognostic value of occult node metastases.
In this retrospective study, we included patients with preoperative diagnosis of DTC and clinically
uninvolved lymph nodes (cNO). The patients were divided into two groups, depending on the
surgical approach: total thyroidectomy alone (TT group) or total thyroidectomy and pCLND (pCLND
group). Three hundred and ninety-nine patients were included in this study, 320 (80.2%) in the TT
group and 79 (19.8%) in the pCLND group. There were no significant differences in morbidity among
the two groups. Histopathological evaluation demonstrated a similar distribution of aggressive
features, especially regarding multicentricity, extrathyroidal extension, and angioinvasivity between
the two groups. Occult lymph node metastases were found in 20 (25.3%) patients in the pCLND group.
Prophylactic CLND was effective in improving disease-free survival in patients with intermediate
and high risk of disease recurrence (p = 0.0392); occult lymph node metastases resulted as a significant
negative prognostic factor (p < 0.001).

Keywords: thyroid carcinoma; prophylactic central lymph node dissection; lymph node metastases

1. Introduction

Differentiated thyroid carcinoma (DTC) is traditionally considered as a tumor with good prognosis,
with an overall survival nearly comparable to the general population. Nevertheless, a certain number
of patients experience a poor clinical outcome, with local recurrence requiring further medical or
surgical treatment, with a considerable worsening of the quality of life.

The incidence of local recurrence is widely variable; the American Thyroid Association (ATA)
guidelines for patients with differentiated thyroid cancers, published in 2015, report an incidence of
local recurrence in 3-13% of patients with low-risk tumors, 21-36% in cases of intermediate-risk tumors,
and in 68% of high risk tumors [1]; similar findings have been extensively reported in literature [2-7].

The most important risk factors for local recurrence have been reported in the literature and
are the presence of lymph node metastases, the extrathyroidal extension of the tumor with invasion
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of perithyroidal tissues, the presence of BRAF V600E mutation, and the incomplete resection of the
tumor [1,2,8,9].

In fact, one of the outstanding issues is the role of lymphectomy of the central compartment in
cases of clinically uninvolved lymph nodes. In fact, the incidence of occult node metastases is high,
with a reported incidence up to 90% [2,10-14]. Furthermore, the real prognostic value of lymph node
metastases in DTC is still uncertain, with some authors suggesting that lymph node metastases do not
decrease the survival rate [3,15-18], while others have reported a worsening in both overall and in
disease-free survival [8,19-23].

For these reasons, a prophylactic central lymph node dissection (pCLND) has been proposed
for tumors with clinically uninvolved lymph nodes, but suspected of having aggressive behavior at
preoperative and intraoperative evaluation. Nevertheless, this suggestion is met with considerable
resistance due to the higher incidence of postoperative complications including hypoparathyroidism
and recurrent laryngeal nerve (RLN) injury, and to the doubtful role of lymph node metastases on
prognosis [24-26]. Consequently, the most important guidelines on DTC are discordant on this topic,
with the ATA guidelines and National Comprehensive Cancer Network (NCCN) guidelines suggesting
a prudent approach [1,27], while the Japanese Association of Endocrine Surgeon and the Japanese
Society of Thyroid Surgeons recommend routine pCLND [28].

The aim of this study was to assess whether prophylactic CLND is effective in reducing the
incidence of recurrent disease, to evaluate the incidence of postoperative complications in patients
who underwent pCLND, and the influence of occult node metastases on the prognosis.

2. Methods

In this retrospective observational study, we included patients who underwent thyroidectomy for
DTC at our department from January 2011 to December 2016. Ethical approval was obtained from
our local ethics committee. Patients were identified from a prospectively maintained institutional
database including all patients who underwent thyroidectomy. Inclusion criteria were preoperative
diagnosis of DTC and the absence of clinically involved lymph nodes both on Ultrasound (US) and on
intraoperative examination (cNO). Exclusion criteria were distant metastases, incidental diagnosis of
DTC at pathological evaluation, and surgery performed for recurrent disease.

Patients were divided into two groups: in the first group, we included patients who underwent
total thyroidectomy alone (TT group), while in the second group, patients who had undergone
thyroidectomy and prophylactic CLND (pCLND group). The design of the study is reported in
Figure 1.

Patients with diagnosis of DTC Inclusion criteria:
(2011-2016): n = 523 - Preoperative diagnosis
of DTC
- Clinically uninvolved
lymph nodes (cNO)

Exclusion criteria
Incidental diagnosis of
DTC

- Distant metastasis
Recurrent disease

| Patients included in the study: n=399 |

l l

Total thyroidectomy: n = 320 Total thyroidectomy and
pCLND: n=79
| Disease recurrence: n = 18 | | Disease recurrence: n =4

Figure 1. Design of the study. DTC: differentiated thyroid carcinoma; pCLND: prophylactic central
lymph node dissection.
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2.1. Outcome of the Study

The primary outcome of the study was to evaluate whether prophylactic CLND improves
disease-free survival in patients with DTC. The secondary outcomes were to assess whether prophylactic
CLND is burdened by a higher incidence of postoperative complications, specifically RLN injury and
hypoparathyroidism, and to evaluate the prognostic significance of occult lymph node metastases.

2.2. Preoperative Evaluation

Preoperative evaluation included clinical history, physical examination, and blood tests to
assess thyroid function and autoimmune thyroiditis. Fine-needle aspiration cytology (FNAC) was
performed in all patients, and the results were classified according to the Consensus Statement of AIT
(Italian Thyroid Association), AME (Medical Endicronologist Associaction), SIE (Italian Endocrinology
Association), and SIAPEC-IAP (Italian Society of Pathological Anatomy) for the Classification and
Reporting of Thyroid Cytology [25]. Hyperthyroidism status was defined in the case of low serum
Thyroid-Stimulating Hormone (TSH) (<0.4 mIU/L), use of thyrostatic drugs or positivity for Anti-TSH
receptor antibodies (TRAb). Autoimmune thyroiditis was defined in the case of positivity for
anti-thyroglobulin antibodies (Tg-Ab) or anti-thyroid peroxidase antibodies (TPO-Ab) and on the basis
of histopathological examination.

High-resolution US of the neck was always performed before surgery by an experienced surgeon,
with careful evaluation of the central and the lateral compartment. Preoperative laryngoscopy was
routinely performed to assess vocal fold mobility.

Indication for surgery was preoperative cytologic diagnosis or suspicion of DTC or, in the case
of negative cytology, the presence of a highly suspicious nodule based on family history, physical
examination, and US features of the nodule.

2.3. Surgical Treatment

All procedures were performed by three endocrine surgeons with high experience in thyroid
surgery, each performing at least 100 thyroidectomies per year. The surgical procedures were
extracapsular total thyroidectomies. The RLNs were routinely exposed until their insertion into the
larynx to avoid injury. Intraoperative neuromonitoring (IONM) of RLNs was routinely used in order
to facilitate nerve identification and confirm its functional integrity. Parathyroid glands were searched
at the usual sites and any attempt to preserve them was made.

Prophylactic CLND (pCLND) was performed in cases of clinically uninvolved lymph nodes (cNO)
in tumors considered at high risk for recurrence based on family history, US features of the nodule,
results of FNAC, and intraoperative examination of the thyroid gland, especially in cases of suspected
extracapsular extension of the tumor. The choice to perform a pCNLD was planned and concerted
among surgeons and endocrinologist preoperatively, and then discussed with the patient. CLND
consisted of excision of all lymphatic structures included in level VI and level VII, on the basis of
the recognized anatomic continuity between the superior mediastinum and neck. The anatomical
limits of the dissection were represented anteriorly by the superficial layer of the deep cervical fascia,
superiorly by the hyoid bone, laterally by the carotid arteries, inferiorly by the innominate artery, and
posteriorly by the pre-vertebral layer of the deep cervical fascia. The central compartment included the
pretracheal, prelaryngeal (Delphian), paratracheal, and paralaryngeal lymph nodes. Level VII was
comprised of the superior anterior mediastinal lymph nodes, located above the innominate artery and
below the level of the upper border of the sternal manubrium.

Patients in which only some perithyroidal lymph nodes were excised, without the clear intention
to perform a pCLND, were included in the TT group.
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2.4. Pathologic Examination

The surgical specimen was fixed with formaldehyde; sections were stained with hematoxylin-eosin
(H&E) and analyzed by a dedicated pathologist. Inmunohistochemical analysis was performed with
the streptavidin-biotin technique on paraffin sections using anti-pan-cytokeratin antibody.

In cases of multifocal carcinoma, the tumor size was defined as the largest diameter among the
malignant nodules. A microcarcinoma was defined as a tumor with larger diameter equal or inferior
to 10 mm. Extrathyroidal extension was defined as the presence of gross infiltration of perithyroidal
tissues found in pathological examination. Vascular invasion was defined as invasion of vessels in the
tumor capsule or beyond it, with intravascular tumor cells attached to the vessel wall.

The lymph node yield was defined as the number of lymph nodes harvested after lymphectomy,
and lymph node ratio was defined as the ratio between metastatic lymph nodes and total lymph nodes
retrieved, calculated only in patients with metastatic lymph nodes.

Lymph node micrometastasis was defined as a metastasis with maximum dimension <0.5 cm.

2.5. Postoperative Management and Follow-Up

Serum calcium and (Parathyroid Hormone) PTH levels were assayed pre- and postoperatively.
Postsurgical hypoparathyroidism was defined as PTH < 10 pg/mL following the operation (normal
range = 10-65 pg/mL).

Postoperative fibrolaryngoscopy was performed in the case of loss of signal at IONM or in patients
experiencing dysphonia after surgery, even in the case of normal signal at IONM.

Hypoparathyroidism and RLN injury were considered permanent if lasting for more than
12 months after surgery.

All patients were referred to an endocrinologist for postoperative management and were stratified
in ATA groups for risk of disease recurrence, following the 2009 and then 2015 ATA Guidelines.
Radioactive iodine was routinely administrated after total thyroidectomy in case of ATA intermediate
and high risk tumors.

Serum thyroglobulin (Tg) and anti-Tg antibodies measurements and neck ultrasound (US) were
used for postoperative evaluation. During initial follow-up, serum Tg and anti-Tg antibodies were
measured every 6-12 months. More frequent Tg and anti-Tg antibody measurements were performed
in ATA high risk patients. In ATA low and intermediate-risk patients that achieved an excellent
response to treatment, Tg measurements were repeated every 12-24 months. ATA high risk patients
(regardless of response to therapy) and all patients with biochemical incomplete, structural incomplete,
or indeterminate response to treatment continued to execute Tg and anti-Tg antibodies measurements
at least every 6-12 months for several years.

In patients with DTC of any risk level with significant comorbidity that precluded thyroid hormone
withdrawal prior to RAI therapy, recombinant human TSH (rhTSH) preparation was done; these
situations included medical or psychiatric conditions that could be acutely exacerbated in the case of
hypothyroidism (leading to a serious adverse event) or inability to mount an adequate endogenous
TSH response with thyroid hormone withdrawal.

Disease-free status was defined as a no evidence of disease (NED) and included the following
features: no clinical evidence of tumor, no imaging evidence of disease by RAI imaging and/or neck US,
and low serum Tg levels during TSH suppression (Tg < 0.2 ng/mL) or after stimulation (Tg < 1 ng/mL)
in the absence of interfering antibodies.

Disease-free survival was defined as the time elapsed from surgery to the detection of
recurrent disease.

For the purpose of this work, risk stratification for disease recurrence was reviewed for every
patient that underwent surgery until 2015 and was eventually adapted to the latest ATA guidelines.
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2.6. Statistical Analysis

Statistical analysis was performed with MedCalc® vers. 19.2.1. The Chi-squared test and
Student’s t-test were used for categorical and continuous variables, respectively. Log-rank test was
used to estimate the differences in Kaplan—Meier curves for independent risk factors. Results were
considered statistically significant in the case of a p-value <0.05. Continuous variables are expressed as
mean + standard deviation of the mean.

3. Results

We included in this study 399 patients with clinically uninvolved lymph nodes (cNO) and
pathological diagnosis of DTC (Table 1). There were 101 (25.3%) males and 298 (74.7%) females with a
mean age of 50.5 years. Autoimmune thyroiditis was present in 146 (36.6%) cases, and hyperthyroidism
in 28 (7%). A familiar history of thyroid carcinoma was present in seven (1.8%) patients, none of
these were in the context of Multiple Endocrine Neoplasia Syndrome. In 148 (37.1%) patients, FNAC
demonstrated atypia of undetermined significance (including Tir3, Tir3a, and Tir3b), and in 178
(44.6%) FNAC indicated a suspicious malignancy (Tir4) or a malignant nodule (Tir5). In the remaining
73 (18.3%) patients, despite the fact that FNAC was not suspicious or indicative for malignancy,
a thyroidectomy was planned based on family history of the patient, physical examination, or US
features of the nodule.

Table 1. Univariate analysis of demographic, preoperative, operative data, and outcomes of patients
with differentiated thyroid carcinoma and clinically uninvolved lymph nodes.

TT Group pCLND Group

Patients (n = 399) (n = 320) 1 =79) P
Sex 0.1493
Male 101 (25.3%) 86 (26.9%) 15 (19.0%)
Female 298 (74.7%) 234 (73.1%) 64 (81.0%)
Age, years 50.5 + 14.4 (15-83) 52.4 + 14.0 42.6 +13.5 p <0.001
Hyperthyroidism 28 (7%) 25 (7.8%) 3 (3.8%) 0.314
Autoimmune thyroiditis 146 (36.6%) 97 (30.3%) 49 (62.0%) p < 0.001
US findings
Multinodular disease 250 (62.7%) 204 (63.8%) 46 (58.2%) 0.436
Peri- and intra-vascularization of the nodule 243 (60.9%) 195 (60.9%) 48 (60.8%) 0.920
Hypoechoic nodule 70 (17.6%) 48 (15%) 22 (27.8%) 0.011
Microcalcification 34 (8.5%) 29 (9.1%) 5 (6.3%) 0.579
FNAC <0.001
Tirl-2 73 (18.3%) 66 (20.6%) 7 (8.9%)
Tir3 148 (37.1%) 131 (40.9%) 17 (21.5%)
Tir4-5 178 (44.6%) 123 (38.4%) 55 (69.6%)
Operative time, minutes 94.4 +22.2 92.5+22.6 102.3 +£18.9 p < 0.001
Postoperative stay, days 28+ 1.1 2.8+ 1.0 3.0+13 0.068
Transient hypoparathyroidism 136 (34.1%) 102 (31.9%) 34 (43.0%) 0.081
Permanent hypoparathyroidism 39 (9.8%) 27 (8.4%) 12 (15.2%) 0.109
Transient RLN injury 10 (2.5%) 7 (2.2%) 3(3.8%) 0.675
Permanent RLN injury 3 (0.8%) 2 (0.6%) 1 (1.3%) 0.891
Postoperative bleeding 5 (1.3%) 4 (1.3%) 1 (1.3%) 0.580
RAI therapy 331 (82.9%) 258 (80.6%) 73 (92.4%) 0.019
Follow-up, months 554 +15.9 56.1 +16.1 52.6 £15.2 0.087
Recurrent disease 22 (5.5%) 18 (5.6%) 4 (5.1%) 0.936

TT: total thyroidectomy; pCLND: prophylactic central compartment lymph node dissection; US: ultrasound; FNAC:
fine-needle aspiration cytology; RLN: recurrent laryngeal nerve; RAI: radioactive iodine. Continuous variables are
reported as the mean + standard deviation of the mean.

The surgical procedure consisted of total thyroidectomy alone in 320 (80.2%) patients, and total
thyroidectomy and prophylactic CLND in 79 (19.8%).

Patients were divided into two groups based on the surgical approach. Those who underwent
prophylactic CLND were significantly younger (42.6 y.o. vs. 52.4 y.0.; p < 0.001) and more frequently
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affected with autoimmune thyroiditis (62% vs. 30.3%; p < 0.001). Furthermore, FNAC was significantly
more frequently diagnostic for DTC in the pCLND group (69.6% vs. 38.4%; p < 0.001).

The mean operative time was significantly longer in the pCLND group (102.3 min vs. 92.5 min;
p < 0.001) as well as postoperative stay (3.0 days vs. 2.8 days). The incidence of transient
hypoparathyroidism (43% vs. 31.9%), permanent hypoparathyroidism (15.2% vs. 8.4%), transient RLN
injury (3.8% vs. 2.2%), and permanent RLN injury (1.3% vs. 0.6%) was higher in the pCLND group,
but these differences were not statistically significant. The mean follow-up time was 55.4 months.

Full histopathologic findings are reported in Table 2. Nodule size and thyroid weight were similar
between the two groups. Conversely, the histotype was significantly different between the two groups
(p < 0.001). In the pCLND group, the incidence of the tall cell variant of PTC (TCV-PTC) was nearly
quadruple that in the other group (25.3% vs. 6.3%), whereas the incidence of follicular variant of
PTC (FV-PTC) was less than half (16.5% vs. 37.5%) when compared to the TT group. The presence
of aggressive features of the tumor including multicentricity, angioinvasivity, and extrathyroidal
extension was similar between the two groups.

Table 2. Univariate analysis of pathological data of patients with differentiated thyroid carcinoma and
clinically uninvolved lymph nodes.

. _ TT Group pCLND Group
Patients (n = 399) (1 = 320) 1 = 79) P
Nodule size (mm) 16.8 £ 10.9 169 £11.1 16.3 £9.8 0.681
Thyroid weight (gr) 26.7 £22.5 274 +242 241 +13.3 0.252
Histotype <0.0001
PTC 151 115 (35.9%) 36 (45.6%)
FV-PTC 133 120 (37.5%) 13 (16.5%)
TCV-PTC 40 20 (6.3%) 20 (25.3%)
FTC 53 47 (14.7%) 6 (7.6%)
HCC 21 18 (5.6%) 3 (3.8%)
Low differentiated carcinoma 1 0 1 (1.3%)
Microcarcinoma 109 (27.3%) 87 (27.2%) 22 (27.8%) 0.981
Multicentricity 151 (37.8%) 117 (36.6%) 34 (43%) 0.350
Angioinvasivity 15 (3.8%) 13 (4.1%) 2 (2.5%) 0.756
Extrathyroidal extension 27 (6.8%) 23 (7.2%) 4 (5.1%) 0.672
LN yield 51+53 21+1.1 8.9 +6.0 p <0.001
LN metastasis 35 (8.8%) 15 (4.7%) 20 (25.3%) p <0.001
Number of positive LN 05+1.3 02+07 08+17 0.006
LN ratio 0.5+0.3 0.6+0.2 03+0.3 0.004
ATA risk class of disease recurrence p <0.001
Low 310 (77.7%) 268 (83.8%) 42 (53.2%)
Medium 64 (16%) 30 (9.4%) 34 (43.0%)
High 25 (6.3%) 22 (6.9%) 3(3.8%)

TT: total thyroidectomy; pCLND: prophylactic central compartment lymph node dissection; PTC: papillary
thyroid carcinoma; FV-PTC: follicular variant of PTC; TCV-PTC: tall cell variant of PTC; FTC: follicular carcinoma;
HCC: hurtle cell carcinoma; LN: lymph node; ATA: American Thyroid Association. Continuous variables are
reported as the mean + standard deviation of the mean.

As defined in the Methods section, all patients in the pCLND group underwent lymphectomy of
the level VI and level VII lymph nodes, whereas in the other group, an excision of some perithyroidal
lymph nodes was performed in 99 (30.9%) patients.

Lymph node yield (8.9 vs. 2.1; p < 0.001) and lymph node metastases (25.3% vs. 4.7%; p < 0.001)
were significantly higher in the pCLND group. In contrast, the lymph node ratio was lower in the
pCLND group (0.3 vs. 0.6; p < 0.001).

Patients were classified according to the ATA stratification for risk of structural disease recurrence.
Patients in the pCLND group were ranked more frequently in the intermediate class of risk (43% vs.
9.4%; p < 0.001) than those in the other group, whereas low and high risk classes were similar between
the two groups.
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Radioactive iodine (RAI) therapy was administrated significantly more often in the pCLND group
(92.4% vs. 80.6%; p = 0.019).

Overall, 22 (5.5%) patients experienced recurrent disease; 16 of these were localized in the central
compartment, whereas the others were in the lateral neck compartment. The crude incidence of disease
recurrence was similar between the two groups: 5.6% in The TT group and 5.1% in the pCLND group
(p = 0.936). Log-rank test on Kaplan—Meier curves, reported in Figure 2a, did not show any significant
difference between the two groups (p = 0.0883; HR 0.9267, 95% CI 0.3203-2.6814).
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Figure 2. Kaplan—-Meier curves estimating disease-free survival according to surgical procedure,
(a) including all the patients regardless of ATA class risk of recurrence: p = 0.883, HR 0.9267 (95% CI
0.3203-2.6814); (b) including only patients with moderate and high risk for disease recurrence according
to ATA guidelines: p = 0.0493, HR 0.3299 (95% CI 0.1092-0.9967). pCLND: prophylactic central lymph
node dissection; TT: total thyroidectomy; HR: hazard risk.

A subset analysis was performed considering the ATA stratification for risk of disease recurrence,
as reported in Table 3. Considering the patients in the intermediate and high class of risk, the incidence
of recurrent disease was significantly lower in the pCLND group (5.4% vs. 21.2%; p = 0.0392) than
in the TT group. On the other hand, no significant differences were observed in the low class of risk.
Log-rank test on Kaplan—Meier curves for patients in intermediate and high class of risk, reported in

Figure 2b, demonstrated a significant difference between the two curves (p = 0.0439; HR 0.3299, 95% CI
0.1092-0.9967).

Table 3. Univariate analysis of recurrent disease in patients stratified for risk of structural recurrence
according to the American Thyroid Association guidelines.

ATA Risk Low Medium-High
TT pCLND Total TT pCLND Total
Patients 268 42 310 52 37 89
Recurrent disease 7 (2.6%) 2 (4.8%) 9 (2.9%) 11 (21.2%) 2 (5.4%) 13 (14.6%)
p (TT vs. CLND) 0.441 0.0392

ATA: American Thyroid Association guidelines; TT: total thyroidectomy; pCLND: prophylactic central compartment
lymph node dissection.

Overall, occult lymph node metastases in our series were found in 35 (8.8%) patients. As reported
in Table 4, the incidence of disease recurrence was 20% in patients with lymph node metastases (pN+),
2.8% in patients with uninvolved lymph nodes in which an evaluation of N status was possible because
at least one lymph node was excised (pNO0), and 5% in patients in which N status was not assessed
(PNx) (p < 0.001). The log-rank test on Kaplan—-Meier curves representing patients with and without
lymph node metastases (Figure 3) demonstrated a significant difference between the two groups
(p <0.001; HR 15.160, 95% CI 3.444-566.7289).
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Table 4. Univariate analysis of recurrent disease in patients stratified according to N status.

pNx pNO pN+
Patients 221 143 35
Disease recurrence 11 (5%) 4 (2.8%) 7 (20%)

pNx: pathological nodal status not assessed; pNO: lymph nodes uninvolved at pathological examination; pN+:
lymph node metastases at pathological examination. Statistical significance: overall p <0.001; pNx vs. pNO: p =0.1132;
pNx vs. pN+: p < 0.001; pNO vs. pN+ p < 0.001.
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Figure 3. Kaplan-Meier curves estimating overall disease-free survival according to N status: p < 0.001
(HR 15.160, 95% CI 3.4445-66.7289). pNO: No evidence of lymph node metastases at pathological
examination. pN+: Lymph node metastases at pathological examination.

4. Discussion

In this work, we focused our attention on prophylactic CLND and the influence of occult lymph
node metastases on the prognosis in patients with DTC.

The first issue to consider is that in our study, there was an intrinsic bias in the selection of patient
candidates for pCLND: in fact, this treatment was reserved to cases in which preoperative evaluation
including family history, physical examination, US features, FNAC findings, and intraoperative
examination suggested a tumor with potentially aggressive behavior.

In our series, the patients who underwent pCLND more frequently had a cytologic diagnosis of
PTC and, in addition, were younger than the patients who underwent TT alone. These aspects can be
explained by the fact that the surgeon chooses to perform a pCLND in the case of certainty of a malignant
nodule: in this case, the operator feels authorized to perform an aggressive intervention to achieve a
radical excision of the tumor, mostly in younger patients with a longer life expectancy. On the other
hand, when facing patients in whom preoperative diagnosis is uncertain, the surgeon seems inclined
to more conservative surgery, preferring a prudent approach to prevent postoperative complications.

However, unlike what could be expected considering the inherent bias of our study in the selection
of the surgical approach, at histopathological examination, the two groups appeared comparable: the
nodule size and the presence of aggressive features including multicentricity, angioinvasivity, and
extrathyroidal extension were similar between the two groups.

At this point, a consideration should be made with regard to the indication for pCLND. The ATA
guidelines suggest this approach in cases of advanced primary tumors (T3 or T4). Even if our
indications were larger than those purposed by the ATA, our work seems to indicate that preoperative
and intraoperative evaluation have low reliability in establishing what tumors have pathologically
aggressive features that could benefit from a pCLND.

The incidence of tall cell carcinoma, which has been largely described as an aggressive variant of
PTC [29-31], was significantly higher in the pCLND group. This fact could be explained by the higher
prevalence of the FNAC diagnostic for malignancy in the pCLND group: in fact, tall cell carcinoma is
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associated with considerable alterations of the cells that result in a higher incidence of Tir4 and Tir5.
In contrast, the higher incidence of follicular variant of PTC in the TT group could be explained by the
fact that this subtype of tumor presents less cellular abnormalities, thus is more often associated with
inconclusive or negative FNAC, and consequently with a more conservative approach.

As expected, the incidence of lymph node metastases was higher in the pCLND group (25.3%)
than in the TT group (4.7%). However, if we consider only the 99 patients in the TT group in which
an evaluation of the N status was possible because at least one lymph node was excised, the real
incidence of lymph node metastases was 15.2%, thus similar to the other group. Furthermore, this
finding explains the fact that the lymph node ratio was significantly higher in the TT group, where
the denominator of the fraction was smaller because a smaller number of lymph nodes was excised.
These findings suggest that the incidence of lymph node metastases is higher when a larger number of
lymph nodes is excised [24,28].

Considering the ATA risk stratification for structural disease recurrence, patients in the pCLND
group were more often classified in the intermediate risk group. This could be explained by the fact
that pCLND allows for more accurate staging of the tumor, ensuring a better assessment of the N
status; in fact, the intermediate class of risk includes tumors in which more than five lymph nodes are
involved. Thus, it is likely that pCLND allows to upstage tumors that otherwise would have been
classified as low risk tumors, as already reported in the literature [28,32,33]. This fact also explains the
higher incidence of patients who underwent RAI therapy after surgery in the pCNLD group.

Overall, our work failed to demonstrate an advantage on prognosis in patients who underwent
pCLND. However, if we consider only patients at intermediate and high risk of recurrence, pCLND
significantly improved the disease-free survival. We think that this is the key point because tumors at
low risk of recurrence have a good prognosis, thus pCLND could be considered an overtreatment that
does not modify the course of the disease; on the other hand, the real value of pCLND is expressed in
tumors at intermediate and high risk of recurrence, which benefit from an aggressive surgery, with a
reduction of recurrence rate.

These findings are in accordance with a recent meta-analysis by Zhao et al., which included
22 studies with over 6000 patients, where pCLND proved to be effective in reducing the risk of
loco-regional recurrence [34]; another meta-analysis regarding pCNLD in patients who underwent
hemithyroidectomy was consistent with this result [35].

The secondary outcome of our work was to assess whether pCLND was burdened by a higher
incidence of postoperative complications. In our series, the occurrence of hypoparathyroidism and
RLN injury was higher in the pCLND group, but this difference was not significant, suggesting that
PCLND could be a safe procedure with an acceptable incidence of complications. However, this
finding should be carefully considered and contextualized: in fact, the same meta-analysis of Zhao
et al. that we previously reported, demonstrated a higher incidence of transient and permanent
hypoparathyroidism and of transient RLN injury [34].

Furthermore, we must underline that the overall incidence of permanent hypoparathyroidism
(9.8%) in our study was higher than the ones usually reported in the literature. As already stated
in the Methods section, we defined hypoparathyroidism on the basis of PTH value; probably, this
assessment overestimates the incidence of hypoparathyroidism compared to the centers that use only
serum calcemia as a criterion, which can be easily influenced from oral calcium supplementation.

Finally, we considered the influence of lymph node metastases on prognosis. When excluding
the patients in which the N status was not assessed because no lymph node was excised (pNx), the
incidence of recurrent disease was considerably higher in patients with lymph node metastases (pN+),
reaching up to 20% than in patients with uninvolved lymph nodes (pN0), with an incidence of 2.8%.
It is also interesting to observe that in the group in which the N status was not assessed (pNXx), the
incidence of recurrences was almost twice (5%) that in patients in the pNO group, perhaps suggesting
that some of these recurrences could have been avoided if a lymphectomy had been performed.



Cancers 2020, 12, 1658

As already mentioned, current guidelines are discordant regarding pCLND. In the ATA guidelines
published in 2015, pCLND assumes a marginal role in the treatment of differentiated thyroid
carcinoma [1]. The latest NCCN guidelines published in 2019 have eliminated, compared with
the previous edition, pCLND in DTC [27]. Considering the negative impact on the prognosis and the
high incidence of occult lymph node metastases, and taking into account the difficulties in establishing
preoperatively and intraoperatively what tumors could have aggressive behavior, we think that
indications for pCLND could be revised in order to achieve more efficacious treatment of aggressive
tumors. Such considerations are in accordance with a recent meta-analysis of Zhao et al., which
included over 4000 patients, reporting a poor sensitivity of US in detecting metastases of the central
compartment (pooled sensitivity of 33%, range 10-57%) with an incidence of lymph node metastases
of 48%, suggesting for these reasons that indications to pCLND should be extended to all patients with
DTC [36].

This study has some limitations. First, this is a single center, retrospective study. The study was
performed in an endemic iodine deficient region, with a high incidence of autoimmune thyroiditis;
therefore, the generalization of our results to other populations should be made carefully. Finally, the
real incidence of disease recurrence could be underestimated in our study, considering that the mean
follow-up is 55.4 months, and that these kind of tumors are generally indolent, and recurrences can
appear up to 10 years after surgery.

5. Conclusions

The selection of patients for prophylactic CLND is problematic due to the low accuracy of
preoperative and intraoperative evaluation in establishing what tumors are aggressive and could
benefit from aggressive surgery. Prophylactic CLND is a safe procedure, with an acceptable incidence
of complications, comparable to that of patients who undergo thyroidectomy alone. Our study
demonstrated that pCNLD allows for more accurate staging of the tumor and reduces the incidence of
recurrent disease in patients with intermediate and high risk DTC. We think that indications for pCNLD
should be revised by the main guidelines, in consideration with the latest evidence in the literature.
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Simple Summary: The most frequent post-operative complication in thyroid surgery is hypoparathy-
roidism leading to temporary or definitive low blood calcium levels. This complication can result
from intentional or inadvertent extirpation, trauma, or devascularization of the parathyroid glands.
They are located right next to the thyroid, and are responsible for the blood calcium level regulation.
Hypoparathyroidism is even more common when a lymph node dissection is needed in addition to
thyroidectomy in case of thyroid cancer. The safeguarding of all four parathyroid glands with their
vascularization can be extremely challenging, even for experienced surgeons. Fluorescence imaging
is a relatively novel intraoperative tool to help identify, visualize, and preserve the parathyroid
glands during thyroid surgery. In this review, we summarize the current scientific landscape and
the potential benefits of fluorescence imaging to preserve the parathyroid glands and to prevent
post-operative hypoparathyroidism in thyroid cancer surgery.

Abstract: Background: Hypoparathyroidism is one of the most frequent complications of thy-
roid surgery, especially when associated with lymph node dissection in cases of thyroid cancer.
Fluorescence-guided surgery is an emerging tool that appears to help reduce the rate of this com-
plication. The present review aims to highlight the utility of fluorescence imaging in preserving
parathyroid glands during thyroid cancer surgery. Methods: We performed a systematic review of
the literature according to PRISMA guidelines to identify published studies on fluorescence-guided
thyroid surgery with a particular focus on thyroid cancer. Articles were selected and analyzed
per indication and type of surgery, autofluorescence or exogenous dye usage, and outcomes. The
Methodological Index for Non-Randomized Studies (MINORS) was used to assess the methodologi-
cal quality of the included articles. Results: Twenty-five studies met the inclusion criteria, with three
studies exclusively assessing patients with thyroid cancer. The remaining studies assessed mixed
cohorts with thyroid cancer and other thyroid or parathyroid diseases. The majority of the papers
support the potential benefit of fluorescence imaging in preserving parathyroid glands in thyroid
surgery. Conclusions: Fluorescence-guided surgery is useful in the prevention of post-thyroidectomy
hypoparathyroidism via enhanced early identification, visualization, and preservation of the parathy-
roid glands. These aspects are notably beneficial in cases of associated lymphadenectomy for thyroid
cancer.
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near-infrared autofluorescence

1. Introduction

The global incidence of thyroid cancer has continuously increased over the past
decades [1]. This upward trend has been attributed to improved diagnostic acumen owing
to the availability of advanced technology, as well as to lifestyle and environmental changes.
Thyroid cancer is currently the most common endocrine cancer worldwide [2,3]. Despite
increases in incidence, mortality from thyroid cancer has remained stable over the past
decades [1]. The life expectancy of many thyroid cancer patients, especially those younger
than 45 years, is not reduced when compared with that of the general population [4].
The prevention of treatment-related morbidity is essential, including minimization of
postoperative hypoparathyroidism rates, particularly for young patients with an overall
excellent long-term prognosis. The majority of the thyroid cancer burden affects women [3],
and the prevention of complications with repercussions on pregnancies is crucial for those
of reproductive age.

The treatment of choice for thyroid cancer is surgical resection. Depending on the
tumor extent, a total or near-total thyroidectomy with therapeutic or prophylactic lymph
node dissection is indicated. Despite the significant benefits of total resection, including
increased survival and reduced recurrence rates, extensive resections are typically accom-
panied by substantially increased complication rates [5]. Thus, the risks and benefits of
thyroid cancer surgery must be balanced, targeting complete excision of malignant lesions
while preserving critical structures such as the laryngeal nerves and parathyroid glands
(PGs), particularly in thyroidectomy with lymphadenectomy. As these challenges are
continuously encountered in thyroid cancer surgery, surgical innovations are targeted at
minimizing procedure-related morbidity while maintaining therapeutic benefits.

One such innovation is intraoperative neuromonitoring (IONM) of the recurrent
laryngeal nerve (RLN). Over the last two decades, IONM has gained popularity and
has become the gold standard for thyroid surgeries in order to prevent injury to the
RLN [6], despite initial controversial discussions regarding its benefit [7]. Another emerging
technology is fluorescence image-guided surgery (FIGS), a real-time navigation modality
based on optical imaging. The use of fluorescence imaging is relatively new in surgery,
although it is a widely known method used in biomedical sciences for visualizing cells and
tissues in vitro and in vivo [8]. The intraoperative use of light sources in the near-infrared
(NIR) excitation range induces the emission of a fluorescent signal via a wavelength shift
during tissue interaction [9].

In more detail, fluorescence is based on the property of certain substances to absorb
external light at a given excitation wavelength and subsequently emit light at a different,
longer wavelength with lower energy [10]. As a result, fluorescence imaging involves
a sequence in which the tissue of interest is illuminated by a filtered light source at a
specific excitation wavelength, light is absorbed by the target tissue, a longer wavelength is
emitted, and the fluorescent band is detected by a specifically designed camera [11,12]. The
advantage of light in the NIR range is a deeper tissue penetration (<1 cm, with a limited
depth resolution beyond 5 mm) [13,14]; thus, NIR imaging devices enable the surgeon to
see behind the tissue surface [15]. Other wavelengths (ultraviolet: 200-400 nm or visible:
400-650 nm) are limited for in vivo real-time imaging due to low light penetration into the
tissues and autofluorescence from endogenous fluorophores in the body [16,17]. Current
in vivo fluorescence imaging systems are thus optimized for the NIR range. This imaging
modality provides the surgeon with real-time feedback during the surgical procedure to
identify and differentiate surgical targets from normal tissue [12]. Two different modalities
of detection of near-infrared autofluorescence (NIRAF) are actually used: a probe-based
modality such as the PTeye (by AiBiomed, Santa Barbara, CA, USA) that provides a
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quantitative, and auditory feedback when the handheld fiber probe touches parathyroid
tissue, and the imaging-based modality that uses an NIR light source in conjunction
with a filtered camera to identify the autofluorescence of the tissue on a display monitor
such as the Fluobeam-800/Fluobeam-LX (Fluoptics, France), PDE Neo II (Hamamatsu,
Shizuoka Pref. Japan), and EleVision™ IR Platform (Medtronic, Minnesota, MN, USA),
among others.

FIGS is gaining popularity and is being increasingly used in endocrine surgery, in-
cluding adrenal [15,18], parathyroid, and thyroid surgery [19,20]. With the integration of
specific contrast agents and advanced imaging systems, fluorescence guidance has the
ability to bring about significant positive change in surgery, leading to better outcomes
by improving the visualization of tissues for resection, such as tumors, or those to be
preserved, such as nerves, blood vessels, and neighboring organs [12,21].

Two fluorescence imaging approaches are important in thyroid and parathyroid
surgery, namely, contrast-enhanced fluorescence and autofluorescence imaging. The first
technique is based on either intravascular or local administration of an exogenous contrast
agent, whereas the second technique uses the intrinsic florescent properties of the target
tissue via specific optical modalities [10,22].

1.1. Contrast-Enhanced Fluorescence and Autofluorescence

Exogenous contrast-enhanced fluorescence can be induced via the use of fluorescent
dyes. For intraoperative imaging, indocyanine green (ICG), a sterile tricarbocyanine dye,
is the most commonly utilized fluorophore. ICG absorbs light at excitation wavelengths
of 790-805 nm and re-emits light at 835 nm [23]. Other NIR fluorescent agents, such as
methylene blue, are used less frequently than ICG due to their potential toxicity [24].

In contrast, autofluorescence is based on intrinsic biomolecules that act as endogenous
fluorophores. Light emission occurs in the ultraviolet, visible, or NIR spectral range when
biological molecules are excited with light at an appropriate specific wavelength [25].

Intrinsic tissue fluorescence can be perceived as a background disturbance signal when
cells and tissues are labeled with exogenous fluorophores. However, tissue autofluores-
cence alone has shown great promise when used for research and diagnostic purposes [25].
In particular, the PGs are characterized by exceptional autofluorescence in the NIR range,
as discovered by tissue spectral analysis [26,27]. A research group at Vanderbilt University
identified the ideal spectral range, with excitation light at 785 nm producing maximal aut-
ofluorescence from thyroid and parathyroid tissue within the NIR range (820 nm), with the
parathyroid signal ranging from 1.2 to 25 times higher than thyroid, and all surrounding
tissues [28] with brown fat and lymph nodes that are known false NIRAF positives in
non-parathyroid tissues [13]. This group further explored real-time intraoperative autofluo-
rescence imaging of the PGs [27,29]. The specific molecule acting as an intrinsic fluorophore
has not yet been identified.

Multiple NIR imaging systems are commercially available for clinical use or for
research purposes. Some of these devices are optimized for pure autofluorescence imaging,
whereas others enable both autofluorescence and ICG contrast-enhanced fluorescence
imaging. All autofluorescence devices can detect ICG, but the reverse is usually not true [29].
As the field of potential applications is expanding, customizable systems with a choice of
different wavelengths and multispectral fluorescence imagers are being explored [30]. For
example, hyperspectral imaging showed distinct spectral signatures of the thyroid glands
and PGs compared with the surrounding tissue during neck exploration in a patient [12].

Postoperative complications after thyroid surgery may include temporary or perma-
nent hypoparathyroidism, recurrent laryngeal nerve injury or palsy, chyle fistula, Horner’s
syndrome, injury to motor nerves in the neck, and hematoma or seroma formation [5,31].
Hypoparathyroidism is the most common complication after total or near-total thyroidec-
tomy due to the accidental resection or devascularization of PGs. Fluorescence imaging
has the potential to revolutionize thyroid surgery by significantly reducing hypoparathy-
roidism, especially for thyroid cancer necessitating an enlarged dissection.
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1.2. Postoperative Hypoparathyroidism

Transient hypoparathyroidism has been reported in up to 20% of patients undergoing
total thyroidectomy for thyroid cancer, with permanent hypoparathyroidism reported
in up to 3% [32]. Transient hypoparathyroidism has been reported in up to 26.2% for
cases of medullary thyroid carcinoma, with a clear association existing between the extent
of lymph node dissection and the observation of four PGs [33]. A systematic review
and meta-analysis on bilateral thyroid surgery demonstrated an even higher median rate
of transient (27%, interquartile range—IQR: 19-38%) and permanent (1%, interquartile
range—IQR: 0-3%) hypocalcemia [34]. The rates increase with the extent of surgery,
with symptomatic hypoparathyroidism complications arising in 28.7% of thyroid cancer
surgeries (28.4% temporary, 0.3% permanent), as reported from a single center [5]. The
permanent hypoparathyroidism rate is reported as 0.4-13.8% [31] and can reach 37% in
bilateral neck dissection for thyroid cancer [35].

Although the vast majority of postoperative hypoparathyroidism cases are transient
and resolve within 6 months of surgery, a small percentage of patients require calcium
and vitamin D supplementation for the rest of their lives. This situation is considered
serious and negatively affects quality of life [5]. Women are significantly more likely than
men to require permanent calcium replacement for postoperative hypoparathyroidism [36].
Consequently, women of child-bearing age require close monitoring during pregnancy,
as they are at risk of hyper- and hypocalcemia. As both conditions have consequences to
the fetus and the mother, calcium dose adjustments are frequent [37]. Other implications
of postoperative hypoparathyroidism include the economic costs of prolonged hospital
stay, additional investigations, procurement of medications, the medical burden associated
with lifetime medication, and routine hospital visits for follow-ups. Moreover, there
are considerable disease burdens related to chronic kidney failure, increased psychiatric
complaints, and basal ganglia calcification, among other sequelae, and possible increases
in mortality [38,39].

Surgical techniques that improve the preservation of the PGs and their blood supply
are greatly needed. The present review highlights the utility of one such innovation, i.e.,
fluorescence imaging, in preserving the PGs during total or near-total thyroid resection =+
lymph node dissection in the case of thyroid cancer.

The purpose of this review is to provide evidence on the utility of fluorescence-guided
surgery for preserving the PGs and preventing hypoparathyroidism, with a particular focus
on thyroid cancer surgery. The specific objectives of this review are (A) to determine the
utility of the different fluorescence imaging techniques in preventing hypoparathyroidism
as a complication of thyroid surgery; (B) to determine the feasibility of FIGS in thyroid
cancer surgery, with an emphasis on ease of use, added surgical time, and complications
related to the technique; and (C) to identify future directions in the use of fluorescence
imaging to prevent postoperative hypoparathyroidism.

2. Materials and Methods
2.1. Search Strategy

This systematic literature review was conducted according to the Preferred Reporting
in Systematic Review and Meta-Analysis (PRISMA) guidelines [40]. MEDLINE (PubMed),
Science Direct, Google Scholar, Medline, Oxford Academic journals, and Cochrane library
databases were searched, with MeSH terms and free-text key words used for studies
investigating the role of fluorescence-guided surgery in preventing hypoparathyroidism
as a complication of thyroidectomy for thyroid cancer. The following search string was
then developed: (Fluorescence-guided surgery OR Fluorescence imaging OR Indocyanine
green OR Near-infrared imaging OR Autofluorescence) AND (Thyroid cancer OR Thyroid
malignancy) AND Thyroidectomy AND (Parathyroid glands OR Hypoparathyroidism).
To complete the search, the references within the selected articles were searched as well.
The search was conducted until May 2021 by the authors. No age or time limitations were
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used. After the titles and abstracts had been screened, full-text reports were assessed for
eligibility, and references were screened within the selected articles.

A standard form for extracting the following data was used, addressing the charac-
teristics of the selected studies (design, method of randomization), participants (baseline
characteristics, tumor type, indication for surgery), and intervention (type of surgery, oper-
ative technique, lymph node dissection, type of fluorescence, type of fluorescent dye, dose,
timing of administration during surgery, fluorescence system). Outcomes were influence
on procedure duration, intra- and postoperative complications, and, particularly, presence
of temporary and/or permanent hypoparathyroidism. These data were analyzed and are
reported in tables and text. Outcome variables are reported as the absolute number and
percentage, for all studies combined and separately for those studies with a control group.

2.2. Eligibility Criteria

The studies included in this review were original articles, written in English, published
between 2000 and 2021, and reporting on the use of FIGS in preserving the PGs and their
blood supply or preventing hypoparathyroidism during thyroid cancer surgery. Articles
that report on the use of fluorescence imaging for other procedures or diseases other than
thyroid cancer were excluded. Studies not presenting original patient data, animal studies,
case reports, conference abstracts, technical notes, and articles written in languages other
than English were also excluded.

2.3. Methodological Quality Assessment

The Methodological Index for Non-Randomized Studies (MINORS) was used to
assess the methodological quality of the included articles [41]. MINORS is a valid instru-
ment designed to assess the methodological quality of non-randomized surgical studies
and is based on eight items for noncomparative studies and 12 items for studies with a
control group.

3. Results
3.1. Data Extraction

The process of article selection is illustrated in Figure 1. The database searches
retrieved 695 articles, and a reference list search retrieved 15 additional studies. After
deduplication, 590 articles were screened, of which 67 full articles were retrieved. A total
of 25 studies met the inclusion criteria. Overall, the outcomes of nearly 3000 patients were
described. All included studies were published between 2016 and 2021, and the mean
ages of the included participants ranged from 39.2 to 61.6 years for 22 studies, while three
studies did not report the ages of their participants. Two studies reported age ranges (32-70
and 34-73 years, respectively) [42,43]. Five studies were retrospective, and seven studies
had a control group. Three studies exclusively evaluated patients with thyroid cancer,
whereas the remaining studies assessed patients with thyroid cancer and other thyroid or
parathyroid diseases. The study characteristics of the included studies are presented in
Table 1.

Table 1. Study characteristics of included studies. * Mean =+ standard deviation unless otherwise stated.

s/n Study Nf,liiltli];ﬁsof Age (Years) * Szlslfg};l Indication for Surgery Type of Surgery
. . Thyroid cancer (23%)
1 (inetal, 2018) 26 49.6 + 14.7 Prospective = g ion thyroid disease Open total
[44] cohort study (77%) thyroidectomy
Thyroid cancer 56
9 (Benmiloud 241 53.6 -+ 13.6 Prospective (23.2%) Open total

etal., 2020) [45]

multicenter RCT ~ Benign thyroid disease thyroidectomy
185 (76.8%)
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Table 1. Cont.

Number of

Study

s/n Study Patients Age (Years) * Design Indication for Surgery  Type of Surgery
Thyroid cancer 39
(13%) Open total
Benign thyroid thyroidectomy 139
310 patients; : nodule/multinodular (45%)
3 oo 173underwent  55.6+152 | rospective goiter 115 (37%)  Thyroid lobectomy
thyroid surgery chrueal study Hyperthyroidism 19 34 (11%)
(6%) Parathyroidectomy
Hyperparathyroidism 137 (44%)
137 (44%)
Thyroid cancer 14
(Enny et al.,, Prospective (18%) Open total
4 2020) [47] 72 392119 cohort study Benign thyroid disease thyroidectomy
58 (69%)
ICG: Thyroid cancer
(36.8%)
111 ICG: 50.51 + . Benign conditions .
5 (Razavietal, 431CG 1.98 RetrOSPeCtt“’le (45.1%) Lapfrofflo{”tci t‘r’fal
2019) [48] 68— Conventional: Casegcgn o Conventional: (})1 cor dp €no
conventional 51.56 + 1.46 study Thyroid cancer (34.9%) thyroidectomy
Benign conditions
(44.6%)
Thyroid diseases
including cancer 12 Open
(McWade et al., 2o Prospective (40%) .
6 2019) [43] 30 Range: 32-70 clinical study Parathyroid diseases 15 thyroklldect_(()imy and
(50%) parathyroidectomy
Both 3 (10%)
ICG: Thyroid cancer
(56%)
210 . Benign conditions
,  (Rudinetal, 86—ICG ICG: 47 Retrospective (44%) ot l/of’e“ wotal
2019) [49] 124— Control: 49 Ay Control: Thyroid hvroidectory
conventional study cancer (65%) yroidectomy
Benign conditions
(35%)
Suspected thyroid Open total
cancer 17 (56.7%) thyroidectomy,
8 (van den Bos 30 surgeries in 563 + 16 Prospective Proven thyroid cancer completion
et al., 2019) [50] 26 patients ) clinical study 7 (23.3%) thyroidectomy, and
Benign thyroid disease hemithyroidec-
6 (20.0%) tomy
Thyroid cancer 35
(47%)
Goiter 23 (31%)
(Falco et al., Retrospective Primary
? 2017) [51] 4 484£135 clinical study hyperparathyroidism Not stated
13 (18%)
Hyperthyroidism 3
(4%)
Thyroid cancer 12
(17.1%)
Benign pathology 38
(Lang et al., Prospective (54.3%) Open total
10 2017) [52] o4 545+150 clinical study Graves’ disease/toxic thyroidectomy
goiter 15 (21.4%)
Indeterminate cytology
5(7.1%)
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Table 1. Cont.

Number of

Study

s/n Study Patients Age (Years) * Design Indication for Surgery  Type of Surgery
Study: Malignant 20
Study group: . (33.3%)
11 (Serra et al., 45_12,?11 dy 61.4ijg 15.5p ch)ars(:eSIZf)‘iggl Benign 40 (66.7%) Open total
2020) [53] Control: 61.6 + . Control: Malignant 8 thyroidectom
65—control 121 study (17.89 /O)g Y y
Benign 37 (82.2%)
. Open total
. Thyr91d cancer 12 thyroidectomy,
1o (Lerchenberger 50 472 Prospective Benign thyroid hemithyroidec-
et al., 2019) [54] ) clinical study disease 16 N d
Parathyroidectomy 17 omy, an
parathyroidectomy
Open total
. . . thyroidectomy,
(De Leeuw Prospective Benign and malignant - g
Boe al., 2016) [55] 3 40.9 clinical study thyroid diseases hemithyroidec
tomy, and
parathyroidectomy
Thyroid cancer (70%)
(Llorente et al., Prospective Multinodular goiter Open total
14 2020) [56] 50 524129 cohort study (26%) thyroidectomy
Graves’ disease (4%)
Open total
(S. W. Kim et al,, YR Prospective Papillary thyroid thyroidectomy and
15 2016) [42] 8 Range: 34-73 clinical study cancer hemithyroidec-
tomy
Open total
] . . . thyroidectom
(5. W.Kim et al,, Prospective Papillary thyroid Y cromy
16 2018) [57] 38 Not stated clinical study cancer U(r%ﬁ;cé;)al
lobectomy (55.3%)
. Thyroid diseases
(R. Ladurner Prospective . . : Open
17 et al., 2018) [58] 21 Not stated clinical study including thyroid thyroidectomy
cancer
: Total
Thyroid cancer (21.3%) :
8 Lagrbland 199 Prospective ~ Thyroid benign (42.7%)  ‘oroidectomy,
adurner et al., 117 Range: 19-81 linical stud Parathvroid di partial
2019) [59] &¢: clinucal study ara %goéo y 1sease thyroidectomy, and
(35.9%) parathyroidectomy
. . Thyroid cancer (22.2%)
19 gar, 2016 [60) % w8157 g Benign thyroid 3oy
i y diseases (77.8%)
Study group:
Malignancy 30 (41%) Completion
20 (Vidal Fortuny 196 Not stated Prospective RCT Be“13“ 40 (59 %) thyroidectomy and
etal., 2018) [61] Control: Malignancy total thvroidect
17 (23%) otal thyroidectomy
Benign 56 (77%)
. Thyroid cancer (48.2%)
21 (Dip et al,, 2019) 170 473 £13.6 Prospective RCT Benign conditions Total
[62] thyroidectomy
(51.8%)
Total
. thyroidectomy,
.1 . Thyroid cancer (37.0%) :
22 (%Si%l) %C’?}LI 27 439+10 feefslg(l;?lli)’f Ctsl’Zfd Multinodular (48.2%) th r((:)(i)crlrgs’liiﬁm and
y Y Graves’ disease (14.8%) yroiq 4
hemithyroidec-
tomy
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Table 1. Cont.

Number of

Study

s/n Study Patients Age (Years) * Design Indication for Surgery  Type of Surgery
Study: 51.6 £ : : %
3 (¥ zségf)i)r‘[‘éjf] al., 1003(1;?udy Control 502 4+ lzeeatsi(fclz;f’ggle E?ngﬁﬁ?ﬁf& ((1512e3agg dorokal
200—control 155 study (44.7%) Y y
Study group:
Malignancy 9 (32.1%)
56 Benign thyroid disease
o4 (in & Cui, 2020) 28—test group 4268 + 11.70 Randomized 19 (67.9%) Total
[65] 28—control : ' control trial Control: Malignancy 9 thyroidectomy
group (32.1%)
Benign thyroid disease
19 (67.9%)
542 Total
- NIRAF group: : ;
s (D.H.Kim  OUNIRAR 550 004y Retrospective ) thyroid cancer thyroidectomy
etal., 2021) [66] 281g P Control group: Sudy patients with unuatera’ or
—control 52.83 4+ 10.92 historical control bilateral central
group ’ ' neck dissection

Number of records identified
through database search:

PubMed: 20

Google scholar: 456
Science Direct: 214
Oxford Academic journals: 5
Cochrane library: 0

Total: 695

Number of additional records

identified through other

sources:

Search of references: 15

[ Number

of articles after duplicates have been removed (n=592) ]

‘ Records scr

Number of full articles
assessed for eligibility

|

Studies included in review
(n=25)

eened (n=590) :] \ /
{2} \

Records excluded (n=525)
Reasons:

-Animal studies

-Studies addressed other

endocrine diseases other

than thyroid diseases

-Secondary research

r,

Records excluded (n=43)
-Not in English
-Review papers

-Focusing on only
parathyroid disease

-Did not include patients

with thyroid cancers

—

Figure 1. Flow diagram of study selection.

3.2. Methodological Quality of Included Studies

The risk of bias among the included studies was assessed using MINORS, as most of
the studies were nonrandomized clinical studies. The maximum possible score was 16 for
those without a control group and 24 for those with a control group. The mean quality score
was 10.06 (range: 8-14) for noncomparative studies and 20 (range: 18-22) for comparative
studies (Table 2). All but one study [53] clearly stated their aim. Nine studies adequately
described the follow-up period, including the percentage lost to follow-up. No study
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included a prospective sample size calculation. All comparative studies had adequate
control groups, and the study groups were contemporary with baseline equivalence of
groups and adequate statistical analyses. In one study [49], the control group consisted of
historical patients.

Table 2. Methodological Index for Non-Randomized Studies.

Study A B C D E F G H I J K L Total

(Jin et al., 2018) [44] 2 2 2 2 2 2 2 0 X X X X 14/16
(Benmiloud et al., 2020) [45] 2 2 2 2 2 2 2 0 2 2 2 2 22/24
(Kose et al., 2020) [46] 2 2 2 2 2 0 0 0 X X X X 10/16
(Enny et al., 2020) [47] 2 2 2 1 2 1 0 0 X X X X 10/16
(Razavi et al., 2019) [48] 2 2 2 2 2 2 2 0 2 2 2 2 22/24
(McWade et al., 2019) [43] 2 2 2 2 2 0 0 0 X X X X 10/16
(Rudin et al., 2019) [49] 2 2 0 2 2 2 2 0 2 0 2 2 18/24
(van den Bos et al., 2019) [50] 2 2 2 2 2 1 0 0 X X X X 11/16
(Falco et al., 2017) [51] 2 2 2 2 1 0 0 0 X X X X 9/16
(Lang et al., 2017) [52] 2 2 2 2 2 0 0 0 X X X X 10/16
(Serra et al., 2020) [53] 1 2 2 2 2 2 0 0 2 2 2 2 19/24
(Lerchenberger et al., 2019) [54] 2 2 2 1 1 0 0 0 X X X X 8/16
(De Leeuw et al., 2016) [55] 2 2 2 2 0 0 0 0 X X X X 8/16
(Llorente et al., 2020) [56] 2 2 2 2 0 2 0 0 X X X X 10/16
(S. W. Kim et al., 2016) [42] 2 2 2 2 1 0 2 0 X X X X 11/16
(S. W. Kim et al., 2018) [57] 2 2 2 2 1 0 2 0 X X X X 11/16
(R. Ladurner et al., 2018) [58] 2 2 2 2 1 0 0 0 X X X X 9/16
(Roland Ladurner et al., 2019) [54] 2 2 2 2 1 0 0 0 X X X X 9/16
(Vidal Fortuny et al., 2016) [60] 2 2 2 2 2 0 0 0 X X X X 10/16
(Vidal Fortuny et al., 2018) [61] 2 2 2 2 2 2 2 0 2 2 2 2 22/24
(Dip et al., 2019) [62] 2 2 2 2 2 2 2 0 2 2 2 2 22/24
(Zaidi et al., 2016) [63] 2 2 2 2 1 0 2 0 X X X X 11/16

(Y. S. Kim et al., 2020) [64] 2 2 1 2 1 2 0 0 2 1 2 2 17/24
(Jin & Cui, 2020) [65] 2 2 2 2 1 2 0 0 2 2 2 2 19/24

(D. H. Kim et al., 2021) [66] 2 2 1 2 2 2 2 0 2 1 2 2 19/24

Items are scored as 0 (not reported), 1 (reported but inadequate), or 2 (reported and adequate). The maximum score is 16 for noncomparative
studies and 24 for comparative studies. A—A clearly stated aim; B—Inclusion of consecutive patients; C—Prospective collection of data;

D—Endpoints appropriate for

the aim of the study; E—Unbiased assessment of study endpoint; F—Follow-up period appropriate for

the aim of the study; G—Loss to follow-up less than 5%; H—Prospective calculation of the study size; I—Adequate control group;
J—Contemporary groups; K—Baseline equivalence of groups; L—Adequate statistical analyses.

3.3. Type of Fluorescence (Exogenous or Autofluorescence)

NIR autofluorescence (NIRAF) alone was used in 11 studies, whereas an exogenous
fluorophore was employed in 14 studies. Lerchenberger et al. [54] compared the useful-
ness of autofluorescence with an exogenous fluorophore, while Ladurner et al. assessed
the utility of both autofluorescence and exogenous fluorophore, although not compar-
atively [59]. Dip et al. [62] compared the use of white light alone with the use of both
autofluorescence and white light in the identification of PGs. ICG was used in all but one
of the studies using exogenous fluorophores. Enny et al. used 500 mg of fluorescein dye to
produce fluorescence in the PGs [47]. The ICG dose was 5 mg in five studies and 2.5 mg
in two studies. Two studies reported the administration of repeat doses to a maximum
of 5 mg/kg/day [60,61]. The fluorescence system varied from study to study, with the
Fluobeam 800 system (Fluoptics, Grenoble, France) being the most common (five studies).
The system was not specified in two studies [48,56] (Table 3). An image showing the
autofluorescence of the PGs (Figure 2A) and the sequence of ICG angiography (ICGA)
(Figure 2B,C) is provided in Figure 2.
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Figure 2. A sequence of images showing ICGA of two PGs (arrows) from A to C. (A) Autofluorescence of the PG before the

injection of ICG. (B,C) Diffusion of the ICG contrast agent confirming a well-vascularized PG (Fluobeam LX®—Fluoptics©,

Grenoble, France).

Table 3. Fluorescence type, dosage, timing, and fluorescence system.

Autofluorescence Type of Timing of
Study or Exogenous Dye Exogenous Dye Dose Administration Fluorescence System
De L tal Fluobeam 800 clinical
( e20e1%1)“€é5e] als AF NA NA NA system (Fluoptics,
Grenoble, France)
Custom NIRAF device
(Thorlabs GmbH,
(Serra et al., Dachau, Deutschland
2020) [53] AF NA NA NA and CCD Sony
ICX254AL image
detector)
B A A NA | vy s imagin
(Benmiloud et al., Fluobeam 800 system
2020) [45] AF NA NA NA (Fluoptics)
(Kose et al., Fluobeam device
2020) [46] AF NA NA NA (Fluoptics)
Digital camera, NIR
(S. W. Kim et al., light-emitting diode
2016) [42] AF NA NA NA (LED), and IR
illuminating lights
M780L3-C1, Thorlabs,
Newton, NJ, USA and
(S. W. Kim et al., INFRALUX-300,
2018) [57] AF NA NA NA Daekyung Electro
Medical Co., Republic of
Korea
NIR/ICG endoscopic
R L;g‘;g)“[ggft al, AF NA NA NA system (Karl Storz,
Tuttlingen, Germany).
ol A A NA | Tlachea Fuopti
Modified DSLR camera
(D. H. Kim et al., and LED (M780L3-C1,
2021) [66] AF NA NA NA Thorlabs, New Jersey,
USA) light source
. White light alone
(Dip etal., ght ak Fluobeam 800 system
2019) [62] vs. Allzg-;l :/Vhlte NA NA NA (Fluoptics)
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Table 3. Cont.
Autofluorescence Type of Timing of
Study or Exogenous Dye Exogenous Dye Dose Administration Fluorescence System
After lateral
(Lerchenberger mobilization of the ~ NIR/ICG endoscopic
etal., 2019) [g5 4] AF vs. exogenous ICG 5mg thyroid and system (Karl Storz,
g exposure of the Tuttlingen, Germany).
RLN
After lateral Storz laparoscopic
(E?ﬁng(}&?ﬁg]ﬂ AF and exogenous ICG-Pulsion 5mg mobilization of the NIR/ICG imaging
v thyroid gland system
NIRL (near infrared
(Falco et al, Exogenous ICG 0.5mL After exposure of light) using a laser
2017) [51] & ' the thyroid gland ght) syst e%n
SPY fluorescent imaging
. tem (Novadaq
(Lang et al., E After resection of 5ys .
xogenous ICG 2.5mg : Technologies, Inc.,
2017) [52] the thyroid gland Mississatiga, ON,
Canada)
Intraoperative
navigation system
After adequate (Digi-MIH-001-I, Digital
(Jin et al., exposure of each Precision Medicine
2018) [44] Exogenous ICG 5 mg central neck Technology Co., Ltd,,
compartment Beijing, China);
fluorescence imaging
system
Llorente et al., After thyroid o
( 20(1).58)6[566]81 Exogenous ICG Not stated rsgect%,gr?l Not specified
(Enny etal., . After thyroid .
2020) [47] Exogenous Fluorescein dye 500 mg gland resection LED blue light
R ietal, At the end of e
( ;()ng‘;l[ig? Exogenous ICG 5mg sufgirrly ° Not specified
Laparoscopic
(Rudin et al., 6 mL At the end of PINPOINT camera
2019) [49] Exogenous ICG (3 per side) surgery (NOVADAQ, ON,
Canada)
Laparoscopic
. Before and after fluorescence imaging
(Vanzc(l)elré)B[c%%]e tal, Exogenous ICG 7.15em§;5t Vr;lce’ resection of the system (Karl Storz
S & thyroid gland GmbH & Co., Tuttlingen,
Germany)
3to5mL .
: doses . aparoscopic
(Vidal Fortuny After excision of
Exogenous ICG (75-150 mg) : PINPOINT® camera
et al., 2016) [60] . u}:,kto/d the thyroid gland (Novadag, ON, Canada)
mg/Kg/day
. 2.5 mg doses - NIR camera (Pinpoint®'
(Vidal Fortuny E & After excision of !
X0genous ICG up to : Novadag, Toronto, ON,
etal., 2018) [61] 5 mg/kg/day the thyroid gland Canada
Pinpoint video-assisted
(Zaidi et al., Before and after NIR system (Novadagq,
2016) [63] Exogenous ICG Smg thyroid resection Inc.},l Toronto, ON, a
Canada)
Digi-MIH-I-001, Digital
(Jin & Cui, After resection of Precision Medicine
2020) [65] Exogenous ICG 5mg/kg thyroid lobes Technology Co., Ltd,
Beijing, China

AF—Autofluorescence; ICG—Indocyanine green; NA—not applicable.
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3.4. Parathyroid Gland Visualization and Preservation

Twenty-three studies reported on the visualization and/or preservation of the PGs
during thyroid surgery. Four of these studies [45,49,51,53] demonstrated improved vi-
sualization of the PGs using fluorescence imaging compared with conventional thyroid
surgery. However, van den Bos et al. [23] showed better visualization with white light com-
pared with NIR imaging. Lerchenberger et al. [54] reported that although autofluorescence
demonstrated slightly better visualization of the PGs, it could not indicate whether the
blood supply to the gland was still viable, in contrast to the use of ICG. Several studies
also reported that fluorescence was used to identify PGs in resected segments or those
whose blood supply had been disrupted, which were autotransplanted [57,60,62,67]. In
the larger series of Kim et al. (542 patients), no statistical difference in PG visualization
was observed between an NIRAF group and the control group (3.91 £ 0.36 vs. 3.90 =+ 0.39;
p = 0.351) [66]. Enny et al. [47] reported better visualization of the PGs using the naked eye
than using fluorescein dye, although the difference was not significant. Corresponding
data are shown in Table 4.

Table 4. Parathyroid gland visualization and preservation, postoperative serum parathyroid hormone levels, and postoper-

ative serum calcium levels.

Study

PG Visualization and Postoperative Serum PTH Postoperative Serum Calcium

Preservation
In the 22 patients with at least one
PG with an ICG score of 2,
postoperative PTH levels were .
. Among 104 PGs, 86 were normal. In four patients, ICG did None of the patients deyeloped
(Jin et al., 2018) [44] . i hypocalcemia at the time of
identified. not demonstrate a measurement.

well-vascularized PG. Two of
these patients developed transient
hypoparathyroidism.

(Benmiloud et al., 2020) [45]

The rate of patients with four
identified PGs was higher in the
NIRAF group (47.1% (95% CI,
38.5-56.4%)) than in the
standard-care group (19.2% (95%
CI, 12.1-26.2%); p < 0.001)

The PTH concentration at POD 1
was not significantly lower in the
standard-care group (median
(IQR), 28.6 (12.0-46.5) pg/mL)
than in the NIRAF group (median
(IQR), 33.2 (21.9-48.1) pg/mL).

The postoperative hypocalcemia
rate was significantly lower in the
NIRAF group (9.1% (95% CI,
4.0-14.2%)) than in the
standard-care group (21.7% (95%
CI, 14.3-29.0%); p = 0.007).

(Kose et al., 2020) [46]

For patients that underwent
thyroidectomy, AF was
demonstrated in 496 (98.6%) of
the PGs; 33% had been first
identified with NIRAF prior to

visual recognition by the surgeon.

In 5%, NIFI helped identify
incidentally resected PGs.

Not measured

Not measured

(Enny et al., 2020) [47]

Two PGs in 30 (44.4%) patients, 0
PGs in 6 (6.9%) patients, and 4
PGs in 7 (9.7%) patients were
visualized with fluorescein dye.
With naked eye evaluation, 0 PGs
in 1 patient, 2 PGs in 29 (41.7%)
patients, and 4 PGs in 11 (15.3%)
patients were visualized.

Not measured

Clinical hypocalcemia was
observed in all patients in whom
no PGs were visualized with
fluorescein dye, whereas none of
the patients in whom three or four
PGs were visualized developed
hypocalcemia. Among patients in
whom three or four PGs were
observed by the naked eye, 7
(28%) and 3 (23.7%) patients
developed clinical hypocalcemia,
respectively.

(Razavi et al., 2019) [48]

Not specified

Mean postoperative PTH
decreased by 23.48 pg/mL for

conventional care and
29.24 pg/mL for ICG.

Symptomatic hypocalcemia was
observed in 3.90% of those who
underwent conventional
treatment and 7.90% of those in
the ICG group.
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Table 4. Cont.

Study

PG Visualization and
Preservation

Postoperative Serum PTH

Postoperative Serum Calcium

(McWade et al., 2019) [43]

In total, 67 (97%) of exposed
tissues of interest were correctly
visualized as PGs.

Not measured

Not measured

(Rudin et al., 2019) [49]

Identification and
autotransplantation were more
common in the ICGA group at
36%, compared with 12% in the

control group (p = 0.0001).

At POD 1, PTH was found to be
low in 36% of controls and 37% of
ICGA patients. An undetectable
PTH level was present in 14% of
control patients and 15% of ICGA
patients. One patient in each
group had permanent
hypoparathyroidism.

Not measured

(van den Bos et al., 2019) [50]

In total, 41 PGs were visualized
with white light in 25 patients,
whereas 31 PGs were identified in
23 patients by NIRAF imaging.

Not measured

Three patients had transient
hypocalcemia that resolved after
2 weeks.

(Falco et al., 2017) [51]

The mean number of identified
PGs was 2.5 (+0.8) and 3.7 (+0.7)
with WL (white light) and NIRAF

respectively. In 86.5% (1 = 64) of
patients, four PGs were identified
with NIFI, whereas four PGs were
visualized with WL in only 12.2%

(n =9) of patients.

Not measured

Not stated

(Lang et al., 2017) [52]

A total of 340 PGs were identified,
and 324 (95.3%) PGs were later
confirmed to be PGs on histology.

Not measured

Nine (12.9%) patients developed
transient hypocalcemia, while no
patients had permanent
hypocalcemia. There was a
significant relationship between
intensity of fluorescence image
and the development of
hypocalcemia. No patients with a
greatest fluorescent light intensity
developed postoperative
hypocalcemia

(Serra et al., 2020) [53]

The mean number of PGs
identified per patient was 3.47 in
the study group and 2.33 in the
control group (p < 0.0001).

Determinations of PTH 24 h after
surgery showed a statistically
significant difference favoring the
study group.

In the study group, 24.4%
presented 24-h postoperative
hypocalcemia vs. 30% of the

control group. At 6 months
postoperation, three patients in
the control group had permanent
hypocalcemia, compared with no
patients in the study group.

(Lerchenberger et al., 2019) [54]

A total of 64 (82%) PGs were
visualized with AF; AF could not
indicate whether the blood supply

was still viable. On ICG

administration, 63 PGs (81%)

showed persistent fluorescence
after a decrease in thyroid
fluorescence.

Not measured

Only two patients developed
transient hypocalcemia. No
patients had permanent
hypocalcemia

(De Leeuw et al., 2016) [55]

In total, 80 PGs were identified
using the NIR system, and
81 glands were confirmed on
frozen section to be PGs.

Not measured

Not measured

(Llorente et al., 2020) [56]

Not specified

Not measured

Eleven (22%) patients developed
postoperative hypocalcemia.
ICGA would allow immediate
decision-making without the need
to wait for intraoperative PTH
measurements.

(S. W. Kim et al., 2016) [42]

All PGs were visualized.

No patient had postoperative
hypoparathyroidism.

Not measured

(S. W. Kim et al., 2018) [57]

All but one PG were identified
in vivo and preserved. The
excised PG was autotransplanted

Not measured

Only one patient had transient
hypocalcemia.
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Table 4. Cont.

Study

PG Visualization and
Preservation

Postoperative Serum PTH

Postoperative Serum Calcium

(R. Ladurner et al., 2018) [58]

Of the 41 PGs examined, 37 were
identified by AF. AF assisted the
preservation and
autotransplantation of PGs in
two patients

Not measured

Not measured

(Roland Ladurner et al., 2019) [59]

In total, 179 PGs (87.3%)
displayed NIRAF showing a
typical bluish violet color.

Not measured

Not measured

(Vidal Fortuny et al., 2016) [60]

Of the 36 patients who underwent
ICGA, 30 had an ICG score of 2
for at least one PG.
Autotransplantation was
performed for those with poor
ICG scores.

In the 30 patients with at least one
PG with an ICG score of 2,
postoperative PTH levels were in
the normal range.

The postoperative adjusted
calcium levels were within the
normal range in 29 (80.6%)
patients.

(Vidal Fortuny et al., 2018) [61]

In 146 patients, at least one
preserved PG had an ICG score of
2.

Hypoparathyroidism was not
observed in either group.

Hypocalcemia was not observed
in either group.

(Dip et al., 2019) [62]

With NIRI, an average of 2.6 (0.85)
PGs were detected prior to
dissection. In four patients, PGs
were transplanted after
identification with NIRI.

Not measured

Significantly higher mean serum
calcium levels were observed in
the study group, with 8.2%
having serum calcium <8 mg/dL
compared with 16.5% in the
control group. However, 1.2% in
both groups required long-term
calcium replacement, which was
resolved by 6 months.

(Zaidi et al., 2016) [63]

A total of 71 (84%) PGs were
identified on fluorescence.

The mean POD-1 PTH level of
patients with at least two glands
exhibiting <30% fluorescence at

completion of thyroidectomy was
9 pg/dL, whereas those with
fewer than two glands
demonstrating <30% fluorescence
had a POD-1 PTH of 19.5 pg/dL
(r =0.05).

Postoperatively, three patients
(11%) had a serum calcium value
<8 mg/dL, and one patient was
symptomatic.

(Y. S. Kim et al., 2020) [64]

The mean number of PGs
identified intraoperatively was
similar between the two groups.

The rate of incidental
parathyroidectomy reported by
pathology was higher in the
conventional group (14%) than in
the NIFI group (6%) (p = 0.039).

The POD-1 value was 23.9 pg/mL
(17.6) in the NIRI group and
23.0 pg/mL (22.4) in the
control group.

The POD-14 level was 38.9 pg/mL
(35.5) in the NIRI group and
35.8 pg/mL (26.1) in the
control group.

At POD 1, the NIFI group had a
level of 9.0 mg/dL (0.6) compared
with 8.8 mg/dL (0.6) for the
control group (p = 0.004). At POD
14, the NIFI group had a value of
8.8 mg/dL (0.6), compared with
8.6 mg/dL (0.6) for the control
group (p = 0.008). All 5 patients
with postoperative hypocalcemia
in the NIFI group recovered
within 2 weeks, while 1 of
14 patients with postoperative
hypocalcemia in the conventional
group had persistent
hypocalcemia beyond 6 months.

Jin & Cui, 2020) [65]

In total, 186 PGs were visualized
in 56 patients.

No patient in either group
developed hypoparathyroidism.

No patient in either group
developed hypocalcemia.

(D. H. Kim et al., 2021) [66]

PGs were found in 244 cases
(93.5%) in the NIRAF group and
in 260 cases (92.5%) in the control
group. The mean count of
identified PGs was 3.91 £ 0.36 in
the NIRAF group vs. 3.90 + 0.39
in the control group (p = 0.351).

The incidence of transient
postoperative
hypoparathyroidism was
significantly lower in the NIRAF
group than in the control group
during hospitalization (33.7% vs.
46.6%; p = 0.002) and at 1 month
(8.8% vs. 18.9%; p = 0.001)

The incidence of hypocalcemia
during hospitalization was 6.5%
in the NIRAF group and 10.0% in
the control group. There was no
significant difference in the rate of
hypocalcemia between the two
groups for any follow-up period.

PG—Parathyroid gland; ICG—Indocyanine green; NIRI—Near-infrared imaging; POD—postoperative day; AF—autofluorescence; NIRAF—

near-infrared autofluorescence.
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3.5. Postoperative Serum Parathyroid Hormone

Thirteen of the 25 studies reported on postoperative parathyroid hormone (PTH)
levels. Some studies using ICG reported that having at least one well-perfused PG (with an
ICG score of 2) after thyroid gland resection predicted normal postoperative PTH [44,60,65].
None of the comparative studies found a statistically significant relationship for postop-
erative PTH levels between study and control groups, except for [66], which found a
statistically significant lower incidence of transient hypoparathyroidism in the NIRAF
group (33.7% vs. 46.6%; p = 0.002). Three studies [45,48,49] demonstrated better PTH levels
for fluorescence-guided surgery (Table 4).

3.6. Effects on the Autotransplantation Rate

DiMarco et al. [68] stated that NIRAF imaging might detect inadvertent parathy-
roidectomy and allow autotransplantation, even though no difference between the NIRAF
imaging and control groups was found. Similarly, Ladurner et al. [58] stated that NI-
RAF imaging assisted in identifying several inferior parathyroid glands that otherwise
would have been lost for autotransplantation. Bellier et al. [69] found that NIRAF imag-
ing can help detect the accidental removal of parathyroid glands and that 60% of these
glands can be spared and autotransplanted during the surgery. In the controlled study
of Benmiloud et al. [70], NIRAF imaging appeared to reduce the autotransplantation rate
(from 15% to 2.1%) and the inadvertent parathyroid resection rate (from 7.2% to 1.1%)
thanks to improved parathyroid gland identification. These findings were confirmed later
by the same author [45] in a study utilizing NIRAF imaging to detect a reduction in the
inadvertent resection rate (from 11.7 to 2.5; p = 0.006) and the autotransplantation rate
(from 13.3 to 3.3; p = 0.009).

Kim et al. [64] found that the rate of incidental parathyroidectomy was higher in
the conventional (14%) versus NIRAF imaging group (6%) (p = 0.039) despite similar
autotransplantation rates (4% vs 6%, respectively; p = 0.562). This was in line with another
study [66] reporting that the number of inadvertently resected PGs (in the pathologic
specimen) was significantly lower in the NIRAF group (12.8% vs 6.9%; p = 0.021), but that
the number of autotransplanted PGs in both groups was similar.

The autotransplantation rate based on ICG angiography was approximately 17% [52];
however, some authors [49] found it significantly increased not only in the ICG group
compared to the control group (36% vs. 12%; p = 0.0001), but also comparing the ICG group
with the NIRAF group [54].

Several authors [49,71] have stated that ICG angiography can guide more appropriate
autotransplantation without compromising postoperative parathyroid function. This is in
contrast with Razavi et al. [48], who assert that ICG angiography may lead to unnecessary
parathyroid autotransplantation because low-flow ICG patterns are not associated with
postoperative PTH changes or transient hypocalcemia.

3.7. Postoperative Serum Calcium

As shown in Table 4, 17 studies reported on postoperative hypocalcemia among their
patients. Some demonstrated an absence of postoperative hypocalcemia [44,60,66].

Benmiloud et al. reported a significantly lower rate of hypocalcemia in the NIRAF
group compared with the standard group (14.3% vs. 21.7%; p = 0.007) [45]. Permanent
hypocalcemia was reported in only one study, where three patients in the control group
(conventional surgery) required calcium supplementation over 6 months, as opposed to no
patients in the study group (autofluorescence) [53]. Razavi et al. [48] observed hypocal-
cemia in 7.9% of the ICG group versus 3.9% of the conventional group. Dip et al. [62]
reported higher mean serum calcium levels in the study group compared with the control
group, although this finding did not reach a level of statistical significance. In a study in
which patients with an ICG score of at least 2 in one PG were randomized into two groups,
of which one group received calcium supplementation and the other did not [65], none
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of the participants in either group had hypocalcemia. Moreover, there were no significant
differences in serum calcium levels between the two groups.

3.8. Additional Duration of Surgery

The duration of surgery or additional time spent on NIR imaging during surgery
was given in 10 of the 25 studies, with an additional time of 3-10 min for the procedure.
In one study [45], the procedures in the NIRAF group required an additional time of
8 min compared with those in the standard group, which is in contrast with another
study [64]. The total operating time was not significantly affected by NIRAF imaging in
another study [57]. In contrast, a different study reported that NIRAF added 5-8 min to the
operating time, with ICG use adding another 3 min [54]. Four other studies [57,59,60,62]
also reported that NIR imaging required an additional time of 3-10 min.

The average durations of the entire procedure were 92 & 32 min and 109.1 = 49.8 min
in two studies [50,52], with 5 min spent on NIR imaging in [50].

3.9. Complications Related to Technique
No complications attributed to the technique were reported in any of the articles.

3.10. Cost
None of the included studies described the cost implication of using NIR imaging.

4. Discussion

An increasing number of scientific reports have investigated the utility of fluorescence-
guided surgery in preserving the PGs and preventing hypoparathyroidism as a complica-
tion of thyroid surgery. However, only three studies have addressed thyroid cancer patients
alone. In contrast, in the majority of reports, the patient cohorts are mixed, including both
benign and malignant indications and thyroid as well as parathyroid diseases. According
to the available literature, NIRAF imaging improves the visualization and preservation of
the PGs during thyroidectomy. This technique is feasible and safe, as NIRAF imaging is
non-invasive. Moreover, no NIR imaging-related complications were reported in any of
the studies, including the studies with ICG injection.

Among the included reports, NIRAF was used in 11 studies, and an exogenous fluo-
rophore was employed in 14 studies. Because NIRAF exploits the endogenous fluorophore
of the PGs, no additional time is required to administer an exogenous dye [42]. Conse-
quently, the only equipment required for NIRAF imaging is a fluorescence camera system.
A comparative study of NIRAF and ICG imaging found only a minimal difference in the
usefulness of both techniques for identifying the PGs [54]. However, preserved perfusion
can be visualized only by the introduction of a contrast agent (e.g., ICG) via the blood
stream. Therefore, NIRAF is technically inappropriate for assessing the integrity of arterial
supply and venous outflow. In contrast to ICG, NIRAF cannot determine the vascular
integrity of the PG. ICG has a short half-life of 3-5 min and is eliminated by the hepatic
system after approximately 15 min [19]. Hence, repeated doses can be required and safely
administered [50,60,61]. The toxic dose in adults is 5 mg/kg circulating per time point [19].
All doses administered in the included studies were well below this threshold. ICG was
administered intravenously in all cases, and a duration of 1-3 min was required for the
PG to take up the ICG [44,48,52,72]. Upon excitation with NIR light, the fluorescence
produced by the gland was scored as 0, 1, or 2 if the gland appeared black (not vascular),
grey (partially vascular), or white (vascular), respectively [48,60,61].

The prevailing causes of hypoparathyroidism after thyroidectomy are disruption of
the blood supply to the glands and their incidental removal. These complications are more
frequently seen in thyroidectomy for thyroid cancer [19], especially with accompanying
lymph node resection. Because of the ability of NIR imaging to visualize the PGs and to
detect impaired blood supply to the glands during thyroid cancer surgery, this technique is
invaluable in averting hypoparathyroidism. In a randomized controlled trial, there was a
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significant difference between the number of PGs identified with NIRAF compared with
conventional surgery. The percentage of patients with four identified PGs was higher in
the NIRAF group than in the standard-care group (47.1% vs. 19.2%, respectively; p < 0.001).
Consequently, the number of incidentally resected PGs was significantly lower in the
NIRAF group [45]. In another controlled study, visual and ICGA assessment of vascularity
showed agreement in 87% of cases. ICGA prevented autotransplantation of 19 (6.8%) glands
that were shown to be adequately perfused on ICGA, but would have been transplanted if
visual inspection alone had been used. Interestingly, autotransplantation of the PGs was
significantly more common among the ICGA group than the control group (36% vs. 12%,
p =0.0001) [49].

In a retrospective study [51], the use of white light and the use of ICG and NIR imag-
ing were compared for identifying the PGs at an early dissection stage. The surgeons
documented the number of PGs that were visualized with the naked eye using white
light. Next, the operating room’s light was turned off, and the surgical field was illumi-
nated with NIR light. The number of PGs visualized with NIR light was significantly
higher than in white light. Furthermore, the integrity of the blood supply to the PGs
was assessed via ICGA in cases of ambiguity. Perfusion was intact in all cases; hence,
no autotransplantation was performed. While the majority of the studies in this review
reported improved visualization of the PGs in favor of NIR fluorescence imaging, one
study [50] reported slightly better visualization of the glands in white light. It is possi-
ble that the bright background signal of highly vascularized malignant tissue may have
interfered with visualization on fluorescence imaging. In the same study, the majority
of surgeons considered NIR fluorescence imaging to be advantageous. The reduction in
both the autotransplantation rate and the inadvertent parathyroid resection rate, which
are both risk factors for postoperative hypocalcemia, reported by studies in this review is
corroborated by Fanaropoulou et al. [19].

The largest series reported in the literature included 542 patients [66] and focused
exclusively on thyroid cancer. This study found no significant differences in the number
of visualized PGs between the NIRAF group and the conventional group. This finding
could be due to the substantial experience of the surgeon. The same article still reported
a significantly lower incidence of transient hypoparathyroidism in the NIRAF group
compared with the control group. Based on the large series included in this study and the
quality of the study, this statement seems to be well supported.

Visualization of the PGs alone may not be sufficient to prevent postoperative sequelae.
Dissection may lead to inadvertent damage to the end arteries that supply the PGs. Hence,
some studies addressed the assessment of PGs after resection of the thyroid gland to ensure
its viability and/or the need for autotransplantation [47,48,52]. Enny et al. [47] found
that the identification of PG viability by NIR imaging visualization of intact vascularity
at the end of the procedure is associated with a reduced need for routine postoperative
calcium and vitamin D supplementation, along with reductions in accompanying costs and
duration of hospital stay. However, some authors [48] recommend that surgeons interpret
these results with caution, as their study on the use of ICGA did not show a significant
improvement in thyroid surgery outcomes. In particular, poor vascular perfusion on ICGA
did not correlate with a postoperative reduction in PTH levels or transient hypocalcemia.
The ability of ICGA to detect impaired perfusion and to induce a change in surgical strategy
was demonstrated in colorectal surgery with a positive outcome [23].

Thirteen studies reported on postoperative PTH levels, whereas 17 studies reported
serum calcium levels. Jin et al. [73] performed a small study assessing PG perfusion via
ICGA after resection of the first thyroid lobe, with serum PTH and calcium levels assayed
on postoperative day (POD) 1, 7, and 14, and 6 months after operation. PGs that had
been accidentally devascularized during the surgery were identified using ICGA and
were autotransplanted. Their findings showed that the ICGA score was predictive of
postoperative PTH levels, as all of the 22 patients with at least one PG having an ICG
score of 2 (84.6%) had normal postoperative PTH levels, while half of those with poor
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vascularization on ICGA developed transient hypoparathyroidism. Similar findings were
reported in another study [60], where all patients with at least one well-vascularized gland
as detected by ICGA (83.3%) had normal serum PTH levels. One of these patients had
asymptomatic hypocalcemia at POD 10. In contrast, two out of six patients with poor
vascularization on ICGA developed transient hypoparathyroidism. Overall, postoperative
supplementation with calcium or vitamin D was averted in all patients. Thus, ICGA can
be used intraoperatively to determine whether at least one PG remains vascularized and
functional, in order to predict the absence of postoperative hypoparathyroidism.

The use of fluorescein dye to visualize the PGs was found to be superior to naked
eye assessment with regard to preventing hypocalcemia. Among patients with >3 PGs
visualized via fluorescein dye, none suffered clinical hypocalcemia, as opposed to more
than 20% with clinical hypocalcemia when >3 PGs were visualized with the naked eye
only [47].

Several comparative studies [45,53,64] reported better postoperative PTH and calcium
levels among NIR imaging groups compared with conventional surgery groups, but the
opposite trend was observed by others [48,49]. Among the latter, Razavi et al. suggested
that intraoperative monitoring of PTH levels should remain, which they suggest as a better
method than ICGA for predicting PG vascularization. Rudin et al. opined that the potential
of ICGA to quickly identify PGs and to positively alter surgical strategy cannot be ignored,
but that more research should be conducted to determine whether this practice reduces the
risk of postoperative hypoparathyroidism.

This controversy is fueled by a lack of standardization among NIR fluorescence
techniques, such as in the timing of assessment and the quantification of fluorescent signal
intensity. PG visualization can be enhanced with NIR imaging prior to any dissection
or during thyroid dissection. Early identification can prevent inadvertent resection or
impairment of vascular supply. In this way, NIR imaging can contribute to the preservation
of all PGs. The distinction between the more intense fluorescence of the PGs compared with
that of the lymph nodes can provide guidance during lymphadenectomy. Late detection,
such as that performed on the specimen, can allow functional recovery of the PG with
autotransplantation. Contrast-enhanced fluorescence imaging with intravenous ICG or
fluorescein injection can visualize preserved versus impaired perfusion (e.g., congruent
results shown intraoperatively for adrenal perfusion) [9]. However, except for quantitative
contrast-enhanced NIR imaging research protocols [74], fluorescent signals and ICG scores
are generally assessed subjectively. For ICG injections, the rate at which the fluorescence
signal intensity increases, as well as the added signal intensity produced by reinjections,
can only be objectively assessed with a quantitative approach, which has not yet been
integrated into commercially available NIR imaging systems.

Furthermore, it can be concluded from this review that the use of NIR imaging
is safe and feasible. No study reported any complication arising from this technique.
Rare allergic reactions to ICG have been previously reported [75]. These reactions are
particularly attributable to iodine or sodium iodide, which is often added to improve
fluorophore solubility [19]. Therefore, patients with iodine allergy are not eligible for
ICG administration. However, ICG solutions without iodine are commercially available
(e.g., INFRACYANINE, SERB S.a.rl.); thus, this categorical exclusion of patients for iodine
allergy or hyperthyroid status might be lifted in the future.

Several studies in this review reported minimal added time (3-10 min) for NIR imaging
but this was shown as not statistically significative [45,54,62]; anyway, this added time
would be negligible, considering the benefits of the technique. Similar findings were
reported by van den Bos et al. [50]. Interestingly, and in contrast to the observation of a
longer duration with the use of fluorescence imaging, two studies reported that more time
was spent during conventional surgery [45,64]. Although this trend was not elucidated,
it may have been due to a more rapid identification of the glands using autofluorescence,
without the added duration needed for the administration and uptake of an exogenous
fluorophore.
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Concerning ICGA, among the authors who analyzed this factor, the procedure re-
quired an additional operative time of 2-5 min; however, this approach has the benefit
of eliminating any doubt on the viability of the explored PGs. Moreover, according to
some authors [47,61], ICGA can also prevent systematical postoperative calcium supple-
mentation, thus eventually reducing the hospital stay. The use of fluorescence imaging in
surgery has been reported as cost-effective [44,76]. However, no study in the present review
stated the cost implication of NIR imaging, which is mainly associated with equipment
purchase. The camera systems required for NIR imaging can be expensive. However, once
a fluorescence system is installed, autofluorescence creates no further cost. Hence, the
additional cost is limited to the price of the exogenous fluorophore used per patient [77]
and the sterile cover. When assessed in light of the deleterious health effects and economic
burden of hypoparathyroidism and hypocalcemia, NIR imaging can be viewed as very
cost-effective, as demonstrated by its positive impact.

In a cost-benefit analysis on the usefulness of routine intraoperative intact parathyroid
hormone (IOPTH) assay in parathyroid surgery, it was recommended to reserve the use of
IOPTH assays for select cases due to its high cost (EUR 170 for five rapid IOPTH assays vs.
EUR 125 for five delayed PTH assays, plus added OR time amounting to EUR 15/min in
the authors’ institution) [78].

The NIR fluorescence equipment cost is amortized more rapidly when it is used by
several disciplines within a hospital environment, as abovementioned NIRAF use then
generates no additional cost, and a 25 mg bottle of ICG costs around USD 80 and could, in
appropriate sterile conditions, be used for 3 to 5 patients in the same day.

The majority of the analyzed articles appear to agree that NIRAF imaging allows
a better identification of PGs but that its impact on autotransplantation rate is difficult
to determine. Notably, some authors state that NIRAF imaging allows the identification
and autotransplantation of accidentally resected glands (e.g., found on the specimen or in
central neck dissection) and that the better early identification of PGs in an expert surgeon’s
hands will be able to spare these PGs from vascular disruption, thereby reducing the need
for autotransplantation [45,70].

ICG angiography is commonly accepted to assist in decision-making on autotrans-
plantation. However, it appears to lead to an increase in the autotransplantation rate, and
some authors have mentioned the risk of unnecessary parathyroid autotransplantation on
the basis of low-flow ICG patterns [48]. They suggested limiting autotransplantation only
to clearly devascularized glands that cannot be preserved.

Moreover, metastatic lymph nodes from papillary thyroid cancer are known false
positives presenting an high autofluorescence pattern similar to the one of PGs [55], and
reimplantation of an autofluorescent nodule found in the central neck dissection should be
done with caution if not clearly a PG or confirmed with an intraoperative frozen biopsy
analysis [79].

Limitations

The present review has several limitations. First, only three studies addressed thyroid
cancer exclusively, and findings in the other studies were not separated according to the
indication for surgery. Hence, there are insufficient data to draw any conclusions regarding
the impact of fluorescence imaging on the outcome of thyroid cancer surgery in particular.
Further studies should include a more detailed investigation of the observations of a
potentially increased benefit of NIR imaging for extended oncological surgery, including
neck dissection. Second, the majority of the available and included studies were of limited
quality, with only three RCTs (randomized controlled trials). The retrospective nature of
some studies [48,49,64] hinders correction for confounders between the study and control
groups. However, this aspect could enhance the comparability of both groups by allowing
the selection of similar controls for each case. Third, the majority of included studies were
small studies with a lack of prospective sample size calculation, which may have affected
the observed outcomes.
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Another limitation is the variability in NIR imaging use among the reports. In most
studies, not all four PGs were visualized. Therefore, the vascularization and viability
of the unidentified glands remained unknown, which may have affected the outcome
of the surgery. Furthermore, the subjective nature of estimating the fluorescence level
in a gland is a limitation, as the available systems only allow qualitative assessments.
This limitation leads to subjective interpretation and interobserver differences in scoring
the fluorescence intensity of a gland. To eliminate this limitation, future studies should
integrate computer-assisted quantitative contrast-enhanced NIR imaging evaluations [12]
or pixel/color-analyzing computer programs, as suggested by Fanaropoulou et al. [19].

5. Conclusions

Fluorescence-guided surgery is useful for preventing post-thyroidectomy hypoparathy-
roidism and is also feasible and safe. As this review has shown, fluorescence-guided surgery
enhances early identification, visualization, and preservation of the PGs and may reduce
the incidence of postoperative hypoparathyroidism and hypocalcemia. Moreover, this
technique assists in the identification of accidentally resected glands on the specimen for
subsequent autotransplantation. In thyroid cancer surgery, such intraoperative guidance is
particularly beneficial for extended dissection and lymphadenectomy. Further studies are
needed to focus on thyroid cancer surgery, as current data are scarce. Moreover, standard-
of-practice guidelines are needed to identify the ideal timepoint(s) for NIRAF and ICG
imaging during thyroid cancer surgery to optimize the beneficial influence of NIR imaging
and proper adoption of the technique.

Most authors highlighted the potential of fluorescence imaging to curtail the need
for postoperative supplementation with calcium and vitamin D, especially when paired
with the surgeon’s critical decision-making skills. However, the articles published thus
far have analyzed outcomes for highly experienced /high-volume surgeons. Thus, more
high-quality research is required to validate the long-term advantages of these techniques
over use of the naked eye, especially in the case of less-experienced surgeons, who will
most likely benefit more from NIR imaging techniques.
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Simple Summary: Many studies have shown that an impaired nutritional status correlated with a
worse prognosis in cancer patients. The aim of our retrospective study was to evaluate the potential
role of baseline Controlling Nutritional Status (CONUT score) in predicting prognosis of advanced
thyroid cancer treated with tyrosine kinase inhibitors (TKI). We were able to confirm that baseline
CONUT score significantly correlated with progression free survival (PFS) and overall survival
(OS) and was the only independent prognostic factor for both outcomes. In particular, a CONUT
score >3 was associated with a worse PFS and OS. The CONUT score represents a relatively new
screening tool that is useful in predicting prognosis in thyroid cancer patients before the beginning of
anti-tumoral treatment.

Abstract: (1) Background: The Controlling Nutritional Status (CONUT) score is an immuno-nutritional
screening tool based on serum albumin, total cholesterol, and lymphocyte count. The aim of the study
was to assess the CONUT score as a potential prognostic factor of response to therapy in patients with
advanced thyroid cancer treated with tyrosine kinase inhibitors (TKIs). (2) Methods: We retrospectively
evaluated 42 metastatic thyroid cancer patients (54.8% female). The median age at the time of TKI
treatment was 69 years. Histological diagnosis was differentiated thyroid cancer in 66.7%, poorly
differentiated thyroid cancer in 21.4%, and medullary thyroid cancer in 11.9% of patients. CONUT
score was assessed before starting TKI therapy. (3) Results: Progression-free survival (PFS) and overall
survival (OS) were significantly influenced by baseline CONUT score. The best CONUT cut-off able to
predict the response to treatment was 3. Both PFS and OS were better in patients with CONUT score <3
than in those with CONUT score >3 (p < 0.0001). CONUT score was the only independent prognostic
factor associated with PFS (p = 0.021) and OS (p = 0.007). (4) Conclusions: CONUT score represents a
relatively new screening tool, easily applicable in clinical practice and potentially useful in predicting
prognosis in thyroid cancer patients treated with TKIs.

Keywords: CONUT score; thyroid cancer; tyrosine kinase inhibitors

1. Introduction

Tyrosine kinase inhibitors (TKIs) are a new class of oncological drugs with activity
against receptors of different growth factors and able to inhibit pathways involved in
tumor cell proliferation and neoangiogenesis [1]. They have been approved in many
tumors including thyroid cancer as they play a crucial therapeutic role when conventional
treatments are no longer effective [2]. To date, different TKIs have been approved by
the Food and Drug Administration (FDA) and European Medical Agency (EMA) for
RAl-refractory differentiated thyroid cancer (sorafenib and lenvatinib) and medullary
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thyroid cancer (vandetanib and cabozantinib), while dabrafenib/trametinib combination
has obtained regulatory approval by the FDA for anaplastic thyroid cancer with a BRAF
V600 mutation [3-7].

It has been demonstrated that TKIs significantly improved the progression free sur-
vival of patients with advanced disease; on the other hand, they are frequently associated
with adverse events, which may affect the quality of life or request a permanent drug with-
drawal in about 20% of cases [3-8]. TKIs are often associated with weight loss, anorexia,
fatigue, and gastrointestinal side effects that may contribute to a malnutrition state.

Malnutrition is a common finding in cancer patients with advanced disease. It is
associated with a reduction in physical function, it may negatively affect the prognosis and
interfere with the anti-cancer treatment [9]. The energy deficit and the loss of lean body mass
are related to the reduced food intake and metabolic disorders (increased basal metabolic
rate, insulin-resistance, catabolic processes induced by cytokines and inflammatory factors),
but anti-cancer therapy itself can also promote malnutrition.

Recent studies have shown the importance of single nutritional indices such as serum
albumin in predicting poor outcomes in cancer patients [10-12]. Additionally, more com-
plex indices have been developed and validated in order to evaluate the nutritional sta-
tus [13,14]. The Controlling Nutritional Status (CONUT) score has recently been introduced
as a nutritional screening tool [15]. Moreover, it has been recognized as a prognostic factor
in patients affected by several chronic or malignant diseases [16-26].

Its utility has been demonstrated in the assessment of the prognosis of patients with
end-stage liver disease and acute heart failure [16,17]; it has also been correlated with
the disease activity in patients with lupus nephritis [27]. The impact of CONUT score on
survival has also been reported in hospitalized elderly people [28] and in patients with
hypertension [18] or in peritoneal dialysis [19]. Moreover, the prognostic role of CONUT
score has been widely investigated in the context of several types of neoplasms. Many
studies have demonstrated how a low CONUT score at the baseline correlates with a
better prognosis in patients with small cell lung cancer, gastrointestinal, pancreatic, ovarian,
breast, and urological cancers [20-26]. It has also been shown to be a parameter that
correlates with prognosis and response to treatment in oncology [29].

To date, there are no studies in the literature that have investigated the relationship
between CONUT score and thyroid cancer.

The aim of our study was to assess the CONUT score as a potential prognostic factor
of response to therapy in patients with advanced thyroid cancer (differentiated, medullary,
or poorly differentiated thyroid cancer) treated with TKIs.

2. Materials and Methods
2.1. Study Population

We retrospectively evaluated 71 patients with locally advanced or metastatic thyroid
carcinoma treated with at least one TKI at our institution between November 2004 and
October 2020.

The data collected included age at diagnosis, gender, histological findings, stage at
diagnosis, numbers of anatomical site involved, information on treatment with TKIs (type
of TKI, time-lapse between diagnosis and treatment start, duration of treatment, reason for
discontinuation), tumor response, and data on last follow-up/death.

Patients without available complete biochemical data and those receiving statin treat-
ment for cholesterol control with a serum total cholesterol <180 mg/dl were excluded from
our study:.

The final population was made of 42 patients (54.8% female). The mean age at the time
of TKI treatment was 67.5 &+ 13.8 years (median 69 years, 30-96 years). All patients had
metastatic disease. In detail, the number of anatomical sites involved by metastatic disease
was one in five patients (11.9%), two in 10 patients (23.8%), three in 18 patients (42.8%),
four in four patients (9.5%), and five in five patients (11.9%). Histological diagnosis was
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differentiated thyroid cancer (DTC) in 28 patients (66.7%), poorly differentiated thyroid
cancer (PDTC) in nine patients (21.4%), and medullary thyroid cancer (MTC) in five (11.9%).

Time-lapse between cancer diagnosis and TKI treatment start ranged from 0.06 to
15.4 years (mean 5.4 + 4.4, median 5.4 years) and ranged from 0 to 14.2 years (mean
3.43 £ 3.5, median 2.8 years) between the appearance of metastases and TKI treatment
beginning.

The TKI used as first-line therapy was: lenvatinib in 16 patients (38.1%), sorafenib
in 18 patients (42.8%), vandetanib in four patients (9.5%), and motesanib in four patients
(9.5%). Ten out of the 42 patients (23.8%) were treated with other TKL

The median body mass index (BMI) at baseline was 26.5 kg/m? (mean 27.2 + 6.0 range
18.1-47.0 kg/m?). The performance status at baseline, according to the Eastern Cooperative
Oncology Group (ECOG) scale, was 0 in 36 patients (85.7%), one in four patients (9.5%),
and two in two patients (4.8%).

All data are summarized in Table 1.

Table 1. Baseline clinical-pathological features in the whole population and according to histological

diagnosis.
All Patients DTC PDTC MTC
(n=42) (n =28) (n=9) (n=5)
Gender n (%)
F 23 (54.8%) 18 (64.3%) 3 (33.3%) 2 (40%)
M 19 (45.2%) 10 (35.7%) 6 (66.7%) 3 (60%)
Age at the time of TKI treatment (years) g 8 g g
Median (range) 69 (30-9) 71.6 (43-87) 67.2 (51.2-96.2) 51.4 (30-80)
Time-lapse between cancer diagnosis and TKI
treatment (years) 5.4 (0.06-15.4) 5.71 (0.09-15.4) 1.96 (0.06-12) 7.7 (1.1-9.9)
Median (range)
Time-lapse between appearance of metastases
and TKI treatment (years) 2.8 (0-14.2) 3.2(0.03-14.2) 1.2 (0-12) 1.1 (0.6-4.9)
Median (range)
Numbers of anatomical site involved 7 (%)
1 5 (11.9%) 4 (14.3%) 1(11.1%) 0 (0%)
2 10 (23.8%) 8 (28.6%) 1(11.1%) 1 (20%)
>3 27 (64.3%) 16 (57.1%) 7 (77.8%) 4 (80%)
Patients with bone metastasis 7 (%) 15 (35.7%) 9 (32.1%) 3(33.3%) 3 (60%)
Type of first-line TKI n (%)
Lenvatinib 16 (38.1%) 10 (35.7%) 6 (66.7%) 0 (0%)
Sorafenib 18 (42.8%) 14 (50%) 3 (33.3%) 1 (20%)
Vandetanib 4 (9.5%) 2 (7.1%) 0 (0%) 2 (40%)
Motesanib 4 (9.5%) 2 (7.1%) 0 (0%) 2 (40%)
BMI (kg/m?) .
Median (range) 26.5 (18.1-47) 26.9 (18.7-44.1) 24.6 (18-46.9) 24.8 (22.7-34.4)
ECOG PS 1 (%) !
0 31 (86.1%) 20 (83.33%) 7 (87.5%) 4 (100%)
1 3 (8.3%) 2 (8.33%) 1(12.5%) 0 (0%)
2 2 (5.6%) 2 (8.33%) 0 (0%) 0 (0%)

1 ECOG PS was evaluated in 36 patients.

2.2. Assessments and Definitions

We evaluated in all patients the following anthropometric parameters: weight, height,
and body mass index (BMI). The weight (kilograms) and height (meters) were measured
using a scale with an altimeter (Seca-Intermed, Milan, Italy). The BMI was calculated as
‘weight over height square’.
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At baseline (before starting TKI treatment), fasting venous blood sample was collected
for biochemical tests including albumin, total cholesterol, and total lymphocyte count. The
concentration of such parameters was measured with standard colorimetric methods using
the Cobas ¢ 701/702 analyzer (Roche/Hitachi, Mannheim, Germany). The CONUT score
was defined as the sum of the following parameters, as described below:

e for serum albumin levels >3.5, between 3.0 and 3.49, between 2.5 and 2.99 and
<25g/dL 0, 2,4, and 6 points were assigned, respectively.

e for serum total cholesterol levels >180, between 140 and 179, between 100 and 139 and
<100 mg/dl, 0, 1, 2, and 3 points were assigned, respectively.

e for serum total lymphocyte count >1600, between 1200 and 1599, between 800 and
1199 and <800 / mm?3, 0, 1, 2, and 3 points were assigned, respectively.

Radiological evaluation was performed at baseline (before treatment) and on average
every 3-6 months thereafter with computed tomography (CT) scanning with contrast
medium or magnetic resonance imaging (MRI).

The time from TKI administration to the first evidence of tumor progression or until
death defines the progression free survival (PFS). Tumor progression was documented
by CT or MRI examination according to Response Evaluation Criteria in Solid Tumors
(RECIST) v 1.1. Best response (BR) was defined as the best response recorded from the start
of the treatment until disease progression. The time from the start date of the TKI treatment
to the time of death from any cause defines the overall survival (OS).

2.3. Statistical Analysis

A preliminary descriptive analysis was performed: quantitative variables were sum-
marized by mean =+ standard deviation, median and minimum-maximum range, and
qualitative variables by absolute frequencies and percentages. Kruskal test and the post
hoc Dunn test were performed to compare the differences of OS and PFS among the three
CONUT score ranges (0-2, 3—4, 5-7). Multiple chi-squared test with Bonferroni correction
was performed to compare the response (partial response/stable disease and progressive
disease) among the three CONUT score levels. ROC curve was performed to obtain a
CONUT score cut-off for the most accurate prevision of PFS and OS at 12 months.

The associations with the dichotomous CONUT score (0-2 and 3-7) were evaluated
with the chi-squared test or Fisher exact test. The differences between low and high CONUT
were evaluated with the ¢-test or the Mann-Whitney test based on the Kolmogorov—-Smirnov
test for the normality distribution.

Kaplan-Meier and Cox regression analyses were used to assess progression free
survival and overall survival. Hazard ratio and their 95% confidence interval (CI) were
estimated. Stepwise Cox regression was performed. A p-value < 0.05 was considered
statistically significant. The analyses were performed with SPSS statistics version 27.

3. Results
3.1. Baseline CONUT Score (before TKI Treatment)

The median baseline CONUT score was 2 (range 0-7). In detail, it was 0 in 9/42
patients (21.4%), one in 10/42 patients (23.8%), two in 9/42 patients (21.4%), three in 5/42
patients (11.9%), four in 4/42 patients (9.5%), five in 3/42 patients (7.1%), six in 1/42
patients (2.4%), and seven in 1/42 patients (2.4%).

3.2. TKI Treatment

The median duration of first TKI therapy was 15.7 months (mean 23.4 £ 19.3 months,
range 0.9-76.2 months). At the last follow-up, 9/42 (21.4%) patients were still being treated,
27/42 (64.3%) patients discontinued therapy due to disease progression [20/27 (74.1%)]
or other reasons (adverse events, patient decision) [7/27 (25.9%)], while 6/42 (14.3%)
patients died.

The median PFS was 12.9 months (mean 16.6 = 15.1, range 0.9-71.7 months). The best
response, evaluable in 40/42 patients (95.2%), was partial response (PR) in 14/40 patients
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(35%), stable disease (SD) in 21 /40 patients (52.5%), and progressive disease (PD) in 5/40
patients (12.5%).

The OS was assessed in a sub-population of 32 patients treated with only one TKI to
avoid the potential bias due to those patients treated with more than one TKI. The median
OS in this group was 16.8 months (mean 19.1 &+ 13.4, range 0.9-56.1 months).

3.3. Correlation between Baseline CONUT Score and Response to TKI Treatment

In order to evaluate a possible correlation between nutritional status and the response
to first TKI treatment, patients were stratified into three groups according to CONUT score
value. We observed that patients with a CONUT score 0-2 (Group A) had a significantly
better PFS and OS than patients with a CONUT score 3—4 (Group B) (p = 0.001 for PFS
and p = 0.006 for OS) and with a CONUT score 5-7 (Group C) (p = 0.02 for PFS, p = 0.002
for OS). Accordingly, we also observed that patients with a CONUT score 0-2 had a
significantly better response, according to RECIST criteria, than the other two groups
(p=0.002 and p = 0.003, respectively). In contrast, PFS, OS, and radiological response
were not significantly different between patients with a CONUT score 3—4 (Group B) and
5-6 (Group C) (Table 2).

Table 2. Response to TKIs according to baseline CONUT score (Group A score 0-2, Group B score 34,
Group C score 5-7).

. PFS 1 0s?
P(a:((e)/n)ts (E.Ro/l) Median (Months) Median (Months)
r 7 Range Range
0,
Group A 28 (66.7%) gg 1%3; EZ;; 17.9 235
(CONUT score 0-2) PD 0/27 (0%) (2.4-71.7) (3.1-56.1)
GrOuP B 9 (21 4% ) PSI;)32//88(?275\2//;) 3.6 8.9
(CONUT score 3-4) PD3/8 (37.5%) (0.9-11.8) (0.9-19.0)
(CON%%@EoSe 5-7) 5 (11.9%) gg ;;55; 54218;; 2 27—'190 9) 2 2%165 4)
PD 2/5 (40%) e i

p Avs. B=0.002
pAvs. C=0.003
pBvs. C=0.759

pAvs. B=0.001
pAvs. C=0.0224
pBvs. C=0.737

p A vs. B=0.0006
p Avs. C=0.0028
pBvs. C=0.923

I BR and PFS were assessed in 40 patients. > OS was evaluated in 32 patients treated with only one TKI.

3.4. ROC Analysis for 12 Months—PFS and OS

By ROC curves analysis, we found that the best CONUT score cut-off able to predict
the response to TKI treatment was 3 (Table S1). This cut-off had a specificity of 100% and
93.7% and a sensitivity of 70% and 68.8% for PFS and OS, respectively, with an Area Under
the Curve (AUC) of 0.980 for mPFS, (p < 0.0001) and of 0.846 for mOS (p = 0.0001), as
showed in Figure 1.
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Figure 1. ROC curve analysis for 12-month progression free survival (PFS) (a) and 12-month overall
survival (OS) (b).

3.5. Clinical-Pathological Features in Thyroid Cancer Patients with CONUT Score <3 (Group 1)
and >3 (Group 2)

According to the cut-off obtained by ROC analysis, the study population was divided
into two groups: Group 1 (CONUT score <3) and Group 2 (CONUT score >3). No
significant differences between the two groups regarding all clinical-pathological data
collected (gender, age at beginning of treatment, time-lapse between cancer diagnosis and
treatment, time-lapse between appearance of metastasis and treatment, tumor histotype,
numbers of anatomical site involved, rate of bone metastasis, type of TKI, BMI, and
ECOG PS) were observed in Group 1 compared to Group 2 (Table S2).

3.6. Clinical Outcomes According to CONUT Score

Using Kaplan-Meier curves, a significant better PFS was observed in Group 1 patients
when compared to Group 2 (22.5 vs. 5.0 months, p < 0.0001, Figure 2a). Similarly, the OS
was longer in Group 1 than Group 2 (35.1 vs. 9.2 months, p < 0.0001, Figure 2b). All but one
patient died for thyroid disease, confirming a better disease specific survival in Group 1
than in Group 2.

Kaplan-Meier curve of PFS Kaplan-Meier curve of OS
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g E
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(a) Time (months) (b) Time (months)

Figure 2. Kaplan—-Meier curve for PFS (a) and OS (b) according to the CONUT cut-off of 3.

We also performed a sub-analysis of PFS and OS according to the histology. Prognostic
power of the CONUT score was still valid in DTC patients (OS: HR 1609, 95% CI11.232-2.12,
p <0.0001; PFS: HR 1.505, 95% CI1.186-1.908, p = 0.001), but not in MTC and PDTC patients,
probably due to the small cohort of patients in these two groups.
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3.7. Univariate and Multivariate Analysis for PFS and OS

At univariate Cox-regression analysis, serum albumin level [HR 0.408 (95% CI
0.168-0.991), p = 0.048], total lymphocyte count [HR 0.999 (95% CI 0.999-1.00), p = 0.035],
and baseline CONUT score [HR 12.211 (95% CI 4.084-36.512), p < 0.0001] were prognostic
factors for PFS as well as serum albumin level [HR 0.224 (95% CI 0.083-0.604), p = 0.003],
serum total cholesterol [HR 0.982 (95% CI 0.969-0.995), p = 0.007], and CONUT score [HR
23.551 (95% CI 4.949-112.060), p < 0.0001] were prognostic factors for OS. According to
stepwise Cox-regression analysis, the CONUT score was the only independent prognostic
factor associated with PFS (p < 0.0001) and OS (p < 0.0001), whose HRs were confirmed to
be 12.211 (95% CI 4.084-36.512) for PFS and 23.551 (95% CI 4.949-112.060) for OS.

4. Discussion

Recently, the prognostic value of nutritional status and inflammation has been de-bated
in cancer patients [30,31]. Many studies have demonstrated that an impaired nutritional
status and an increased inflammatory response are related to a worse prognosis in patients
with different types of human cancer [32,33]. Different biochemical parameters have been
proposed to evaluate the immune-nutritional status such as blood neutrophil, lymphocyte,
monocyte, platelet count, neutrophil-lymphocyte ratio (NLR), lymphocyte-monocyte ratio
(LMR), and platelet-lymphocyte ratio (PLR) [34-36]. Immune-nutritional scores such as
the Prognostic Nutritional Index (PNI) and the Controlling Nutritional Status (CONUT)
have also recently been evaluated in human cancer [20-26,37]. The latter has recently been
implemented as a tool of nutritional screening, emerging as an independent prognostic
factor for OS in several types of solid tumors [38] as well as in hematological cancer [39,40].

To our knowledge, our study is the first to investigate the potential role of the baseline
CONUT score as a prognostic factor for PFS and OS in patients with advanced thyroid
cancer (differentiated, medullary, or poorly differentiated thyroid cancer) treated with TKIs.
In recent years, TKIs have become a pivotal therapy in many types of cancer [2]. These
drugs are scheduled for chronic administration and are often associated with systemic side
effects favoring malnutrition (i.e., diarrhea, nausea, mucositis), if not properly managed [8].

Our cohort of patients showed an overall baseline good nutritional status, with a
CONUT score suggestive of moderate malnutrition only in 5/42 (11.9%) patients, while
none had severe grade of malnutrition (highest CONUT score recorded equal to 7). Never-
theless, a significant correlation between immuno-nutritional status and clinical outcome
was observed. Using ROC curve analysis, we found that a cut-off of 3 was able to predict
the response to treatment with 100% of specificity and 70% of sensitivity for PFS (AUC
0.980, p < 0.0001), and 93.7% of specificity and 68.8% of sensitivity for OS (AUC 0.840,
p = 0.001). It is important to underline that the two groups of patients (CONUT score <3
and > 3) were similar for clinical and pathological features that could have an impact on
the clinical outcome. Nevertheless, the number of patients that took the full dosage did
not differ between the two groups at the beginning of TKI treatment as well as at the last
follow-up. Since TKI dosage is mostly related to the adverse events, we can assume that
the tolerance to therapy was also similar in the two groups of patients.

The optimal cut-off of the CONUT score varied across different studies [38]; in our
study, it was higher compared to that found in patients with small cell lung cancer [20],
but lower compared to that calculated in other cancer studies [21-23,29]. This difference is
probably due to the different nutritional status and pathogenic mechanisms underlying the
various types of cancer.

Multiple potential mechanisms underlying the relationship between parameters in-
cluded in the CONUT score and cancer prognosis have been widely analyzed. The serum
albumin reflects both the nutritional and the inflammatory status and is considered as a
prognostic factor in several cancers [10-12]. It has been postulated that pro-inflammatory
cytokines such as interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-«), which
modulate albumin hepatic synthesis, are associated with lower serum concentrations of
this protein [41,42]. TNF-« induces gluconeogenesis and the lipid and muscle protein
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catabolism. It also stimulates the production of reactive oxygen species (ROS) in tissues,
leading to the activation of ubiquitin-proteasome pathway and inducing muscle protein
catabolism [43]. Moreover, in preclinical studies, it has been demonstrated that TNF-o
and interleukin 1 (IL-1) penetrate the hematoencephalic barrier, causing an anorexigenic
effect [44]. The protein deficit causes a downregulation of hormonal and antibody synthesis,
leading to a suppression in B-cell differentiation and T-cell activation [45].

There are many assumptions about the relationship between serum cholesterol and
prognosis in cancer [46—48]. Okuyama et al. [49] and many other authors have demonstrated
a correlation between hypocholesterolemia and worse prognosis in non-small cell lung
cancer, gastric cancer, and localized renal cell carcinoma [50-52]. It seems that tumoral
cells can determine a reduction in serum cholesterol through many mechanisms. such
as an increased uptake into the cells caused by the exposition of low-density lipoprotein
(LDL)-cholesterol receptors on the cell membrane [53].

The lymphocyte count is widely used in prognostic scores since the immune response
against cancer largely depends on lymphocytes. CD4+ and CD8+ lymphocytes are im-
plied in the prevention of neoplastic proliferation and invasion, CD8+ T cell counts are
consistently associated with better survival in many types of cancer [54-56].

Interestingly, the CONUT score cut-off found in our study was the only independent
parameter associated with PFS (HR 12.2, p < 0.0001) and OS (HR 23.55, p < 0.0001) by
multivariate stepwise Cox-regression analysis, suggesting a possible role of nutritional
status in the clinical outcome of thyroid cancer patients with advanced disease treated with
anticancer therapy.

The study has a few limitations such as the presence of multiple histotypes of thyroid
cancer, the use of different TKIs, the small sample size, and the retrospective design of
the study.

However, the study has several strengths such as standardized management in the
same institution with detailed information regarding diagnosis, treatment, and follow-up.
Finally, to our knowledge, this is the first study to have evaluated the role of CONUT
score as an immuno-nutritional tool in the clinical outcome of advanced thyroid carcinoma
treated with TKIs.

5. Conclusions

The CONUT score represents a relatively new screening tool, easily applicable in clini-
cal practice with a possible prognostic role in the management of patients with advanced
thyroid cancer treated with TKIs.

Based on this evidence, the nutritional status should be taken into account in meta-
static thyroid cancer patients, since the efficacy of anticancer treatments could potentially
be impaired by malnutrition. The improvement in the nutritional status of cancer patients
before starting and/or during TKI treatment could be one of the strategies to obtain the
maximum efficacy of anticancer therapy. This study shows promising and innovative
results, opening the way to future prospective studies on a larger sample size to strengthen
the correlation between the nutritional status, evaluated at baseline and during cancer
treatment, and the response to TKI treatment in patients with advanced thyroid cancer.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cancers14030724/s1, Table S1: CONUT score cut-offs according to
ROC analysis for Progression Free Survival (a) and Overall Survival (b); Table S2: Clinical-pathological
features in thyroid cancer patients with CONUT score <3 (Group 1) and >3 (Group 2).
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Simple Summary: Around 30% of patients with papillary thyroid cancer (PTC) have multifocality.
As tumor multifocality could increase the risk of recurrence in patients with PTC, more aggressive
treatments, including total thyroidectomy and higher-dose radioiodine, are commonly used to treat
patients with multifocal PTC. However, it is unclear whether aggressive treatment can decrease
the risk of recurrence. Our study of 718 patients demonstrated that thyroid lobectomy showed
comparable recurrence-free survival to that of total thyroidectomy. Moreover, our findings indicated
that thyroid lobectomy could be safely performed on multifocal PTC patients with high-risk factors,
such as large tumor size or lymph node metastasis. In conclusion, thyroid lobectomy was not
associated with the risk of recurrence in patients with multifocal PTCs. Multifocality in PTC may not
always require aggressive surgery.

Abstract: Multifocality increases the risk of recurrence in patients with papillary thyroid carcinoma
(PTC); however, it is unclear whether multifocality justifies more extensive or aggressive surgical
treatment. Here, we evaluated the effect of the operative extent on the recurrence-free survival (RFS)
of patients with multifocal PTC. Between 2010 and 2019, 718 patients with unilateral multifocal
PTC were enrolled; 115 patients (16.0%) underwent ipsilateral thyroid lobectomy, and 606 patients
(84.0%) underwent total thyroidectomy. With a mean follow up of 5.2 years, RFS was comparable
between the total thyroidectomy and lobectomy groups (p = 0.647) after adjusting for potential
confounders. Multivariable Cox regression analysis also demonstrated that the operative extent
was not an independent predictor of recurrence (HR 1.686, 95% CI: 0.321-8.852). Subgroup analyses
further indicated that both total thyroidectomy and thyroid lobectomy resulted in comparable RFS
for multifocal PTC patients with other high-risk factors, including tumor size > 1 cm (p = 0.711),
lymph node metastasis (p = 0.536), and intermediate ATA risk of recurrence (p = 0.682). In conclusion,
thyroid lobectomy was not associated with the risk of recurrence in patients with multifocal PTCs.
Multifocality in PTC may not always require aggressive surgery.

Keywords: papillary thyroid carcinoma; multifocality; lobectomy; operative extent

1. Introduction

Thyroid cancer is the ninth most prevalent cancer worldwide, and its incidence has
dramatically increased over the last four decades [1]. There were 586,202 new cases of
thyroid cancer in 2020, and papillary thyroid carcinoma (PTC) represented over 80% of all
thyroid cancers [1]. Surgery for thyroid cancer is the most important element of a multi-
faceted treatment approach [2]. Earlier guidelines recommended total thyroidectomy as
the initial surgical treatment option, whereas the latest 2015 American Thyroid Association
(ATA) guidelines have endorsed that thyroid lobectomy is safe and sufficient in selected
patients with a low to intermediate risk of recurrence [2—4]. The optimal surgical extent
can be determined by several clinicopathological factors, including personal history of
radiation treatment to the head and neck, familial history of thyroid cancer, tumor size,
extrathyroidal extension (ETE), regional or distant metastases, and multifocality [2].
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Multifocality is defined as the simultaneous presence of two or more tumor foci
within the thyroid gland [5]. Tumor multifocality is a common finding in PTC, with a
prevalence of 18-87% of cases in the literature [6]. Multifocality is considered as a prognostic
marker for the progression of PTC [7]. Multifocality has been associated with the high-risk
features of PTC, including aggressive histology, ETE, lymph node (LN) involvement, and
distant metastasis [7,8]. A recent meta-analysis also indicated that multifocality was an
independent predictor of recurrence [9]. Some researchers further suggested that multifocal
PTC could increase the risk of cancer-specific and overall mortality [10]. Therefore, more
aggressive treatments, including total thyroidectomy and higher-dose radioiodine, are
commonly used to treat patients with multifocal PTC [9,11-13].

There is a controversy about the optimal operative extent for patients with multi-
focal PTC. Several studies demonstrated that total thyroidectomy decreased the risk of
recurrence compared with thyroid lobectomy [14-16]. On the contrary, other studies have
suggested that lobectomy could be a feasible and valid option for patients with unilateral
multifocal PTC [17-20]. These conflicting results are because, at least in part, all previous
studies except one investigated the impact of operative extent without adjustment of other
risk factors. Only Jeon et al. evaluated the significance of the surgical extent using a
multivariable Cox proportional hazards model; however, this study only included patients
with tumor size < 1 cm, absence of gross ETE, and node-negative PTC (pT1aNOMO) [19].

Therefore, in the present study, we investigated the effect of the operative extent on
the recurrence of multifocal PTC patients with various risk factors.

2. Materials and Methods
2.1. Study Design

This was a retrospective cohort study of patients aged 20 years or older with a diagno-
sis of unilateral multifocal PTC from 2010 to 2019 at the Ewha University Medical Center
Mokdong Hospital. Institutional Review Board approval (Approval No. 2021-07-015) was
obtained, and the need for written informed consent was waived.

2.2. Participant Selection

Patients were included in the present study if they were 20 years or older, had a
pathologic diagnosis of unilateral multifocal PTC, and underwent curative-intent surgical
treatment, including thyroid lobectomy or total thyroidectomy. The medical record of
each patient was reviewed for clinicopathological data. Patients were excluded if they had
high-risk histologic subtypes (including diffuse sclerosing, tall cell, and hobnail variants),
gross ETE, or distant metastasis. Patients with incomplete data were also excluded. Data
on patient demographics and tumor characteristics, including tumor size, microscopic ETE,
LN metastasis, resection margin involvement, and coexisting Hashimoto thyroiditis, as
well as recurrence status, were collected. The American Joint Committee on Cancer 7th
edition was used for pathologic tumor, node, metastasis (TNM) staging.

2.3. Study End Points

The primary outcome measure was recurrence-free survival (RFS), which was defined
as the time from initial surgery to the first event of recurrence. Recurrence was defined as
newly found malignant lesions on the operative bed or metastatic LNs after 1 year from
initial surgery, which were proven to be malignant by cytologic or histologic examination.

2.4. Statistical Analysis

SPSS Statistics version 23.0 (IBM Corp., Armonk, NY, USA) and R 3.5.3 (R Development
Core Team, Vienna, Austria) were used for statistical analyses. Continuous data were
compared by Student’s t-tests. The comparison of dichotomous data was performed by
Pearson chi-squared tests. To minimize potential confounding effects and selection bias,
we performed 3:1 propensity score matching [21]. We selected 4 factors that could affect
the recurrence as follows: tumor size, microscopic ETE, LN metastasis, and coexisting
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Hashimoto thyroiditis. RFS was assessed by Kaplan—Meier survival analysis and log-rank
test. As the RFS curves for lobectomy met those for total thyroidectomy, we checked
the proportionality of the hazards to use a Cox proportional hazards regression model.
The log(-log(survival)) plot and the scaled Schoenfeld residuals test for assessment of
proportionality of hazards were used to verify the proportional hazards assumption [22].
The log(-log(survival)) plot for operative extent gave rise to reasonably parallel lines and
suggested proportionality (Figure S1). The scaled Schoenfeld residuals test also produced
no evidence of a poor fit (p = 0.42). Univariable and multivariable Cox proportional hazards
regression models, therefore, were used to identify risk factors that could affect recurrence.
A p-value < 0.05 was considered to indicate a statistically significant difference.

3. Results
3.1. Clinicopathological Characteristics of Included Patients

The baseline characteristics of 718 patients are summarized in Table 1. The mean age
was 46.8 £ 11.3 years at the time of surgery, and 603 of the patients (83.6%) were women.
The mean follow-up period was 5.2 & 2.6 years. Of the 718 enrolled patients, 115 patients
(16.0%) underwent ipsilateral thyroid lobectomy, and 606 patients (84.0%) underwent
total thyroidectomy. Patients in the total thyroidectomy group had a larger tumor size
(0.8 +0.5cm vs. 0.7 == 0.4 cm; p = 0.047), a higher rate of ETE (55.6% vs. 40.0%; p = 0.002),
and an increased risk of LN metastasis (33.0% vs. 22.6%; p = 0.028) compared with those
in the lobectomy group. Coexisting Hashimoto thyroiditis was also more common in
the total thyroidectomy group than in the lobectomy group (33.7% vs. 21.7%; p = 0.012).
Other clinicopathological factors, including age, sex, and margin involvement, showed no
significant differences between the groups.

Table 1. Comparison of clinicopathological characteristics between lobectomy and total thyroidec-
tomy groups.

Total Thyroidectomy  Thyroid Lobectomy

Characteristics (1 = 603) (1 = 115) p-Value
Age (years) 471 +£11.1 46.3 £ 11.1 0.489
Female sex 509 (84.4%) 91 (79.1%) 0.161
Pathologic

characteristics
Tumor size
Mean (cm) 0.8+ 05 0.7+ 04 0.047

Microcarcinoma (%) 476 (78.9%) 99 (86.1%) 0.079
Microscopic ETE 335 (55.6%) 46 (40.0%) 0.002
LN metastasis 199 (33.0%) 26 (22.6%) 0.028
Margin involvement 32 (5.3%) 5 (4.3%) 0.670
Coexisting o o
Hashimoto thyroiditis 203 (33.7%) 25 (21.7%) 0.012
Postoperative NA
management
1311 remnant ablation 353 (58.5%)
1311 dose (mCi) 131.3 + 33.3
Follow-up period 54424 44433 0.005
(years)
Recurrence 8 (1.3%) 2 (1.7%) 0.729

ETE, extrathyroidal extension; LN, lymph node; NA, not applicable.

Recurrences were observed in 8 patients (1.3%) in the total thyroidectomy group
and 2 patients (1.7%) in the lobectomy group (p = 0.729). In the total thyroidectomy
group, 7 patients developed ipsilateral neck LN recurrences, and thyroid bed recurrence
was observed in the remaining patient. All recurrences in the lobectomy group were
found in the ipsilateral lateral neck LN. The log-rank test indicated that the RFS of the total
thyroidectomy group (p = 0.515) was comparable to that of the lobectomy group (Figure 1a).
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Figure 1. Recurrence-free survival according to the operative extent in patients with multifocal PTCs,
(A) before and (B) after propensity score matching.

3.2. Recurrence-Free Survival in the 3:1 Matched Patient Group

As tumor size, microscopic ETE, or LN metastasis could affect recurrence, we per-
formed 3:1 propensity score matching and yielded 115 matched pairs. Table 2 shows
the clinicopathological comparison between the 3:1 matched total thyroidectomy and
ipsilateral thyroid lobectomy groups. The matched cohorts did not differ in terms of
clinicopathological features, including tumor size, microscopic ETE, and LN metastasis.

Table 2. Comparison of clinicopathological characteristics between lobectomy and total thyroidec-
tomy groups after matching.

Total Thyroidectomy Thyroid Lobectomy

Characteristics (1 = 345) (1 = 115) p-Value
Age (years) 46.2 +11.0 46.3 £ 11.1 0.938
Female sex 276 (80.0%) 91 (79.1%) 0.841
Pathologic

characteristics
Tumor size
Mean (cm) 0.7+ 05 0.7+ 04 0.523

Microcarcinoma (%) 283 (82.0%) 99 (86.1%) 0.315
Microscopic ETE 136 (39.4%) 46 (40.0%) 0.912
LN metastasis 87 (25.2%) 26 (22.6%) 0.574
Margin involvement 12 (3.5%) 5 (4.3%) 0.669
Coexisting o o
Hashimoto thyroiditis 89 (25.8%) 25 (21.7%) 0.383
Postoperative NA
management
1311 remnant ablation 171 (49.6%)
1311 dose (mCi) 128.1 + 38.6
Follow-up period 53+25 44433 0.014
(years)
Recurrence 5 (1.4%) 2 (1.7%) 0.826

ETE, extrathyroidal extension; LN, lymph node; NA, not applicable.

After adjusting for potential confounders, the overall recurrence rate was still com-
parable between the groups (1.4% vs. 1.7%; p = 0.826). RFS of the total thyroidectomy
group (p = 0.647) also showed no significant difference from that of the lobectomy group
(Figure 1b).
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3.3. Predictive Factors of Poor RFS in Patients with Multifocal PTCs

The univariable Cox proportional hazards model indicated that only LN metastasis
(hazards ratio [HR]: 5.370, 95% confidence interval [CI]: 1.388-20.785) was significantly
associated with recurrence, and the operative extent (HR of thyroid lobectomy: 1.666, 95%
CI: 0.353-7.870) was not predictive of the risk of recurrence (Table 3). LN metastasis (HR:
4.863, 95% CI: 1.179-20.056) retained statistical significance in multivariable analysis.

Table 3. Univariable and multivariable analysis for predictive factors of recurrence in patients with
multifocal PTCs.

. Univariable Analysis Multivariable Analysis
Covariates
HR (95% CI) p-Value HR (95% CI) p-Value

Age (years) 0.958 (0.902-1.017) 0.157 0.958 (0.899-1.021) 0.189

Male sex 2.289 (0.592-8.854) 0.230 1.637 (0.403-6.641) 0.490

Tumor size (cm) 1.027 (0.349-3.022) 0.962 0.805 (0.192-3.377) 0.767

Microscopic ETE 1.270 (0.358-4.503) 0.711 1.137 (0.290-4.457) 0.853

LN metastasis 5.370 (1.388-20.785) 0.015 4.863 (1.179-20.056) 0.029

Margin involvement 0.046 (0.000-6959.675) 0.612 0.000 (0.000-infinite) 0.982

Hashimoto thyroiditis 0.253 (0.032-2.002) 0.193 0.288 (0.035-2.402) 0.250

Operative extent 1.666 (0.353-7.870) 0.519 1.686 (0.321-8.852) 0.537

HR, hazard ratio; CI, confidence interval; ETE, extrathyroidal extension; LN, lymph node.

3.4. Lack of an Independent Role of Operative Extent in Patients with Other Risk Factors

Subgroup analyses were performed to assess the impact of the operative extent in mul-
tifocal PTC patients with several risk factors. We examined 3 factors that might influence
the recurrence of PTC: primary tumor size (<1 cm or >1 cm), LN metastasis (node-negative
or node-positive), and ATA risk of recurrence (low or intermediate).

Papillary thyroid microcarcinoma (PTMC; defined as PTC < 1 ¢cm) was found in
476 patients, and 143 patients had PTC larger than 1 cm (non-PTMC). The recurrence
rates of the total thyroidectomy and lobectomy groups were 6 of 476 (1.1%) and 2 of
99 (2.0%; p = 0.469), respectively, for PTMC patients and 2 of 127 (3.2%) and 0 of 16 (0.0%;
p = 0.467), respectively, for non-PTMC patients. Kaplan—-Meier analysis also indicated
that total thyroidectomy showed comparable RFS to that of thyroid lobectomy in both the
PTMC (p = 0.443) and non-PTMC (p = 0.711) groups (Figure 2A,B).
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Figure 2. Recurrence-free survival in patients with (A) PTMC and (B) non-PTMC.

There were 490 patients with node-negative PTC, and LN metastasis was diagnosed
in 225 patients. In the node-negative group, recurrences were observed in 2 of 404 pa-
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tients (0.5%) after total thyroidectomy and 1 of 89 patients (1.1%) after thyroid lobectomy
(p = 0.490). In the node-positive group, 6 of 199 patients (3.0%) with total thyroidectomy
and 1 of 26 patients (3.8%) with thyroid lobectomy developed recurrences (p = 0.818). RFS
was not considerably different between total thyroidectomy and thyroid lobectomy in both
the node-negative (p = 0.447) and node-positive (p = 0.536) groups (Figure 3A,B).
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Figure 3. Recurrence-free survival in patients with (A) node-negative and (B) node-positive PTC.
When we stratified patients according to the ATA risk of recurrence categories,
324 and 394 patients were classified as low risk and intermediate risk, respectively. In ATA
low-risk patients, recurrence rates were comparable between the total thyroidectomy and
lobectomy groups (0.4% vs. 1.5%; p = 0.297). Patients with ATA intermediate risk also
showed no difference in the recurrence rates be-tween groups (2.0% vs. 2.0%; p = 0.996). To-
tal thyroidectomy and lobectomy demonstrated similar RFS in the ATA low-risk (p = 0.411)
and ATA intermediate-risk (p = 0.682) groups (Figure 4A,B).
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Figure 4. Recurrence-free survival in patients with (A) ATA low risk and (B) intermediate risk.

4. Discussion

The present study demonstrated that the operative extent of patients with unilateral
multifocal PTC was not associated with risk of recurrence. Various guidelines and recent
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publications have promoted a “less is more” approach for the treatment of low-risk PTC,
which represents the vast majority of thyroid cancers; this involves less extensive operation,
less radioiodine, and less or no thyroid hormone suppression [23]. A global trend toward
less radical surgical procedures, including thyroid lobectomy, has also gained traction in
recent years [24]. Thyroid lobectomy has several advantages, including lowering the risk
of complications and possibly avoiding a lifelong need for thyroid hormone supplements;
however, concerns about oncological safety remain for patients with specific risk factors,
including multifocality [25].

Determining the optimal surgical extent for patients with multifocal PTC has been a
long-standing problem [26-28]. A consensus report of the European Society of Endocrine
Surgeons recommended total or near-total thyroidectomy for multifocal PTC patients to
reduce local recurrence [12]. A meta-analysis further indicated that patients with mul-
tifocal PTC should undergo central LN dissection [29]. On the contrary, recent studies
demonstrated comparable RFS between total thyroidectomy and lobectomy for patients
with node-negative multifocal PTC [18,19]. This inconsistency may be partly attributed to
multifocality-associated risk factors, including large tumor size and LN metastasis, which
can affect the operative extent decision [7]. These factors should also be considered to
determine the optimal surgical extent for multifocal PTC.

Total thyroidectomy is usually performed instead of lobectomy for patients with more
aggressive clinicopathological characteristics [30]. In the present study, compared with
the thyroid lobectomy group, the total thyroidectomy group was also found to have a
larger tumor size, a higher rate of microscopic ETE, and an increased risk of LN metastasis.
As these high-risk features could affect the development of recurrence, propensity score
matching was performed to minimize potential biases [21]. After adjusting for possible
confounding factors, including tumor size, microscopic ETE, LN metastasis, and coexisting
Hashimoto thyroiditis, our matched cohorts showed no difference in RFS between the total
thyroidectomy and lobectomy groups. Our results further confirmed the overall oncologic
safety of thyroid lobectomy for patients with multifocal PTC.

Subgroup analyses were performed to determine whether thyroid lobectomy is fea-
sible for multifocal PTC patients with various risk factors. Total thyroidectomy showed
comparable RFS to that of thyroid lobectomy for patients with non-PTMC (p = 0.711),
node-positive PTC (p = 0.536), and ATA intermediate risk of recurrence (p = 0.682). Our
findings suggest that multifocal PTC patients with tumor size > 1 cm, LN involvement,
or intermediate ATA risk of recurrence do not always require a more extensive operation.
Multivariable Cox proportional hazards analysis also indicated that the operative extent
was not associated with the risk of recurrence, regardless of other risk factors. Therefore, we
believe that thyroid lobectomy is suitable for all multifocal PTC patients without high-risk
factors that require total thyroidectomy.

Our study has some limitations. First, this study was a retrospective cohort study,
which is prone to selection bias. Patient selection for total thyroidectomy might be influ-
enced by various factors, and the assignment of thyroid lobectomy and total thyroidectomy
was not randomized. Although we performed propensity score matching, the results might
be influenced by selection bias. Second, we did not evaluate long-term outcomes such
as cancer-specific survival. During the mean follow-up period of 5.2 years, there was no
cancer-specific mortality in the present study. Third, the number of patients with other risk
factors of recurrence was relatively small. When we calculated the sample size for survival
analysis using the data from Table 3, more than 255 recurrences were required to determine
the statistical significance with HR of 1.686, 90% of power, and 2.5% of significance. Further
validation studies with a larger cohort and long-term follow-up are warranted.

5. Conclusions

Thyroid lobectomy was not associated with the risk of recurrence in patients with
multifocal PTCs. Multifocality in PTC may not always require aggressive surgery.
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Simple Summary: From a prospective series of 480 thyroid nodules, we compared the performances
of the American College of Radiology (ACR) and the European Thyroid Association (EU) scoring
systems in triaging thyroid nodules for fine-needle aspiration (FNA). FNA was recommended on
46.5% and 51.9% of the nodules using the ACR and EU-TIRADS scores, respectively. The ACR system
demonstrated a higher specificity as compared to the EU-TIRADS (59.0% vs. 52.4%, p = 0.0012) in
predicting >TIR3A /III (SIAPEC/Bethesda) nodules. Moreover, specific radiological features (i.e.,
echogenic foci and margins), combined with the cytological classes improved the specificity (97.5%
vs. 91%, p < 0.0001) and positive predictive value (77.5% vs. 50.7%, p < 0.0001) of the cytology alone,
maintaining an excellent sensitivity and negative predictive value.

Abstract: Objective: The American College of Radiology (ACR) and the European Thyroid Associa-
tion (EU) have proposed two scoring systems for thyroid nodule classification. Here, we compared
the ability of the two systems in triaging thyroid nodules for fine-needle aspiration (FNA) and tested
the putative role of an approach that combines ultrasound features and cytology for the detection of
malignant nodules. Design and Methods: The scores obtained with the ACR and EU Thyroid Imag-
ing Reporting and Data Systems (TIRADS) from a prospective series of 480 thyroid nodules acquired
from 435 subjects were compared to assess their performances in FNA triaging on the final cytological
diagnosis. The US features that showed the highest contribution in discriminating benign nodules
from malignancies were combined with cytology to improve its diagnostic performance. Results:
FNA was recommended on 46.5% and 51.9% of the nodules using the ACR and EU-TIRADS scores,
respectively. The ACR system demonstrated a higher specificity as compared to the EU-TIRADS
(59.0% vs. 52.4%, p = 0.0012) in predicting > TIR3A /III (SIAPEC/Bethesda) nodules. Moreover,
specific radiological features (i.e., echogenic foci and margins), combined with the cytological classes
improved the specificity (97.5% vs. 91%, p < 0.0001) and positive predictive values (77.5% vs. 50.7%,
p < 0.0001) compared to cytology alone, especially in the setting of indeterminate nodules (TIR3A /III
and TIR3B/IV), maintaining an excellent sensitivity and negative predictive value. Conclusions: The
ACR-TIRADS system showed a higher specificity compared to the EU-TIRADS in triaging thyroid
nodules. The use of specific radiological features improved the diagnostic ability of cytology.

Keywords: ultrasound imaging; thyroid nodule; thyroid carcinoma; fine-needle aspiration
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1. Introduction

In the international scenario, different alternative ultrasound (US) algorithms have
been proposed for characterizing thyroid nodules [1]. The American College of Radiology
(ACR) Thyroid Imaging Reporting and Data Systems (TIRADS) consists of a scale with in-
creasing scores for specific US features of thyroid nodules and is able to stratify lesions with
a progressively higher risk of malignancy (ROM) [2—4]. On this side of the Atlantic ocean,
the European Thyroid Association (EU-TIRADS) proposed in 2017 a US pattern recognition
method that combines high-risk criteria, such as nodule composition, echogenicity, margins,
shape, and calcifications [5]. The main purpose of these scoring systems is the reduction
in inappropriate fine-needle aspirations (FNAs), triaging thyroid nodules at their best.
However, the final FNA results do not always match the pre-biopsy risk class assigned
by these two systems. Indeed, the indication of a biopsy is influenced by subjectivity in
US interpretation, different ROMs in the screened populations, and personalized clinical
decisions [6,7]. On the other hand, defensive medicine, excessive scrupulousness, or lim-
ited experience could induce clinicians to perform FNA regardless of the TIRADS score,
especially in large nodules, still depending on cytology for the final answer regarding the
nature of a thyroid lesion and thus reducing the practical utility of TIRADS [8]. Although
the most recent reports in the literature stress the recommendation to implement these
algorithms in the clinical setting, the selection of more impactful radiological criteria may
improve the contribution of these systems to risk assessments [6,9-11]. In this work, we
present a comparative analysis of the most widely employed US classifications to support
their systematic application in a first-level general hospital for the bioptic triage of thyroid
nodules [8]. Moreover, the present paper supports the hypothesis that specific US features,
coupled with cytological classes, might be better able predict the final malignant nature of
a thyroid nodule.

2. Materials and Methods
2.1. Patients Selection

This prospective study included 448 consecutive patients who underwent 493 US-
guided FNA from January to June 2019 at the interventional radiology clinic, ASST Monza,
Italy, during an Italian Association for Research on Cancer (AIRC)-granted project for the
diagnosis of thyroid carcinoma [8]. All nodules were subjected to FNA, regardless of their
ACR/EU-TIRADS scores, after an endocrinological clinical indication. Thirteen lesions
with an unsatisfactory cytology and no FNA repetition were excluded for a final set of
480 nodules and 435 subjects. Histology was available in 49 resected nodules. US was
performed at the 12-month follow-up visit in 352 patients, while 79 cases, corresponding to
70 TIR3A /111, 8 TIR3B/1V, and 1 TIR4/V, were lost to follow-up. This study was approved
by the ASST Monza Ethical Board (October 2016, 27102016) and appropriate informed
consent was obtained from all patients.

2.2. Ultrasound Evaluation

Patients were placed in supine position with their neck in hyperextension. The US
was performed with the Philips Epiq Elite machine. For each nodule, the radiologists used
real-time clips to measure the major axis and analyzed its composition, echogenicity, shape,
margins, and the presence of calcifications, as previously described [3]. The final theoretical
indication for FNA execution was formulated according to the ACR and EU-TIRADS
algorithms [3,5]. US was performed by three different radiologists (DL, DF, FV) who were
experts in thyroid imaging and who contributed equally to the evaluation of the case series.

2.3. Cytopathology and Histopathology

Aspiration was performed by two pathologists (FP and CDB) with 10 years of experi-
ence in thyroid FNA under US guidance with 22-25 gauge diameter needles. The aspirated
material was smeared onto 3—4 traditional slides per nodule. The slides were fixed with
spray alcohol (Cytofix, propan-2-ol) and then stained with Papanicolau, or air-dried and
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stained with May—Grunwald Giemsa. Cases were diagnosed according to two standard
systems for reporting thyroid cytopathology: the Italian Society of Pathology classification
(SIAPEC) and the Bethesda System [12,13]. The TIRADS indication of FNA was considered
correct in the presence of a cytology >TIR3A/III (SIAPEC/Bethesda). TIR1c-TIR2 patients
and those with TIR3 who did not undergo surgery, underwent a US examination 12 months
after the first US-guided FNA performed by the same radiologist [14]. Nodules were
considered benign in the absence of the following conditions:

new echographic suspicious features—i.e., US features with >2 ACR-TIRADS points;
>20% increase in size;

enlarged lymph nodes;

appearance of new suspicious nodules—i.e., with ACR or EU-TIRADS class > 3.

A histological evaluation was performed on the surgical specimens of total or hemi-
thyroidectomy [15]. The tissue was formalin-fixed, paraffin-embedded, and stained with
haematoxylin and eosin. The ROM was estimated according to histological evaluation or
US follow-up examination.

2.4. Statistical Analysis

Mean and standard deviation or quartiles were used for descriptive purposes, as ap-
propriate. The diagnostic ability of the TIRADS systems in distinguishing thyroid nodules
that required or not FNA was evaluated using cytology as reference standard (<TIR3A /II1
vs. >TIR3A/III) in all 480 nodules. The results of the TIRADS classifications and cy-
tology were also compared to the histopathological/follow-up findings on 401 nodules.
Sensitivity, specificity, and positive and negative predictive values (PPV and NPV) were
calculated alongside their 95% confidence intervals (CI). The McNemar test was considered
for the comparison of the performances (two-sided test, x = 0.05). A decision tree was
applied to the cytological classes and to the single TIRADS ecographic components of each
thyroid nodule to explore whether and which US features were relevant in malignancy
detection. The risk of malignancy was calculated as the rate of prevalence. All of the
statistical analyses were performed using the open-source R software v.3.6.0 (R Foundation
for Statistical Computing, Vienna, Austria).

3. Results
3.1. ACR vs. EU-TIRADS

The comparison between the ACR and EU systems in classifying the 480 nodules is
shown in Table 1.

Table 1. Comparison between the ACR and EU-TIRADS systems in the indication to perform FNA.

ACR-TIRADS
No Indication of FNA Indication of FNA
ACR3 ACR4 ACR5 ACR3 ACR4 ACR5
EU-TIRADS ACRT  ACR2  ,cem  <l5em <l0ecm >25cm >15em >10cm  Total
No indication of FNA

EU 1 0 0 0 0 0 0 0 0 0

EU 2 30 2 0 0 0 0 0 0 32
EU3<20cm 0 15 50 3 0 0 1 0 69
EU4 <15am 0 0 19 81 0 0 11 0 111
EU5<1.0cm 0 0 0 10 3 0 0 6 19

Indication of FNA

EU3>2.0cm 0 22 4 0 0 39 9 0 74
EU4>15cm 0 0 8 0 0 16 69 0 93
EU5>1.0cm 0 0 0 10 0 0 27 45 82

Total 30 39 81 104 3 55 117 51 480
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Table 2. ACR-TIRADS vs.
positive cases are in italics.

Considering the nodules requiring FNA as per the ACR (n = 223, 46.5%) and EU-
TIRADS (n =249, 51.9%) criteria, 86 (38.6%) and 90 (36.1%) were deemed to be >TIR3A /III
after cytological assessment. Overall, a good agreement between the two systems was
noted, reaching an accordance for FNA indication in 87.1% (418/480) of the nodules. The
major discrepancies on the execution of cytology were observed in the setting of EU-
TIRADS class 3, with 26 cases that would not be submitted to biopsy as per ACR, either
for different US scores (1 = 22) or size cut-off (n = 4). Similarly, 12 cases that received FNA
following the ACR-TIRADS criteria did not reach the indication in the EU-TIRADS system,
either for different US scores (n = 1) or size cut-offs (n = 11). Finally, 11.1% (6/54) of the
cases labeled as class 5 in both the systems would be biopsied only following ACR due to
the presence of a size “grey-zone” of exactly 1 cm in the classifications [3,5]. The assessment
of the performances of these systems in the final FNA indication showed a significantly
higher specificity for the ACR as compared to the EU-TIRADS (59.0% vs. 52.4%, p = 0.0012),
with a similar sensitivity (58.9% vs. 61.6%, p = 0.3173), PPV (38.6% vs. 36.1%, p = 0.1116),
and NPV (76.7% vs. 75.8%, p = 0.5288) (Tables 2 and 3). The difference noted in terms of
the specificity was mainly due to the discordances of the two systems in terms of the size
cutoff and the US feature “echogenicity”.

SIAPEC /Bethesda system cytological classifications. False negative cases are in bold. False

SIAPEC/Bethesda System

ACR-TIRADS TIR1c/T TIR2/1I TIR3A/III TIR3B/IV TIR4/V TIR5/VI Total
No indication of FNA
ACR1 12 16 2 0 0 0 30
ACR 2 1 33 5 0 0 0 39
ACR3<25cm 0 63 13 2 2 1 81
ACR4<1.5cm 0 72 21 4 3 4 104
ACR5<1.0cm 0 0 2 0 1 0 3
Indication of FNA
ACR3 >25cm 1 35 15 3 1 0 55
ACR4 > 1.5cm 1 77 29 7 3 0 117
ACR5>1.0cm 0 23 9 5 2 12 51
Total 15 319 96 21 12 17 480

Table 3. EU-TIRADS vs. SIAPEC/Bethesda system cytological classifications. False negative cases are in bold. False positive

cases are in italics.

SIAPEC/Bethesda System

EU-TIRADS TIR1c/I TIR2/1I TIR3A/III TIR3B/IV TIR4/V TIR5/VI Total
No indication of FNA
EU 1 0 0 0 0 0 0 0
EU 2 12 18 2 0 0 0 32
EU3<2.0cm 0 54 11 1 2 1 69
EU4 <1.5cm 0 84 21 3 2 1 111
EU5 < 1.0cm 0 7 7 2 2 1 19
Indication of FNA
EU3>2.0cm 2 47 20 4 1 0 74
EU4>15cm 1 67 20 3 2 0 93
EU5>1.0cm 0 42 15 8 3 14 82
Total 15 319 96 21 12 17 480

Histological evaluation was performed on 10.2% (49/480) of the nodules, 81.6%
(40/49) of which had an FNA result > TIR3B/IV. A total of 34 out of the 49 (69.3%) nodules
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showed malignancy (27 PTC, 3 EFVPTC, 1 Hurthle cell carcinoma, 1 medullary carcinoma,
1 anaplastic carcinoma, and 1 metastasis of the melanoma). The ACR-TIRADS confirmed
a significantly higher specificity (57.2% vs. 51.2%, p = 0.0019), with a similar sensitivity
(67.6% vs. 70.6%, p = 0.6547), PPV (12.8% vs. 11.8%, p = 0.4030), and NPV (95% vs. 94.9%,
p = 0.9435) in the diagnosis of malignancy (Table 4). As reported for the analysis of FNA
indication, the difference in terms of the specificity between the two systems was mainly
driven by the size cutoff and US feature “echogenicity”.

Table 4. Diagnostic performances of TIRADS systems, cytology, and combination of US features and cytology in the

diagnosis of malignant nodules (n = 401).

Sensitivity Specificity

TP FP TN FN %) %) PPV (%) NPV (%)

ACR 23 157 210 11 67.6(23/34) 57.2(210/367)  12.8(23/180)  95.0 (210/221)
[49.5-82.6] [52.0-62.3] [8.3-18.6] [91.3-97.5]

EU 24 179 188 10 70.6 (24/34)  51.2(188/367)  11.8(24/203)  94.9 (188/198)
[52.5-84.9] [46.0-56.4] [7.7-17.1] [90.9-97.6]

Cytology 34 33 334 0 100 (34/34)  91.0 (334/367)  50.7 (34/67) 100 (334/334)
[89.7-100] [87.6-93.7] [38.2-63.2] [98.9-100]

Cytology +EF/M 31 9 358 3 912(31/34) 97.5(358/367)  77.5(31/40)  99.2 (358/361)
[76.3-98.1] [95.4-98.9] [61.5-89.2] [97.6-99.8]

The best performances are in bold, 95% confidence intervals in brackets. TP: true positive; FP: false negative; TN: true negative; FN: false
negative; PPV: positive predictive value; NPV: negative predictive value; EF/M: echogenic foci/margins.

3.2. Combining US Features with Cytology for Diagnostication

The diagnostic performance of cytology alone, using the TIR3A/1II class as the thresh-
old, showed a sensitivity of 100% (34 /34, 95% CI = 89.7-100%), a specificity of 91% (334/367,
95% CI = 87.6-93.7%), a PPV of 50.7% (34/67, 95% CI = 38.2-63.2%), and an NPV of 100%
(334/334, 95% CI = 98.9-100%) (Table 4).

As expected, combining the TIRADS and cytology classes did not improve their
performance. However, a decision tree applied to cytology and single US features of
the two TIRADS systems identified two independent characteristics, i.e., echogenic foci
and irregular margins, able to contribute to diagnostication, especially in the setting of
undetermined nodules (Figure 1).

Indeed, this approach adequately detected four cases of carcinoma, otherwise clas-
sified as TIR3A/III (n = 1) and TIR3B/IV (n = 3). Moreover, three indeterminate nodules
(one TIR3A /III and two TIR3B/IV) were wrongly classified as benign by the application of
this approach and corresponded to an encapsulated follicular variant of papillary thyroid
carcinoma (EFVPTC), whose malignant potential is still debated. Similarly, among the
eight cases misclassified as malignant by the decision tree, four were diagnosed as follic-
ular adenomas on the final histology (two TIR3A /Il and two TIR3B/IV), and, although
these lesions are benign, they usually require the complete histological assessment of the
final surgical specimen for the exclusion of carcinoma. Finally, the adoption of this com-
bined US/cytology approach led to a significant increase in the specificity (97.5% vs. 91%,
p <0.0001) and PPV (77.5% vs. 50.8%, p < 0.0001), with still excellent values of sensitivity
(91.2% vs. 100%, p = 0.0833) and NPV (99.2% vs. 100%, p = 0.0820), as compared to cytology
alone (Table 4).

63



Cancers 2021, 13, 5439

n =401 (100%)
n =334 (83.3%) Cytology n =67 (16.7%)
-—I NO YES
ROM = 0/334 (0.0%) 2 TIR3A/III ROM = 34/67 (50.7%)

n =45 (11.2%)
ROM=17/45 (37.8%)

n =22 (5.5%)
ROM = 17/22 (77.3%)

n =36 (9.0%) WGINS
ROM=11/36 (30.6%)

n=9(2.2%)
ROM = 6/9 (66.7%)

n =27 (6.7%)

ROM = 3/27 (11.1%)

]

n=9(2.2%)
ROM = 8/9 (88.8%)

Cytology
STIR4/V

Figure 1. Nodules’ risk of malignancy (ROM, based on histology or follow-up) using a combination of cytology with

ultrasound ACR features of the echogenic foci and margins.

4. Discussion

Various studies have shown the good performance of ACR-TIRADS in selecting
thyroid nodules deserving FNA, stressing its high “rule-out” role, as confirmed by our
group here and previous experience [1,6,8,16-18]. In the present work, the ACR and
EU-TIRADS systems recommended FNA in 46.5% (223/480) and 51.9% (249/480) of the
nodules, respectively. The rate of correct FNA indication as per ACR and EU (i.e., nodules
with indication for FNA and with a cytology result >TIR3A), was 38.6% (86/223) and
36.1% (90/249), respectively, without statistical significance (p = 0.5872), in accordance with
the literature [1,19]. On the other hand, in this experiment, the proportions of cytological
tests that could be avoided as per ACR-TIRADS and EU-TIRADS were 28.5% (137 /480)
and 33.1% (159/480), close to what has been recently reported in a meta-analysis (25% and
38%, respectively) [19]. Moreover, some studies have also found no statistically significant
differences in the pooled diagnostic performances between the two scores [20].

A meta-analysis showed a pooled sensitivity and specificity of 95% and 55% for
TIR4/V and TIR5/VI classes in the ACR system, respectively, and a pooled sensitivity
and specificity of 96% and 52% for the same classes in the EU-TIRADS [21]. Another
recent meta-analysis showed better overall diagnostic performances for ACR than for
EU (sensitivity 74% vs. 54%, specificity 64% vs. 53%, PPV 43% vs. 29%, NPV 84% vs.
81%, respectively) [22]. Other reports indicate that the ACR-TIRADS had significantly
higher specificity and PPV but a lower sensitivity and similar NPV when compared to
the EU-TIRADS system [1,10,23]. Our findings are in line with those of the latter studies,
showing a slightly lower sensitivity (58.9% vs. 61.6%, p = 0.3173) but a significantly higher
specificity (59.0% vs. 52.4%, p = 0.0012) for ACR, with similar PPV (38.6% vs. 36.1%,
p =0.1116) and NPV (76.7% vs. 75.8%, p = 0.5288). Although the cytological classes already
help in the stratification of patients through a predicted ROM known for every single
class, other ancillary tests/criteria might help in the distinction of lesions with malignant
behavior, especially in indeterminate categories [12,13,24,25]. According to the routine
cytopathological classifications, the expected rates of malignancy for classes TIR3A /III
and TIR3B/IV are <10%/5-15% and 15-30%, respectively [12,13]. The results of an Italian
study showed a malignancy rate estimated based on surgical outcomes of 17% and 40%
for TIR3A/III and TIR3B/IV, respectively [26]. In our series, based on the cases with
available surgical excision, the risk of malignancy was 22% (2/9) and 38% (5/13) in the
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TIR3A/IIl and TIR3B/IV classes, respectively, which is slightly lower compared to those
reported in a recent meta-analyses (TIR3A /III 10%, TIR3B/IV 52%) [27]. Wu et al. tried
to better stratify the indeterminate nodules through a KRAS mutation assessment by
polymerase chain reaction (PCR), assuming that this genetic alteration is usually associated
with a moderate risk of malignancy, mainly represented by follicular tumors with a good
prognosis [24]. However, this approach failed to improve the diagnostic performances of
the sole ACR-TIRADS, and the KRAS mutation was exclusively found in tumors classified
as TIR3B/1V, with no malignant mutated cases in the TIR3A/III class. In this setting,
the combination of the existing radiological scales (e.g., ACR and EU-TIRADS) with the
routinely used cytological systems has been previously investigated in challenging nodules.
Hong et al. combined ultrasound patterns with cytology, finding a lower risk of malignancy
for TIR3A /1II class nodules with a Korean TIRADS 3 score [28]. A meta-analysis evaluated
the putative role of thyroid US in predicting the malignancy of TIR3A /III nodules, finding
a high variability in terms of the sensitivity and specificity among the studies analyzed,
probably due to the heterogeneity of the different US criteria employed to detect malignant
nodules and due to the variable prevalence of malignancies in the different cohorts [7].
However, the only feature with a significant influence on diagnostic accuracy was the
increased vascularization of the nodules, which is not taken into account by both the
ACR and EU-TIRADS systems. Other recent studies investigated the impact of different
dimensional cutoffs, e.g., <2 and >2 c¢m, on the final performances of the available US
systems, showing a range of values quite close to the ones obtained in the present cohort
with the ACR and EU-TIRADS systems [8,29]. An innovative approach was proposed
in 2017 by He et al., creating a new algorithm that significantly increased the predictive
performance of US features [30]. In our case series, we found no improvement in diagnostic
accuracy by combining either ACR or EU-TIRADS and the cytology class. Nevertheless,
the combination of the cytological classes with specific US features extracted from the ACR
system—namely, echogenic foci and margins with a not-zero score—led to a significant
increase in specificity and PPV, with a slight reduction in sensitivity and NPV as compared
to cytology alone (Table 4). The introduction of this new combined US-cytological approach
allowed the correct identification of nodules with a ROM > 60%, which could certainly
benefit from surgery, as well as those with a low ROM (<10%), still amenable for clinical
follow-up as per SIAPEC and Bethesda operative indications (Figure 1) [12,13]. Although
these promising results might represent a starting point for the improvement of the actual
diagnostic performances of cytological classifications, we recognize some limitations in the
present study: the limited number of cases with indeterminate cytology, i.e., TIR3A /III and
TIR3B/1V, the short US follow-up period (12 months) for nodules who did not undergo
surgery, the low number of cases that underwent surgery, and the high prevalence of benign
nodules. This latter situation reflects the target population of multinodular hyperplastic
goiters typical of a first-level general hospital population, which only partly reflects the
settings encountered in highly specialized centers with a large proportion of malignant
cases and where molecular testing may be more easily performed [31]. However, as a
description of a real-life practice in first-level general hospitals, this could be of help
in validating the proposed combined approach in larger cohorts to further verify the
reported diagnostic performances, eventually leading to their implementation for the
clinical assessment of thyroid nodules.

5. Conclusions

In this study, we compared the performances of the ACR and EU-TIRADS systems,
showing the statistically significant higher specificity of the ACR and a comparable sen-
sitivity, PPV, and NPV. The coupled use of the ACR or EU-TIRADS with the cytological
class did not improve the diagnostic performance in identifying malignant nodules. How-
ever, the combination of specific ultrasound features with cytological class might help in
the diagnosis of malignant nodules, especially with an indeterminate for the malignancy
pathological report.
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Abbreviations

Us ultrasound

FNA fine-needle aspiration

TIRADS  Thyroid Imaging Reporting and Data Systems
ACR American College of Radiology

EU European Thyroid Association

AIRC Italian Association for Research on Cancer

SIAPEC  Societa Italiana di Anatomia Patologica e Citologia

ROM risk of malignancy

PTC papillary thyroid carcinoma

EFVPTC  encapsulated follicular variant of papillary thyroid carcinoma
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Simple Summary: Patients with bone metastases (BMs) from differentiated thyroid carcinoma (DTC)
can live longer than those with BMs from other cancers. BMs from DTC create destructive lesions
and easily cause intractable pain and neurological symptoms, including paralysis. These symptoms
related to BMs affect mortality directly and indirectly by hampering the application of systemic
therapies. Therefore, long-term local control of BMs in patients with DTC is desired, especially
in patients with single or a small number of metastases. Local treatments for BMs have recently
become advanced and sophisticated in surgery, radiotherapy, and percutaneous procedures. These
therapies, either alone or in combination with other treatments, can effectively improve, or prevent
the deterioration of, the performance status and quality of life of patients with DTC-BM. Among local
therapies, complete surgical resection and stereotactic radiosurgery are the mainstay for achieving
long-term control of DTC-BM.

Abstract: After the lung, the skeleton is the second most common site of distant metastases in
differentiated thyroid carcinoma (DTC). Patients with osteolytic bone metastases (BMs) from thyroid
carcinoma often have significantly reduced performance status and quality of life. Recent advance-
ments in cancer therapy have improved overall survival in multiple cancer subtypes, including
thyroid cancer. Therefore, long-term local control of thyroid BMs is desired, especially in patients
with a single metastasis or oligometastases. Here, we reviewed the current management options
for DTC-BMs and especially focused on local treatments for long-term local tumor control from an
orthopedic tumor surgeon’s point of view. Metastasectomy and stereotactic radiosurgery can be
performed either alone or in combination with radioiodine therapy and kinase inhibitors to cure
skeletal lesions in selected patients. Percutaneous procedures have been developed in recent years,
and they can also have a curative role in small BMs. Recent advancements in local therapies have the
potential to provide not only long-term local tumor control but also a better prognosis.

Keywords: differentiated thyroid cancer; bone metastasis; metastasectomy; stereotactic radiosurgery

1. Introduction

Differentiated thyroid carcinoma (DTC) is the most common endocrine malignancy [1].
The prognosis of DTC is generally favorable, with a 10-year survival rate of over 95% [2,3].
However, in 5% to 25% of patients, distant metastases are detected at the time of diagnosis
or during the disease’s course. In patients with DTC, bone metastases (BMs) occur in
2% to 13% of all patients and in nearly half of the patients with distant metastases [2].
In patients with DTC, the bone is the second most common site for distant metastases
after the lung [2,4]. The spine is the site where DTC-BMs are most likely to occur, and
it is affected in almost half of patients with DTC-BM [5]. BM from DTC is associated
with a worse overall prognosis than lung metastasis [6-9]. However, the prognosis of
patients with BM from DTC is still favorable, with a 10-year overall survival (OS) rate of
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35% to 47% [10,11], compared with that of patients with BM from other cancers. Despite
this relatively favorable prognosis, patients with osteolytic BMs from DTC often have a
significantly reduced performance status (PS) and quality of life (QOL), with intractable
pain, neurological symptoms, and increased mortality [12-14]. Farooki et al. have reported
a 78% occurrence of at least one clinical skeletal-related event (SRE) with a median of 5
months from the identification of BM to the first SRE in patients with DTC with BM. After a
median of 10.7 months, 65% of patients sustained a second SRE [12]. Importantly, mortality
is significantly higher in patients with BM who develop SREs [12]. The goals of treatment
for BMs remain palliative, striving toward symptom palliation, and improved PS and QOL,
besides the long-term local control of the tumor. Recent advancements in cancer therapy
have dramatically improved OS across multiple cancer subtypes. Therefore, long-term
local control of thyroid BMs is desired, especially in patients with a single metastasis or
oligometastases, who are expected to live longer.

Here, we reviewed the current management options for DTC-BMs and especially
focused on local treatment for long-term local tumor control, including surgical metastasec-
tomy, from the orthopedic tumor surgeon’s point of view.

2. Systemic Therapy
2.1. Radioiodine Therapy

Radioactive iodine (RAI) therapy is the first-line treatment in patients with DTC and
RAI-avid metastases [1]. However, RAI is ineffective for larger metastases, although it can
extirpate small lesions [15]. RAI refractoriness in DTC metastases has a negative effect on
prognosis [7,16].

In treating DTC-BM, RAI therapy is effective for patients with RAI-avid lesions [17],
and such patients have a better prognosis than patients with non-RAl-avid lesions [11]. A
recent retrospective study reported that RAI therapy in combination with one or more local
or systemic therapies was associated with a better prognosis compared with RAI therapy
alone [18]. However, this therapy was less effective for BM than for metastases in other
organs. It was reported that patients with lung metastases had higher remission rates (50%
to 74%) than those with BM (10% to 17%) [4,19]. Moreover, more than 20% of BMs do not
show any RAI uptake [4,20].

Patients with small BMs that are undetectable on ordinary image inspections but that
are detected on 13'T diagnostic scans have a better prognosis than patients with large and
symptomatic BMs [21]. Generally, large BMs are refractory to '*'T and cause the occurrence
or impending occurrence of SREs. Therapy is insufficient for multiple BMs; other treatment
approaches are required [2,21]. RAI therapy may be contraindicated in patients with large
BMs in the cranium or spine. This is because the enlargement of the tumor lesions can
be induced by increased thyroid-stimulating hormone (TSH) levels, following either the
administration of recombinant human TSH or hormone withdrawal, which can lead to
compressive symptoms [22]. Specifically, in patients with BMs of the spine, pathological
fractures and spinal cord compression from spinal lesions severely compromise PS. A
reduced PS in patients with metastatic disease affects mortality directly and indirectly
by hindering the delivery of systemic therapies, including radioiodine therapy. For pa-
tients with oligometastases, long-term control of large and symptomatic BMs by other
treatment options, including metastasectomy; is ideal for prolonged survival and the future
application of RAI therapy for other, newly-developed organ lesions. For patients with
coexisting vital organ metastases and a large BM, the efficacy of RAI therapy for vital organ
metastases can significantly increase after metastasectomy for BM by decreasing the total
volume of the tumors.

2.2. Kinase Inhibitors

Kinase inhibitors (KIs) were recently applied in the treatment of progressive RAI-
refractory DTC with distant metastases, and they offered a favorable outcome [23]. The lat-
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est guidelines recommend systemic treatment for patients with progressive RAl-refractory
disease and greater tumor burden [1,16,24].

In contrast, in cases of BM, several studies have reported a worse response to treatment
and a shorter progression-free survival (PFS) rate among patients treated with sorafenib
and sunitinib [25-28]. In a retrospective study to evaluate KI therapies for DMs from
DTC, bone and pleural lesions were the most refractory to therapies [28]. A prospective
study showed that the absence of BM independently predicted superior PFS and OS in
patients with RAI-refractory DTC who were treated with sorafenib [29]. The BMs that had
received external beam radiotherapy (EBRT) before the onset of KI therapy were more
susceptible, whereas non-irradiated BMs showed progression despite the response to KI
that was shown in non-BM lesions [25]. The progression of BM while on KI may occur
despite the sustained benefit of KI at other metastatic sites. These findings indicate that KI
therapies alone play a limited role in the treatment of BMs from DTC. The findings also
suggest that, for patients with DTC-BM, a multimodal approach should be combined with
local and systemic therapies, including KI therapy, which should be used for reducing
systemic tumor burden.

2.3. Antiresorptive Therapies

Bisphosphonate therapy is the current standard of care for preventing SREs in patients
with BM [30,31]. Bisphosphonates inhibit osteoclast-mediated bone resorption and have
antitumor effects by inhibiting tumor cell proliferation, adhesion, and invasion; by inhibit-
ing angiogenesis; and by inducing apoptosis [31]. Recently, denosumab, a monoclonal
antibody to the receptor activator of nuclear factor-kappa B ligand (RANKL) that inhibits
osteoclast activity. It has been frequently used in cases of BM, and it has proven superior to
bisphosphonate zoledronic acid in the prevention of SREs [32].

The number of studies that examine the effects of antiresorptive therapy in patients
with DTC-BM is still limited. Recent studies have reported that in patients with multiple
thyroid BMs, treatment with bisphosphonates can improve QOL and reduce SREs [33-35].
Despite the occurrence of BMs, OS in DTC is often significantly better than in other cancers.
The potential benefit of antiresorptive therapy in reducing SRE should be weighed against
the adverse events associated with its long-term use, such as osteonecrosis of the jaw (ON]J)
and atypical femoral fractures. There are no differences between the incidence rates of
these adverse events in patients using bisphosphonates and those using denosumab [36,37].
Because patients with malignancies treated with chemotherapy or head and neck EBRT
have a higher risk of ONJ, these patients have to undergo a careful dental evaluation before
the start of antiresorptive therapies [30]. The potential harm and benefits of combination
therapy with antiresorptive drugs and Kls should be verified because anti-angiogenic KI
therapies have also been associated with ONJ without antiresorptive therapy in a patient
with DTC [38].

3. Local Therapy
3.1. Surgery

BMs from DTC tend to be highly destructive, resulting in pathological fractures and
spinal cord compression from lesions in the spine. These SREs, including intractable pain
and neurological symptoms, severely compromise the PS and QOL of patients. Local tumor
control without SREs is important for patients with DTC-BMs because the prognosis of
these patients is more favorable compared with that of patients with BMs from other cancers.
Therefore, surgery for BMs is indicated more often than that for other organ metastases.
For BMs, there are palliative and excisional surgery (metastasectomy) categories. Palliative
surgery is performed to prevent symptomatic SREs, including pathological fractures and
spinal cord compression, or to alleviate symptoms due to SREs. Metastasectomy is the
complete excision of the tumor, aimed at achieving long-term local tumor control.
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3.1.1. Palliative Surgery (Stabilization with or without Partial Tumor Resection)

Osteolytic BMs from DTC easily cause SREs, especially in the spine and lower limb
bones, which require weight bearing in daily activities [12]. Palliative surgery is mainly
indicated in the presence of pathological or impending fracture risk and spinal cord
compression with or without vertebral fracture [2]. In palliative surgery, reconstruction or
fixation of the diseased lesion is the main procedure, and spinal cord decompression with
partial resection of the tumor is also applied to the spinal lesion.

To aid clinicians in the diagnosis of neoplastic instability, an 18-point Spinal Instability
Neoplastic Score (SINS) [39] for spinal lesions and a 12-point Mirels score [40] for upper
and lower extremity lesions have recently been the most widely-used systems. The SINS
system for the spine includes six parameters: location, pain, alignment, osteolysis, vertebral
body collapse, and posterior element involvement. A high score, from 13 to 18, indicates
the need for surgical stabilization to restore spinal stability from the affected lesion. The
Mirels system for the extremities includes four parameters: location, pain, osteolysis, and
tumor size. A high score, from 9 to 12, indicates the need for surgical intervention. These
criteria have been shown to be valid, reliable, and reproducible [41,42].

3.1.2. Metastasectomy (Complete Resection of the Tumor)

Generally, BMs from DTC are more resistant to radiotherapy and systemic therapy
than other metastases [2,43]. A significant proportion of patients with DTC-BM in the spine,
which is the site most affected by DTC-BM, have a solitary spinal lesion without non-spinal
BMs or other organ metastases [5]. Based on these factors, skeletal lesions from DTC
have the best indication for metastasectomy, if feasible. Surgery is intended to improve or
maintain the QOL and PS over a long-term period and to prolong survival [5]. Since the
2000s, metastasectomy for DTC-BM has been reported to be a significant factor associated
with improved survival rates [20,44,45]. The guidelines state that complete resection of BMs
can prolong survival and is particularly appropriate for younger patients [1,46]. Moreover,
the declining performance of daily activities and neurological deficits caused by BMs make
it difficult for patients to undergo RAI therapy, which is the mainstay of treatment for
metastases, especially in vital organ lesions, from DTC. Thus, metastasectomy of skeletal
lesions, if achievable, should be considered. This aggressive surgery can be applied to
patients with metastases from DTC because of its unique characteristics, mentioned above,
and its favorable prognosis. The treatment strategy for thyroid BMs is therefore different
from that for BMs from other malignancies.

Table 1 presents studies of surgery for BM from thyroid carcinoma, mainly DTC, with
detailed clinical results, including information about postoperative survival and/or local
tumor control in the operated lesions [9,47-52]. To reflect the most contemporary practice,
only studies published in the last 10 years are included. However, there are few comparative
studies on complete and incomplete excision of DTC-BM [9,47,48]. The postoperative
survival rate of patients undergoing metastasectomy was more favorable, with lower local
recurrence rates, than that of patients who underwent incomplete excision [47,48]. Kato
et al. examined the minimum 4-year postoperative outcomes for patients who underwent
surgery for spinal lesions and reported that only one patient who underwent complete
excision experienced local tumor recurrence in the operated spine, whereas all long-term
survivors (>18 months after surgery) in the incomplete excision group experienced local
tumor recurrence and a consequent deterioration of PS [48]. Satcher et al. examined the
clinical outcomes for patients who underwent surgery for appendicular skeletal lesions;
after adjusting for age and sex, they reported that patients who had their tumor excised
or presented with solitary bone involvement had a lower risk of death [49]. Yin et al.
examined the clinical outcomes for patients with BMs in the cervical spine, which severely
compromised the PS of the patients; they reported that the strongest factor in improved
survival rates after the diagnosis of cervical spine metastasis was local disease control
of the lesion, and that surgical intervention was significantly associated with improved
survival [52].
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Table 1. Clinical outcomes of surgery for thyroid cancer BMs published in the last 10 years.

Study
[Ref. No.]
(Year of Pub.)

No. of
Patients
(M/F)

Demura S
[47] (2011)

Nakayama R
[9] (2014)

Kato S

24

40
(16/24)

32

PTC/ Mean Age Foi\l{)ev?:U 5-Year Survival Rate Local Tumor
FTC/ 8 Location Surgery (No.) P after Surgery Control in the
(Years; Range) after Surgery N . .
Others (Median Survival) Operated Spine
(Mos; Range)
Three studies including the detailed outcomes of complete excision (metastasectomy for BM from thyroid carcinoma)
[LR rate]
. All: 74%, Complete Ex:
8/15/1 (369?'777) Spine: 24 Igc(:):rlrf)lleetfe}zé;'llo4 55mos (12-180)  Complete Ex: 90%, 10%
P ’ Incomplete Ex: 63% Incomplete Ex:
57%
[5-year LC rate]
Spine: 18 . . Complete Ex:
12/28/0 (2%966 " Nonspinal ~ “OMPlefe x 35 46 mz’;[zgf)d‘an] AlL: 64% 84%
bone: 34 P . Incomplete Ex:
55%
LR rate]
_ N/A All: 71%, [ -
10/21/1 (I?I(}IS’-\) Spine: 32 Igfgliifg(?& (>4-year post-op Complete Ex: 84%, CI?‘TPIftT }S;(Ei/o
P : FU) Incomplete Ex: 50% omple ’

[48] (2016)

Four studies detailing the outcomes of surgery for BM from thyroid carcinoma

Satcher RL
[49] (2012)

Sellin JN
[50] (2015)

Zhang D
[51] (2019)
Yin LX
[52] (2020)

41
(19/22)

43

52
(17/35)

16

Complete Ex: 15

75%

59 Nonspinal § 60 mos [median] 29% oo

21/6/14 (12-82) bone: 41 Inm‘ﬁ?gﬁ ];X' 19 (10-102) (22.8 months) LR rate: 20%
39 mos (2-63) for

59 . . 4 patients who N/A

9/20/14 (36-79) Spine: 43 Incomplete Ex: 43 were alive at last (15.4 months) N/A
FU

7/43/2 (2“2862) Spine: 52 Irﬁ‘(’)ﬁgﬁi T8 47mos (12-126) 79% N/A

66 Cervical . 30 mos (after 45% (after

8/4/4 (at last FU) spine: 16 Incomplete Ex: 16 diagnosis of BM) diagnosis of BM) N/A

BM, bone metastasis; Ex, excision; F, female; FTC, follicular thyroid carcinoma; FU, follow-up; LC, local control; LR, local recurrence; M,
male; N/A, not available; No., number; PTC, papillary thyroid carcinoma; pub., publication.

Excisional surgery for BMs, especially in the spine, is a remarkable and technically
demanding surgery for general orthopedic and spine surgeons because the metastases
are hypervascular and destructive, and reconstruction to support the operated lesion
against load is required after tumor resection in most cases. Although it is not always
feasible, complete resection of macroscopically identified bone tumor is recommended,
and a favorable outcome has been reported even in patients with coexisting controlled
lung metastases (Figure 1) [48]. Isolated and resectable BMs from kidney cancer are
also indicated for metastasectomy. A simple and tailored treatment algorithm for spinal
metastases from these two cancers has been reported [53], and it can be adapted for
nonspinal BMs.

3.2. Radiotherapy

The main treatment goals for patients with BMs are symptom palliation and mainte-
nance or improvement of PS and QOL. Conventional EBRT has been used as the primary
and adjuvant treatment for BMs for decades. Recently, the demand for long-term local
control of solitary or oligometastatic bone lesions, stereotactic radiosurgery (SRS), has
become popular as the mainstay of treatment for long-term BM control.

3.2.1. Conventional Radiation Therapy

EBRT is widely used as a local treatment for BMs. It can be used to complement
surgery or alone in cases with intractable bone pain to reduce the pain and/or prevent
pathological fractures, or in cases with spinal cord compression [54]. However, it is
likely that conventional EBRT is related to a higher rate of relapse in patients who live
longer. Although patients with mechanical instability in skeletal lesions require surgical
stabilization, patients with low SINS or Mirels scores typically experience resolution of pain
after radiotherapy [55,56]. EBRT generally delivers wide-field radiation in small additive
doses, such as 30 Gy in 10 fractions. The dose is delivered to the tumor, although it is
limited by the amount that can be tolerated by the surrounding organs at risk, such as the
spinal cord.
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Figure 1. A 39-year-old man diagnosed with multiple lung and spinal metastases of T4 and L4. He underwent metastasec-

tomies for spinal lesions. He also underwent radioactive iodine (RAI) therapy after the spinal metastasectomies and other

metastasectomies for BMs, which subsequently appeared in the sacrum, left ilium, and humerus after RAI therapy. Eleven

years after the first metastasectomy, he had no local tumor recurrences in the operated lesions; he still performed his normal

daily activities and worked without any difficulties. (a) Sagittal and (b) axial T2-weighted magnetic resonance imaging of

the thoracic spine, showing metastasis of T4. (c) Spondylectomy of T4 (complete resection of the tumor-affected vertebra)

without any significant perioperative complications. (d) A recent full-spine radiography showing good maintenance of the

reconstructed spine.

Despite the relative radioresistance of DTC [57], EBRT is the main and standard
treatment option for patients with symptomatic or asymptomatic BMs at a higher risk of
fracture and/or neurological symptoms.

3.2.2. Stereotactic Radiosurgery

The development of SRS, which can be used to deliver significantly high radia-
tion doses with submillimeter accuracy, has changed the treatment paradigm, especially
for patients with oligometastases, including BMs. It can deliver high-dose radiation
(14-16 Gy in a single fraction) to the target volume, while sparing adjacent at-risk critical
organs [58]. Owing to these characteristics, SRS can offer favorable outcomes and allow
the re-irradiation of previously treated sites if necessary.

Recently, several studies have reported the efficacy of SRS for DTC-BM, although
treatment protocols of SRS are different [59-63]. Table 2 presents studies of SRS for BM from
thyroid carcinoma, mainly DTC, with detailed clinical results, including information about
post-treatment survival rates and/or local tumor control in the treated lesions [59-61,63].
Bernstein et al. prospectively evaluated the efficacy of frame-based SRS in 23 patients
with thyroid cancer, with 27 spinal lesions, as primary or adjuvant/salvage therapy. They
reported that the local tumor control rates were 88% and 79% at 2 and 3 years, respectively.
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Pain flare was observed in 30% of patients in the median follow-up of 29 months [59].
Ishigaki et al. retrospectively evaluated the efficacy of SRS using the Cyberknife system
and reported the local control rate of 97% at 1 year in 13 patients with DTC with 60 skeletal
lesions, including only 7 symptomatic lesions [60]. Meanwhile, a recent retrospective study
of 12 patients with 32 spinal lesions treated with Cyberknife reported a lower local tumor
control rate of 67% at 1 year [61]. This difference between clinical outcomes could be due
to the baseline characteristics of the BM lesions (a proportion of large and/or spinal lesions
associated with significant symptoms and local tumor control). Another retrospective study
reported that the use of Cyberknife SRS for DTC-BM was considered successful [62]. The
largest series, including 67 patients and 133 skeletal lesions, reported excellent outcomes of

Table 2. Four studies that included detailed outcomes of SRS for BM from thyroid carcinoma.

96% and 82% in 1- and 5-year local control rates, respectively [63].

Study No. of PTC/ Median Median Follow-Up Survival Rate Local Tumor
[Ref. No.] Patients FTC/ Age (Years; Location SRS Characteristics after SRS after SRS Control Rate in the
(Year of Pub.) (M/F) Others Range) (Mos; Range) (Median Survival) Treated Lesions
. . 85% and 67% 88% and 79%
Bernstain MB 23 . 16-18 Gy in 1 fr >
[59] (2016) (13/10) 9/6/8 58 (33-79) Spine: 27 27-30 Gy in 3t0 5 fr 29 mos (5-93) at1and 2years, at2 and 3 years,
respectively respectively
. 11 mos (2-56) in 40 o o
Ishigaki T 13 3/9/1 69 (42-87) I\ngi?se'iiil 8-48 Gy in 1-10 fr lesions that were at7 g é}i;i 33;;5 97% at 1 vear
[60] (2019) (3/10) p (median; 27 Gy, 3 fr) assessable for T years, ° y
bone: 32 . respectively
effectiveness
.. . 29 mos (0.5-140) 55%, 44%, and 33% 67%, 56%, and 34%
Hariri O 12 5/6/1 71 (48-87) Spine: 32 Mgan c!ose. 20 Gy 17 mos for imaging at 1,2, and 3 years, at 1,2, and 3 years,
[61] (2019) (8/4) givenin 1to 4 fr . . .
evaluation respectively respectively
0, 0 o,
Boyce- 67 1824 Gvin 1 f 31 mos for patients 8? {°’27 4 ﬁ;ja; d 44r/0 96%, 89%, and 82%
Fappiano D (34733  22/24/21 60(28-80)  Spine:133 7o LA who were alive at1, 2 and 5 y(e4a3 S at1,2,and 5 years,
[63] (2020) Y at last FU P y respectively

mos)

BM, bone metastasis; DTC, differentiated thyroid carcinoma; F, female; Fr, fraction; FTC, follicular thyroid carcinoma; FU, follow-up; Gy,
gray; LC, local control; LR, local recurrence; M, male; N/A, not available; No., number; PTC, papillary thyroid carcinoma; pub., publication;

SRS, stereotactic radiosurgery.

In all the previously cited studies, SRS was effective and safe without the occurrence
of spinal cord injury. However, a potential risk of vertebral compression fractures after
treatment has been reported. Risk factors for fractures include older age, baseline fracture
or pain, osteolytic lesion, higher tumor burden, higher radiation dose, and spinal defor-
mity [64,65]. In patients with these risk factors and high SINS or Mirels scores, prophylactic
stabilization should be considered before applying SRS to avoid the complication [64,65].
For patients with epidural disease, separation surgery focused on circumferential spinal
cord decompression is performed to create an adequate distance (typically 1-2 mm) be-
tween the tumor and the spinal cord to safely provide optimal dosing in the following
SRS [66,67].

SRS treatment is reported as showing a trend toward a significant improvement in
PFS and OS rates in patients with oligometastatic disease from other cancers [68]. However,
the effect of this treatment on survival rates among patients with DTC-BM remains unclear,
in contrast to the effect of metastasectomy. A recent nationwide multicenter study has
reported no significant effect of EBRT in decreasing the overall mortality of patients with
DTC-BM [17]. Future studies are required to identify patients amenable to SRS and its
effect on survival.

3.3. Percutaneous Procedures

Percutaneous procedures play an important role in the management of oligometastatic
BMs from DTC. They are less invasive alternatives to surgery, especially in patients with
decreased PS that is not suitable for surgery or with local tumor recurrence at the previously
operated site. They can be applied in combination with systemic therapy in cases of
symptomatic BM at a higher risk of local complications. The available percutaneous
techniques for BMs from DTC are categorized into ablative, vascular, and consolidative
treatment, which can be applied alone or combined and tailored according to the specific
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needs of the patient [69]. Cazzato et al. published their experience with percutaneous
procedures including cementoplasty (77.5%) and ablation techniques (22.5%) for BMs
from DTC. They reported a complete local remission rate of 56% at a median follow-up
after treatment of 4.6 years, and an OS rate after treatment of 72%, 67%, and 60% at 1, 2,
and 3 years, respectively [70]. However, well-designed studies of these techniques are
scarce; most are retrospective, reliant on small sample sizes, and often conducted without a
long-term follow-up. Future studies that compare the efficacy and tolerability of different
procedures are required.

3.3.1. Ablation Techniques

Thermal ablation techniques, including radiofrequency ablation and cryoablation, are
minimally invasive treatments that create local tissue necrosis around the tip of a needle
by heating or freezing the tissue, respectively. These therapies have also been applied in
patients with DTC-BM [70,71]. Another ablation technique is microwave ablation, which
uses electromagnetic waves to increase the intra-tumoral temperature. After the application
of these ablation therapies for BM, consolidation with surgical or percutaneous techniques
is required for the sites exposed to mechanical stress to avoid secondary pathological
fractures [69]. Ablation techniques, which are available either alone or in combination with
cementoplasty, are found to be effective and safe treatments for painful metastases [70].
Although thermal ablation techniques are usually used for palliation or for the prevention
of symptoms from BM, in the selected patients they have a potentially curative role, which
should be further explored and which can be advanced in the future [72].

3.3.2. Cementoplasty

Percutaneous cementoplasty (vertebroplasty in the spine) is a minimally invasive
procedure that involves the injection of bone cement (polymethylmethacrylate) into BMs
with structural weakness, to provide pain relief and mechanical stability [73,74]. This
procedure is usually applied to patients experiencing significant pain due to osteolytic
and destructive BMs, especially in weight-bearing bones, including the spine and pelvis,
which are common sites for DTC-BM [70,74,75]. Cementoplasty can be used in combination
with other procedures, such as radiofrequency ablation and RAI therapy [75]. A careful
indication of cementoplasty is required in patients with solitary or oligometastatic lesions
because the procedure can theoretically increase the number of circulating tumor cells
from the treated BMs [76]. A case report has demonstrated that pulmonary intravascular
metastases developed as a result of vertebroplasty for prostate cancer spinal metastases [77].

3.3.3. Embolization

Percutaneous transarterial embolization has been widely applied for the treatment of
BMs from DTC alone or in combination with other treatments [69]. This technique aims to
provide devascularization and size reduction of the tumor tissue through vascular occlusion
by several embolic materials, causing ischemia and subsequent necrosis. The efficacy
of the procedure for BMs from DTC is related to the hypervascularity’s characteristics.
The procedure alone can provide palliation or the prevention of symptoms and reduce
tumor burden for more than half of patients [78]. However, its efficacy is usually rapid,
but transient. The procedure is often performed just before surgery to reduce operative
bleeding, shrink tumor size, and allow a clearer separation between the tumor and the
surrounding tissues [79,80]. The combination of EBRT and RAI therapy has a potential
effect on the prolonged duration of symptom control without tumor progression [81].

4. Conclusions

Patients with BMs, especially those who have them in the spine, have a worse progno-
sis than those with lung metastasis in multiple cancer subtypes. However, the prognosis of
patients with BM from DTC is still favorable compared to that of patients with other cancers.
Patients with osteolytic BMs from thyroid carcinoma often have a significantly reduced PS.
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The PS affects mortality directly and indirectly by hampering the application of systemic
therapies using RAI and/or Kls, which are the mainstay of treatment for patients with
metastatic DTC. Therefore, long-term local control of BMs from DTC is desirable, especially
in patients with single or oligometastases. Along with systemic therapies, local therapies,
including metastasectomy and SRS, can be valuable as treatment options, and even as
curative measures of BM in selected patients. Recent advancements in local therapies have
the potential to provide not only long-term local tumor control but also a better prognosis.
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Simple Summary: In 2021 it is estimated that there will be 44,280 new cases of thyroid cancer
in the United States and the incidence rate is higher in women than in men by almost 3 times.
Well-differentiated thyroid cancer is the most common subtype of thyroid cancer and includes
follicular (FTC) and papillary (PTC) carcinomas. Over the last decade, researchers have been able to
better understand the molecular mechanisms involved in thyroid carcinogenesis, identifying genes
including but not limited to RAS, BRAF, PAX8/PPAR+y chromosomal rearrangements and others, as
well as several tumor genes involved in major signaling pathways regulating cell cycle, differentiation,
growth, or proliferation. Patients with Carney complex (CNC) have increased incidence of thyroid
tumors, including cancer, yet little is known about this association. CNC is a familial multiple
neoplasia and lentiginosis syndrome cause by inactivating mutations in the PRKARIA gene which
encodes the regulatory subunit type 1« of protein kinase A. This work summarizes what we know
today about PRKAR1A defects in humans and mice and their role in thyroid tumor development, as
the first such review on this issue.

Abstract: Thyroid cancer is the most common type of endocrine malignancy and the incidence is
rapidly increasing. Follicular (FTC) and papillary thyroid (PTC) carcinomas comprise the well-
differentiated subtype and they are the two most common thyroid carcinomas. Multiple molecular
genetic and epigenetic alterations have been identified in various types of thyroid tumors over
the years. Point mutations in BRAF, RAS as well as RET/PTC and PAX8/PPARy chromosomal
rearrangements are common. Thyroid cancer, including both FTC and PTC, has been observed
in patients with Carney Complex (CNC), a syndrome that is inherited in an autosomal dominant
manner and predisposes to various tumors. CNC is caused by inactivating mutations in the tumor-
suppressor gene encoding the cyclic AMP (cAMP)-dependent protein kinase A (PKA) type 1o
regulatory subunit (PRKAR1A) mapped in chromosome 17 (17q22-24). Growth of the thyroid is
driven by the TSH/cAMP/PKA signaling pathway and it has been shown in mouse models that
PKA activation through genetic ablation of the regulatory subunit Prkarla can cause FTC. In this
review, we provide an overview of the molecular mechanisms contributing to thyroid tumorigenesis
associated with inactivation of the RRKARIA gene.

Keywords: thyroid carcinoma; PRKAR1A; PKA; Carney complex; cAMP

1. Introduction
1.1. Incidence of Thyroid Cancer

Thyroid cancer is the most common endocrine tumor in the general population and
the incidence continues to rise in the United States [1]. The American Cancer Society
estimates that there will be 44,280 new cases of thyroid cancer (12,150 in men and 32,130 in
women) and about 2200 deaths (1050 in men and 1150 in women) in the United States in
2021 [2]. The increased incidence could be possibly attributed to the increased detection of
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these tumors with imaging technics (like ultrasound and computed tomography (CT)) that
better characterize incidental findings of small thyroid nodules [3].

1.2. Subtypes of Thyroid Cancer

In the majority of patients (about 90%), well-differentiated epithelial thyroid cancer is
present; this is further categorized into papillary thyroid cancer (PTC) and follicular thyroid
cancer (FTC), based on histological criteria [3,4]. The long-term survival of those patients
is excellent, with 5-year relative survival rate (as of 2010-2016) being as high as 98% in all
stages (>99% for local tumors and 55% for tumors with distant metastases) [2]. However,
FTC tends to behave more aggressively with distant metastases and vascular invasion [5,6]
being more common and thus its prognosis is poorer than PTC [7]. The rest of the thyroid
carcinomas (~2-3%) include medullary thyroid carcinomas (MTCs) that originate from the
calcitonin-producing parafollicular C cells, while anaplastic carcinomas (ATCs) and poorly
differentiated carcinomas account for the remaining 7-8% [4]. In addition to the above
tumors, benign thyroid tumors that usually present as thyroid nodules as well, include
benign hyperplasia or benign follicular adenomas [3].

1.3. Evaluation of a Thyroid Nodule

Thyroid nodules are quite common and are found either clinically or as an incidental
finding on imaging studies [8]. The majority of them are benign [9]; only a small percentage
harbors thyroid cancer [8]. The initial steps in the evaluation of a thyroid nodule consist
of medical history including symptoms (recent onset of hoarseness, neck discomfort or
dysphagia), history of head /neck radiation and personal /family history of cancer, followed
by physical examination and measurement of serum thyrotropin levels. Ultrasonography
(US) is the next step in order to determine the size of the nodule, its characteristics and to
assess for cervical lymphadenopathy [10]. If thyrotropin levels are normal or elevated and
the nodule size is >1 cm, then fine needle aspiration (FNA) is indicated, according to the
American Thyroid Association guidelines [11,12]. If thyrotropin levels are low, then Iodine-
123 or technetium-99m thyroid scanning is recommended. In the case that the nodule is
nonfunctioning and bigger than 1cm, FNA is the next step. If the cytological interpretation
is benign, then repeated FNA is not required unless suspicious features appear in the follow
up [12,13]. Currently, US-guided FNA is the gold standard in the diagnosis; however,
in about 25% of the cases, the diagnosis remains indeterminate [9,14-20]. If cytologic
results are interpreted as atypia of underdetermined significance or follicular lesion of
underdetermined significance, then in the case of high suspicion, assessment of the aspirate
for molecular abnormalities (e.g., mutations or rearrangements) is indicated [21].

1.4. Thyroid Cancer as Part of Genetic Syndromes

Thyroid malignancies are also associated with at least two syndromes with inherited
tumor predisposition, Cowden syndrome (CS, OMIM# 158350) and Carney Complex
(CNC, OMIM #160980). CS is a multiple hamartoma syndrome, including FTC, brain and
breast cancer. It is caused by inactivating mutations in the PTEN gene, a dual-specificity
phosphatase that negatively regulates PI3 Kinase/AKT pathway; mutations in this gene
have been detected in 5% of FTCs [22]; however, a mouse harboring a deletion of Pten in
the thyroid developed thyroid hyperplasia and not FTC [23].

In this review, we will focus on CNC, which is a multiple neoplasia syndrome that
presents as the complex of myxomas, spotty skin pigmentation and endocrine tumors
(Table 1) [24]. CNC is caused by inactivating mutations in the PRKAR1A gene (mapped
in 17q22-24) [25]; somatic mutations in this gene have been reported in sporadic cases of
thyroid cancer [26]. In tumors associated with CNC as well as in thyroid and adrenal tumors
with downregulation of PRKAR1A, allelic losses of the 17q22-24 PRKAR1A chromosomal
locus are frequently identified and are associated with changes in PKA activity [26-29].
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Table 1. Diagnostic criteria for Carney Complex [24].

Main Diagnostic Criteria

1.

Spotty skin pigmentation with a typical distribution (lips, conjunctiva and inner or outer
canthi, vaginal and penile mucosa)

Myxoma (cutaneous and mucosal) ?

Cardiac myxoma @

Breast myxomatosis ? or fat-suppressed magnetic resonance imaging findings suggestive of
this diagnosis

PPNAD ? or paradoxical positive response of urinary glucocorticosteroids to
dexamethasone administration during 6-day modified Liddle test

Acromegaly due to GH-producing adenoma ?

LCCSCT ? or characteristic calcification on testicular ultrasonography

Thyroid carcinoma ? or multiple, hypoechoic nodules on thyroid ultrasonography

Psammomatous melanotic schwannoma @

10.

Blue nevus, epithelioid blue nevus (multiple) 2

11.

Breast ductal adenoma (multiple)

12.

Osteochondroma of bone @

Supplementary Criteria

1.

Affected 1st-degree relative

2.

Inactivating mutation of the PRKARIA gene

2 with histologic confirmation; LCCSCT large cell calcifying Sertoli cell tumor, PPNAD primary pigmented nodular
adrenocortical disease; To make a diagnosis of CNC, a patient must either: (1) exhibit two of the manifestations of
the disease listed, or (2) exhibit one of these manifestations and meet one of the supplemental criteria.

2. PRKAR1A Structure and Function

Cyclic adenosine monophosphate (cAMP)-dependent protein kinase type 1-alpha

regulatory subunit is encoded by the PRKAR1A gene. PRKAR1A consists of 11 exons; ten of
them (2-11) are coding. Protein kinase A (PKA) (Figure 1), a serine/threonine kinase, is a
second messenger-dependent enzyme and it is involved in G-protein coupled intracellular
pathways. It is the main mediator of cAMP actions for various cellular processes in
mammals, including cell differentiation, proliferation, and apoptosis [30-32].
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Figure 1. Schematic representation of cyclic adenosine monophosphate (cAMP) signaling pathway. C catalytic subunit of

PKA, GDP guanosine diphosphate, GPCR G-protein coupled receptor, GTP guanosine triphosphate, PKA protein kinase, R

regulatory subunit of PKA, a, B, v subunits. After the GPCR is activated, adenylate cyclase is activated and produces cAMP,

which binds to the R subunit and activates PKA. Then, conformational changes ensue and the C subunits are released and

phosphorylate cytoplasmic targets.

The PKA holoenzyme is a hetero-tetramer composed of two regulatory (R) subunits
and each is bound to one catalytic (C) subunit [33]. Four subtypes of R (RIx, RIf3, RII«, RII()
and four subtypes of C (Cx, C3, Cy and Prkx) subunits have been identified so far. A gene
is coding each R (PRKR1A, PRKR1B, PRKR2A, PRKR2B) and each C (PRKACA, PRKACB,
PRKACG, PRKX) subunit, respectively [33,34]. Two major isozymes have been identified,
type I and type II PKA, based on their chromatographic elution patterns [32]; they are
comprised of homodimers of either RIx and RIf or Rl and RIIfB, respectively [31,35].
In the basal state, the catalytic subunits bind mostly to type II subunits [31,35-37]. When
cAMP binds to the R subunits, it alters their conformation; this causes the dissociation of
each active C subunit from the dimer with the corresponding R subunit. Following that,
the free C subunits phosphorylate threonine and serine residues of proteins that are critical
to the activation of downstream processes [38—40].

Rl haploinsufficiency, as shown by mice and human studies, predisposes to the
development of tumors [29,41]. The majority of PRKARIA mutations result in premature
stop codons with unstable mRNAs undergoing nonsense-mediated decay [25,42]. In the
thyroid, PKA through the production of cAMP, signals downstream of thyrotropin (TSH)
on cell proliferation and differentiation; increased levels of TSH in humans have been
associated with thyroid tumors [43]. In addition, in a series of thyroid tumors, the Co
subunit was investigated but no mutations were detected [44].

3. Role of PRKAR1A in Thyroid Cancer
3.1. Mouse Studies
3.1.1. Mouse Models
In 2004, Griffin et al. generated a mouse model carrying an antisense transgene

for Prkarla exon 2 (X2AS) under the control of a tetracycline responsive promoter (the
Tg(Prakrla*x2as)1Stra, Tg(tTARCMV)3Uh, or tTA /X2AS) [45]. Increased cAMP signaling
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was demonstrated due to significant Prkarla downregulation and the mice exhibited a more
severe phenotype with high incidence of thyroid lesions (thyroid follicular hyperplasia and
adenomas). This was an extremely rare finding in wild type animals but quite common in
those with the genetic defect (as it is common among patients with CNC). Furthermore, the
lesions were associated with allelic loss of the Prkarlalocus on chromosome 11 as it happens
in thyroid tumors with PRKARIA mutations. Moreover, tumor tissues demonstrated an
increase in the activity of type Il PKA and higher RIIf levels, an abnormal cAMP response.

In a later study, Prkarla haploinsufficiency in mice was investigated. It was shown that
Prkarla haploinsufficiency leads to tumor development arising in cAMP-responsive tissues,
including among others, benign and malignant thyroid neoplasms [41]. Mice heterozygous
for a conventional null allele of Prkarla (Prkarla®*/+ mice) were generated. These mice
developed tumors in the same spectrum as CNC patients. Thyroid neoplasms were present
in 10% of Prkar1a®%/*+ mice [41]. In addition, allelic loss occurred in a portion of tumor cells,
as indicated by genetic analysis, suggesting that complete loss of Prkarla plays a vital role
in tumor formation.

A different mouse model, carrying a thyroid-specific deletion of Prkarla (Tpo-R1ocKO)
was studied [46]. In 43% of mice, FTC was observed by 1 year of age. However, distant
hematogenous metastases were not present, which is a key feature of FTC in humans [46];
this could potentially suggest that metastases may be triggered by another genetic mutation
in the case of Prkarla mutation in the thyroid. An interesting observation by the authors
was that thyroid ablation of PRKAR1A/Prkarla is the only genetic change that has been
described that results in FTC in both mice and humans.

3.1.2. Activation of mTOR Pathway

The role of PKA as a key regulator of FTC has also been suggested by a recent study
demonstrating a concurrent activation of PKA and mTOR. In this study a double Prkarla-
Pten knockout mouse (DRP-TpoKO mice) with thyroid-specific deletion of both genes
was generated and was compared to signaling alterations to human FICs [1]; they found
that mice developed aggressive FTC that exhibited 100% penetrance by 8 weeks of age.
In addition, well-differentiated lung metastases appeared to be common in these mice
(approximately one third of them), mimicking the human disease. The signaling pathways
were analyzed and it was shown that PKA and the mammalian target of rapamycin
(mTOR) pathways were consistently activated. mTOR has an essential role in promoting
the metabolic changes that occur during tumorigenesis and is regulated by the AMP-
dependent protein kinase (AMPK) [47]. AMPK is activated under nutrition restriction or
increase in the AMP/ATP ration in order to increase energy production [48].

It has been suggested before that mTOR could be activated by Prkarla deletion and that
it could possibly interact with Prkarla directly [49], but the data remain controversial [50].
Furthermore, activation of mTOR by TSH has been suggested to be partly due to PKA
phosphorylation of the target of rapamycin complex 1 complex member PRAS40 [51].
Mouse models have been developed over the years that recapitulate how human FTCs
progress from benign follicular adenoma (at one year of age) in the Pten-TpoKO [23] to
locally invasive FTC as in the R1a-TpoKO [46] and subsequently to invasive and distantly
metastatic FTC. The authors identified PKA and mTOR as essential signaling pathways
and showed that activation of mTOR can occur independently of Akt [1]. Further, the
concurrent activation of PKA and mTOR that was observed in human FTCs led to the
conclusion that PKA activates mTOR/p70S6K that results in thyroid cancer, indicating that
PKA is a vital component regulating FTC in both mice and humans [1].

The same group reported that, in FTCs, both in mice and humans, AMPK and mTOR
pathways are activated concomitantly [52]. They showed that the tumor suppressor that
causes Peutz—Jeghers syndrome, LKB1, mediates the signaling from PKA to AMPK in
driving tumorigenesis [53,54]. The role of AMPK in the development of cancer has not
been determined yet; according to the literature, it can act either as tumor promoter or
tumor suppressor [55,56]. LKB1, like AMPK, can act as tumor promoter/suppressor as
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well, depending on the context [55,57-61]. Even though it typically suppresses the activity
of mTOR [56,62], there is evidence that it can also act as a tumor promoter [63-65], which
means that its functions depend on the type of tissue and other intracellular signals that
may be present.

3.1.3. Targeting Downstream Effectors of cAMP

Because of the various effects of cAMP in physiological responses, therapies targeting
cAMP signaling result in side effects; thus, understanding downstream targets of cAMP
signaling has been attempted in a number of studies [66,67]. The roles of Rapl and Epacl
in Prkarla-associated thyroid carcinogenesis have been studied [68]. Rap1 is a small GTPase
essential for effective signal transduction. There are two isoforms and each one is encoded
by a separate gene, Rapla and Rap1b, respectively. The activity of Rap1l has been shown
to be regulated by both PKA and cAMP though signaling by TSH [69]. Increased Rap
activity has been linked to various cancers, including thyroid cancer, while dysregulation
of Rap1 has been postulated to contribute to the development of malignancy [70-74]. Epac
(Exchange protein directly activated by cAMP) proteins are intracellular sensors for cAMP
and mediate its effects to activate Rap1 [75,76]. The two isoforms include Epacl which is
ubiquitously expressed, with particularly high levels in the thyroid, among other tissues,
and Epac2 which is not detected in the thyroid; however, it is expressed in a limited number
of other tissues [76,77]. Epac regulates Rap activity in concert with and independently of
PKA, and the effects—either stimulatory or inhibitory—seem to depend on the cellular
context and the type of stimuli [69,75,78,79]. In addition, it has been shown that Epacl
plays a role in cell migration and invasion in other types of cancer [78,80]. Loss of Rap,
specifically of the Rap1b isoform, in Prkarla KO thyroids in the setting of overactivation
of the PKA pathway, resulted in reduced risk of developing thyroid cancer by 65%; this
occurred independently of Epacl as its deletion did not have any effect in PKA-Rapl
associated thyroid tumorigenesis, underlying the essential role of PKA-Rap1 signaling in
the development of FTC [68]. However, even though tumor suppression happened to a
significant extent, the carcinogenic phenotype was not completely rescued, which led to
the speculation that more complex signaling interactions may be involved [68].

These findings were further supported by other studies that showed that Rap proteins
can be directly regulated by PKA using a specific phosphorylation site at serine 180 on
Rapla and serine 179 on Raplb [81]. When PKA phosphorylates Rap, it regulates its
subcellular localization, and its downstream effectors such as ERK and Rap-dependent
regulation of cell migration [82,83]. These previous studies indicate that PKA can control
Rap action and downstream cellular processes directly suggesting that PKA-Rap1 pathway
is independent of Epacl in thyroid cancer. On the other hand, previous studies have shown,
that both PKA and Epac signal to Rapl downstream of TSH [69,75], but it seems to be
tissue-dependent [78,79].

In combination, these studies demonstrated that cAMP or PKA signaling or both
play an important role in tumor development and that additional factors may contribute
to Prkarla haploinsufficiency in causing those tumors. Trp53+/— mice and other animal
models for diseases like CNC, including Peutz—Jeghers and neurofibromatosis type 1,
did not exhibit the same phenotype as in humans; it only occurred when one or more
tumor suppressor genes were knocked out as well [84-86]. Prkarla haploinsufficiency in
addition to either Trp53 or Rb1 haploinsufficiency resulted in more tumors and decreased
survival compared to Trp53+/— or Rb1+/— mice [87]. Specifically, Rb1+/— Prkarla+/— mice
developed more MTCs than Rb1+/— mice [87].

3.2. Studies in Humans

Further evidence to support the involvement of PKA in thyroid tumors was demon-
strated by studying the PRKARIA gene in thyroid tissue from patients with CNC [29]. The
involvement of the thyroid in the syndrome was reported for the first time twelve years
after CNC was first described [88], in 1997 [89]. In a cohort of 53 individuals with familial
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CNC, thyroid disease was identified in 11% of patients; of them, three were studied in
detail, two with thyroid carcinomas (one PTC, one FTC) and one patient with a benign
follicular adenoma. [89]. In addition, 60% of patients with the sporadic form of the complex
exhibited thyroid gland lesions of follicular origin [89]. The authors concluded that thyroid
carcinomas may develop in situ from precursor benign lesions in these patients. It is
important to note that patients’ ethnicity does not seem to play a role in CNC phenotype
that include thyroid carcinomas.

Since the PRKARIA gene was identified as causal in CNC, many disease-causing
mutations have been identified [24,90]. Sandrini et al. showed that in thyroid cancer the
activity of PKA is greater than in adenomas, partly due to genetic defects in the PRKARIA
gene and/or locus [26]. The region 17q22-24 was frequently lost in cancer but not in benign
tumors. In addition, it was shown that Rlx, the most abundant regulatory subunit of
cAMP-dependent PKA [91], in thyroid cells, possibly exhibits a tumor-suppressor function,
as indicated by decreased expression of the Rl subunit in carcinomas and by the losses
of PRKAR1A 17q22-24 locus in about 50% of all informative cancers. It has been known
that the activation of cAAMP/PKA pathway is involved in normal thyroid cell growth [92];
the same appears to be true for thyroid adenomas, while in the case of PTCs inhibition is
induced [93]. The results suggested that PRKARIA is indeed involved in sporadic thyroid
tumors, along with other genes [94-97], some of which could be associated with the PKA
pathway [91]. Any disruption of that, because of deficiency of the Rl subunit, could lead
to cAMP-dependent PKA mediated cell proliferation and/or stimulation of other pathways
linked to proliferation of thyroid cells [91,98].

In a recent series of 353 CNC patients from 185 families, patients from various ethnic-
ities and with a wide range of clinical manifestations were studied [99]. More than 60%
of them harbored mutations in the PRKARIA gene. In 25% of patients, thyroid tumors
were present while thyroid cancer (either FTC or PTC or both) was present in 2.5% of
cases. In addition, thyroid tumors (p = 0.016) were more frequent in PRKARIA carriers and
presented at a younger age (p = 0.03). Moreover, they were more commonly associated with
the ‘hot spot” ¢.491-492delTG mutation in comparison with all other PRKARIA defects. It
was also observed that patients with no mutations of the PRKARIA gene or its genomic
locus 17q22-24, were less likely to develop thyroid tumors. In a review of 26 patients, in
61% of them benign lesions (including follicular adenoma, follicular hyperplasia or nodular
hyperplasia) were detected, while 38% of them had thyroid carcinomas (seven with FTC
and three with PTC). The majority of patients presented with an asymptomatic thyroid
nodule and included middle-aged women [100].

4. Other Molecular Events in Thyroid Cancer

A significant number of mutations in thyroid cancer involves encoding genes of the
MAPK and PIBK/AKT pathways. Mutated genes that affect these pathways encode the
signal transduction molecules RAS, BRAF and NTRK1 and RET receptor tyrosine kinases.
These mutations are present in approximately 70% of patients with PTCs and they exhibit
particular clinical manifestations as well as specific histopathological characteristics in the
tumor level [101-104]. Among FTCs, RAS mutations and PAX8/PPARy rearrangements are
common [105]. Because PAXS is important for the development of the thyroid, it has been
speculated that the fusion of PPARy and PAX8 can lead to cancer by activation of aberrant
gene transcription [3]. PAX8/PPARy is found in FTCs with a frequency of 30-35% and in
a very small percentage of the follicular variant PTCs and follicular adenomas [106-109].
Thyroid tumors harboring RAS mutations, most commonly NRAS and HRAS mutations, in-
clude FTCs in 40-50%, PTCs in 10-20% and 20-40% of anaplastic and poorly differentiated
carcinomas [110-116]. Because PTCs that harbor RAS mutations form neoplastic follicles
and no papillary structures, they are known as follicular variant of PTC [101,117]. Benign
follicular adenomas have also been found to harbor RAS mutations in 20-40%, indicating
that they may be precursors of RAS-positive FTCs and follicular variant of PTCs [118-121].
Furthermore, BRAFV®E mutation represents 98-99% of all BRAF mutations in thyroid

87



Cancers 2021, 13, 3834

cancer [122-124]. It accounts for 40-45% of classic PTCs, 30-40% of ATCs, and 20-40% of
poorly differentiated thyroid carcinomas [125-128].

Mutations in BRAF and RAS are thought to represent an early event in the progression
of thyroid cancer, given that they are present in poorly and well-differentiated thyroid
cancer, as well as in ATCs. On the other hand, additional genetic alterations are usually
present in poorly differentiated carcinomas and ATCs; these constitute late events that may
be necessary for tumor dedifferentiation. These genetic alterations include mutations in the
TP53 and CTNNBI genes and encoding genes of the PI3K/AKT signaling pathway [105]. In
50-80% of ATCs, point mutations that lead to loss-of-function of TP53 have been identified;
these are very rare in well-differentiated thyroid cancer [129,130]. CTNNB1 mutations
occur in approximately 60% of ATCs [131,132].

5. Medullary Thyroid Cancer as Part of MEN2 Syndromes

About one-third of MTCs are hereditary, presenting as multicentric and bilateral, in
contrast with sporadic cases that are a single unilateral tumor [133,134]. They present
as part of MEN2A (70-80%), MEN2B (5%), or familial MTC (FMTC) (10-20%). The first
inherited subtype of MTC, MEN2A, consists of primary hyperparathyroidism, pheochro-
mocytoma and MTC in which it can occur early in life (approximately 5 years of age) in
contrast with sporadic cases that presents between 15 and 20 years [134,135]. MEN2B
is characterized by pheochromocytoma, MTC and non-endocrine diseases such as mu-
cosal neuromas, intestinal tumors (most commonly ganglioneuromas) and Marfanoid
habitus [135]. In the case of FMTC, only the thyroid gland is affected, but in a significant
number of relatives in the same family, usually between the ages of 20 and 40 [135-137].
Activating germline RET mutations have been identified as the main cause of up to 98%
of hereditary MTCs and up to half of sporadic cases [138]. Depending on the mutated
residue within the RET protein, the phenotype may differ [139-142]. Families with two or
more members with MTC are referred for genetic counseling and screening, if positive they
undergo further testing for hyperparathyroidism and pheochromocytoma [2,143,144]. In
the case of sporadic MTCs, somatic RET mutations, particularly M918T, has been shown to
be associated with more aggressive disease and worse prognosis [144,145].

6. Anaplastic Thyroid Carcinoma

ATC is a rare (1-2%) but very aggressive type of thyroid cancer [146] with average
age at diagnosis over 70 years [147]. It is considered to evolve from dedifferentiation
of a pre-existing DTC caused by accumulation of several genetic alterations that lead to
disruption of two signaling pathways that are involved in cell proliferation, PI3K-AKT
and MAPK [148-150]. The most common mutations include TP53, which is considered a
genetic hallmark of ATC, as well as RAS, BRAF, PIK3CA [151,152], mutations that have also
been identified in DTC [153]. Median survival is usually less than 6 months after diagnosis
and the mortality rate is >90% [154,155]. Due to its extremely aggressive nature, it is critical
to be diagnosed promptly. Clinical symptoms are usually used for the diagnosis, in contrast
with DTC in which diagnosis is made by FNA of a suspicious nodule [147]. The symptoms
can last from 4 weeks to 11 months and usually consist of a rapidly enlarging neck mass
along with vocal cord paralysis and dyspnea [147].

7. Systemic Treatments for Thyroid Cancer

Two multikinase inhibitors (MKI), lenvatinib and sorafenib, are currently approved
by the US Food and Drug Administration (FDA) for the treatment of advanced DTC.
Sorafenib was approved based on the favorable results of a placebo-controlled phase 3
clinical trial (DECISION) [156]. The positive results of the lenvatinib phase 3 SELECT
trial [157] as well as a phase 2 study led to the approval of that drug [158]. Cabozatinib and
vandetanib are approved by the FDA for the treatment of MTC. Vandetanib is approved
for symptomatic, unresectable, locally advanced, or metastatic MTC in patients based
on a phase 3 trial (ZETA) [159]. Cabozantinib was studied in a phase 3 clinical trial
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(EXAM) [160] and showed good results while another clinical trial in MTC patients is
still active (EXAMINER, NCT01896479). RET-inhibitors have been studied as well for
thyroid cancers that harbor RET mutations (NCT03157128, NCT04211337, NCT03906331,
NCT04280081, NCT03037385).

7.1. Immunotherapy

In the recent years, immunotherapy has emerged as a new transformative approach
into the body’s natural antitumor defenses. To date, there is no approved immunotherapy
for advanced thyroid cancer. A few clinical trials using novel immunotherapy agents like
programmed cell death protein 1 (PD-1) checkpoint inhibitors are ongoing. Pembrolizumab
in an Ib phase trial (KEYNOTE) showed a tumor size reduction of 35-50% in PTC and
FTC. The use of another anti-PD1 agent (spartalizumab) was evaluated in progressive
ATC that responded to therapy [161]. In an ongoing phase 2 clinical trial (NCT03246958),
the efficacy of the combination of nivolumab (anti-PD1-1) and ipilimumab (anti-CTLA-4-
cytotoxic T-lymphocyte-associated protein 4) was evaluated in patients with aggressive
thyroid cancer. In addition, multiple clinical trials with VEGF and/or VEGF inhibitor
and immune checkpoint inhibitors have been designed. Pemproblizumab plus lenvatinib
was investigated in a phase 2 trial for unresectable ATC (NCT04171622) as well as in
a randomized study in a small group of advanced ATC and PDTC [162]. The same
combination is under study in DTC and PDTC naive or progressing after lenvatinib patients
(NCT02973997). Triple combined therapy (cabozantinib plus nivolumab and ipilimumab)
is under evaluation for DTC and PDTC (NCT03914300).

7.2. Treatment for PRKAR1A-Associated Thyroid Tumors

To date, there is no medical treatment targeting cAMP /PKA signaling in CNC. Sur-
gical treatment is the treatment of choice in patients with PRKAR1A-associated thyroid
tumor [163].

8. Clinical Surveillance in Patients with PRKAR1A-Associated Thyroid Tumors

Human studies in CNC underly the importance of investigating thyroid nodules in
these patients. Multiple thyroid nodules are present in up to 75% of patients with CNC on
thyroid ultrasound; the majority of them are non-functioning follicular adenomas [164].
However, thyroid carcinomas are common as well. Early detection is vital and CNC
patients should be followed with long-term clinical and/or ultrasound surveillance with
biopsy of suspicious nodules, for early detection of carcinomas [164].

Because CNC is inherited in an autosomal dominant manner, each child of an affected
individual has a 50% chance of inheriting the pathogenic variant. Most of the affected
patients (approximately 70%) have an affected parent. In the case that the pathogenic
variant is known in a family, prenatal testing may be recommended [164].

9. Conclusions

In summary, recent advances in molecular mechanisms of thyroid cancer have im-
proved cancer prognosis and detection. PRKAR1A, a regulator of PKA activity, is possibly
involved in the molecular events that contribute to thyroid cancer. Identifying the genetic
basis of PRKAR1A-associated thyroid tumors is important as it will provide better clinical
management to these patients.
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Simple Summary: The most advanced positron emission tomography—magnetic resonance (PET/MR)
combines the high soft tissue contrast of MRI with the high functional /metabolic sensitivity of PET
and has the potential to achieve the highest level of diagnostic performance for refractory malig-
nancies in differentiated thyroid cancer (DTC) patients. The utility of PET/MR in the postoperative
follow-up of DTC patients has been relatively ambiguous. This retrospective study compared 8F-
fluorodeoxyglucose neck PET/MR with PET/CT head-to-head, in order to evaluate the diagnostic
efficacy of PET/MR in assessment malignancy in DTC patients after comprehensive treatment. We
determined that PET/MR presented better detection rates, image conspicuity, and sensitivity than
PET/CT in recurrent DTC lesions and cervical lymph node metastases. The addition of neck PET/MR
scan after whole-body PET/CT may provide more favorable diagnostic information.

Abstract: We explored the clinical value of ¥ F-FDG PET/MR in a head-to-head comparison with
PET/CT in loco-regional recurrent and metastatic cervical lymph nodes of differentiated thyroid
carcinoma (DTC) patients after comprehensive treatment. 8F_FDG PET/CT and neck PET/MR
scans that were performed in DTC patients with suspected recurrence or cervical lymph node
metastasis after comprehensive treatment were retrospectively analyzed. Detection rates, diagnostic
efficacy, image conspicuity, and measured parameters were compared between 8 F-FDG PET/CT
and PET/MR. The gold standard was histopathological diagnosis or clinical and imaging follow-up
results for more than 6 months. Among the 37 patients enrolled, no suspicious signs of tumor were
found in 10 patients, 24 patients had lymph node metastasis, and 3 patients had both recurrence
and lymph node metastases. A total of 130 lesions were analyzed, including 3 malignant and 6
benign thyroid nodules, as well as 74 malignant and 47 benign cervical lymph nodes. Compared with
PET/CT, PET/MR presented better detection rates (91.5% vs. 80.8%), image conspicuity (2.74 £ 0.60
vs. 1.9 £ 0.50, p < 0.001, especially in complex level II), and sensitivity (80.5% vs. 61.0%). SUVmax
differed in benign and malignant lymph nodes in both imaging modalities (p < 0.05). For the same
lesion, the SUVmax, SUVmean, and diameters measured by PET/MR and PET/CT were consistent
and had significant correlation. In conclusion, compared with I8E-FDG PET/CT, PET/MR was more
accurate in determining recurrent and metastatic lesions, both from a patient-based and from a
lesion-based perspective. Adding local PET/MR after whole-body PET/CT may be recommended
to provide more precise diagnostic information and scope of surgical resection without additional
ionizing radiation. Further scaling-up prospective studies and economic benefit analysis are expected.
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1. Introduction

Thyroid carcinoma is the most common endocrine malignant tumor worldwide,
accounting for 2% of all cancers, after a two-fold increase over the last 25 years [1-3]. More
than 90% of thyroid carcinomas are differentiated thyroid carcinoma (DTC), which includes
papillary carcinoma (PTC) (85%) and follicular carcinoma (FTC) (12%). The prognosis of
DTC is generally favorable after comprehensive treatment including surgery, radioactive
iodine, and thyroid-stimulating hormone (TSH) suppression [4]. Nevertheless, up to 30%
of patients may experience local recurrence and/or metastasis within several decades,
which indicates a poor prognosis and a drop of the five-year survival rate from higher than
90% to 35-85% [5,6]. Postoperative recurrence appears most frequently (60-75%) in cervical
lymph nodes (LNs) [7]. As a result, strict postoperative follow-up and advances in early
detection are essential for a timely intervention in case of relapse and metastatic disease.
Conventional 3!T whole-body scan (**'I-WBS), in association with periodic evaluation
of serum thyroglobulin (Tg) and neck ultrasound, have been employed as the routine
diagnostic procedure in the protocol of patients thyroidectomized for DTC [8,9]. However,
10-15% of follow-up DTC patients appear with abnormal thyroglobulin levels and negative
findings on 1311.WBS [10-12]. In guidelines of different countries, the clinical indication of
I8F-fluorodeoxyglucose positron emission tomography—computed tomography (‘¥F-FDG
PET/CT) has been widely accepted for postoperative DTC patients who present with the
aforementioned discordant findings, as well as for the systemic assessment of patients
with suspected metastases [8-10,13-15]. Nevertheless, according to previous reports, the
sensitivity and specificity of '®F-FDG PET/CT in detecting DTC recurrence or metastasis
are 46-100% and 66-100% respectively, which is considered inadequate [16,17].

Magnetic resonance imaging (MRI) is a useful technique for the diagnosis of thyroid
nodules and metastatic cervical lymph nodes, which benefits from excellent soft-tissue
contrast, superior spatial resolution, and the ability to functionally characterize tissues
by utilizing non-contrast- or contrast-enhanced techniques such as diffusion-weighted
imaging (DWI) and apparent diffusion coefficient (ADC) [18-20]. The hybrid PET/MR
is a promising imaging modality that combines the high soft tissue contrast of MRI with
the high functional/metabolic sensitivity of PET without additional ionizing radiation.
For head and neck oncologic imaging, it has the potential to achieve the highest level of
diagnostic performance. However, to date, the usefulness of PET/MR in head and neck
malignancy has not been fully elucidated [21-23]. It is questionable whether simultaneous
PET/MR can provide better diagnostic ability than CT, MRI, and PET/CT in loco-regional
recurrent and metastatic cervical lymph nodes [16,24-26].

The purpose of the present study was therefore to evaluate the diagnostic ability of si-
multaneous neck PET/MRI in a head-to-head comparison with PET/CT for the assessment
of malignancy in postoperative differentiated thyroid carcinoma (DTC) patients.

2. Materials and Methods
2.1. Patients and Lesions

We retrospectively reviewed the images of DTC patients who underwent F-FDG PET
in our center from 23 October 2017 to 29 July 2020. The inclusion criteria were as follows:
(1) diagnosis of DTC was confirmed by histopathological analysis; (2) patients had received
comprehensive treatment (including total or subtotal thyroidectomy, 13!1 ablation therapy,
or/and thyroid hormone replacement/suppression therapy); (3) patients had one or more
of the following high-risk features of recurrence or cervical lymph node metastasis: (1)
positive serum Tg and negative '*'I-WBS, (2) rising anti-thyroglobulin antibodies (TgAb)
after radioactive iodine ablation, (3) suspected widespread metastases throughout the body,
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eligible for '8F-FDG PET examination according to the available guidelines at that time;
(4) patients accepted '8F-FDG PET/CT and subsequent PET/MR examination; (5) patients
were available for follow-up including postoperative pathology/fine-needle aspiration
biopsy (FNAB) or regular ultrasonography and Tg/TgAb level monitor every 3-6 months.
This retrospective study was approved by the Ethics Committee of Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology. All patients signed an
informed consent before undergoing '®F-FDG PET/MR imaging.

The local thyroid region lesions and cervical lymph nodes included in the present
study were involved according to the following criteria: (1) the lesion was diagnosed by
pathology after reoperation or FNAB; (2) the lesion was monitored regularly by imaging
including neck ultrasonography, '*'I-WBS, CT, and /or MR], for at least 6 months.

2.2. 8E-FDG PET/CT Scan

I8F-FDG was produced by a GE Medical Cyclotron (Mini trace, GE Healthcare, Mil-
waukee, WI, USA) and synthesized by the Tracelab MX FDG (GE Healthcare, Milwaukee,
WI, USA) automatic synthesis system. The radiochemical purity was more than 95%. All
patients were fasting for more than 6 h, with fasting blood glucose < 200 mg/dL before
injection. The patients were given an intravenous injection of ¥F-FDG 3.70-5.55 MBq/ kg
according to their body weight. After resting for about 60 min, drinking 200-500 mL of
water, and urination, whole-body PET/CT (discovery VCT®, GE Healthcare, Milwaukee,
WI, USA) examination was performed. First, 64 slice spiral CT (Discovery VCT®, GE
Healthcare, Milwaukee, WI, USA) scanning was performed, operating with tube voltage
110 kV, tube current 110 mA, and layer thickness 3.3 mm. Then, PET imaging was acquired
in the three-dimensional acquisition mode, scanning the range from the upper to the
middle thigh with 2 min per bed, for a total of 6-7 beds. PET data were reconstructed
with the ordered subsets expectation maximization (OSEM) method. The standard recon-
struction was performed with a 512 x 512 matrix and 3.3 mm slice thickness. CT data
were used for attenuation correction. Finally, cross-sectional, sagittal, coronal CT, PET,
and PET/CT fusion images were obtained by the GE AW4.6 workstation software (GE
Healthcare, Milwaukee, WI, USA).

2.3. 8F-FDG PET/MR Scan

After PET/CT acquisition, all patients underwent a neck PET/MR (3.0 T, signa TOEF-
PET/MR, GE Healthcare, Milwaukee, WI, USA) scan around 120 min after BEFDG
injection. Head and neck coil and field of view (FOV) were used for PET/MR scanning.
The scanning sequence included axial fast spin echo T1 weighted imaging (FSE T1WI), axial,
sagittal, and coronal FSE T2WI, and finally axial DWI. PET scanning used 3D acquisition,
with about 15 min per bed. The scanning parameters were TIWI (turn angle = 142°, echo
time [TE]/repeat time [TR] = 13.2/640 ms, bandwidth = 41.67 KHz, FOV =24 cm x 24
cm, matrix = 256 x 192), T2WI (turn angle = 142°, echo time [TE]/repeat time [TR] =
161/3054 ms, bandwidth = 50 KHz, FOV = 22 cm x 22 ¢cm, matrix = 288 x 288), DWI
(echo time [TE]/repeat time [TR] = 191/2500 ms, bandwidth = 250 KHz, FOV = 24 cm
X 24 cm, matrix = 96 x 96, b = 600). The time of flight (TOF) technique and OSEM
algorithm were used to reconstruct the PET data with the following parameters: FOV =
30 cm x 30 cm, matrix = 192 x 192, filter cutoff = 3.0 mm, subset = 28, iteration = 3. PET
attenuation correction was based on atlas MR attenuation correction combined with the
Dixon water—fat separation method.

2.4. Image Interpretation and Analysis

All acquired images were analyzed by the AW workstation. Two nuclear medicine
physicians (X.L., with 24 years of experience and FL. with 20 years of experience in
radiology and 5 years of experience in nuclear oncology) visually interpreted PET/CT and
PET/MR images and collected the following information:

(1) lesion counts detected on PET/CT and PET/MR, respectively;
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(2) lesion conspicuity scoring according to [26] (assessed independently): 1 point for no
detection; 2 points for detected suspicious morphological correlation; 3 points for
clear morphological correlation;

(3) lesion diagnosis (any difference of opinion resolved by consensus): benign or
malignant.

Two nuclear medicine physicians (Y.S. and FL.) delineated the region of interest
(ROI) along the edge of the focus segmented on TIWI/T2WI and CT according to the
aforementioned detected lesions and collected the following dataset respectively:

(1) lesion diameters: long and short diameters as referred in RECIST 1.1 [27];
(2) standardized uptake value (SUV) for lesions calculated automatically by the worksta-
tion: SUVmax and SUVmean.

2.5. Local Recurrence and Metastatic Lymph Nodes

The gold standard for locally recurrent DTC or nodal metastases was determined
according to one of the following criteria: (1) histopathological diagnosis of recurrence or
metastasis; (2) clinical serum Tg and/or TgAb levels increased continuously during the
follow-up of more than 6 months and imaging (neck ultrasound, CT, and/or MR) revealing
following malignant features simultaneously.

Ultrasound criteria: nodules or lymph nodes were considered malignant if the short
axis diameter was >10 mm in levels I-II or >7 mm in levels III-VI, the volume increased
more than 50%, or the diameter increased more than 20% or 2 mm. In addition, other signs
of malignancy, including spherical or long-to-short axis ratio < 2, absence of an echogenic
hilum, microcalcification and cystic changes, could classify the node as malignant, regard-
less of the size of the lymph node [28-31].

CT or MR criteria: recurrence was determined by size and abnormal density/signal
with irregular edges or blurred boundaries on CT/MR; for nodules or lymph nodes,
they were perceived as malignant if the maximum axial diameter was >8 mm in the
retropharyngeal space, >15 mm in levels I-II or >10 mm in levels III-VII, or the volume
increased more than 50%, or the diameter increased more than 20% or 2 mm [32,33]. In
addition, other signs of malignancy, including central necrosis, contrast enhancement,
intralesional calcifications and cystic changes, could classify the nodule as malignant,
irrespective of nodal size [34].

2.6. Statistical Analyses

SPSS 26.0 (IBM, Armonk, New York, NY, USA) and GraphPad Prism 9.0 (GraphPad
Software Inc., San Diego, CA, USA) were used for statistical analysis and figure production,
respectively. For all variables, the Kolmogorov—-Smirnov normal distribution test was
performed first. Continuous variables with a normal distribution were expressed as
mean + SD. Continuous variables that were not normally distributed were expressed
as median and interquartile intervals. Categorical variables were expressed as numbers
and percentages. The Kappa consistency analysis was used to assess the two physicians’
subjective score, and the Wilcoxon signed-ranks test was used to evaluate the image
conspicuity difference. The sensitivities, specificities, positive predictive values (PPVs),
negative predictive values (NPVs), and accuracies of PET/MR, MR, and PET/CT for
diagnosis were determined in accordance with the gold standard. According to the R
x C chi-square test and the fisher exact probability method, the difference in diagnostic
performance of PET/MR, MR, PET/CT was tested. The Wilcoxon signed-rank test was
used to test the difference of PET/MR and PET/CT parameters (SUVmax, SUVmean, and
lymph node diameter) for the same lymph nodes subgroup. The independent-samples
Mann-Whitney U test was used to analyze the differences of these parameters between
malignant and benign lymph nodes. Spearman’s correlation method was used to analyze
the correlation between PET /MR and PET/CT parameters and calculate the coefficient of
determination (r?). Bland-Altman analysis was used to compare the two techniques.
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3. Results

A total of 37 patients were retrospectively reviewed. Figure 1 shows the case screening.
The patients (12 males and 25 females) had a mean age of 38.95 & 12.03 years (range,
12-68 years). The time interval between PET examination and the first surgery ranged
from 4 months to >5 years. In total, 25 patients had elevated non-stimulated Tg levels
along with negative 13!I-WBS, their median serum Tg was 11.01 ng/mL (range, 3.04— >
500 ng/mL), with thyrotropin levels all <0 uIU/mL. The TgAb level of five patients rose
to 2302.48 £ 1470.59 IU/mL (range 649.4— > 4000 IU/mL). One patient had an increase
in both Tg and TgAb. After the PET/MR and PET/CT examinations, seven patients
completed reoperation and histopathological examinations, and two patients underwent
FNAB. The period of follow-up was between 8 and 24 months. Table 1 presents the general
characteristics of the enrolled patients.

DTC patients with suspected recurrence or cervical
lymph node metastasis who underwent 18F-FDG PET
n=288

Only PET / CT or PET / MR
n=43
EXCLUDED

18F-FDG PET/MR and PET/CT were performed
n=45

Irregular follow-up
— n=8
EXCLUDED
Patients who underwent Patients who followed
reoperation with pathological regular follow-up
results or FNAB after PET n=28
examination
n=9

Figure 1. Flow chart of patients who were referred for assessment.

Table 1. Patients’ characteristics.

Characteristics Number
38.95 £ 12.03 years (range, 12-68 years)
Age <55 years 33 (89.2%)
>55 years 4 (10.8%)
S Male 12 (32.4%)
ex Female 25 (67.6%)
PTC! 29 (78.4%)
. . PTMC 2 4 (10.8%)
Histol t
1stologic type PTC ! + PTMC 2 3(8.1%)
FTC3 1 (2.7%)
1 32 (86.5%)
Stage of disease I 2 (5.4%)
v 3(8.1%)

e 4 .
Positive Tg * and negative 25 (67.6%)

Clinical indication for PET BIL.WBS °
. .. 6 . .
Imaging Rising TgAb after Tadloactlve 4(10.8%)
iodine ablation
Suspected metastasis detection 8 (21.6%)
Pathology after reoperation 7 (18.9%)
Gold standard source Fine-needle aspiration 2 (5.4%)
Regular follow-up 28 (75.7%)

L PTC papillary thyroid carcinoma, > PTMC papillary thyroid microcarcinoma, 3 FTC follicular thyroid carcinoma,
4 Tg thyroglobulin, > *1I-WBS ®Todine whole body scan, ¢ TgAb anti-thyroglobulin antibodies.
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3.1. Patient-Based Analysis

Among the 37 patients, no malignant signs were found in 10 patients, while 24 patients
had lymph node metastasis, and 3 patients presented coexisted recurrence with lymph
node metastases. PET/MR correctly determined the disease status of 36 patients (97.3%),
while PET/CT identified 31 cases (83.8%). Of the three coexisting cases, two were correctly
identified by PET/MR and one was correctly identified by PET/CT. A recurrent focus was
missed by both modalities. Of 10 negative patients, 3 presented pulmonary metastases
on whole-body PET/CT, 4 were pathologically confirmed as negative, and the remaining
3 patients were found to have decreased Tg during follow-up. Figure 2 displays a patient
with recurrence and lymph node metastasis, where PET/MR successfully identified the
recurrent lesion in the thyroid region, but PET/CT missed it. Lymph node metastases
in these patients were all successfully identified by both modalities. In the 24 patients
with lymph node metastases detected, all were correctly diagnosed by PET/MR, and only
20 patients were recognized by PET/CT. Figure 3 shows a DTC patient with lymph node
metastases, which were identified by PET /MR but missed by PET/CT.

PET/CT

PET/CT

Y—r =
al b C] d o
‘ : -_ m—
g »
B 5 . :
PET/MR-PET PET/CT-PET PET/MR-PET PET/CT-PET

Figure 2. A 17-year-old post-operative DTC patient underwent !3!T treatment three times with
persistently elevated Tg up to 371.0 ug/L. 3'I-WBS showed scattered iodine uptake foci in the
right paratracheal area and lung lobes. '8F-FDG PET/CT was performed for whole-body systemic
evaluation. F-FDG PET/CT showed no significant abnormalities in the thyroid region ((b,d),
red arrows); additional PET/MR of the neck showed a long T2 signal nodule in the right thyroid
region with a mild metabolic increase SUVmax 1.7 ((a,c), red arrows). In combination with medical
history and '3'T examination, a residual/recurrent thyroid cancer was diagnosed. The patient was
subsequently reoperated, and residual/recurrent thyroid cancer was confirmed by histological
pathology.
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PET/CT-MIP| [0

Figure 3. A 36-year-old patient with Tg 39.1 ug/L and negative >'I-WBS after comprehensive
treatment was admitted to '8F-FDG PET/CT and underwent additional neck PET/MR. PET/MR
clearly presented the morphological and metabolic changes of lymph nodes in the VB region ((b,d),
red arrows). PET/CT showed no significant changes in the corresponding lesions ((a,e), red arrows).
After reoperation, 1 lymph node in the left VB, 8 lymph nodes in the left level ITA, 7 lymph nodes
in the left level III, and 10 lymph nodes in the left level IV were taken for pathomorphological
examination, and only the lymph node in the VB was pathologically diagnosed to be a metastatic
lymph node (c).

3.2. Lesion-Based Analysis

Finally, a total of 130 lesions (9 in the original thyroid area, 121 in the cervical lymph
node) were examined, including 3 malignant and 6 benign thyroid nodules, as well as 74
malignant and 47 benign cervical lymph nodes. Of all lesions, 44 (33.8%) were analyzed
by histopathology, including 32 malignant lesions (1 local recurrence and 31 metastatic
lymph nodes) and 12 benign lesions (2 benign thyroid nodules and 10 benign lymph nodes).
Other lesions were confirmed by strict follow-up in the aforementioned manner. Among
130 lesions, PET /MR detected 119 (91.5%), but missed 1 recurrent thyroid cancer and 10
metastatic lymph nodes; PET/CT detected 105 (80.8%), but missed 2 recurrent thyroid
cancers, 21 metastatic lymph nodes, 1 benign thyroid nodule, and 1 benign lymph node.
For 74 lymph node metastases, the detection numbers of PET/MR and PET/CT were,
respectively, 64 (86.5%) and 53 (71.6%). Table 2 shows the number of thyroid nodules and
lymph nodes detected by '®F-FDG PET/MR and PET/CT.

Table 2. Number of thyroid nodules and lymph nodes detected by '8F-FDG PET/MR and PET/CT.

Golden Standard PET/MR PET/CT
. Thyroid nodules 3 2 1
Malignant Lymph nodes 74 64 53
Benien Thyroid nodules 6 6 5
& Lymph nodes 47 47 46
Total 130 119 105

The diagnostic performance of two PET modalities (PET/MR and PET/CT) and MR
(alone) is displayed in the Table 3 and Figure 4. The diagnostic sensitivities of PET/MR, MR,
and PET/CT were significantly different (80.5%, 77.9%, and 61.0%, p = 0.012). The paired
comparison of PET/MR, MR, and PET/CT showed significant differences of sensitivity
between PET/CT and the other two techniques (p < 0.001 and p = 0.007 respectively).
The specificities of the three modalities (84.9%, 83.0%, and 81.1%, p = 0.875) showed
no significant difference, also in paired comparisons. For metastatic lymph nodes, the
sensitivities of PET/MR, MR, and PET/CT were 81.1%, 78.4%, and 62.2% (p = 0.018).
Paired comparisons also showed significant differences between PET/CT and the other two
techniques (p = 0.001 and p < 0.001 respectively). PPVs, NPVs, and accuracies in diagnosing
all lesions (recurrent and malignant cervical lymph nodes) were generally consistent in
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tendencies among the three imaging modalities, among which PET /MR yielded the optimal
diagnostic performance. Both imaging modalities yielded false-positive results, either for
suspicious thyroid nodules or lymph nodes. Based on the available pathological results,
misdiagnosed lesions were mainly fibrofatty tissue.

Table 3. Diagnostic performance of two modalities.

All Lesions Malignant Thyroid Nodules Metastatic Nodes
PET/MR MR PET/CT PET/MR MR PET/CT PET/MR MR PET/CT
True-positive 62 60 47 2 2 1 60 58 46
True-negative 45 44 43 4 4 4 41 40 39
False-positive 8 9 10 2 2 2 6 7 8
False-negative 15 17 30 1 1 2 14 16 28
Sensitivity (%) 80.5% 77.9% 61.0% 66.7% 66.7% 33.3% 81.1% 78.4% 62.2%
Specificity (%) 84.9% 83.0% 81.1% 66.7% 66.7% 66.7% 87.2% 85.1% 83.0%
PPV (%) 88.6% 87.0% 82.5% 50.0% 50.0% 33.3% 90.9% 89.2% 85.2%
NPV (%) 75.0% 72.1% 58.9% 80.0% 80.0% 66.7% 74.5% 71.4% 58.2%
Accuracy (%) 82.3% 80.0% 69.2% 66.7% 66.7% 55.6% 83.5% 81.0% 70.2%
* ns ns ns * ns - PET/MR
k% ns ns ns kK ns
/100 I'ns % 1 s ns | Ins ns | Ins ns | ns % 1 Ins nsl 08 MR
G 1 s T e e Y s e W ' s Y s s A O PETICT
805 49 830 g, 811 g 330 830
719 P 714 —
5 66.7 66.7 66.7 66.7 66.7
61.0 62.2
50=
333
25- |'|
0= r v x v v T
Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
|AII Iesionsl |Ma|ignani thyroid nodulesl |Metastatic nodesl

Figure 4. Diagnostic performance of two modalities (ns represents no significance; * represents the
p-value < 0.05; ** represents the p-value < 0.01).

The image clarity scores for each region of the lesion are shown in Table 4. For all
included lesions, the PET/MR scores were significantly higher than those of PET/CT
(2.74 £ 0.60 vs. 1.9 & 0.50, p < 0.001). The largest score was in level II (2.92 & 0.33), which
almost exceeded PET/CT (1.91 £ 0.45) by 1 point. For malignant lesions, there was no
difference between PET/MR and PET/CT in the assessment of suspected thyroid nodules,
while there were significant differences in the assessment of metastatic lymph nodes of
all levels. The largest differences between PET/MR and PET/CT occurred in level II
(2.83 £ 0.48 vs. 1.79 & 0.58) and level V (2.73 & 0.67 vs. 1.85 £ 0.46), as presented in
Figure 3. For benign lesions, PET/MR had better presentation of thyroid nodules and
lymph nodes in other regions, especially in levels II (3.00 & 0.00 versus 2.02 £ 0.25) and
IV (3.00 £ 0.00 versus 2.14 + 0.36). Image conspicuity agreement was excellent (k = 1 in
thyroid nodules, k = 0.981 in lymph nodes, p < 0.001) between the two physicians.
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Table 4. Conspicuity score of recurrent or metastatic lesions in relation to location (scoring criteria referring to [26]).

All Lesions Malignant Benign
18F_ 1
No PET/MR PETICT » No PET/MR PET/CT p No. PET/MR PET/CT »
Thyroid area 9 256 +0.73 e 0.027 3 Yy Ry 1 6 2834039 2004060 0008
53 24 29
it (3gy  292E033 1912045 <0001 24 2834048 1794058 <0001 (gF7, 3.00£000 202£025 <0001
16 13 3
ymph W (o 238079 LBEE0: 0001 (g3, 2312084 LSIE05 0003 (g 267£052  200£000 046
d 18 11 7
nodes v M0 267+068 172056 <0001 (ol 2455082 1822060 0035 (o, 3002000 214£036 0001
19 13 6
v (g 274064 122054 <0001 (T 2733067 1852046 <0001 . 2754062  208£067 011
VI (1212(,0) 2504076 1734045  0.002 (8613%) 2544074 1824055  0.002 (1323(,0) 3004000 2504071  <0.001
121 2744060 194050  <0.001 74 2614072  18+057 <0001 47 2964020 204+029  <0.001

Kappa = 0.981, p < 0.001

Table 5 lists the SUVmax, SUVmean, and lymph node diameters in the maximum
cross-sectional area of lymph nodes measured by PET/MR and PET/CT. The SUVmax
of malignant lymph nodes was significantly higher than that of benign lymph nodes on
PET/MR (median 2.6 vs. 2.2, p = 0.004) and PET/CT (median 2.0 vs. 1.8, p = 0.006).
However, SUVmax showed an overlap in benign and malignant lymph nodes (Figure
S1). Figure 5 presents an isolated malignant lymph node with intense ®F-FDG uptake
on PET/MR. The SUVmean, long diameter, and short diameter indicated no significant
differences between benign and malignant nodes on both modalities (Figure S1). For all
included lymph nodes, SUVmax, SUVmean, and lymph node diameters of PET/MR were
higher than those measured on PET/CT by 17.4%, 22.2%, 11%, and 18% (all p < 0.001),
respectively. The Bland-Altman analysis showed great consistency among modalities
between the SUVmax, SUVmean, and diameters (Figure 52). Additionally, there were
correlations between the parameters detected on PET/MR and PET/CT (all p < 0.001,
Figure S3). The correlation coefficient of SUVmax for all lymph nodes was 0.661 (Figure S3).

Figure 5. A 51-year-old DTC patient after comprehensive treatment presented with an unexplained
increase in Tg (2.88 pg/L). PET/MR depicted an increased uptake of a small lymph node (long
diameter, 0.7 cm) in the left level III, with SUVmax 5.1, without other apparently abnormal lymph
nodes ((a,b), red arrows). 30 suspicious lymph nodes were removed by re-operation, and notably,
only the lymph node identified on PET/MR was malignant.

105



Cancers 2021, 13, 3436

Table 5. SUVs, diameters of lymph nodes detected by both PET/MR and PET/CT.

PET/MR PET/CT
SUVmax 2.3(2.0-2.8) ! 1.9 (1.5-2.2)
All detedgd lymph SUVmean 1.8 (1.5-2.2) 1.4 (1.1-1.8)
o ;S Long axis 9.4 (7.2-11.7) 7.3 (5.3-9.5)
n= Short axis 5.0 (4.0-6.2) 4.1 (3.0-5.3)
SUVmax 2.6 (2.0-3.5) 2.0 (1.6-2.3)
Malignant SUVmean 1.9 (1.5-2.5) 1.4 (1.2-1.9)
n=>54 Long axis 9.7 (7.3-11.4) 7.3 (5.0-94)
Short axis 4.7 (3.8-6.9) 3.7 (3.0-5.0)
SUVmax 2.2 (1.9-2.6) 1.8 (1.5-2.0)
Benign SUVmean 1.7 (1.5-2.0) 1.4 (1.0-1.8)
n=45 Long axis 8.9 (7.0-12.7) 7.3 (5.5-9.6)
Short axis 5.3 (4.5-6.1) 4.4 (3.3-54)

! The data are uniformly expressed as median (25th-75th %).

4. Discussion

In this study, the head-to-head comparison of PET/MR with PET/CT in DTC patients
after comprehensive treatment revealed that PET/MR was more accurate in determining
recurrent/residual and metastatic lesions, both from a patient-based and a lesion-based
perspective. PET /MR provided superior conspicuity, as shown in clarity score evaluation,
making it more useful for the identification of lesions. Both malignant and benign lesions
had a significantly higher SUVmax, making it essential to incorporate the morphological
content provided by MR to strengthen diagnosis efficacy. Therefore, additional neck
PET/MR may be recommended for the detection of recurrence/lymph nodes metastases in
DTC patients after comprehensive treatment, as it provides clearer images, more accurate
identification, and more precise resection scope to avoid over-resection.

PET/MR can identify recurrent lesions and metastatic lymph nodes more accurately.
According to patient analysis, PET/MR detected 26 of 27 patients with tumor burden,
while PET/CT only detected 21. Based on lesion analysis, PET/MR combined with the
advantages of MR had higher detection rates (91.5% vs. 80.8%), image conspicuity (espe-
cially in level II), and diagnostic efficacy than PET/CT. It was found that PET/MR showed
higher diagnostic efficacy, and the MR part of PET/MR showed different positive results
compared to F-FDG PET/CT, which suggested that the combination of the two modalities
had a synergistic effect. This is consistent with published research [16,35]. However, there
are still false positives for both imaging modalities, which are mainly caused by local
postoperative hyperplasia. Based on the available pathological diagnosis in this study;,
suspicious areas depicted on PET/MR or PET/CT were fibrofatty tissue closely associated
with postoperative local hyperplasia. In addition, high physiological *F-FDG uptake
can be observed in Waldeyer’s ring, active muscles (vocal cord movement, swallowing),
salivary glands, and brown fat [36].

MR plays an important role in the detection of complex thyroid lesions and metastatic
lymph nodes [18-20] not only because MR has superior soft tissue contrast and additional
imaging techniques, but also because multi-position, multi-parameter, and multi-sequence
images can provide several benefits. These benefits include clear lesion contour and lo-
cation, signal alteration and enhancement, diffusion restriction, and accurate assessment
of lesion invasion of surrounding tissue structures (e.g., envelope, cartilage) [37]. On
conventional MR, malignant thyroid nodules exhibit irregular margins and blurred bound-
aries with cystic changes, diffuse enlargement of the thyroid gland, and peripheral and
distant invasion. They usually reveal low to intermediate T1- and high T2-weighted signal
intensities, or occasionally high T1- and T2-weighted signal intensities with heterogeneous
enhancement on enhanced T1WI [38]. On DWI, recurrence or metastases present strong
contrast with the dark background signal from fat deposited around, based on metabolic
or physiological changes [39,40]. Additionally, one should note that the clear volumetric in-
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formation provided by MRI may be meaningful for determining the treatment dose [41]. In
regard to image conspicuity, PET/MR had obvious advantages over PET/CT in detecting
and displaying thyroid nodules as well as suspicious lymph nodes regardless of the region
of interest. Compared with PET/CT, high resolution and multiple sequences such as DWI
and ADC of MR have made contributions to the imaging of lesions, especially in level
II with complex anatomy and high incidence of nonspecific lymph nodes [42]. Of note,
the updated NCCN Guidelines of Thyroid Carcinoma (Version 3.2020) recommend that if
iodine-131 imaging is negative and stimulated Tg > 2-5 ng/mL, additional non-radioiodine
imaging modalities should be considered, including central and lateral neck compartments
ultrasound, neck CT with contrast, chest CT with contrast, and PET/CT. However, en-
hanced CT is not routinely performed in patients with highly suspected recurrence or
metastases in our department, in order to avoid the influence of the iodine contrast agent
on the subsequent '3'T treatment.

I8E-FDG PET/CT is mainly used for postoperative surveillance of poorly differentiated
thyroid cancer [43]. The uptake ability of '8F-FDG by thyroid cancer depends on the tumor
differentiation degree [44,45]. The lower the differentiation of the lesion, the less it takes
up 311, but the more it takes up ®F-FDG, so positive Tg and negative '3!I-WBS lesions
are prone to be identified. This study also verified that SUVmax associated with ¥ F-FDG
uptake was meaningful for the characterization of cervical lymph nodes. For PET alone,
modern PET/MR can provide a superior SUVs than PET/CT, with time-of-flight (TOF)
technology based on a new generation of crystals and the latest photovoltaic conversion
technology.

There are contradictory results on the value of PET/CT and additional MR according
to previous research. On the one hand, Hempel et al. concluded that the combination
of PET/CT with MR was not suitable for routine clinical application [16,46]. Loeffelbein
et al. reported that there was no significant difference between PET, MRI, and PET + MR
in identifying recurrences in the neck [47]. On the other hand, earlier research argued
that PET/CT and additional MR can provide additional diagnostic information [48,49].
PET/MR allows accurate, temporally and spatially unified multiparametric imaging of PET
and MR. It can provide additional information and further improve the diagnostic efficacy
than non-simultaneous PET and MR [50]. Previous studies have reported that PET /MR did
not outperform PET/CT or even slightly underperform PET/CT in the detection of lung
metastases and bone metastases [26,41]. Our results reveal that PET/MR is comparable
to PET/CT in terms of diagnostic specificity. In addition, for the same lesion, SUVmayx,
SUVmean, and diameters measured on PET/MR and PET/CT were consistent and had
significant correlation. Although there were significant differences between the measured
parameters of PET/MR and PET/CT, this may be related to different tracer elimination,
attenuation correction, and associated scatter correction.

There are several limitations in this study. First, the number of patients and lesions
involved was limited. Most lesions were determined by a follow-up combination of Tg
levels and imaging (ultrasound, CT, and/or MR) instead of surgical biopsy or FNAB;
therefore, the absence of histopathological confirmation of most lesions may potentially
affect the final diagnostic accuracy. Second, quantitative comparisons of parameters were
limited by different imaging techniques, different attenuation correction and associated
scatter correction methods, as well as different tracer elimination caused by the single-
injection double-examination protocol. In addition, the study was retrospective and only
included patients with DTC who underwent both PET/CT and PET/MR. Multicenter
clinical trials that prospectively include patients are necessary to assess the validity of our
results. Furthermore, cervical lymph nodes are often inflammatory, which may lead to
nonspecific 'F-FDG uptake. Therefore, the exploitation of specific imaging agents should
be the orientation of future research. In this study, although ®F-FDG uptake differed
between malignant and benign disease, there was also overlap in both SUV values, which
may have an impact on the accuracy of the results. Third and lastly, PET /MR examinations
are expensive, and the clinical application of this study should also consider the overall
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benefit to patients in relation to financial expenditures. Further analysis of the economic
benefits is expected.

5. Conclusions

This study compared '8F-FDG PET/CT and additional neck PET/MR scans head to
head to analyze the detection ability and diagnostic efficacy of recurrent/residual DTC
lesions and cervical lymph node metastases, as well as the characteristics of each parameter.
The results showed that 8F-FDG PET/MR was more accurate in diagnosing recurrent and
metastatic lesions, both from a patient-based and a lesion-based perspective. PET/MR
detected more lesions and presented better image conspicuity and diagnostic performance
due to the high soft tissue resolution and multi-sequence imaging available with MRI. The
addition of neck PET/MR after whole-body PET/CT may be recommended to provide
more precise diagnostic information and scope of surgical resection without additional
ionizing radiation. Further prospective studies with expanded samples and economic
benefit analysis are needed to support the conclusions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cancers13143436/s1, Figure S1: SUVs, diameters of malignant and benign lymph nodes
detected by both PET/MR and PET/CT, Figure S2: Bland—Altman analysis of SUVmax, SUVmean,
and diameter measurements provided in two modalities, Figure S3: Correlation of SUVs and lymph
node diameters measured on PET/MR and PET/CT.
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Simple Summary: In the last decades, many researchers produced promising data concerning
genetics and tumor microenvironment of poorly differentiated thyroid cancer (PDTC) and anaplastic
thyroid cancer (ATC). They are trying to tear the veil covering these orphan cancers, suggesting new
therapeutic weapons as single or combined therapies.

Abstract: PDTC and ATC present median overall survival of 6 years and 6 months, respectively. In
spite of their rarity, patients with PDTC and ATC represent a significant clinical problem, because
of their poor survival and the substantial inefficacy of classical therapies. We reviewed the newest
findings about genetic features of PDTC and ATC, from mutations occurring in DNA to alterations in
RNA. Therefore, we describe their tumor microenvironments (both immune and not-immune) and
the interactions between tumor and neighboring cells. Finally, we recapitulate how this upcoming
evidence are changing the treatment of PDTC and ATC.

Keywords: anaplastic thyroid cancer; poorly thyroid cancer; genetic landscape; tumor microenviron-
ment; genetically guided therapy

1. Introduction

Thyroid cancer is the most common endocrine tumor and its incidence has been
raising up over the last 20 years, mostly due to the flowering diagnosis of micro thyroid
carcinomas [1]. Thyroid cancer is subcategorized into follicular and non-follicular derived
carcinoma (e.g., medullary thyroid carcinoma). Among the first, World Health Organi-
zation (WHO) identifies papillary thyroid carcinoma (PTC), follicular thyroid carcinoma
(FTC), poorly differentiated thyroid carcinoma (PDTC), and anaplastic thyroid carcinoma
(ATC) [2].

Thyroid cancer 5 year-survival is variable among the different hystotypes. According
to a recent epidemiological study performed in Denmark by using a national cancer registry,
the 5 year-survival rates were 91.1% and 79.9% in PTC and FTC, respectively, 63.6% in
PDTC and 12.2% in ATC [3]. Unfortunately, PDTC and ATC median overall survival is
6 years and 6 months, respectively [4,5]. Although PDTC and ATC are rare, therapy for
patients affected by PDTC and ATC represents an unmet clinical need that should be
addressed, considering their poor survival. In addition, PDTC and ATC harbor diagnostic
pitfalls that make difficult their clinical management. Although PDTC was added in WHO
classification in 2004, its diagnostic criteria are not widely shared and many pathologists are
following criteria of Turin consensus conference [6] and others Memorial Sloan Kettering
Cancer Center ones [7]. Likewise, the wide spectrum of ATC hystotypes could challenge
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the differential diagnosis with other cancers (e.g., angiomatoid variant ATC with thyroid
angiosarcoma) [8] or even with benign lesions (e.g., acute thyroiditis) [9] (Figure 1).

Figure 1. (A—C) Anaplastic thyroid carcinoma (ATC) (hematoxylin and eosin stain); (A) The presence
of extensive tumor necrosis is a typical aspect of ATC (see asterisk *) (original magnification x10);
(B) The neoplastic cells show marked nuclear atypia with spindled and pleomorphic morphology,
associated to elevated mitotic rate, simulating high-grade pleomorphic sarcoma. In the insert, focal
immunostaining for cytokeratins supports the epithelial nature of ATC (original magnification x20);
(C) At higher magnification, the pronounced nuclear atypia and an atypical mitosis (see arrow)
are shown (original magnification x40). (D-F) Poorly differentiated thyroid carcinoma (PDTC)
(hematoxylin and eosin stain); (D) The typical example of PDTC is the so-called “insular carcinoma”.
In this field, the tumor shows a small focus of tumor necrosis (see asterisk *) (original magnification
x10); (E) The neoplasm exhibits a prevalent solid growth pattern (original magnification x20); (F) At
higher magnification, the tumor cells appear small and uniform, the nuclei are generally rounded
and hyperchromatic, in absence of the typical aspects of papillary thyroid carcinoma (original
magnification x40).

In the past, many treatments were proposed to answer this aforementioned need,
but with disappointing results [10]. Nowadays many clinicians are proposing genetically
guided treatments for PDTC and ATC, according to the new discoveries about their genetic
landscape [11,12].

In the current review, as first, we summarize the upcoming findings about genetic
features of PDTC and ATC, from mutations occurring in DNA to alterations in RNA;
therefore, we describe their tumor microenvironments and the interactions between tumor
and other neighboring cells; finally, we recapitulate how this upcoming evidence are
changing the treatment of PDTC and ATC.

2. Genetics Features

Genomic instability is universally considered as a driver of carcinogenesis, support-
ing the generation of all hallmarks of cancer (i.e., resistance to cell death, promotion of
proliferative signaling, escape from growth suppressors, invasion and metastasis capacity,
activation of replicative immortality, evasion of immune destruction, deregulation cellular
energetics and neo-angiogenesis) [13,14]. Across several neoplasia, thyroid cancer presents
lower genomic instability, expressed as the number of mutations per tumor, compared to
other adult neoplasia (e.g., endometrial and colorectal cancers) [15]; this evidence has also
been confirmed in metastatic cases [16]. However, thyroid cancer shows a heterogenous
mutational burden across its histotypes: ATC presents an increased number of genetic
alterations per tumor (median 4, range 0-29) compared to PTC and FTC [17]; likewise,
according to data from Tissue Cancer Genome Atlas (TCGA), PDTC mutational burden is
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higher than PTC, even if lower than ATC [18,19]. Genomic instability in PDTC and ATC
embraces both somatic driver mutations and gene fusions.

2.1. Somatic Driver Mutations

Vogelstein et al. considered a driver mutation as a genomic variant that directly or
indirectly induces a selective growth advantage [20]. As shown in Table 1, ATC and PDTC
harbor many driver mutations, occurring mainly in both MAPK and PI3K-AKT pathways.

BRAF and RAS genes (HRAS, KRAS, and NRAS) are main members of MAPK path-
way. Both of them occur in more than 25% of ATCs, according to catalogue of somatic
mutations in cancer (COSMIC) database [21], while 15.38-33.33% and 6.8-41.2% of PDTCs
harbor BRAF and RAS mutations, respectively (Table 1) [18,22-24]. Interestingly, although
BRAF and RAS mutations are present in a relevant percentage of both ATC and PDTC
cases, they seem to play different roles. In ATC, neither BRAF or RAS mutations seem
to be sufficient to induce neoplastic cell anaplasia. McFadden et al. produced a thyroid-
specific CreER transgenic mouse in order to specifically induce BRAFY®E mutation in
thyroid cells; although this mutation induces PTC foci, it was capable to promote ATC
tumorigenesis only in the presence of p53 mutation [25]. Likewise, KRASS!2P mutation
developed anaplastic foci with complete deregulation of normal thyroid follicular morphol-
ogy in mice model only in association with a homozygous mutation of TSH receptor [26].
However, BRAF-RAS signaling retains a crucial role in ATC cells and its inhibition by
siRNA anti-BRAF produces growth arrest in ATC cell lines [27], even stronger in combina-
tion with MEK inhibition [25]. Otherwise, the mechanisms seem to be different in PDTC:
Vitagliano et al. were able to promote progression of FTC foci into PDTC in mouse model
by NRASCOIK mutation [28].

Table 1. ATC and PDTC genetic landscape: somatic mutations.

Mutation Rate (%)

Cellular Function Gene ATC PDTC
[21,29] [18,22-24]
BRAF 27.63 15.38-33.33
NRAS 19.25 4.35-30.77
MAPK pathway NF1 5.56 0
KRAS 492 0-5.31
HRAS 451 2.45-4.88
Intracellular PIK3CA 11.24 2.38-19.51
signaling . PTEN 9.27 0-4.35
PIBK-AKT NE2 510 0
pathway IRS1 3.64 -
AKT1 - 0-8.70
AXIN1 451 -
WNT pathway CTNNB1 3.88 0-2.44
APC 3.05 17.39
TERT promoter 75 21.95-40.48
TP53 45.67 8.33-43.48
Cell cycle regulation ATM 491 7.14-13.04
RB1 4.36 1.19-4.35
CDKN2A 4.01 -
KMT2D 442 -
CREBBP 4.17 -
. . ARID2 3.93 -
Chromatin remolding ARIDIA 3.69 ]
DNMT3A 3.38 -
KMT2A 3.36 -
MDC1 3.18 -
DNA damage response MSH?2 3.05 B
EIF1AX 9.24 4.88-10.71
Protein metabolism CALR 4.85 -
RBM10 3.38 -
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In addition to mutations of MAPK pathway, next generation analysis showed that
ATC harbors higher prevalence of mutations in PI3K-AKT pathway compared to other
histotypes [30]: according to COSMIC database, PI3KCA and PTEN were found mutated
in 11.24% and 9.27%, respectively (Table 1) [21]. Likewise, also PDTC harbors frequently
PIK3CA or AKT1 mutations (2.38-19.51% and 0-8.70%, respectively) (Table 1) [18,22-24].

Interestingly, in ATC series provided by Liu et al., the 81.3% of samples presented
genetic alterations affecting both MAPK and PI3K-AKT pathways [31]. Accordingly, in
mouse model, the presence of mutations occurring in both pathways induced ATC foci,
confirming the synergistic interactions between these pathways [32]. On one hand, MAPK
pathway has a crucial role in cell proliferation and survival, and, on the other hand,
upregulated PI3K-AKT pathway has been related to tumor aggressiveness [33].

Beyond mutations occurring at members of MAPK and PI3BK-AKT pathways, many
variants have been reported in cell cycle regulators. Many reports showed that mutations
occurring in p53 and TERT promoter (pTERT) are highly prevalent in ATC, occurring even
simultaneously [17,18,21] (Table 1). Likewise, PDTC presents both mutations, even if less
frequently than ATC [18,34]. Intriguingly, in the presence of an impaired cell-cycle check-
point pathway (e.g., p53), the occurrence of a concomitant mutation in telomerase activity
(e.g., pTERT) could induce an indefinite cell proliferation [35]. In addition, the interplays
between the duet BRAF-pTERT have recently been described by Tan and colleagues [36].
In particular, in case of mutation of both of them, cancer cells suppress apoptosis mainly
thank to pTERT activity, while in case of mutation occurring only on BRAF gene, apoptosis
activity seems to be not significantly affected [36]. Accordingly, the inhibition of TERT
activity could represent an Achilles heel, as recently shown in-vitro and in-vivo model by
Bu et al. In these models, BIBR1532 (a TERT inhibitor) significantly inhibited tumor growth
as well as cell invasion, migration and angiogenesis [37].

If regulation of cell cycle has a crucial role in oncogenesis, also protein metabolism
control has been deeply involved in tumorigenesis [14,38]. Not surprisingly, both PDTC
and ATC harbor EIF1AX mutations in about 10% of cases (Table 1) [18,22-24]. EIF1AX
is a member of 43S preinitiation complexes, responsible of translation initiation, and its
mutation has recently been involved in preinitiation complex stabilization and, further,
in deregulating protein synthesis [39,40]. Interestingly, EIF1AX mutations are mutually
exclusive with other drivers in PTC [19], while they co-occur with RAS mutations in ATC
and PDTC [18]. Recently, Krishnamoorthy et al. showed a positive feedback relationship
between RAS and EIF1AX proteins, which reinforces c-MYC gene expression [40].

2.2. Gene Fusions

Fusion genes are common driver mutations described in both hematopoietic and solid
tumors [41]. They usually involve a driver gene, which expresses a receptor tyrosine kinase
(e.g., RET) or its downstream kinase (e.g., BRAF), and a partner gene (e.g., NCOA4). If
in physiologic state most of these kinases require the ligand to induce their dimerization,
these rearrangements are capable to induce a ligand-independent dimerization and a
deregulated kinase activity [42]. In the past, all the tumorigenic effects were considered
as consequence of a non-controlled expression of the driver gene; however, new evidence
suggests that also the partner gene may play a crucial oncogenic role [43].

Although fusion genes have been extensively described in thyroid cancer, their preva-
lence is lower compared to other solid tumors [41]. PDTC harbors gene fusions in 10-14%
of cases while ATC in 3-5% [44] (Table 2). Interestingly, when present, fusions usually
involve the same few oncogenes. RET fusions are the most common, mainly CCDC6-RET
(RET/PTC1) and NCOA4-RET (RET/PTC3), while NTRK, ALK and BRAF fusions are quite
rare (Table 2) [44]. Recently, Nikitski et al. developed a mouse model of STRN-ALK fusion
gene that was capable of inducing PTC, PDTC and ATC foci [45]. This model revealed the
presence of two clusters of PDTC with specific cell morphology, immunohistochemical
characteristics and different levels of expression of thyroid differentiation markers [45].
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Table 2. ATC and PDTC genetic landscape: gene fusions.

Mutation Rate

Gene Fusions [16,18,29,44,46]
ATC PDTC
PAX8-PPARY Fusions 0 3/84
NTRK1-IRF2BP2 1/126 0
NTRK fusions NTRK2-CRNDE 1/126 0
ETV6-NTRK3 0 1/60
CCDC6-RET 2/126 3/84,2/60
RET fusi NCOA4-RET Case report 2/84,1/23
usions PDCD10-RET 0 1/60
TFG-RET 0 1/60
. STRN-ALK Case report 1/23
ALK fusions EML4-ALK 0 2/84
. KIAA1549-BRAF Case report 0
BRAF fusions SCRIB-BRAF 0 1/60
Other fusions NUT-BRD4 1/33 0

Although rare, gene fusions could represent precious targets for targeted therapies.
Moreover, any histotype of thyroid cancers with gene fusions has recently been proposed
as a discrete group with specific histologic characteristics such as multinodular growth and
extensive fibrotic features. For this reason, they have been named “kinase fusion-related
thyroid carcinomas” [46].

2.3. Copy Number Variations

In oncology, copy number variations (CNVs) are well characterized as prognostic
factors for recurrence and death [47]. This evidence has been confirmed also in advanced
thyroid cancer [18]. If they are quite rare in differentiated thyroid cancer (less than 10%) [19],
in PDTC and ATC they are widespread, especially in cancers without known driver
mutation (losses of 1p, 8p, 13q, 15q, 17p, 22q, and gains of 1q and 20q) [18]. Interestingly,
they seem to be hystotipes-specific: 8p and 17p losses and 20q gains are more frequent in
ATC while loss of 1p was substantially more recurring in PDTCs [18]. Moreover, CNVs
correlate with gene context where occur: 1p, 13q, and 15q losses were enriched in PDTCs
without known driver mutation while loss of 22q was associated with RAS-mutated
PDTCs [18]. In ATC, beyond large chromosomal variations, Pozdeyev et al. reported more
restricted CNVs such as losses of CDKN2A and CDKN2B or amplification of KIT, PDGFRA
and KDR, further confirmed by other authors [17,24].

Finally, since CNVs have recently been related to resistance to target therapies in
thyroid cancer [48], it would be very interesting to ascertain if some of them (e.g., PDGFRA
amplification) could induce resistance to target therapy (e.g., multikinase inhibitors, MKIs)
in ATC and PDTC.

2.4. RNA Alterations

It is universally recognized that messenger RNA (mRNA) synthesis and translation
are deeply modified in cancer; however, new evidence shows that all kinds of RNA are uni-
versally impaired [49]. In normal condition, cells produce different types of RNAs: mRNA,
ribosomal RNA (rRNA), transfer RNA (tRNA), microRNA (miRNA), long non-coding
(IncRNA) and circular RNA (circRNA). Accordingly, neoplastic cells could deregulate all
kinds of RNAs that could promote the cells growth and invasiveness [49].

In particular, miRNA are usually 20-23 nucleotides in length that can bind multiple
mRNA, regulating their catabolism and further their translation [50]. 127 and 18 dif-
ferent miRNAs have been characterized in ATC and PDTC, respectively. Among them,
69 miRNAs resulted decreased and 54 increased in ATC, while 10 resulted decreased and
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8 increased in PDTC. If their role in PDTC is not fully elucidated and they might be used as
an ancillary diagnostic tool and prognostic marker [51], they have been fully characterized
in ATC. According to literature data, we grouped them into 3 main roles: regulation of
growth tumor, invasiveness and resistance to therapy (Figure 2). We found that 9 miRNA
were related to tumor growth [52-61], 14 to tumor growth and invasiveness [62-69], 28 to
invasiveness [67,70-76], and 66 to therapies resistance (62 to anti-BRAF treatment, 3 to
chemotherapy and 1 to radiotherapy) [77-81]. Additionally, 10 miRNAs were considered
as an ancillary diagnostic tool [82,83] (Figure 2).

Cell growth Invasiveness

miR-155 miR-199a-5p miR-34b-3p

miR-139-5p miR-17-92 miR-98
. miR-650 miR-135a-5p miR-125b-5p
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Figure 2. miRNA that were discovered in ATC according to their function.

Beyond miRNA, growing evidence is showing the role of IncRNAs in cancer. IncRNA
are RNAs longer than 200 nucleotides that do not encode proteins but regulate gene
expression, splicing and nucleation of subnuclear domains [49]; moreover, IncRNAs may
have cytoplasmic functions, such as miRNA sponging, interaction with signaling proteins,
and further modulation of mRNA translation [49]. In ATC, IncRNAs may regulate tumor
growth [84,85], invasiveness [86], and both tumor growth and invasiveness [87-91]; they
can also regulate cancer sensitivity to treatments [92]. In particular, IncRNA PTCSC3
was described at low levels both in ATC tissue and cell lines and it was demonstrated
that its upregulation inhibited the resistance to doxorubicin by suppressing stem cell
proprieties [92].

Finally, circRNAs are usually consequence of back-splicing events, producing in a
covalently closed circRNA molecule instead of linear ones. Although circRNAs have
usually been detected at low levels in normal and in cancer cells, some of them are at higher
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concentration and have functional roles: miRNA sponging and proteins stabilization [49].
In ATC, a recent study showed that circRNA may produce resistance to chemotherapy.
In particular, Liu et al. showed that circRNA EIF6 could sponge miR-144-3p to promote
autophagy and cisplatin-resistance [93].

3. Tumor Microenvironment

Tumor microenvironment (TME) is the dynamic milieu that harbors tumor cells [94].
It comprises blood vessels, extracellular matrix (ECM), non-neoplastic cells, and signaling
molecules [95]. Neoplastic cells interact with other TME members in order to regulate
self-growth, invasiveness and resistance to therapy [94]. In thyroid, many reports showed
that TME may promote tumor growth, metastatic power, and resistance to therapy, both in
differentiated and anaplastic thyroid cancer [96-98].

In TME we should distinguish not immune and immune related cells. Among the
former, cancer associated fibroblasts play a relevant role in both ATC and PDTC [99,100].
In ATC, tumor cells present paracrine communication with fibroblast: ATC cells activate
fibroblasts by reprogramming their metabolism, phenotype and secretome, and then acti-
vated fibroblasts reinforce thyroid cancer progression, by enhancing tumor invasion and
proliferation [100]. Likewise, interactions between PDTC cells and cancer associated fibrob-
lasts may potentiate tumor progression, by collagen remodeling [99]. Analog interplays
have been recently demonstrated between ATC and endothelial cells, partially rescued by
sorafenib [94].

Giannini et al. provided significant evidence about immune TME in ATC and
PDTC [101]. ATC TME was enriched of tumor infiltrating leukocytes (both macrophage
and lymphocytes) and characterized by hot or altered—-immunosuppressed phenotype,
since a relevant part of CD8+ lymphocytes presented exhausted features. Accordingly,
Caillou et al. showed that tumor-associated macrophages build up a dense network in
whom cancer cells reside [102,103] and their presence is associated with a worse prognosis
in ATC [104]. Cameselle-Garcia and colleagues elucidated that ATC tumors are enriched of
tumor infiltrating lymphocytes (mainly CD8+ cytotoxic T cells), which mainly reside in the
interface between tumor ant thyroid tissue [105]. Otherwise, PDTC harbored less tumor
infiltrating leukocytes compared to ATC, and presented a cold immune contexture in 65%
of cases [101]. In these immune contexts, PD/PD-L1 pathway (programmed cell death
protein-1/programmed cell death ligand-1) plays a crucial role in ATC and less frequently
also in PDTC [97,105,106]. If in physiologic conditions, PD/PD-L1 pathway regulates T
cell immune suppression, in neoplastic milieu it is exploited by cancer cells in order to
avoid immune attack, by inducing T-cell exhaustion [107]. In ATC, PD/PD-L1 proteins
expression was shown to be regulated by BRAF mutation and is was associated to a worst
prognosis [106,108]. Accordingly, Brauner et al. demonstrated that dual inhibition of
BRAF and PD/PD-L1 pathways induced a powerful shrinkage of ATC tumor in orthotopic
immune-competent mouse model [108].

4. Contemporary Treatment in ATC and PDTC

Traditionally, treatments against ATC and PDTC globally provided disappointing
results [12,109]. ATC presents very low median overall survival [109,110]. Although
PDTC presents higher 5-year survival (62%) compared to ATC [111], disease control in
patients with metastatic PDTC is still poor (59%) and 85% of their disease specific deaths
is related to the presence of distant metastasis [12]. In both of them, surgery represents a
cornerstone of multimodal treatment; nonetheless, systemic treatment is necessary in case
of diffuse disease. Systemic treatment comprises chemotherapy (in case of ATC, elsewhere
reviewed [112]), anti-angiogenic therapy, immunotherapy and genetically guided therapy
(Figure 3). Since their individual use provided encouraging but insufficient results, they
have recently been proposed in multimodal approach.
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Figure 3. All innovative therapies that have been suggested in ATC and PDTC (rectangular box with
dotted lines); each of them has been related to a specific inhibition of hallmark of cancer (triangle
box) and cellular pathway (rectangular box).

4.1. Antiangiogenic Therapy

As previously shown, neo-angiogenesis is a main hallmark of cancer, sustaining its
limitless growth [113]. Accordingly, neoplastic cells regulate neo-angiogenesis in order to
guarantee their progression in ATC as well as in PDTC [114,115]. Many anti-angiogenic
drugs have been employed to inhibit ATC and PDTC growth. Year by year, sorafenib,
lenvatinib, cabozantinib, pazopanib, gefitinib and imatinib have been used with fluctuat-
ing results.

Sorafenib was the first anti-angiogenic drug proposed for ATC treatment. It was
employed in two different phase-2 trials [116,117]; in both of them, disease control (partial
response and stable disease) was reached in about 40% of patients but the median overall
survival was still lower than 5 months [116,117]. Similarly, sorafenib seemed not to produce
exciting results in PDTC [118]. From 2009 to 2011, 40 patients with PDTC were randomly
allocated to sorafenib and placebo arms in a randomized, double-blind, multicentric,
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phase-3 trial (DECISION trial). Although not statistically significant, the sub analysis on
PDTC showed a consistent improvement of PFS in patients treated with sorafenib as in
all the other histotypes [119]. As reported in DECISION trial, sorafenib toxicity is mainly
characterized by grade 1 and grade 2 adverse events such as hand—foot skin reaction,
diarrhoea, alopecia, rash/desquamation, fatigue, weight loss, and hypertension [119].
Lenvatinib had very promising results in in-vitro and in-vivo models of ATC that
were partially confirmed in clinical settings [120]. Takahashi et al. performed a phase II
clinical trial, showing an overall survival of 10.6 months (95% CI: 3.8-19.8) and disease
control in 16 out of 17 patients [121]. However, different results were given by a recent
post-marketing observational study which reviewed 124 patients affected by ATC and
treated with lenvatinib [122]. It showed a disease control in 76.2% (66.89-83.96%) of
patients; however, this response seemed to be only transient, because the time-to-treatment
failure was 74.5 (57.0-108.0) days, and the median overall survival was still poor (3.4,
95% CI 2.66—4.33 months) [122]. At the same time, baseline clinical conditions of enrolled
patients were poor (ECOG > 1) in more than 70% and this could partially explain these
disappointing findings. Further studies should be employed in order to verify lenvatinib
efficacy in ATC patients with better clinical conditions. Otherwise, lenvatinib produced
interesting results for PDTC patients. In SELECT trial, which explored lenvatinib efficacy
in patients with radioiodine-refractory thyroid cancer, 28 patients harboring PDTC were
enrolled. In this selected population, lenvatinib confirmed its efficacy compared to placebo
(HR 0.21, 0.08-0.56) [123]. Accordingly, a retrospective multicentric analysis of real-world
data confirmed these encouraging results [124]. In this analysis of clinical practice in Austria
enrolling 43 patients, the overall survival seemed to be not modified by tumor subtype
(differentiated vs. poorly differentiated /anaplastic TC), whereas a maintenance dosage
higher than 14 mg was associated with better prognosis [124]. About toxicity, in spite
of high proportion of adverse events with grade > IIl in SELECT trial (75.9%), Austrian,
Italian, and French real-world data reported lower rates of adverse events of grade > III
(44%, 22.3% and 48%, respectively) [123-126]. Fatigue, hypertension, diarrhea, decreased
weight, stomatitis, and anorexia are the most common reported adverse events [125,126].
More recently, cabozantinib has been explored as a salvage therapy for patients with
radioiodine-refractory thyroid cancer already treated with MKIs. In this trial, 7 patients
with PDTC were enrolled to receive cabozantinib and all of them presented clinical benefit
(3 PR and 4 SD) [127]. Other antiangiogenic agents (pazopanib, gefitinib and imatinib)
were employed for ATC therapy but they did not produce encouraging results [128-130].

4.2. Genetically Guided Therapy

Many reports showed that ATC has a singular genomic and transcriptomic landscape
(ATC-like) [131]. In this singular genomic landscape, BRAF-MEK pathway was proposed
as a potential target.

After the exciting results of BRAF inhibition in BRAF-mutated melanoma [132], a
multicenter prospective “basket” trial, encompassing tumors with BRAF mutation, enrolled
7 patients affected by ATC for treatment with vemurafenib: 2 of them experienced a
durable partial response (more than 11 months) [133]. In order to produce a stronger
inhibition of BRAF-MEK pathway, dual inhibition of BRAF and MEK with dabrafenib and
trametinib was proposed. Accordingly, in in-vitro ATC model, combined therapy induced
greater growth inhibition than single agents [134]. Likewise, dabrafenib-trametinib therapy
produced about 80% of 12-months progression free survival and overall survival in phase
II clinical trial enrolling 16 patients [135]. Moreover, 1 patient experienced a complete
response, 10 partial response, 3 stable disease and only 1 disease progression. In this trial,
fatigue (44%), pyrexia (31%), and nausea (31%), were the most common adverse events,
although the 50% of enrolled patients reported an adverse event with grade > III [135].
This trial permitted the approval of this combination by FDA for treatment of BRAFY600E
mutated ATC.
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As previously reported, PI3K/Akt/mTOR has a crucial role in ATC cells and also anti-
mTOR inhibitors have been proposed with conflicting results. Everolimus was used to treat
one patient with ATC harboring a mutation of Tuberous Sclerosis 2 protein (TSC2), mem-
ber of PI3K/AKT/mTOR pathway, obtaining an extraordinary 18-month response [136].
However, these promising results were not confirmed in other studies [137,138].

New perspectives have recently been opened for patients with ATC or PDTC har-
boring RET fusion genes, since highly selective RET inhibitors, such as selpercatinib and
pralsetinib, are currently under investigation [139,140]. In 2020, a phase 1-2 clinical trial
enrolled patients with thyroid cancer harboring an activating RET alteration for treatment
with selpercatinib (LIBRETTO-001). In this trial, one patient with ATC and 3 with PDTC
were enrolled. Interestingly, the patient with ATC reached PR as best response as well as 2
out of 3 patients with PDTC, while the other one with PDTC obtained SD [139]. Further-
more, selpercatinib presents a more tolerable toxicity profile with a rate of adverse events
> 1III of only 30% compared to other targeted therapies and the most common reported
adverse events were hypertension, increased alanine or aspartate aminotransferase level,
hyponatremia and diarrhea. Likewise, Cabanillas et al. have recently presented data about
the use of larotrectinib, a NTRK fusion gene inhibitor, in 7 patients with ATC. Intriguingly,
3 out of 7 reached PR and SD, while 3 patients experienced PD [141]. Grade > III adverse
events occurred in 46% of patients, although only 7% of patients presented ones that were
considered related to larotrectinib [141]. Recently, an excellent response was documented
with crizotinib in one patient with ATC, harboring ALK-RET fusion gene [142].

Other agents such as HDAC inhibitors have been used but with disappointing results
(NCT03002623 trial).

4.3. Immunotherapy

Immunotherapy is inducing a deep change in anticancer therapy, regulating im-
mune cells attack against neoplastic cells. Interestingly, many reports showed that ATC
presents higher PD-L1* cells compared to DTC, proposing PD/PD-L1 pathway as tar-
getable [101,143], and, as shown above, preclinical data produced interesting result in
mouse model [108]. Accordingly, PD-1 antibodies (e.g., pembrolizumab and spartal-
izumab), after promising data about their use in BRAF-mutated melanoma [144], have
been used as single agents in patients affected by ATC [145].

Pembrolizumab induced a durable response (16 months) in one patient with un-
resectable ATC: after its second cycle the patient referred a significant improvement of
dysphagia and after 3 cycle a complete response was almost reached [146]. However, after a
severe toxicity related to pembrolizumab (grade 4 colitis), it was suspended and the patient
died 8 months later, after the appearance of cerebral metastasis [146]. On the other hand, it
seemed to do not produce the same result when co-administrated with chemoradiotherapy.
Chintakuntlawar et al. treated 3 patients with pembrolizumab and chemoradiotherapy, but,
in spite of a prompt an early tumor response, all patients passed away <6 months [147].

Spartalizumab toxicity and efficacy were evaluated in a phase I/1I trial enrolling
42 patients with locally advanced and/or metastatic anaplastic thyroid carcinoma [148].
The overall response rate was 19% in the whole cohort, while it was higher in patients
defined as PD-L1-positive (29%), and even better in the subset of patients with PD-L1
expression > 50% (35%). In this last subset of patients, the 1-year survival rate reached
52.1% [148]. About toxicity profile, the most frequent adverse events were diarrhea,
pruritus, fatigue, and pyrexia and grade > III adverse events related to treatment were
observed in 10% of patients [148].

4.4. Multimodal Therapy

Considering the promising data about single regimens, many clinicians proposed a multi-
modal therapy against ATC in order to reduce therapy resistance. Moreover, driver mutations
such as BRAF were proposed as master regulators of immune TME in thyroid cancer [114,149].
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Multimodal therapy against immune TME and main mutated pathways could induce a deep
inhibition of ATC growth and progression, evading resistance mechanisms.

In 2018, Cabanillas et al. showed one case of locally aggressive unresectable ATC
treated with neo-adjuvant therapy composed by dabrafenib, trametinib and pembrolizumab
(DTP) [150]. Interestingly, the patient had a relevant response, allowing a complete surgical
resection followed by postoperative chemoradiation. Likewise, other 4 clinical cases have
recently been reported about DTP use as neoadjuvant therapy in ATC, with unexpected
high PFS (19.5, 95% CI: 13.75-24.5, months) [151].

Immunotherapy has been proposed also in adjuvant therapy with dabrafenib and
trametinib or lenvatinib. Iyer et al. [152] used pembrolizumab as salvage therapy in
5 patients treated with dabrafenib and trametinib, 1 with trametinib, and 6 with lenvatinib.
Although 2 patients experienced PD, 5 patients had PR and 5 had SD and, from the
start of targeted therapies, the median OS was 10.4 months (95% CI = 6.02, 14.83, range
5.4-40 months) [152]. In this series, fatigue, anemia and hypertension were the most
common AEs associated with this combination and drug-induced rash and altered mental
status (likely related to PD) induced drug interruption [152]. Similarly, Dierks et al. showed
interesting results about lenvatinib and pembrolizumab combined treatment both in ATC
and PDTC: 5/6 patients with ATC reached CR/PR and 2/2 with PDTC obtained PR [153].
Similarly, nivolumab (anti-PD1 antibody) was added to vemurafenib in patients affected by
metastatic ATC, obtaining a prolonged response (more than 20 months) [154]. According
to these results, new clinical trials are ongoing (e.g., NCT03181100).

In 2017, 6 patients with PDTC and 2 with ATC were enrolled to receive sorafenib and
temsirolimus (mTOR inhibitor) in a non-randomized clinical trial. In one hand, results in
patients with PDTC were encouraging and 4 patients reached PR and 2 SD; on the other
hand, one patient with ATC had PR and the other one had PD [155]. Furthermore, 14% of
enrolled patients discontinued the treatment for toxicity and most common adverse events
grade > 3 were hyperglycemia, fatigue, anemia, and oral mucositis [155].

5. Conclusions

PDTC and ATC are rare but, unfortunately, they are lethal although a relevant different
5-year survival rate (5 years vs. 6 months). Nowadays, we know many elements of their
genetic landscape and tumor microenvironment. This knowledge helped the scientific
community to identify therapies which specifically target these cancers. Some of them
(e.g., DTP) has recently reached the clinical practice and could be prescribed for BRAFV600E
mutated ATC. However, their therapeutic benefit is still scarce and many other studies are
necessary to answer these unmet clinical needs.
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Simple Summary: Molecular imaging utilizes radionuclides or artificially modified molecules to
image particular targets or pathways which are important in the pathogenesis of a certain disease.
Transporter-based probes like radioiodine and [18F]ﬂuoro-D-glucose (['8F]FDG) are widely used for
diagnosing thyroid cancer (TC) and predicting the prognosis thereafter. However, newly developed
probes (peptide, antibody, nanoparticle probes, and aptamer) image the fine molecular changes
involved in the pathogenesis of TC and enable target-specific diagnosis and treatment of TC. Fur-
thermore, novel molecular probes have high specificity and sensitivity, imparting a high level of
objectivity to the research areas of TC.

Abstract: An essential aspect of thyroid cancer (TC) management is personalized and precision
medicine. Functional imaging of TC with radioiodine and ['®F]JFDG has been frequently used in
disease evaluation for several decades now. Recently, advances in molecular imaging have led to the
development of novel tracers based on aptamer, peptide, antibody, nanobody, antibody fragment, and
nanoparticle platforms. The emerging targets—including HER2, CD54, SHP2, CD33, and more—are
promising targets for clinical translation soon. The significance of these tracers may be realized by
outlining the way they support the management of TC. The provided examples focus on where
preclinical investigations can be translated. Furthermore, advances in the molecular imaging of TC
may inspire the development of novel therapeutic or theranostic tracers. In this review, we summarize
TC-targeting probes which include transporter-based and immuno-based imaging moieties. We
summarize the most recent evidence in this field and outline how these emerging strategies may
potentially optimize clinical practice.

Keywords: thyroid cancer; molecular imaging; theranostics; companion diagnostics; immunoPET

1. Introduction

Thyroid cancer (TC) is one of the most common cancer types and its occurrence has
been rapidly increasing over the last several years [1]. TC represents around 2-2.3% of new
cancer cases and 0.2-0.4% of deaths from all cancer types [2,3]. In 2021, the USA may have
approximately 44,280 new cases of TC and about 2200 deaths [2]. Around 90,000 new cases
along with 6800 deaths were estimated in 2015 in China [2]. By 2030, TC is anticipated
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to become the second-most common type of cancer in females and the ninth in males [3].
90-95% of cases present either papillary TC (PTC) or follicular TC (FTC), both of which
originate from follicular cells in the thyroid and can be referred to as differentiated TC
(DTC) [1].

In DTC, the thyroid retains the ability to absorb and store nearly all of the iodine in the
whole body, providing the rationale for combined therapeutics with thyroidectomy and
1311 (a beta-emitting radioisotope of iodine) therapy [4]. A total or near-total thyroidectomy
removes all or most of the thyroid and DTC tissue, facilitating DTC control and the
subsequent '3 ablation, adjuvant therapy, or therapy for DTCs [5]. The 3'I tends to
concentrate in remnant thyroid tissue, latent DTC foci, and metastatic DTC lesions. The
radiation can damage the remnant thyroid tissue and DTC cells, helping DTC re-staging and
improving DTC prognosis [5,6]. Unfortunately, within 10 years of an initial thyroidectomy,
local recurrence and distant metastases take place in approximately 10-20% of DTCs.
Notwithstanding 13! management, only one-third of DTCs could be regarded as having
shown “complete response” with the remaining DTCs refractory to '*'I (i.e., radioiodine
refractory DTC, RR-DTC) having a poor prognosis [7].

Two less common types of TC are medullary TC (MTC) and anaplastic TC (ATC),
accounting for <5% of all TC cases. Notably, however, 50-80% of MTCs show widespread
metastasis at the initial diagnosis, with a five-year survival rate of 38% [8]. Furthermore,
ATC is tremendously aggressive with its median overall survival of less than one year [8,9].
Thus, it is necessary to find latent lesions, precisely evaluate the grade of malignancy, adopt
the most effective therapeutics, and take precautions against local recurrence or distant
metastasis on time.

Traditional diagnosis methods include thyroid physical exams, blood tests (for testing
biomarkers such as thyroglobulin and calcitonin), ultrasound imaging (for helping deter-
mine whether a thyroid nodule or lymph node is likely to be benign or cancerous), and
other imaging tests such as CT and MRI (for TC staging and determining TC spread) [5].
In recent decades, molecular imaging (MI) has become an increasingly popular approach,
applying radionuclides or artificially modified molecules to assist clinicians in locating
biomarkers, potential therapeutic targets, or describing signaling pathways [10,11]. These
targets play a vital role in the diagnosis and management of TC, allowing for character-
ization and quantification of the molecular composition of tumor tissues [12]. MI has
been shown to improve diagnosis of TC, personalized management, and long-term pre-
dictive prognosis index [13]. Moreover, Ml is crucial to actualizing multimodality-based
theranostic strategies for TCs [14].

Over the past decade, significant progress has been made in the application of MI to
TC. For instance, nanobodies and aptamers have been used to elucidate the bio-features
of TC. These tracers show an antigen-binding ability resembling that of traditional anti-
bodies [15-18]. Furthermore, immuno-single photon emission computerized tomography
(immunoSPECT) and immuno-positron emission tomography (immunoPET) have encour-
aged the development of new theranostic methods intended for complex clinical settings,
particularly for the RR-DTCs or ATCs [19]. These methods provide opportunities for
obtaining deep insights into the pathogenesis of TC and as well as novel therapeutic targets
for TC. Indeed, the discovery and translation of new probes enabling precise theranostics
of TC are urgently needed, especially for RR-DTCs and ATCs.

Primary references are mainly derived from PubMed (available before 7 June 2021),
comprehensively including the pivotal evidence in the field. In this review, transporter-
based platforms are updated, and newer tracers like aptamer-, peptide-, antibody-,
nanobody-, and nanoparticle-based platforms for TC are summarized. We highlight
some of the potentially translatable probes in the current review. We also outline how these
emerging strategies may potentially improve clinical practice.
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2. Transporter-Targeting Probes

Most transporter-targeting probes are small-size molecules, carried into the intracellu-
lar space by transporters on the cell surface. Some transporter-associated probes may take
part in cell metabolism [20,21]. Many transporter-based isotopes, including radioiodine, are
routinely to image the recurrence and metastases of TC. Several alternatives to radioiodine
can identify RR-DTC metastases lacking radioiodine uptake. Other transporter-based
radiotracers like [2' TI] TICI, [?*™Tc] Te-sestamibi ([**™Tc]Te-MIBI), [*?mTc] Te-tetrofosmin,
[99mTC]TC—depreotide, [111In]In—diethylenetriaminepentaacetic acid-octreotide ([''In]In-
DTPA-octreotide), and [18F]ﬂuoro—D—glucose (['"®F]FDG) have been synthesized, tested,
and validated as beneficial for diagnosing TC [5,22]. In particular, ["®FJFDG has been
widely applied in the management of TC [5].

2.1. Sodium lodine Symporter (NIS)-Targeting Probes

NIS is the protein mainly locating at the cell plasma membrane, which carries Na* /T
ions from the extracellular matrix into the intracellular fluid [23]. The transported iodine, as
an element, helps produce thyroid hormone (iodide organification) [24]. Unlike the expres-
sion pattern of other tumor targets (low expression in normal tissues and high expression
in tumor tissues), NIS is usually present at high levels in normal thyroid tissues and DTC
cells, enabling radioiodine collection in normal thyroid and TC cells [25]. Nevertheless,
NIS downregulation happens in RR-DTCs, poorly differentiated TCs (PDTCs), and ATCs,
causing these TC cells hard to benefit much from radioiodine treatment [26].

2.1.1. Radioiodine

Radioiodine, a widely used radioisotope, has a crucial role in the diagnosis and
treatment of DTC. There are several medically useful radioisotopes of iodine (12°I, 131,
and %], etc.). However, only *'T and %I are commonly applied in clinical settings due
to their clinically acceptable radiation half-life, diagnostic or therapeutic performance,
economic cost, and safety [27]. ['3T]Nal can track thyroid and TC cells with y radiation on
SPECT, and damage those cells by emitting (3~ radiation [28]. [13'T]Nal allows ablation of
thyroid remnant, adjuvant therapy of TC, and therapy of TC, which vastly improves the
prognosis of patients with TC [5]. 1?41 is another isotope of iodine emitting positron, which
can be exploited for PET imaging. ['>*I]Nal-PET/CT has superior spatial resolution and
quantification ability over [311]Nal-SPECT [29].

Recently, numerous reports have focused on radioiodine for improving the diagno-
sis performance, and efficacy of treatment [30-32]. Tg tests coupled with iodine uptake
assay [32], or ['24T]Nal PET/CT only [30,31], are used for 1311 dosimetry. Apart from per-
forming dosimetry before 13!I treatment, much attention should be given to increase the
membranous expression of NIS, induce the concentration of '3!T, and improve the therapeu-
tic efficacy of 13!T treatment. For RR-DTC, PDTC, and ATC, it is essential to explore agents
that could increase NIS expression and augment the migration of NIS to the cell membrane.
These agents mainly include but are not limited to, retinoic acid [33], mechanistic target of
rapamycin kinase (mTOR) inhibitors [34], and very recently, V-Raf murine sarcoma viral
oncogene homolog B (BRAF) and mitogen-activated protein kinase kinase (MAP2K1/2,
MEKT1/2) inhibitors, which inhibit the extracellular signal-regulated kinase (ERK) pathway
responsible for tumor progression and radioiodine uptake [35,36] (Figure 1). RR-DTCs
would be stabilized, or shrinkage after treatment with kinase inhibitors, owing to the
suppressed signaling pathway and enhanced 3! treatment efficacy [26,37].

Lately, estrogen-related receptor gamma (ERRY), one of the estrogen-related receptors,
has gained more traction as a potential target to enhance or enable radioiodine uptake.
ERRY, a member of NR3B nuclear receptor superfamily, is a biomarker for multiple can-
cers, including breast cancer and prostate cancer [38]. Previous reports have shown that
the ERRy inverse agonist GSK5182 increased NIS expression and NIS-mediated iodine
uptake in Kirsten rat sarcoma viral oncogene homolog (KRAS) or BRAF mutated ATC cells
in vitro [39]. In addition, another ERRy inverse agonist, DN200434, was recently shown to
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increase the uptake of radioiodine in ATC tumors, identifying ERRy as a target to enhance
1311 therapy responsiveness [40] (Figure 2). It remains to be determined if DN200434 has a
re-differentiative effect in patients with either RR-DTC or ATC.

Baseline Post-selumetinib Baseline Post-vemurafenib

Figure 1. ['**I]Nal PET/CT images of patients with RR-DTC or PDTC with or without kinase
inhibitors. (A) PET/CT images showed enhanced iodine uptake of lesions post-treatment with
selumetinib in nearly all previously negative head, lung, and sacroiliac bone metastases. Reproduced
with permission from [35], copyright 2013 Massachusetts Medical Society. (B) PET/CT images
showed enhanced radioiodine uptake of lesions in the neck and lung after treatment with vemu-
rafenib, a specific BRAFVO0E jnhibitor. Reproduced with permission from [36], copyright 2019

Endocrine Society.

Vehicle DN200434 (200 mpk; Counts)

Before

After

Figure 2. ['?*T]Nal-PET/CT demonstrates enhanced iodine uptake in CAL62 ATC tumor after
treatment with DN200434. The arrows indicate the ATC tumor. Reproduced with permission
from [40], copyright 2019 American Association for Cancer Research.

2.1.2. ['8F]Tetrafluoroborate (['8F]TFB)

Detecting local recurrence and metastases of DTC in radioiodine imaging is particu-
larly important for the arrangement of local treatments, e.g., surgery or radiotherapy [5].
Whereas negative radioiodine imaging with increased serum thyroglobulin is a barrier
for finding malignant lesions, the so-called “Thyroglobulin Elevated and Negative Iodine
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Scintigraphy” (TENIS) needs radically diverse diagnostic and therapeutic methods [26].
TENIS could be caused by poor NIS expression, iodide organification defect, or radioiodine
stunning [41,42]. A failure to find NIS-expressing DTC lesions might delay the diag-
nosis and also the timely onset of the treatment [43]. Despite ['8F]FDG-PET/CT could
be applied for finding TENIS metastases, but its uptake might be partially caused by
tumor-infiltrating immune cells [44]. Recently, ['8F]TFB, ['®F]Fluorosulfate (['®F]FS), and
[lSP]hexafluorophosphate (['8F]JHFP) have been discovered for imaging DTCs [45-48].
['8F]TFB is an analog to radioiodine, having similar NIS affinities, same charge, and
similar ionic radius to iodide. Therefore, ['F]TFB can be transported by NIS [46,49] dif-
fered from radioiodine, ['®F]TFB can be readily synthesized at medical cyclotrons, and it
provides a satisfactory half-life, dosing, biodistribution, and PET imaging quality [46,47]
(Figure 3). ['8F]TFB-PET can exclusively reveal NIS expression in tumor cells, therefore
reclassifying TENIS metastases into partial or complete dedifferentiation, and helping
metastasis localization and prognosis evaluation [47]. ['8F]FS and ['8F]JHFEP are two other
newly discovered NIS-targeting tracers having favorable targeting efficiency, image con-
trasts, and biodistribution features [45,48]. Although it has been reported that FS and
HFP had higher NIS affinity than TFB [45], it remains unclear if [\8F]HFP and ['®F]FS are
superior to ['8F]TFB. The clinical evaluation of the ['®F]JHFP and [!8F]FS are still needed.
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Figure 3. Evaluation of thyroid cancer via ['®F]TFB-PET/CT and ['**I]Nal-PET/CT. (A) Biodistribution of ['®F]TFB at
various time points on PET images. [*8F]TFB accumulated rapidly in the thyroid and other normal tissues like the salivary
gland and stomach within 10-30 min. Reproduced with permission from [50], copyright 2017 Society of Nuclear Medicine
and Molecular Imaging. (B,C) A comparison between ['**I[Nal-PET/CT and ['"®F]TFB-PET/CT in a 26-year-old patient
post-thyroidectomy. (B) [1241]Nal-PET/CT was unremarkable for PTC. (C) In contrast, [\8F]TFB-PET/CT revealed two foci
in the left lateral cervical region. Reproduced with permission from [51], copyright 2018 Wolters Kluwer Health.

2.2. Glucose Transporter-Targeting Probes

['®F]FDG, mainly transported by glucose-transporter family-1 (GLUT1), is a well-
known radiopharmaceutical glucose analog used in clinical PET imaging [52]. Aggressive
TCs with low radioiodine uptake generally show high levels of ["8F][FDG uptake [53].
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['8F]JFDG-PET/CT has shown great sensitivity in patients who otherwise do not benefit
from 31T treatment. This is because metastases without radioiodine uptake tend to have
high glycolytic rates, causing enhanced ['8F]FDG uptake [54]. Furthermore, [\*F]FDG can
help detect TC recurrence or metastases and predict radioiodine uptake [54,55]. More
specifically, ['*8F]JFDG maximum standard unit value (SUVmax) higher than 4.0 would
predict poor radioiodine uptake [54]. Besides, most PDTC, ATC, and MTC cells do not
concentrate 13'1. Thus, in these entities, ['8FJFDG PET/CT imaging is useful in initial
diagnosis, subsequent disease grading, treatment, and follow-up after treatment. Even
though numerous glucose analog tracers other than ['®FJFDG were created [56], their
head-to-head comparisons with the widely used ["®F]JFDG are lacking.

2.3. Amino Acid Transporter-Targeting Probes

Alternatives to ['®F]FDG are a subject of interest. Occasionally, ['*F]FDG may yield
inexplicable images. The false-positive [\®F]JFDG uptake happens in Hashimoto’s disease
and Graves’ disease. In addition, it is hard to find brain metastasis on [\*F]JFDG PET/CT im-
ages because of the intense background signals [57,58]. In recent years, amino acid probes
have obtained incremental attraction as alternatives to [\8F]JFDG. Amino acids probes
include [18F]ﬂuoro—cx—methyl tyrosine (['8F]JFAMT), [18F]ﬂuoro—dihydroxyphenylalanine
(I8SF]JFDOPA), L—[methyl—nC]—methionine (("CIMET), [18F]ﬂuoroethy1—tyrosine (I8F]FET),
[18F]ﬂuoroglutamine (['®FJFGIn), and the newly discovered [BFINKO-035. Of these,
['8F]JFDOPA, [''C]MET, and ['8F]FGIn have been investigated in TCs [59-63].

2.3.1. ['8F]FDOPA

['8F]JFDOPA is a large neutral amino acid that resembles natural L-dopa, which can
be transported by L-type amino acid transporter 1 (LAT1, SLC7A5) and L-type amino
acid transporter 2 (LAT2, SLC7AS8) [64]. ['®F][FDOPA is a satisfactory probe for detecting
MTC metastasis, persistence, and residual disease [59]. However, if ['8F]FDOPA imag-
ing is negative or unavailable, ['®F]JFDG should be considered, especially for aggressive
MTCs displaying signs of dedifferentiation or rising carcinoma embryonic antigen (CEA)
concentration in serum [59,65].

2.3.2. [MCIMET

['!C]MET, transported mainly by SLC7A5, is often used to visualize parathyroid
adenoma and enable focused parathyroidectomy [66-68]. Published data for [''CIMET in
TC is limited. Only one case with hyperparathyroidism has been reported, which showed
intense focal [!!C]MET uptake in a cold nodule with highly increased sestamibi uptake.
The nodule was finally diagnosed as FTC, indicating the incremental value of ['!CIMET
in imaging DTCs [63]. [M'C]MET is currently being studied as a surrogate for ['8F]FDG in
other tumor types, such as brain tumors [69,70] and laryngeal cancer [71]. To date, there is
no evidence showing the superiority of ['C]MET over ['8F]FDG. Although complementary
uptake of HC-MET and ['8F]FDG has been reported in recurrent or metastatic DTCs [72],
further clarification and longitudinal study are still required to illustrate the actual value
of the ['"C]MET in clinic settings. The downside of [''CIMET is the short half-life of 1'C
(20.4 min), which limits its broad application [73].

2.3.3. [\8F]JFGIn

['®F]FGIn, an analog of natural glutamine regulated by several glutamine (GIn) trans-
porters (solute carrier family 1 member 5, SLC1A5; solute carrier family 38 member 1,
SLC38A1; and SLC7AD5; etc.), has been tested and subsequently considered as a promis-
ing probe for assessing glutamine metabolism in tumors [61]. Its use is justified by the
understanding that tumor cells need extra nutrition and energy for rapid growth and
proliferation, while glutamine metabolism is occasionally used by the cell as an alternative
to glucose [74]. ['®F]FGIn can further complement the diagnostic capacity of ['*F]FDG by
detecting GIn metabolic changes in PTCs [62]. In ['®F]FGIn imaging, excellent contrast
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images can be made only 10 min after injection, while late-phase imaging (60 min) would
cause a high background to some extent [62] (Figure 4).

Figure 4. Example of a PTC revealed by ['8F]FGIn at 10 min (A) and 60 min (B) post-injection,
respectively. The arrows indicate the malignant lesion. Reproduced with permission from [62],
copyright 2020 Springer Nature Inc.

['8F]FAMT, ['8F]FET, and the newly reported ['8FINKO-035 are all transported by
L-type amino acid transporters, which are overexpressed in tumor cells [21,75]. However,
data for those probes remain inadequate now. Furthermore, unlike other amino acid
tracers transported by multiple unspecific amino acid transporters, ['*F[FAMT has an
a-methyl moiety that allows it to be exclusively specific to SLC7A5, making it highly
tumor-specific [76,77]. Furthermore, ['8F]JFAMT is more specific for tumors than ['8F]FDG,
although their sensitivities are similar. However, [\*F[FAMT imaging is comparable to
['8F]FDG imaging in diagnosing tumors other than TCs [20]. Future studies are warranted
to investigate the amino acid metabolism in TCs and the diagnostic value of amino acid
tracers in large cohorts.

2.4. Nucleoside Transporter-Targeting Probes

Radiolabeled or fluorescent nucleobase analogs are currently used to diagnose solid
tumors, including cancers of the bladder, breast, lung, ovary, and pancreas. Regarding
diagnosis of TC specifically, only [18F]ﬂuorothymidine (['8F]FLT) has been tested to date.
['8F]FLT, which can be taken up by equilibrative nucleoside transporter 1 (ENT1), is a
marker of cell proliferation [78]. In one study, 20 DTCs were assessed with ['8F]FLT and
['8F]FDG on PET/CT. While 69% of the metastatic lesions were identified by focal increases
in ['8F]-FLT uptake, a lower result than the 92% identified by ['8F]JFDG PET/CT. It is
also demonstrated that ['8F]FDG has the advantage in terms of specificity and accuracy
over ['8F]FLT in finding local lymph node malignancy and distant metastases [79]. So far,
['8FJFLT PET/CT has not progressed very far in diagnosing TCs.

3. Peptide-Based Probes

Peptide tracers have played vital roles in MI due to their unique advantages, no-
tably their low molecular weight and ability to bind tumor biomarkers specifically, with
low toxicity to surrounding non-cancer cells. Multiple tracers, like [®®Ga]Ga-dodecane
tetraacetic acid labeled RGD2 ([®3Ga]Ga-DOTA-RGD2; RGD: Arg-Gly-Asp), [#8Ga]Ga-
prostate specific membrane antigen ligand ([®®Ga]Ga-PSMA) with conjugates of N,N'-
bis[2 -hydroxy-5-(carboxyethyl)benzyl]ethylene diamine-N,N’-diacetic acid (HBED-CC)
or DOTA, [%Ga]Ga-DOTA-DGlu-Ala-Tyr-Gly-Trp-(N-Me)Nle-Asp-1-Nal-NH2 ([®®Ga]Ga-
DOTA-MGSS5), ['M' In]In-DTPA-octreotide, and other somatostatin analogs have been devel-
oped for imaging TCs, particularly MTCs and RR-DTCs [80].

3.1. Somatostatin Receptor (SSTR)-Targeting Probes

Somatostatin receptors have become typical therapeutic targets in neuroendocrine
tumors (NETs) because they are often overexpressed on the surface of tumor cells. This
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has led to the development of several ®*Ga-labelled somatostatin analogs as PET imag-
ing probes [81], which could be used for the diagnosis of MTC [80]. ®3Ga-labeled so-
matostatin analogs, including [*®Ga]Ga-DOTA-(1-Nal®)-octreotide ([®®Ga]Ga-DOTANOC),
[68Ga]Ga—DOTA(0)—Phe(1)-Tyr(3)-octreotide ([°8Ga]Ga-DOTATOC), and [*®Ga]Ga-DOTA-
(Tyr3)-octreotate ([®®Ga]Ga-DOTATATE), are valuable diagnostic tools showing excellent
performance in the majority of patients with NETs [82]. Nevertheless, studies reporting the
diagnostic value of SSTR-targeted PET in recurrent MTC are limited. A meta-analysis in-
volving nine studies reported that the tumor detection rate on SSTR-based PET or PET/CT
is only 63.5% in recurrent MTC, which is lower than that in other NETs [83].

3.2. avP3 Integrin-Targeting Probes

The integrin v 33 expression on epithelial cells and mature endothelial cells is rela-
tively low, however, it is commonly and highly expressed in solid tumors. RGD and RGD,
are peptides that bind integrin v (33 [84]. Recently, the dimeric [48Ga]Ga-DOTA-RGD; has
been successfully applied for PET imaging of RR-DTCs in clinical settings [85], showing sen-
sitivity, specificity, and accuracy of 82.3%, 100%, and 86.4%, respectively, which exceeds the
same measurements in [**F]JFDG of 82.3%, 50%, and 75%, respectively. For RR-DTCs, the
advantage provided by [*Ga]Ga-DOTA-RGD2 is the ability to detect lesions not detected
by ['8F]FDG [85] (Figure 5). Furthermore, diagnosis of RR-DTCs using [#8Ga]Ga-DOTA-
RGD; is better accompanied by [/ Lu]Lu-DOTA-RGD,, a potential treatment option for
RR-DTCs [86]. Considering that [*¥Ga]Ga-DOTA-RGD; and ['7/Lu]Lu-DOTA-RGD; are a
useful theranostic pair for RR-DTCs, the potential to improve the theranostic landscape of
RR-DTCs by sequentially using these agents is high. Nuclear medicine approaches have
revolutionized the theranostic arsenal for DTCs, and we are confident that there is room to
optimize the management of RR-DTCs with these novel agents.

3.3. PSMA-Targeting Probes

PSMA is overexpressed on the prostate cancer cell membrane. Recently, several studies
found unexpected PSMA-targeted radiotracer uptake by TCs, including RR-DTCs [87-91]
(Figure 6). In addition, ~50% of TC microvessels showed high expression of PSMA related
to tumor size and vascular invasion [89]. Thus, it is reasonable that high-grade TCs can be
targeted by PSMA-specific radioligands like ['77Lu]Lu-PSMA and [?®° Ac]Ac-PSMA [92], es-
tablishing a novel theranostic platform for TCs that are refractory to radioiodine treatment.
Currently, the clinical interest and focus of PSMA-targeted theranostics remain primarily
oriented towards prostate cancers. It is worth exploring the performance of PSMA-targeted
agents in RR-DTCs. The authors wonder if PSMA-targeted agents will open a new horizon
for RR-DTCs in the future.

3.4. Cholecystokinin-2 Receptor (CCK2R)-Targeting Probes

CCK?2R is highly expressed in 90% of MTC, 50% of small cell lung cancers, 60% of
astrocytomas, insulinomas, stromal ovarian cancers, gastrointestinal stromal tumors, and
more than 20% of gastroenteropancreatic tumors [93-95]. As a new peptide tracer target-
ing CCK2R, %8Ga-DOTA-MGSS5 is supposed to be superior to ['®FJFDOPA in diagnosing
MTCs. The comparison between the [®3Ga]Ga-DOTA-MGSS5 and ['**F]JFDOPA was per-
formed in a 75-year-old female patient with recurrent MTC (calcitonin: 2726 ng/1), who
underwent consecutive [**Ga]Ga-DOTA-MGSS5 and ['®F][FDOPA-PET/CT. [®®Ga]Ga-DOTA-
MGSS5 found three obvious liver lesions with higher uptake than ['*®FJFDOPA-PET/CT
(SUVmax = 6.4-8.3 vs. 3.7) and showed a good lesion-to-background contrast in the liver,
which might yield complementary information to ['8F]JFDOPA-PET in patients with recur-
rent MTC [96] (Figure 7). The background of [©8Ga]Ga-DOTA-MGS5 seems higher than
that of ['8F]JFDOPA in our opinion.
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Figure 5. PET/CT imaging comparing [®8Ga]Ga-DOTA-RGD2 and [®F]FDG. The RR-DTC case
showed a high level of stimulated Tg (85 ng/mL) and negative 3T post-therapy whole-body scan.
Histopathology confirmed the metastatic lesions. (A) A maximum intensity projection (MIP) image
showed [®¥Ga]Ga-DOTA-RGD2 positive foci in the lower cervical region. (B) The corresponding
MIP image of ['8F]FDG. (C) Fused PET/CT showed the metastatic foci was [*3Ga]Ga-DOTA-RGD2
positive; (D) the corresponding foci is negative on ['8F]FDG fused PET/CT. Reproduced with
permission from [85], copyright 2020 Mary Ann Liebert Inc.
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Figure 6. (A,C) PET and PET/CT fusion images showed slight [®®Ga]Ga-PSMA uptake in the thyroid
nodule of a 62-year-old patient with prostate cancer. The thyroid nodule was validated as Hiirthle
cell angioinvasive FTC by post-thyroidectomy pathology. Reproduced with permission from [88]
copyright 2016 Society of Nuclear Medicine and Molecular Imaging. (B,D) PET and PET/CT fusion
image marked %®Ga-PSMA uptake in the thyroid nodule of a 65-year-old man with metastatic
prostate cancer. The thyroid nodule was regarded as TC proved by post-thyroidectomy pathology.
Reproduced with permission from [91], copyright 2017 Wolters Kluwer Health Inc.

A B

Figure 7. Comparison of ['8F]FDOPA and [®8Ga]Ga-DOTA-MGS5 in MTC patients. (A) ['8F]JFDOPA PET imaging at
one hour post-injection. (B) 08Ga-Ga-DOTA-MGS5 PET imaging at one-hour post-injection. [8Ga]Ga-DOTA-MGS5
yields complementary information to ['®FJFDOPA-PET. Reproduced with permission from [96], copyright 2021, Springer
Nature Inc.

138



Cancers 2021, 13, 3188

4. Antibody-Based Probes

Antibodies are high-affinity molecules with strict targeting abilities that are used for
highly specific binding [97]. The development and translational use of antibody thera-
peutics have shaped the model of molecular targeted therapy and immunotherapy. The
high affinity of monoclonal antibodies for their targets promotes the rational and effi-
cacious use of antibody therapeutics [98]. We have advocated that PET imaging with
radiolabeled antibodies or antibody fragments (i.e., immunoPET) provides a powerful
platform for visualizing the tumor targets, selecting suitable patients for targeted thera-
pies or immunotherapies, and assessing the therapeutic responses thereafter [19]. The
first-generation monoclonal antibodies (mAbs) were of murine origin, making them im-
munogenic, limited for their clinical use. Consequently, chimeric mAbs, humanized mAbs,
and complete human mAbs were produced to solve this issue [98]. One limitation of
the full-size antibody probes is their considerable size (~150 kDa), which leads to a long
circulatory half-life and reduced tissue penetration [99]. To ameliorate the imaging quality
and efficiency and accelerate clinical translation, some smaller molecule substitute probes
have been investigated, including antigen-binding fragments (Fabs) and engineered Fab
variants, single-chain variable fragments (scFv), diabodies, minibodies (~25-100 kDa), and
other types of therapeutic proteins, such as affibodies and nanobodies [19]. Facilitated by
these developments, multiple antibodies, and antibody derivatives have been designed
as either imaging probes or therapeutic agents to induce cancer cell death and elicit host
immune effector responses in TC [19].

4.1. Single Target Immunoglobulin G (IgG) Probes

Full-size IgG antibody probes have been applied to tumor detection, staging, guid-
ance of local treatment, identification or validation of tumor targets, and assessment of
therapeutic response or tumor prognosis [100]. Once the first-rank antigen has been se-
lected, the corresponding IgG can be labeled with a radionuclide or fluorescent tag [19].
The radionuclide labeled IgG can be visualized via immunoPET imaging, and the fluo-
rescent tags can be visualized through the fluorescence system during thyroidectomy or
metastasectomy [101].

4.1.1. Epidermal Growth Factor Receptor (HER2, ERBB2)-Targeting Probes

The human HER2, which is expressed on the cell plasma membrane [102], is a typical
molecular marker for breast cancers and a subset of aggressive thyroid cancers [103,104].
HER?2 overexpression was found in 44% of FTCs, 18% of PTCs [105], and certain ATCs [106].
Several HER2-specific agents—such as trastuzumab, lapatinib, and pertuzumab—have
primarily ameliorated the prognosis in HER2-positive breast cancers [107,108]. Outside
of breast cancers and TCs, HER? is also widely overexpressed in multiple malignancies,
including bladder, pancreatic, ovarian, and stomach cancers [109-111]. CUDC-101 (an
inhibitor of epidermal growth factor receptor (EGFR), HER2, and histone deacetylase
(HDAC)) inhibited tumor growth and metastases in metastatic ATC models [112], and
lapatinib (an inhibitor of HER2 and EGFR) overcame the ERK and v-akt murine thymoma
viral oncogene homolog 1 (AKT) rebound in PLX4032 resistant TC cells [113]. These
studies indicate that HER2 is a potential target for developing theranostic interventions for
advanced TCs.

By labeling the HER2-targeting mAb pertuzumab with #Zr, we have developed
the [¥Zr]Zr-DFO-pertuzumab and evaluated its diagnostic efficacy in subcutaneous and
orthotopic ATC models [114] (Figure 8). InmunoPET and fluorescence imaging indicated
that radiolabeled or fluorescence-labeled HER2 probes are promising for the management
of ATCs, which may become helpful tools for image-guided tumor removal or identifying
HER2-positive ATCs for HER2-targeted therapies. However, clinical studies are needed
for further translation. To facilitate clinical translation and broad clinical use, we have
developed a series of novel nanobody-based tracers to delineate HER2 expression. We will
test the performance of the tracers in TC models very soon.
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Figure 8. PET imaging with [ngr]Zr-DFO—pertuzumab in xenografts (cell line: THJ-16T). (A) Maxi-
mum intensity projection (MIP) showed the ability of [SQZr]Zr-DFO-pertuzumab for visualizing TCs
in an orthotopic model. (B) Coronal imaging in an orthotopic model. (C) MIP in a subcutaneous
model. (D) Coronal imaging in a subcutaneous model. Reproduced with permission from [114],
copyright 2019 e-Century Publishing Corporation.

4.1.2. Intercellular Adhesion Molecule-1 (ICAM-1, CD54)-Targeting Probes

ICAM-1, belonging to the immunoglobulin superfamily of cell adhesion molecules,
consists of five extracellular IgG-like domains and one cytoplasmic tail [115]. ICAM-1
is found to be expressed at low levels in normal tissue, but at high levels in multiple
types of cancer, including TCs [116,117]. One of its important features is that it can initiate
tumor transmigration and invasion [116,118]. Furthermore, ICAM-1-targeted chimeric
antigen receptor T (CAR-T) cells can robustly kill TC cells [119,120]. Research thus far has
suggested ICAM-1 as an ideal target for TC diagnosis and treatments. For this purpose,
Wei et al. created an immunoPET probe [*4Cu]Cu-NOTA-ICAM-1, which targets ICAM-
1. [*4Cu]Cu-NOTA-ICAM-1 immunoPET imaging showed high contrast in diagnosing
the subcutaneous and orthotopic ATCs in preclinical settings [101] (Figure 9). With the
published data and unpublished data in hand, we believe that ICAM-1 may serve as a
viable biomarker for certain types of TCs. However, it remains to see the diagnostic utility
of ICAM-1-targeted tracers in patients with TCs.

4.1.3. Lectin Galactoside-Binding Soluble 3 (LGALS3, Galectin-3, or Gal3)-Targeting Probes

Gal-3 is a protein that is undetectable in normal and benign thyroid tissues but
highly expressed in DTC cytosol, cell membranes, and intercellular substance [121]. The
expression of galectin-3 as a biomarker for TCs has been validated in two multicenter
studies [122,123]. The sensitivity and specificity of Gal-3 immunodetection reached 94%
and 98% in distinguishing benign from TC lesions, with positive and negative predictive
values of 98% and 94%, respectively, and diagnostic accuracy of 96% [122]. [¥Zr]Zr-labeled
Gal3 mAb ([¥Zr]Zr-DFO-Gal3) or Gal-3 mAb with F(ab’); conjunction ([*°Zr]Zr-Gal3-
F(ab’);) has shown good binding to TC in vivo, allowing it to be potentially used for the
detection of recurrence and metastases [124,125] (Figure 10). The particular design of
[3°Zr]Zr-DFO-Gal3-F(ab’),, a protein formed of two F(ab’) fragments, results in faster blood
clearance and lower liver uptake than traditional mAb-based tracers [125]. The high uptake
of [3°Zr]Zr-DFO-Gal3-F(ab’), in kidneys is due to the urinary excretion [125], which should
not be problematic because metastatic TC to the kidney is very rare [126]. For a diagnostic
purpose, the dose is usually quite low and so is the nephrotoxicity. Thus [*Zr]Zr-DFO-
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Gal3-F(ab’); might be an excellent candidate for translation into the preoperative evaluation
and postoperative follow-up.
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Figure 9. [**Cu]Cu-NOTA-ICAM-1 immunoPET imaging in ATC xenografts (cell line: THJ-16T).
(A) Maximum intensity projection (MIP) images in an orthotopic model. (B) MIP images in a
subcutaneous model. (C) Coronal images of the same model. Reproduced with permission from [101],

copyright 2020 Springer Nature Inc.
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Figure 10. Characterization of [8°Zr]Zr-Gal-3 in TC xenografts. (A) PET image acquired at 48 h post
radiotracer injection in a subcutaneous TC model showed an apparent accumulation of [3Zr]Zr-Gal-3
in a tumor at the right thigh; Reproduced with permission from copyright 2016 American Association
for Cancer Research [124]. (B) TC in an orthotopic model was visualized after injection of Cy5.5-Gal-3
with fluorescence imaging in the neck. Reproduced with permission from [125] copyright 2019
Society of Nuclear Medicine and Molecular Imaging.

4.2. Bispecific IgG Probes

Bispecific antibody (BsAb) probes have filled the vacancy of single target IgG probes
in theranostics by providing higher antigen-binding capacity in tumor tissues than the
monomeric counterparts [19]. Additionally, the pharmacokinetics of BsAbs could be
improved by protein modification. The ability of BsAbs to bind to two targets allows these
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bispecific IgG probes to display an enhanced role for targeting two antigens on a tumor cell
surface, linking the tumor cells and immune cells, for instance [127,128]. However, until
recently, only one BsAb targeting CEA and HSG has been thoroughly investigated in the
diagnosis of MTC.

As stated previously, the intense expression of CEA is a biomarker of MTC. Prior
clinical studies have shown the high sensitivity of the combination of anti-CEA BsAbs and
H1n or 13! labeled haptens-peptides [129-131]. IMP288, an HSG hapten, was reported to
have the ability to bind multiple radionuclides [132]. Meanwhile, a trivalent BsAb (called
TF2), was engineered composing one HSG glycine Fab fragment and two anti-CEA Fab
fragments [133]. The combination of ®*Ga labeled IMP288 and TF2 in PET imaging yields
high sensitivity and specificity; Nevertheless, the pretargeting conditions may still need to
be modified to reduce or avoid IMP288-induced adverse effects (malaise, bronchospasm,
tachycardia, and hypertension) [132,134]. The delivery method of the tracer may challenge
patients’ acceptability because the combination of IMP288 and TF2 requires two injections:
the first injection for TF2 BsAb, and a second injection for [©8Ga]Ga-IMP288, with a time
lag (one or two days) between the two injections [134] (Figure 11). The pretargeting
strategy was used for the diagnostic purpose in the study. Replacement of ®3Ga with
beta-emitter (e.g., ”/Lu) or alpha-emitter (e.g., >>>Ac) will further develop pretargeting
therapeutic strategies, which will hopefully maximize the therapeutic index and minimize
the adverse effects.

Figure 11. [*3Ga]Ga-IMP288 plus TF2 PET revealed a considerable number of MTC foci. (A) Patient
#1: foci were detected in multiple places, including supradiaphragmatic nodes, lung, liver, and bone,
etc. (B) Patient #2: foci were detected in supradiaphragmatic nodes and liver, etc. Reproduced with
permission from [134], copyright 2016 Society of Nuclear Medicine and Molecular Imaging.

4.3. Fab-Based Probes

Fab is characterized by a light chain and a heavy chain of an immunoglobulin, con-
taining variable regions, constant domain of the light chain (CL), and first constant domain
of the heavy chain (CH1) [135]. The Fab, therefore, takes the specificity of the immunoglob-
ulin. Unlike the traditional antibodies (produced from mammalian cells), Fabs could be
generally and easily produced from bacteria cells, like E. coli [136]. One drawback of Fab is
the limited retention on the antigen and rapid clearance [137]. Some Fabs have been dis-
covered for the treatment of TC (targeting cluster of differentiation 276 [CD276] [138], etc.),
and some publications reported the potential value of Fab as diagnostic probes targeting
Galectin-3 [125,139,140].

[89Zr]Zr-DFO-xGal3-Fab-PAS,(, an imunoPET probe fused with 200 Pro, Ala, and Ser
residues (PASy) and conjugated with [39Zr]Zr-deferoxamine ([8Zr]Zr-DFO), is a recently
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reported Fab-based probe derived from the rat anti-Gal3 mAb. Similar to the full-size
[3°Zr]Zr-labeled Gal-3 mAb (mentioned in Section 4.1.3) [125], the [3°Zr]Zr-DFO-aGal3-Fab-
PAS,q9 can bind the Gal-3 well [139] (Figure 12). Unlike the uptake of full-size 3Zr-labeled
Gal-3 mAD which lasts over five days after injection, the [89Zr]Zr-DFO-aGal3-Fab-PASy
was supposed to have a shorter lasting time, but the exact time was undetermined [125].
Research concerning a head-to-head comparison between the anti-Gal3 IgG probe and the
corresponding fragment probe is lacking.

Figure 12. PET/CT images of mice at 24 h after intravenous injections. (A) Injection with 3 MBq
of [8Zr]Zr-DFO-aGal3-Fab-PASyq. (B) Co-injection of 3 MBq of [¥Zr]Zr-DFO-aGal3-Fab-PASyg
and 1000-fold of nonradioactive aGal3-Fab-PAS,(, (for blocking). (C) Control. Color scale bars:
3.3-7.8%ID/g. Reproduced with permission from [139], copyright 2020 Mary Ann Liebert, Inc.

4.4. Nanobody-Based Probes

A single-domain antibody (sdAb, nanobody) is an engineered antibody fragment
containing a single monomeric variable antibody domain. Compared to the large size of
full-size antibodies (~150 kDa), nanobodies (~15 kDa) can be delivered to tumors with
comparatively less obstruction [141]. Nanobodies can be reconstructed to Fc-domains
or conjugated to molecular inhibitors, radioisotopes, fluorescent dye, and nanoparticles,
making them suitable for targeting tumors with many applications [142]. For example,
Jailkhani et al. established nanobody libraries against extracellular matrix (ECM) proteins,
which are hallmarks of many diseases, including cancers. PET/CT imaging showed
that #*Cu-labeled NJB2 nanobody probes targeted ECM and detected breast cancer and
melanoma for primary and metastatic foci (including thyroid) with excellent contrast [143].
Thus, nanobody probes may open up a promising opportunity for application in TCs. So
far, nanobody probes remain absent in TC research [144]. Our team has developed a series
of nanobodies targeting various targets (e.g., tumor-associated calcium signal transducer
2 [TACSTD2, TROP-2], ICAM-1, integrin associated protein [CD47], and melanoma cell
adhesion molecule [MCAM, CD146]) and are fully exploring the theranostic potential of
the nanobodies in TCs.

5. Other Probes
5.1. Aptamer-Based Probes

Aptamers are nucleic acids with antigen selectivity rivaling that of antibodies [145].
They bind to their target through electrostatic interactions, hydrophobic interactions, and
induced fitting. Aptamers also offer target recognition that is comparable to traditional
antibodies. Unlike antibodies, however, aptamers can be produced more feasibly. Its
additional advantages include favorable storage properties and limited immunogenicity
in vivo [146]. The major drawback of aptamers is the lack of stability in vivo. Regarding
their application in TC, only a few aptamer probes have been reported [15].
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5.1.1. Prominin 1 (PROM1, CD133)-Targeting Probes

CD133 is a kind of glycoprotein mainly expressed in hematopoietic stem and progeni-
tor cells [147]. As a marker of cancer stem cells of brain tumor, colon cancer, melanoma,
and ATCs [148-151], it is known to be responsible for the rapid growth of ATC and PTC
cells [152,153]. Ge et al. synthesized and characterized an aptamer AP-1-M targeting
CD133 in an ATC xenograft model. The synthesized AP-1-M-doxorubicin conjugates can
effectively bind CD133-expressing tumor cells, and an intense signal may reflect the tumor
proliferation at a fast pace [15] (Figure 13).

PBS Cy5.5-AP-1-M S30

Figure 13. (A) Predicated structure of aptamer precursor AP-1. (B) Distribution of AP-1-M in a
FRO xenograft model on fluorescence imaging at 48 h post-injection of PBS, Cy5.5-labeled AP-1-M,
and control aptamer S30. Reproduced with permission from [15], copyright 2013 Royal Society
of Chemistry.

5.1.2. PTC Tissue-Targeting Probes

Zhong et al. generated a PTC tissue-specific aptamer (TC-6) via tissue-based system-
atic evolution of ligands by exponential enrichment (SELEX), with clinical PTC tissues
(positive control) and non-tumor thyroid tissues (negative control). The TC-6 can specifi-
cally distinguish PTC from other non-tumor tissues (Figure 14), and suppress the migration
and invasion of PTC cells [16]. However, the exact molecular target remains unknown.

5.2. Nanoparticles-Based Probes

Nanoparticles have been emerging with widespread attention in MI, drug delivery, and
disease treatment. Nanoparticles have brought their potential as MI agents to TC, primarily
through their applicability in fluorescence imaging, ultrasound, and MRI [154,155]. These
modalities enable nanoparticles to accumulate in cells by activation through US, light,
temperature, and pH change, depending on the nanoparticle structures and their surface
molecules. The ligand options for targeted nanoparticles are somewhat limited. Antibodies
and peptides are the primary ligand choices due to their specific affinity to targets in TC
fields. Although applications of targeted nanoparticles in TC have so far been limited,
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CY5 labeled

CY5 labeled

there have been publications investigating nanoparticles conjugated to antibodies targeting
epidermal growth factor receptor (EGFR) or Src homology 2 (SH2) domain-containing
phosphatase 2 (SHP2) [154,155].

20min 60min 120min 180min 240min

Figure 14. Time-lapse fluorescence imaged post-injection of Cy5-labeled TC-6 (upper) or library control (lower) in a TPC1
xenograft model. Reproduced with permission from [16], copyright 2016 American Association for Cancer Research.

5.2.1. EGFR-Targeting Probes

EGEFR is a receptor binding the extracellular epidermal growth factor family (EGF
family) [156]. In many tumor types, including TC, increased EGFR expression or activity
initiates the tumor cell progression [112]. Recently, EGFR has been the target of the newly
created nanoparticle (called C-HPNSs) based on a core-shell system loaded with EGFR-
targeted cetuximab and 10-hydroxycamptothecin (10-HCPT, chemotherapy agent). The
EGEFR antibody ligands enable nanoparticles to attach to cells which overexpress EGFR.
With low-intensity focused ultrasound (LIFU) assistance, the liquid perfluoropentane
(PFP) core in the nanoparticles would become vaporized and transformed into microbub-
bles, enhancing ultrasound contrast for tumor diagnosing. The core explosion induced
by PFP boiling causes the release of 10-HCPT, providing more targeted delivery of the
chemotherapeutic drug [154] (Figure 15).
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Figure 15. Theranostic applications of nanoparticles targeting EGFR. (A) Schematic illustration of
the nanoparticles for chemotherapy drug delivery and enhanced diagnosis via LIFU. (B) Ultrasound
imaging of tumors in B-mode before and after LIFU treatments. Reproduced with permission
from [154], copyright 2019 Royal Society of Chemistry.
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5.2.2. Protein Tyrosine Phosphatase Non-Receptor Type 11 (PTPN11,
SHP2)-Targeting Probes

Another example is the SHP2, which is a tumor biomarker, acting as a signal of
cell proliferation and immortality [157]. Hu et al. created an SHP2-targeted core-shell
nanoparticle chelated with the contrast agent Gd* on the surface (NPs-SHP2). Similar to
the EGFR-targeted nanoparticles mentioned previously, PFP-based LIFU can facilitate the
probe carrying contrast agent been accumulated in the thyroid tumor area for enhanced
MRI [155] (Figure 16).

Figure 16. MRI in subcutaneous thyroid squamous cell cancer (TSCC) xenograft (blue dashed
line) with NPs-SHP2 nanoparticles after LIFU treatment. (A) injection of SHP2-targeted nanoparti-
cles. (B) injection of non-targeted nanoparticles (control). Reproduced with permission from [155],

copyright Dove Medical Press Inc.

6. Conclusions and Future Perspectives

In summary, MI plays a vital role in evaluating and managing TCs, especially in accu-
rately finding occult foci that are undetected by traditional ultrasound, CT, and MRI, thereby
helping TC patients get the precise therapeutics (Table 1). Transporter-based probes tend to
have high sensitivity, and immune-based probes generally have high specificity. So far, there
is no single probe to reveal all the lesions both specifically and sensitively. Moreover, although
TCs can be classified in a single pathological category, the biomarker expression in TC can
vary dramatically. The apparent heterogeneity of TC requires the availability of more than one
therapeutic method. By fully elucidating the biological characteristics of TCs and thoroughly
exploring the biomarkers enriched in TCs [26,158,159], we believe that we can discover
helpful targets for developing diagnostic probes and companion therapeutic agents for
different molecular types of TC, not limited to pathological typing and phenotyping.

Table 1. A synoptic view of the MI radiotracers and their potential clinical value.

Tracer Types Target TC Type Typical Roles LoE [Ref.]
Transporter-targeting probes

[1241]Nal, [} ]Nal NIS DTC LL, TS, PE, TT,RD  Clinical [35,36]
['8F]TFB, ['8F]FS, [\*F[HFP  NIS DTC LL, TS, PE, IUE Clinical [50,51]
['8F]FDG GLUT1 TC LL, TS, PE, PIU Clinical [5,54,55]
['8FJFDOPA SLC7A5, SLC7AS MTC LL, TS, PE Clinical [59,65]
[M'CIMET SLC7A5 FTC LL, TS, PE Clinical [63]
[1BFJFGIn %ggi,lsmma PTC LL, TS, PE Clinical [62]
[18F]FLT ENT1 DTC LL, TS, PE Clinical [79,160]
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Table 1. Cont.

Tracer Types Target TC Type Typical Roles LoE [Ref.]
Peptide-based probes
68Ga/177Lu/90Y/1111n
labelled somatostatin SSTRs TC LL, TS, PE, PRRT Clinical [161-163]
analogue
8Ga/177Lu labelled RGD,  «vp3 TC LL, TS, PE, PRRT Clinical [85,86]
8Ga/'7’Lu labelled .
PSMA-ligand PSMA DTC LL, TS, PE, PRRT Clinical [88,91,164,165]
68Ga/17"Lu labelled MGS5 ~ CCK2R MTC LL TS, PE,PRRT ~ _lnical[96]and
preclinical [95]

Antibody-based probes
Single target IgG-based probes
89

Zr or RDye 800CW HER2 ATC LL, TS Preclinical [114]
labeled pertuzumab
4Cu or RDye 800CW .
labeled ICAM-1 Ab ICAM-1 ATC LL, TS Preclinical [101]
897r labeled Gal3 Ab Gal3 DTC LL, TS Preclinical [124]
Bispecific IgG-based probes
8Ga/177Lu labelled .
IMP288 plus TF2 BsAb CEA x HSG MTC LL, TS, PE, PRRT Clinical [134,166]
Fab-based probes
897r or Cy5.5 labeled Preclinical
«Gal3-Fab Gal3 DTC LL TS [125,139,140]
Nanobody-based probes
Targeting TROP-2 probes TROP-2 TC (SP [167]) LL, TS, PRRT Preclinical (OS)
Targeting CD47 probes CD47 TC (SP [168]) LL, TS, PRRT Preclinical (OS)
Targeting CD146 probes CD146 TC (SP [169]) LL, TS, PRRT Preclinical (OS)
Other probes
Aptamer-based probes
Cy5.5-AP-1-M CD133 ATC LL, TS Preclinical [15]
Cy5-TC-6 PTC tissue PTC LL, TS Preclinical [16]
Nanoparticles-based
probes
C-HPNs EGFR ATC LL, TS, TT Preclinical [154]
NPs-SHP2 SHP2 TC LL, TS Preclinical [155]

MI, molecular imaging; SP, speculative; LoE, level of evidence; LL, lesion localization; PE, prognosis evaluation; TT, tumor therapy;
RD, radioiodine-131 dosimetry, [13]Nal dosimetry; TS, tumor staging; IUE, iodine uptake evaluation; PIU, predicting iodine uptake;
OS, ongoing study; PRRT, pre-evaluation for receptor radionuclide therapy; TC, thyroid cancer; PTC, papillary thyroid cancer; MTC,
medullary thyroid cancer; ATC, anaplastic thyroid cancer; DTC, differentiated thyroid cancer; BsAb, bispecific antibody; Ab, antibody; Fab,

antigen-binding fragment.

With the development of biological techniques and imaging tools, more valuable
imaging methods are emerging. Integration of multiple imaging modalities and anatomical
features would help physicians diagnose and treat TCs in a timely target-specific manner.
Nanoparticles may enable anti-TC drug delivery and multimodality imaging, which may
further improve the management of TC. However, the authors are cautious because of the
limited clinical evidence in the field of TC. Bispecific MI probes have gained more traction
in the past decade. The synthesis of bispecific antibody or antibody fragment tracers
has been thoroughly elucidated elsewhere [170]. The importance of bispecific probes is
that they enable enhanced affinity and high image quality, providing the ability targeting
more occult foci than traditional single-target probes, and inducing more comprehensive
application across TC patients with complex biological characteristics.
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For antibody probe design, the traditional antibody-based radioactive or fluorescent
probes for TCs have simply been prepared by non-selective conjugation on lysine/cysteine
residues with or without chelators [171,172]. This approach may reduce target binding
affinity, especially at a high conjugate/protein ratio, and in any case, leads to a mixture
of products with different numbers of tags per protein molecule [173]. The method may
also cause undesirable biodistribution (e.g., high kidney uptake and poor tumor targeting
due to in vivo cleavage of the S-S linkage) and pharmacokinetics (fast antibody clearance
for modification of interchain disulfide cysteine) [174]. Protein engineering techniques
are progressing very rapidly. In this setting, the site-specific and homogeneous introduc-
tion of the tags into the targeting moieties would be more advantageous. The emerging
techniques mainly include chelator conjunction to the antibody glycan region, enzyme-
assisted chelator attachment, and incorporating and chelating radioisotope into amino
acid sequences [171]. This may help us design molecular imaging agents and companion
therapeutic agents with increased possibility for clinical translation.

For the diagnosis of TC, the superiority of MI over conventional anatomical imaging
is clear, with advantages of favorable spatial and temporal resolution and functional
imaging [175]. The emergence of MI has fundamentally changed the management of
TC. For instance, ['®F]FDG PET/CT plays its role in optimizing initial therapy, which is
mandatory for improving DTC outcome. ['®F]JFDG PET/CT could be conducted if some
foci are radioiodine non-avid before treatment planning. Rosenbaum-Krumme et al. found
that the TNM staging and management were changed from standard therapy (surgery
plus 131 therapy) to individual therapy (standard therapy plus external beam therapy or
targeted therapy etc.) because of the ['®F]FDG PET/CT results in 21% of the high-risk
DTCs [176]. We suppose that MI in TCs would become a helpful modality for tumor
staging, prognosis evaluation, which may lead to immense changes in what treatments the
TC patients are given, maximizing the benefits of individual therapy.

For TC therapy, despite the rapid progress in molecular imaging, we firmly believe
that the innovation of therapeutic agents should accompany the development of diagnostic
agents. For example, radionuclides such as 17714, 225 Ac 188Re, 7Cu, 47Sc, 166Ho, 20, 161,
149Tp, 212Pb, and 2!3Bi emitting a-particles, B-particles, and Auger electrons can be feasibly
chelated with DOTA, NOTA, etc., which is similar to the diagnostic isotopes mentioned in
this review, ®*Cu or ®Ga chelated with NOTA or DOTA [177]. For theranostic application,
diagnostic probes with a chelating agent and a radionuclide suitable for imaging (e.g.,
NOTA and ®*Cu) can be used to map the target and assess the therapeutic potential of
the same probe labelled with the same chelating agent and a therapeutic radionuclide
(e.g., NOTA and 67Cu) [19]. ¥9Tb is another theranostic radioisotope that has not been
investigated in thyroid cancer research to date. *°Tb can simultaneously emit positrons
(B* particles), x-particles, and y-radiation, allowing PET and « particle-based therapy
to go on at the same time [177]. The current review focuses on emerging probes for
imaging with examples. Further introduction and discussion about the concept of TC
therapy or theranostics will be updated and illustrated in an upcoming review. We hope
the ever-developing diagnostic and therapeutic probes and theranostic applications can
substantially improve the management of TCs, especially the aggressive RR-DTCs, MTCs,
and ATCs.

In the last two decades, there has been a general increase in the prevalence of TC.
The phenomenon is partially due to environmental factors (e.g., chemical pollution, an-
thropogenic or natural radiation), but is also due to overdiagnosis by increased screening
with more sensitive methods (e.g., high-resolution ultrasound), especially in developed
countries (e.g., South Korea and the United States), leading to unnecessary treatment. As
mentioned previously, most incident TCs are low-risk DTCs that tend to retain their stabil-
ity over the years until death due to aging. Therefore, it is unnecessary to treat indolent TCs
because of the low cost-effectiveness and the practically unchanged mortality. Something
to note is that the ever-developing MI techniques might more sensitively detect TCs, poten-
tially causing overdiagnosis for indolent TC and overtreatment via invasive methods (e.g.,
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thyroidectomy or metastasectomy) or noninvasive therapeutics (e.g., chemotherapy agents
or multikinase inhibitors). To avoid these pitfalls, future work could focus on discovering
prognosis- or progress-related targets or probes, thereby classifying TCs into indolent and
active disease. In other words, future MI research should not be limited to the field of
finding latent TC lesions.
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Simple Summary: The reclassification of NIFTP raised the need for rebuilding the clinical, histo-
logic, cytological and molecular parameters, including re-evaluation of the previously examined
biomarkers, for assisting in the diagnosis of this subset of indolent noninvasive tumors from invasive
encapsulated follicular variant of papillary thyroid carcinoma (EFVPTC). In this retrospective study,
Galectin-3 (Gal-3) IHC staining on patient’s thyroid tissues showed a statistically significant higher
cytoplasmic Gal-3 expression in invasive EFVPTC than in NIFTP and other benign subgroups. Our
findings refined the diagnostic value of Gal-3 expression as an ancillary marker in identifying NIFTP
among encapsulated follicular variant nodules.

Abstract: Background: non-invasive follicular thyroid neoplasms with papillary-like nuclear features
(NIFTP), which is considered as low-risk cancer, should be distinguished from the malignant invasive
encapsulated follicular variant of papillary thyroid carcinoma (EFVPTC). Improved discrimination
of NIFTPs from invasive EFVPTCs using a molecular biomarker test could provide useful insights
into pre- and post-surgical management of the indeterminate thyroid nodule. Galectin-3 (Gal-3),
a (-galactosyl-binding molecule in the lectin group, is involved in different biological functions
in well differentiated thyroid carcinomas. The aim of this study was to determine whether Gal-3
expression as a diagnostic marker could distinguish indolent NIFTP from invasive EFVPTC on
tissue specimens from surgical thyroid nodules. Methods: immunohistochemical (IHC) analysis
of cytoplasmic and nuclear Gal-3 expression was performed in formalin-fixed paraffin-embedded
(FFPE) surgical tissues in four specific diagnostic subgroups- benign nodules, NIFTPs, EFVPTCs
and lymphocytic/Hashimoto’s thyroiditis (LTs). Results: cytoplasmic Gal-3 expression (mean + SD)
was significantly increased in invasive EFVPTCs (4.80 £ 1.60) compared to NIFTPs (2.75 £+ 1.58,
p < 0.001) and benign neoplasms (2.09 £ 1.19, p < 0.001) with no significant difference between
NIFTPs and benign lesions (p = 0.064). The presence of LT enhanced cytoplasmic Gal-3 expression
(3.80 = 1.32) compared to NIFTPs (p = 0.016) and benign nodules (p < 0.001). Nuclear Gal-3 expression
in invasive EFVPTCs (1.84 £ 1.30) was significantly higher than in NIFTPs (1.00 &= 0.72, p = 0.001), but
similar to benign nodules (1.44 £ 1.77, p = 0.215), thereby obviating its potential clinical application.
Conclusions: our observations have indicated that increased cytoplasmic Gal-3 expression shows
diagnostic potential in distinguishing NIFTP among encapsulated follicular variant nodules thereby
serving as a possible ancillary test to H&E histopathological diagnostic criteria when LT interference
is absent, to assist in the detection of the invasive EFVPTC among such nodules.
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1. Introduction

Thyroid cancer has the most rapidly increasing incidence rate among all major cancers,
with a triple increase from 4.5 to 14.4 per 100,000 population during 1974-2013 [1]. It was
estimated 52,890 new cases in the United States in 2020 and contributed to 0.36% of all can-
cer deaths [2,3]. Most primary thyroid cancers are follicular cell-derived epithelial tumors,
making up four main pathological carcinoma types: papillary thyroid carcinoma (PTC),
follicular thyroid carcinoma (FTC), poorly differentiated thyroid carcinoma (PDTC) and
anaplastic thyroid carcinoma (ATC). Medullary thyroid carcinomas (MTC) originate from
thyroid parafollicular (C) cells. PTC and FTC are differentiated thyroid cancers, whereas
ATC is undifferentiated. PTC constitutes up to 90% of all thyroid malignancies [4], followed
by FTC (5-10%), ATC (<2%, typically occurring in the elder patients) and MTC (2%) [5]. As
the most common type of well-differentiated thyroid cancer [6], PTC comprises numerous
histopathologic variants that are well validated clinically and biologically, including classic
variant, follicular variant (encapsulated/well demarcated, with tumor capsular invasion),
follicular variant (encapsulated /well demarcated, noninvasive), follicular variant (infiltra-
tive), tall cell variant, hobnail variant, cribriform-morular variant, columnar cell variant
and diffuse sclerosing variant [7]. Among all variants, the follicular variant of papillary
thyroid carcinoma (FVPTC) is one of the most common diagnoses, representing up to 30%
of all thyroid carcinoma cases [8]. FVPTC is subdivided into two subtypes: the infiltrat-
ing/diffuse variant (infiltrative FVPTC), which has the metastatic tendency of the classic
papillary thyroid carcinoma, and the encapsulated variant (EFVPTC), which may present
with no capsular or angiolymphatic invasion or metastases [9,10]. The microscopic diag-
nostic criteria for EFVPTC are mainly encapsulation or clear demarcation, follicular growth
patterns, and nuclear features of papillary carcinoma (enlargement, crowding/overlapping,
elongation, irregular contours, grooves, pseudoinclusions and chromatin clearing) [11-14].
Controversies have existed for a long time about whether all EFVPTC cases should be
classified as malignancy [15-17]. Evidence suggests that a subset of non-invasive EFVPTC,
earlier considered as conventional thyroid cancer, has been demonstrated to be a highly
indolent tumor showing an overall risk of recurrence (local, regional and distant) of less
than 1% [15,16,18-20]. In 2016, a new terminology Non-invasive follicular thyroid neo-
plasm with papillary-like nuclear features (NIFTP) has been proposed to name the subset
of non-invasive EFVPTC [11] to address the indolent behavior of this tumor and avoid the
term “carcinoma” and potential over-treatment.

NIFTP presents the following characteristics: (1) main morphological features, includ-
ing encapsulation or clear demarcation, follicular growth pattern, no well-formed papillae,
no psammoma bodies, <30% solid/trabecular/insular growth pattern, nuclear score 2-3,
no tumor necrosis, no high mitotic activity; (2) lack of invasion, which separates this tumor
from invasive EFVPTC; (3) a very low risk of the adverse outcome when the tumor is non-
invasive [11,21,22]. Histopathological examination of the entire tumor remains the gold
standard for NIFTP diagnosis. Of note, the initial exclusionary papillae less than 1% that
was subjective to apply has been updated to a 0% cut-off to ensure indolent outcome [22,23].
NIFTP is still an evolving diagnosis, and more data need to be established to substantiate
this new entity [24]. As neoplasm develops specific alterations at the proteomic and/or
genomic level, molecular marker-based ancillary tests at histological or cytological level
may be a great asset in improving the accuracy of the diagnosis of NIFTP [4,11,25,26].
Recently, immunohistochemical test of Programmed Death-Ligand 1 expression has been
shown to distinguish invasive EFVPTC from the indolent NIFTP and benign nodules [25],
and recommended as an auxiliary aid to pathologists [27].
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Galectin-3 (Gal-3), a member of the beta-galactoside-binding protein family that is
predominantly localized in the cytoplasm, may translocate to the perinuclear membrane,
nucleus and/or secreted from the cytoplasm [28,29]. This protein is involved in various
physiological and pathological processes, such as cell proliferation, apoptosis, inflamma-
tion, cell adhesion, cellular transformation, tumor progression and metastasis of cancer
cells [28,30]. Overexpression of galectin-3 cDNA in vitro generates a transformed pheno-
type [31]; conversely, inhibition of Gal-3 expression has suppressed tumor growth in mice
tumor models [32]. Gal-3 is a p53 physiological target mediating p53-induced apoptosis
at the molecular level; therefore, the aberrant expression of Gal-3 blocks the apoptotic
program, promoting the development of cancer [33]. Gal-3 is overexpressed in a high
proportion of carcinomas, especially of the papillary histotype, but weak or absent from
normal or benign thyroid tissue [29,30,34], suggesting its potential biological role in the ma-
lignant transformation of thyroid cells. Gal-3 immunohistochemistry has been reported to
assist the diagnosis of FVPTC [29,35]; however, the role of Gal-3 expression as an ancillary
marker in reclassification to NIFTP has not yet been determined.

The aim of the current study was to determine whether Gal-3 subcellular expression
in histological surgical tissues could serve as a useful biomarker to distinguish indolent
NIFTP from invasive EFVPTC.

2. Materials and Methods
2.1. Patient Specimen

This retrospective cohort study was performed at Sinai Health System, Mount Sinai
Hospital (MSH), a University of Toronto-affiliated hospital and a prime referral center for
patients with thyroid disorders in Toronto, Canada. A total of 1859 patients who previously
underwent thyroidectomy in MSH between 2010 and 2015 were identified following the
approved guidelines of the Sinai Health System Research Ethics Board (REB #07-0212-E).
The pathologist (OP) reviewed the patient clinical charts, surgical pathology reports and
H&E stained sections [25]. The final diagnosis was made in accordance with the WHO's
Classification of Tumors of Endocrine Organs [36], CAP protocol [7,37] and Endocrine
Pathology Society Working Group [11]. After the histopathological evaluations based on
strictly defined inclusion and exclusion criteria [11,23], a total of 165 archived formalin-fixed
paraffin-embedded (FFPE) tissue blocks of thyroid tumors (>1.0 cm) retrieved from the
MSH Tumor Bank were classified into four specific diagnostic subgroups: 42 cases of benign
nodules, 41 NIFTPs, 45 invasive EFVPTCs and 37 cases of noninvasive encapsulated FVPTC
lesions with co-existing significant lymphocytic/Hashimoto’s thyroiditis (LT) [25,37].

2.2. Histological Inclusion/Exclusion Criteria

The detailed inclusion/exclusion criteria were described in recent studies [23,25].
Briefly, for the NIFTP subgroup, the inclusion criteria included major features (encapsu-
lation/clear demarcation, follicular growth pattern, nuclear features of PTC (2-3 points
of the 3-point nuclear scoring scheme): enlargement, crowding/overlapping, elongation,
irregular contours, grooves, pseudoinclusions, chromatin clearing) [37] and minor features
(dark colloid, irregularly shaped follicles, intratumoral fibrosis, “sprinkling” sign, follicles
cleft from stroma, multinucleated giant cells within follicles) [11]. The exclusion criteria
used for NIFTP were the presence of “true” papillae, psammoma bodies, infiltrative border,
tumor necrosis, high mitotic activity, cell/morphologic characteristics of other variants of
PTC. EFVPTC with different degrees of capsular transgression exhibited features within
an encapsulated or well circumscribed nodule, follicular architecture, PTC nuclear fea-
tures and papillae [37]. Noninvasive FVPTC with lymphocytic/Hashimoto’s thyroiditis
(LT) histologically presented with extensive lymphocytic infiltrate with germinal center
formation, lymphocytes predominantly and plasma cells, atrophic follicles with abundant
Hiirthle cells (large, polygonal cells with abundant granular eosinophilic cytoplasm and
large hyperchromatic round to oval regular nucleus). Therefore, LT was placed in a sepa-
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rate category to avoid possible false positive interpretation of a co-existing inflammatory
environment as a factor in Gal-3 cytoplasmic expression [37-39].

2.3. Immunohistochemical (IHC) Staining

A representative FFPE section from each tissue block (5 pm thickness) was deparaf-
finized, hydrated with series of graded alcohol and then antigen retrieval at 115 °C for
3 min was performed in Tris-EDTA buffer (10 mM Tris base, 1 mM EDTA, 0.05% Tween 20,
pH 9.0) as described previously [40]. Tissues were treated with 3% H,O; in Tris-buffered
saline for 8 min to block the endogenous peroxidase activity. Then slides were incubated
with a background punisher to block non-specific staining (Biocare Medical, LLC, Concord,
CA, USA) for 20 min, and were followed by 1 hr incubation with rabbit anti-Gal-3 antibody
at a 1:500 dilution (ab53082, Abcam, Cambridge, MA, USA). The rinsed sections were
then incubated with biotinylated anti-rabbit secondary antibody for 20 min, subsequently
detected using The VECTASTAIN ABC System (Vector Labs, Burlington, ON, Canada)
and peroxidase substrate diaminobenzidine (DAB) as the chromogen until staining sig-
nal developed. Sections of a classical variant of PTC known with Gal-3 positivity were
included in each batch of immunostaining for Gal-3 antibody incubation to serve as an
external positive control as well as for an irrelevant isotype specific IgG in place of the
primary antibody as a negative control to exclude a nonspecific staining. All slides were
counterstained with hematoxylin and viewed under a light microscope.

2.4. Evaluation of Immunohistochemistry

IHC sections were scored as positive if epithelial cells showed immunoreactivity in
the cytoplasm and/or nucleus using a bright-field microscope (Olympus BX50; Olympus,
Center Valley, PA, USA). Sections were scanned at low (x40) and high powers (x200),
and Gal-3 stained cells were scored semi-quantitatively by three independent observers
(GF, OP, and RSC). Immunostaining scores were determined based on the percentage
positivity and staining intensity as described previously [25]. Percentage positive scores
were assigned according to the scale: 0 (<10%), 1 (11-30%), 2 (31-50%), 3 (51-70%) and
4 (>70%). Staining intensity was scored semi-quantitatively as follows: 0 (none), 1 (mild),
2 (moderate) and 3 (intense). A total score for each cytoplasmic or nuclear staining was
then obtained (ranging from 0 to 7) by adding the percentage positivity and intensity
scores for each section. The IHC scoring was blinded from the histopathology report.
Representative photomicrographs showing each IHC score category were included in the
supplementary file (Figure S1). The final score was given as an average of scores using
following formula: ((percentage score 1 + intensity score 1) + (percentage score 2 + intensity
score 2) + (percentage score 3 + intensity score 3))/3.

2.5. Statistical Analysis

Gal-3 IHC score data were analyzed using IBM SPSS Statistics version24 (SPSS,
Chicago, IL, USA, http:/ /www.ibm.com/analytics/us/en/technology/spss/ (accessed
on 2 March 2020). Descriptive statistic was used to describe the patient population and
inferential statistic was used to test the Gal-3 expression differences between the groups
(one-way ANOVA). Gal-3 positivity scores served as the predictor variable and invasion
served as the primary outcome variable (invasiveness). Diagnostic accuracy was assessed
by plotting receiver operator characteristics (ROC) curve. The cut off points for Gal-3
positivity expression and area under the curve (AUC) were calculated. The optimal cut-
off value was chosen as the threshold that maximized the AUC. The clinical utility of
biomarkers was assessed using AUC, positive predictive value (PPV), negative predictive
value (NPV) for invasiveness. The association between cytoplasmic Gal-3 positivity and
invasiveness was examined by odds ratio (OR) using cross-tabulation. For the accuracy
assessment of positive cytoplasmic Gal-3 expression in distinguishing NIFTP and invasive
EFVPTC, we calculated the likelihood ratios (LR): (LR+ = sensitivity /(1-specificity)) and
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(LR— = ((1-sensitivity)/specificity). The results were considered statistically significant
atp <0.05.

3. Results
3.1. Patient Characteristics and Clinical Histopathological Features

The patient characteristics and clinical histopathological features of the retrospective
study cohort are summarized in Table 1. The median patient age at initial diagnosis was
50 years. (range 16-89) for the subgroup of benign nodules, 55 years. (range 25-80) for
NIFTPs, 49 years. (range 19-78) for the invasive EFVPTCs and 52 years. (range 23-75) for
the LT subgroup. The majority of patients were females (131, 79%) compared to male’s
patients (34, 21%). Clinical, radiologic, or pathologic follow-up data were also reviewed.
The median duration of follow-up for the benign subgroup was 6.99 years., NIFTPs 4.10
years., invasive EFVPTC 3.26 years. and LT subgroup 4.13 years. No recurrence for
malignant cases was found.

Table 1. Demographics and clinicopathologic features of the patient cohort.

Characteristics Benign Neoplasm LT* Total Cases
Hyperplasia & . Lymphocytic .
Pathological Diagnosis Adenoma NIFTP Invasive EFVPTC Thyroiditis All Patients
n=42 n =41 n =45 n =37 n =165
Age, M;:;;““ge" 49.0 (15.8-88.9) 52.1 (22.7-79.5) 48.6 (19.0-77.5) 51.0 (22.8-74.8) 50.1 (15.8-88.9)

Sex, No. (%)

Female 34 34 35 28 131
<45 years 13 12 13 9 47 (28)
>45 years 21 22 22 19 84 (51)
Male 8 7 10 9 34
<45 years 1 2 5 2 10 (6)
>45 years 7 5 5 7 24 (15)
meTa‘:(‘;:;;Z)ec . 3.6** (1.2-7.4) 2.6 (1.1-5.9) 2.9 (1.0-8.8) 3.0 (1.0-6.4) 3.0 (1.0-8.8)
Surgery 42 41 45 37 165
Lobectomy 3 1 1 1 6
Total thyroidectomy 29 40 44 36 149
Follow-up
Mean (years) 6.99 4.10 3.26 4.13 4.65

* Advanced thyroiditis was separated from other noninvasive categories due to co-existing significant lymphocytes/Hashimoto’s thyroiditis.
** Average of tumor size was calculated from 27 cases out of 42 benign patients because the information of the remaining 13 cases was
not available.

According to the clinical histopathological features, all patients were allocated into four
study subgroups- 42 benign nodules (25%), 41 NIFTPs (25%), 45 invasive EFVPTCs (27%)
and 37 cases (22%) of encapsulated FVPTC lesions with coexisting significant lymphocytic
thyroiditis and no capsular or vascular invasion (LT).

3.2. Cytoplasmic Gal-3 Expression Is Increased in Invasive EFVPTC

Gal-3 IHC analysis was carried out to determine its expression at the subcellular level
in thyroid benign nodules, NIFTPs, invasive EFVPTCs and LT subgroup (Figure 1A-D
and Figure 2A,B). Gal-3 positive control and the negative control with an isotype specific
IgG were stained respectively using thyroid cancer tissue in each batch of immunostaining
(Figure 1E,F). Gal-3 expression was mainly observed in tumor cells, whereas the stromal
component of tumor did not show positive Gal-3 staining. Cytoplasmic Gal-3 expression
(mean =+ SD) was significantly increased in invasive EFVPTCs subgroup (4.80 = 1.60) as
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compared to NIFTPs (2.75 £ 1.58, p < 0.001) and benign nodules (2.09 £ 1.19, p < 0.001,
Tables 2 and 3); and there was no significant difference between NIFTPs and benign lesions
(p = 0.064). The presence of LT also enhanced cytoplasmic Gal-3 expression (3.80 & 1.32)
compared to NIFTPs (p = 0.016) and benign nodules (p < 0.001). Nuclear Gal-3 expression
in EFVPTC (1.84 & 1.30) was significantly higher than in NIFTPs (1.04 & 0.72, p = 0.001).
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Figure 1. Histological IHC of Gal-3 expression in the tissue sections of Benign Nodules, NIFTP,
invasive EFVPTC and LT tissues. (A). Lower detectable cytoplasmic Gal-3 expression was observed
in the Benign Nodules tissue section. (B). Faint cytoplasmic Gal-3 immunostaining was detected
in the NIFTP tissue section. (C). Moderate to strong cytoplasmic Gal-3 expression was observed in
EFVPTC with capsular invasion. (D). Mild to moderate cytoplasmic Gal-3 expression was observed
in the stained tissue section of LT. (E). Positive control, a classic aggressive PTC stained with anti-
Gal-3 antibody showed moderate to strong immunostaining. (F). Negative control, a classic PTC
incubated with isotype specific IgG in place of the anti-Gal-3 antibody did not show detectable
immunostaining. All images were shown at original magnification x200. All images were shown at
original magnification x200.
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Figure 2. Distribution of Gal-3 expressions in Benign Nodules, NIFTP, EFVPTC and LT tissues.
(A). Cytoplasmic Gal-3 expression; (B). Nuclear Gal-3 expression. The box-and-whisker plot showed
the minimum, first quartile, median, third quartile and maximum of each group of data. Double stars
(**) denoted a highly significant difference in means between groups at p < 0.01 (one-way ANOVA).
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Table 2. Gal-3 expression level in cytoplasm and nucleus in tissues from Benign, NIFTP, EFVPTC and Lymphocytic

thyroiditis (LT).
Cytoplasmic Gal-3 Nuclear Gal-3
[v) o,
Groups N 95% CI 95% CI
Mean + SD Lower Upper Mean + SD Lower Upper
Bound Bound Bound Bound
Benign 42 2.09 £1.19 1.72 2.46 1.44 +1.07 1.10 1.77
NIFTP 41 2.75 £ 1.58 2.25 3.25 1.04 £ 0.72 0.79 1.23
EFVPTC 45 4.80 £+ 1.60 4.32 5.28 1.84 +£1.30 1.45 2.23
LT 37 3.80 £ 1.32 3.32 421 1.23 +0.85 0.95 1.51

Table 3. Comparison of cytoplasmic Gal-3 expression among groups of Benign, NIFTP, EFVPTC and Lymphocytic

thyroiditis (LT).
Mean 95% CI
(I) Groups (J) Groups Difference (I-]) Std. Error p Value Lower Bound Upper Bound

NIFTP —0.659 0.316 0.162 —1.479 0.161

Benign EFVPTC —2.737 % 0.312 <0.001 —3.547 —1.927

LT —1.703 * 0.328 <0.001 —2.553 —0.852

EFVPTC —2.05*% 0.311 <0.001 —2.858 —1.479

NIFTP LT —1.017* 0.326 0.011 —1.864 —0.170
EFVPTC LT 1.035 * 0.321 0.008 0.202 1.867

* The mean difference is significant at p < 0.05 level (F(3162) = 29.395, p < 0.001 one-way ANOVA).

However, no significant difference was observed between invasive EFVPTC and
benign nodules (1.44 & 1.07, p = 0.215, Tables 2 and 4), which negated the utility of nuclear
Gal-3 expression as a reliable diagnostic aid in detecting invasive EFVPTC.

Table 4. Comparison of nuclear Gal-3 expression among Benign, NIFTP, EFVPTC and Lymphocytic thyroiditis (LT).

Mean 95% CI

(D Groups () Groups Difference (I]) Std. Error p Value Lower Bound  Upper Bound
NIFTP 0.433 0.224 0.219 —0.149 1.014
Benign EFVPTC —0.422 0.218 0215 ~0.987 0.142
LT 0.183 0.229 0.855 —0.411 0.776

NIFTP EFVPTC —0.833* 0.220 0.001 —1.405 —0.262

LT ~0.228 0.231 0.758 —0.828 0.372
EFVPTC LT 0.605 * 0.224 0.038 0.024 1.186

* The mean difference is significant at p < 0.05 level (F(3162) = 5.166, p = 0.002 one-way ANOVA).

3.3. Cytoplasmic Gal-3 Predictive Value for NIFTP versus Invasive EFVPTC

The accuracy of cytoplasmic Gal-3 expression in distinguishing invasive EFVPTC
from NIFTP and benign thyroid nodules was determined by the ROC curve analysis.
Cytoplasmic Gal-3 emerged as the strongest predictor of invasive EFVPTC in comparison
with nonmalignant tissues (AUC = 0.90, (CI 0.83-0.97), p < 0.001) thereby underscoring its
potential clinical applicability (Table 5 and Figure S2). With a positive cut off value 3.71
(Table S1), cytoplasmic Gal-3 expression in EFVPTC versus in NIFTP showed a sensitivity
of 75.6% (95% CI: 63.9-87.2%), specificity 80.5% (95% CI: 68.6-92.4%), positive predictive
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value (PPV) 81.0% (95% CI: 69.6-92.3%) and negative predictive value (NPV) 75.0% (95%
CI: 62.8-87.2%) (Table 5).

Table 5. The clinical utility of biomarkers was assessed using sensitivity, specificity, positive predictive value (PPV), negative

predictive value (NPV) and area under the curve (AUC) between benign or NIFTP vs. invasive EFVPTC group.

Gal-3 Staining Sensitivity (%)  Specificity (%) PPV (%) NPV (%) Arca p Va?ic 95% C1
Benign vs. Invasive EFVPTC
Cytoplasmic Gal-3 80.0 81.0 81.8 79.1 0.90 <0.001 0.83-0.97
Nuclear Gal-3 48.9 714 64.7 56.6 0.58 0.194 0.46-0.70
NIFTP vs. Invasive EFVPTC
Cytoplasmic Gal-3 75.6 80.5 81.0 75.0 0.83 <0.001 0.75-0.92
Nuclear Gal-3 46.7 90.2 84.0 60.7 0.66 0.012 0.54-0.77

The cross tabulation analysis of diagnostic odds ratio (OR) showed the positive cyto-
plasmic Gal-3 expression in invasive EFVPTC was 13 times higher risk of having adverse
outcome compared to indolent NIFTP (OR = 12.75, 95% CI: 5.88-49.14). The positive
likelihood ratio (LR+ = 3.87, 95% CI: 2.21-7.97) indicated the probability in diagnosing as
malignant tumors was increased 2.1 times more in specimens with the positive cytoplasmic
Gal-3 expression. However, the negative likelihood ratio (LR- = 0.30, 95% CI: 0.14-0.45)
showed the probability of malignancy was decreased by 30% in specimens with the low
cytoplasmic Gal-3 expression.

4. Discussion

Indeterminate thyroid nodules are highly prevalent in daily clinical practice and repre-
sent up to 30% of all clinically assessed thyroid nodules [41], whereas only less than 20% of
this group are malignant. Invasive EFVPTC, noninvasive EFVPTC (not meeting criteria for
NIFTP diagnosis) and infiltrative FVPTC were designated as malignant lesions, making the
diagnosis of thyroid cancer very difficult in cases where histological hallmarks of invasion
are not evident [15-17,37]. A subset of encapsulated follicular tumors, formerly considered
to be noninvasive encapsulated /well demarcated follicular variant of PTC, has been reclas-
sified under a new histological nomenclature, NIFTP [11]. The incidence of NIFTP was as
high as 13.3% of all PTC cases in North American and European populations [42] and 16.8%
of all well-differentiated thyroid cancers in Ontario, Canada [24]. Histopathological exami-
nation of the entire capsulated tumor after its resection according to the rigid diagnostic
criteria remains the gold standard for NIFTP diagnosis. Malignant behavior (lymph node
and/or distant metastasis) has been reported in NIFTP patients [21,43,44]. NIFTP is not
entirely considered as a benign thyroid neoplasm, but correct classification of noninvasive
EFVPTC that would qualify NITFP is required to ensure an extremely low rate of adverse
oncologic outcomes. Molecular marker testing has risen as an auxiliary tool to distinguish
malignant invasive EFVPTCs from more indolent NIFTPs and benign nodules [11,25],
potentially assisting pathologists in the management of indeterminate thyroid nodules [27].
Scores on the base of the levels of protein marker expression in thyroid nodules may
objectively distinguish malignant lesions from indeterminate thyroid nodules, thereby
aiding the correct diagnosis and consequent avoidance of over-treatment of NIFTP lesions
when the score is low. Our previous study has shown that the degree of cytoplasmic PD-L1
expression could serve as a useful adjunct to traditional H&E histopathology assessment of
such nodules, among which with a low expression of cytoplasmic PD-L1 can be considered
as benign nodules or NIFTP [25].

Gal-3 expression has been recognized as a promising diagnostic molecular marker
of thyroid malignancy due to its differential expression between thyroid carcinomas and
normal or benign thyroid tissues [29,45-47]. However, the reclassification of EFVPTC
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without capsular or vascular invasion to NIFTP not only affects how pathologists evaluate
and report this subset of thyroid neoplasms but also raises the need for rebuilding the
clinical, histologic, cytologic and molecular parameters for this new entity and accordingly
establishing new molecular tests [22]. Therefore, the use of ancillary testing with protein
markers previously developed, such as Gal-3 and HBME1, requires to be re-evaluated in the
era of NIFTP. In the present study, our data have shown that cytoplasmic Gal-3 expression
is significantly increased in invasive EFVPTCs as compared to NIFTPs or benign thyroid
nodules in thyroid resection specimens. Concurrently, though there was no significant
difference between NIFTPs and benign nodules, cytoplasmic Gal-3 expression in the former
was higher than that in the latter, supporting NIFTP cannot be simply considered as a
benign lesion. Chronic inflammation can be associated with 30-58% of PTC [48,49]. We also
noted that the presence of LT enhances cytoplasmic Gal-3 expression and henceforward the
LT increased expression needs to be interpreted with caution. This observation is consistent
with the result from another report which showed the increased expression of Gal-3 in an
inflammatory environment [50]. Patients with LT were usually under prolonged stimuli
from chronic inflammation. The mechanism underlying modulation of Gal-3 expression in
thyroid with chronic inflammatory process remains to be determined. Localization of Gal-3
in papillary carcinomas has been reported in both the cytoplasm and nucleus [40,51,52],
however, our findings and other’s [29] showed predominant expression of Gal-3 in the
cytoplasm in PTC rather than the nucleus. Nuclear expression has been observed in
some benign thyroid conditions in our study and reports of others [51,52]. The increased
cytoplasmic Gal-3 in invasive EFVPTC might contribute to thyroid cancer development
through the induction of the capsular, vascular and/or extrathyroidal invasive activity. The
detailed correlation between Gal-3 expression and the degree of invasion was not able to be
analyzed since most EFVPTC cases were presented with minimal capsular invasion in the
current study. Recently, genetic alterations were intensively studied, such as BRAF, RAS
and TERT promoter mutations and RET/PTC and PAXS8/PPARy rearrangements [53,54].
NIFTPs are commonly detected with the frequent occurrence of RAS mutations and lack
of BRAFV®E and TERT promoter mutations [23]. Whether the level of Gal-3 expression
can be associated with such mutational status for better identifying NIFTP requires further
investigation. Our observations have suggested that cytoplasmic Gal-3 expression can
be considered as an ancillary aid to H&E diagnostic criteria in distinguishing invasive
EFVPTC from NIFTP and benign nodules.

After four decades of steady increase, thyroid cancer incidence rate reached a plateau
and possibly started to decline between 2013 and 2020 in the United States [55]. This
reverse trend in the incidence of thyroid cancers has been correlating with the increasing
understanding of over-diagnosis and the indolent nature of many thyroid nodules that were
more likely classified as cancers previously. NIFTP has emerged as a low risk tumor with an
indolent clinical course. The present study was focused on evaluating the diagnostic value
of the Gal-3 cytoplasmic expression in the histological tissue samples between NIFTP and
EFVPTC. To our knowledge, this is the first report showing the diagnostic value of increased
cytoplasmic Gal-3 expression in ruling out the indolent NIFTP from invasive EFVPTC.
The Gal-3 test proposed here does not replace conventional surgical histopathological
examination but represents an auxiliary diagnostic method, especially for cases where
morphologic features of invasion are equivocal, that may affect clinical decision-making
with regard to completion thyroidectomy, central lymph node dissection, and adjunctive
radioiodine therapy. In practice, Gal-3 staining alone add little to histology evaluation
when the diagnosis of NIFTP could be achieved via complete resection of the nodules for
histological examination of the entire capsule to rule out invasion. However, in pre-surgical
fine needle aspiration (FNA) biopsies, NIFTP can belong to any of four categories of the
Bethesda System for Reporting Thyroid Cytopathology (TBSRTC), including benign, atypia
of undetermined significance or follicular lesion of undetermined significance (AUS/FLUS),
follicular neoplasm or suspicious for a follicular neoplasm (FN/SFN) and suspicious for
malignancy (SFM) [56]. The definitive diagnosis of NIFTP cannot be made based on
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the observation of the preoperative cytology specimens, while molecular tests would be
highly useful to improve the accuracy in the diagnostics of NIFTP in FNA biopsies. Gal-
3 test could have clinically significant utility in assisting in preoperative diagnosis if it
were successfully applied to cytology specimens [57]. We are aware of the limitation of
our study which is based upon a single patient cohort from a single tertiary care center.
Future studies in a larger patient cohort from multiple centers are needed to validate our
observations and conclusions. Furthermore, the NIFTP cases were re-classified based on a
thorough review of pathology reports and assessment of H&E slides in this study. NIFTP
diagnosis is challenging for pathologist and a potential misclassification error might exist
particularly when specimens were managed in a way the entire tumor capsule could not
be fully assessed for invasion based on pathology review of slides. We are also cognizant
that the clinical outcome analysis for each subtype was limited due to incomplete follow-
up information, hence the possible association of cytoplasmic Gal-3 expression with the
long-term prognoses of NIFTP verses invasive EFVPTC remains further investigation.

5. Conclusions

In conclusion, our data have demonstrated that increased cytoplasmic Gal-3 expres-
sion can (i) significantly distinguish indolent NIFTP from invasive EFVPTC; (ii) assist in
the early detection of thyroid tumors with aggressiveness and potential metastatic spread
which can be suspected by the increased cytoplasmic Gal-3 expression; (iii) support its clin-
ical application as a useful ancillary test to H&E histopathological diagnostic assessment
in distinguishing invasive EFVPTC from NIFTP when there is no significant interference
from LT.
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Table S1: The cut-off values for immunopositivity of cytoplasmic Gal-3 expression were compared to
Sensitivity and Specificity via ROC analysis.
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Simple Summary: Angiogenesis is an essential event for the progression of solid tumors and is
promoted by angiogenic cytokines released in the tumor microenvironment by neoplastic and
stromal cells. Over the last 20 years, the role of the microenvironment and the implication of
several angiogenic factors in tumorigenesis of solid and hematological neoplasms have been widely
studied. The tumor microenvironment has also been well-defined for thyroid cancer, clarifying
the importance of angiogenesis in cancer progression, spread, and metastasis. Furthermore, recent
studies have evaluated the association of circulating angiogenic factors with the clinical outcomes of
differentiated thyroid cancer, potentially providing noninvasive, low-cost, and safe tests that can be
used in screening, diagnosis, and follow-up. In this review, we highlight the mechanisms of action of
these proangiogenic factors and their different molecular pathways, as well as their applications in
the treatment and prognosis of thyroid cancer.

Abstract: Thyroid cancer is the most common endocrine malignancy, with a typically favorable
prognosis following standard treatments, such as surgical resection and radioiodine therapy. A
subset of thyroid cancers progress to refractory /metastatic disease. Understanding how the tumor
microenvironment is transformed into an angiogenic microenvironment has a role of primary im-
portance in the aggressive behavior of these neoplasms. During tumor growth and progression,
angiogenesis represents a deregulated biological process, and the angiogenic switch, characterized
by the formation of new vessels, induces tumor cell proliferation, local invasion, and hematogenous
metastases. This evidence has propelled the scientific community’s effort to study a number of
molecular pathways (proliferation, cell cycle control, and angiogenic processes), identifying media-
tors that may represent viable targets for new anticancer treatments. Herein, we sought to review
angiogenesis in thyroid cancer and the potential role of proangiogenic cytokines for risk stratification
of patients. We also present the current status of treatment of advanced differentiated, medullary, and
poorly differentiated thyroid cancers with multiple tyrosine kinase inhibitors, based on the rationale
of angiogenesis as a potential therapeutic target.

Keywords: thyroid carcinoma; angiogenic microenvironment; prognostic factors; antiangiogenic
therapy; therapeutic target; tumor microenvironment; tumor behavior; proliferation pathways; cell
cycle control pathways; angiogenesis process
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1. Introduction

Thyroid cancers are the most common endocrine malignancies and have been shown
to be one of the fastest-growing malignancies worldwide over the past two decades [1-3].
More than 95% of thyroid carcinomas derive from follicular epithelial cells, and up to
90% of all cases are papillary thyroid cancer (PTC) [4,5]. PTCs usually grow slowly
and in an indolent fashion, and their association with lymph node metastasis varies
from 30% to 90% of cases [6,7]. Most thyroid carcinomas can be successfully treated
with surgical resection and radiometabolic therapy, but a subset of them will progress to
refractory /metastatic disease. A role of primary importance in the aggressive behavior
of solid and hematological neoplasms has long been identified in the transformation of
the tumor microenvironment into an angiogenic microenvironment [8-10]. In fact, during
tumor growth and progression, angiogenesis represents a biological process uncontrolled
and unlimited in time; the angiogenic switch, characterized by the formation of new
vessels (i.e., the transition from the avascular to the vascular phase), induces tumor cell
proliferation, local invasion, and hematogenous metastasis [8,9,11]. Identification of tumor
biomarkers that might predict disease progression is a medical need. Biomarkers based on
genes that appear up- or down-regulated in thyroid cancers have shown poor predictive
value and cannot distinguish benign from neoplastic nodules [12]. Moreover, traditional
tissue biopsies are somewhat invasive, create discomfort to the patients, and are burdened
by contamination from normal tissue and sampling errors [13].

Another area where biomarkers are lacking is the identification of disease persistence
after surgery/medical therapy and the ability to distinguish between complete response
after treatment or recurrence of disease [13].

Angiogenesis is an essential event for the progression of solid tumors and is promoted
by angiogenic cytokines released in the tumor microenvironment by tumor and stromal
cells, and can also be found and measured out with a serum assay in terms of circulating
angiogenic factors [14]. This is a noninvasive, inexpensive, and safe test that can be
potentially used in screening, diagnosis, and follow-up of thyroid cancer patients. Here, we
will review the role of angiogenesis in thyroid cancer progression, spread, and metastasis.
Moreover, the potential role of proangiogenic cytokines for risk stratification of patients
with thyroid cancer will be addressed, as well as the individuation of angiogenesis as a
potential therapeutic target.

2. The Thyroid Cancer Microenvironment

Over the last 20 years, the role of the microenvironment in tumorigenesis of thyroid
cancer has been well-defined [15]. The components of the thyroid cancer microenviron-
ment (stromal cells, ST, and extracellular matrix components (ECM)) surround and support
cancer cells, interacting with them by direct cell-cell and cell-extracellular matrix compo-
nents interaction. Moreover, a plethora of cytokines and growth factors are produced and
released in the cancer microenvironment by cancer cells as well as by ST [16]. It has been
demonstrated that cancer-associated fibroblasts (CAFs) surround the tumor cells and play
a role in tumor initiation and promotion, tumor cell growth, spreading, and metastasiza-
tion [17]. Moreover, CAFs are involved in inflammation, metabolism, drug response, and
immune surveillance [17]. There is evidence that the expression of CAF-related proteins in
stromal and cancer cells varies on the basis of histologic subtype of thyroid carcinomas,
BRAFV®E mutation, and subtype of stroma, and an association has been reported between
CAF-related proteins and poor survival [18]. It has also been demonstrated that CAFs are
involved in the lymphatic spread of thyroid cancers [19], and that, in poorly differentiated
thyroid cancer driven by BRAFY®%E mutations and loss of Pten, there is a close association
between CAF infiltration and collagen I deposition in the tumor microenvironment [20].
Moreover, CAFs produce and release many angiogenic cytokines that contribute to the
angiogenic process in the tumor microenvironment [21].

Tumor-associated macrophages (TAMs) are another pivotal component of the thyroid
tumor microenvironment associated with tumor cell growth, spread, and poor progno-
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sis [22,23]. In the tumor microenvironment, TAMs contribute to the anti-inflammatory
status because of their high expression of interleukin-10 (IL-10) and mannose receptor
(MR, CD206), and low expression of IL-12 [24,25]. It has been shown that TAMs present
an M2-like activated status, differently from the M1-like circulating macrophages [26,27].
TAMs contribute to angiogenesis of tumors with an increased production of proangiogenic
factors, such as vascular endothelial growth factor (VEGEF), platelet derived growth factor
(PDGF), and basic fibroblast growth factor (bFGF), and produce a high amount of matrix
metalloproteases (MMPs), which are responsible for ECM remodeling and facilitate tumor
cells spread and invasion [28,29]. The relationship between positive tryptase mast cell
(MCs) infiltration and thyroid cancer invasiveness or extrathyroidal extension has been
demonstrated. A significantly more abundant presence and distribution of MCs in the
intratumoral and peritumoral areas of thyroid cancer has also been shown with respect
to adenoma [30,31]. MCs also produce a broad spectrum of chemokines (CXCL8/IL-8,
CCL25/TECK, CXCL10/1IP-10, CXCL1/GRO-w), interleukins (IL-6), and other molecules
(TNF-«) that are involved in the epithelial-to-mesenchymal transition (EMT) activation of
thyroid cancer cells [32,33]. Moreover, MCs recruited by several tumor-derived chemotac-
tic factors, such as stem cell factor, VEGF, chemokines, and cytokines, histologically are
localized close to epithelia, fibroblasts, and blood and lymphatic vessels and are involved
in wound healing, angiogenesis, and lymphangiogenesis [32-34]. Neutrophils are recruited
by thyroid cancer cells by releasing CXCL8/IL-8 and granulocyte colony-stimulating fac-
tor [35]. In the tumor microenvironment, neutrophils produce and release angiogenic
cytokines (onconstatin-M, VEGF-A) and their granule proteins (elastase), which induce
cancer cell proliferation, invasiveness, and angiogenesis [36-38]. Our group’s complete
gene expression profile study demonstrated that the microenvironment components sur-
rounding the thyroid cancer cells express a genomic profile different from that of normal
ST [39]. The results of this study indicate that interactions between tumor cells and ST
induce in the ST the modulation of genes involved in the control of apoptosis, metabolism,
cell movement, cell response to hypoxia, and cell proliferation [39].

2.1. Angiogenesis in Thyroid Cancer

Neovascularization in the cancer microenvironment is a multistep process that is
necessary during the progression of solid and hematologic tumors [8,9]. It is a complex
and heterogeneous process that includes three different mechanisms: (i) angiogenesis, the
sprouting of newly formed vessels from mature preexisting ones; (ii) vasculogenesis, the
formation of neovessels starting from endothelial precursor cells, namely hemangioblasts;
and (iii) vasculogenic mimicry, the ability of tumor cells or other non-endothelial cells to
complete the neovessel wall or to form a complete capillary network without vascular en-
dothelial cells [40,41]. Moreover, tumor-related neovessel formation occurs mainly through
sprouting of new capillary vessels out of preexisting ones (angiogenesis), the longitudinal
splitting of existing vasculature into two functional vessels (intussusceptive angiogenesis)
and the loop-shape expansion of the vessel (looping angiogenesis) involved mainly in
wound healing [42-44]. Increased vascularity in the thyroid can occur in hyperplastic goiter,
Graves’ disease, and cancer [45]. As in other solid and hematologic tumors, the microvessel
density (MVD) has been shown to correlate with disease-free survival in thyroid cancers,
particularly in PTC and in follicular thyroid carcinoma (FTC) [45-47]. Differences have been
demonstrated among tumor types in the patterns of spread and metastasis, probably due
to the influence of tumor metastasis route by phenotype, angiogenic or lymphangiogenic,
determining a more aggressive behavior [48,49]. Thyroid adenomas, microcarcinomas,
PTC, FTC, undifferentiated thyroid carcinomas, and medullary thyroid carcinomas (MTCs)
present very different behaviors, clinical outcomes, and metastatic routes (lymphatic or
hematic) [48,50]. These differences correlate with different angiogenic regulators released
(stimulators or inhibitors), the different expression of receptors, and different extracellular
matrix composition in the tumor microenvironment [50].
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In thyroid tumors, angiogenesis is activated and maintained by the modulation of the
genes involved in angiogenesis and response to hypoxia (HIF1A, TUFT1, BHLHB2), cell
survival (RIPKS5), proliferation (PTGS2, DUSP5), apoptosis (ZFP36L1, IER3), metabolism
(SLCA2A3), cell organization (RAB7B) and protein degradation (SKP1, KLK-4) in the
ST surrounding the tumor cells [39]. These alterations are induced and stabilized in
the components of the microenvironment through the reciprocal positive and negative
interactions between tumor cells and ST (endothelial cells, fibroblasts, macrophages, mast
cells) and are mediated by an array of cytokines, receptors, and adhesion molecules [39,51].
Moreover, the communication between cancer cells, ST, and the various stromal cells is
mediated by the release of exosomes by the thyroid tumor cells, which contribute to tumor
progression, angiogenesis, and metastasis [52].

Evidence indicates that there is a dysregulation of miRNA in thyroid cancer that
influences the hallmarks of cancer, including proliferative signaling, evading growth sup-
pressors, resisting cell death, inducing angiogenesis, activating invasion and metastasis,
and acquiring the epithelial-mesenchymal transition phenotype [53]. A role in modulating
angiogenesis is played by the thyroid hormone (L-thyroxine, T4; 3,5,3'-triiodo-L-thyronine,
T3) that represents a valid contributor to this process in thyroid cancers [54]. Thyroid
hormone acts by binding the hormone receptor site on «v[33 integrin and then modulating
angiogenic cytokine (VEGFR and bFGFR) release via integrin activation and signaling in
blood vessel cells [47,55]. This modulation is also mediated by hypoxia-inducible factor-
alpha (HIF-1«), a transcription factor whose stabilization in cells is regulated by thyroid
hormone via ocv33 [56,57]. Thyroid-stimulating hormone (TSH), the glycoprotein hormone
stimulating the number, size, and activity of thyrocytes as well as the synthesis of thyroid
hormone, also contributes to angiogenesis stimulation [40,58,59]. TSH enhances angio-
genesis and macrophage recruitment into the thyroid tumor microenvironment and then
tumor cell growth through VEGF mRNA and protein induction via the protein kinase
C pathway [60,61]. Iodine deprivation causes reactive oxygen species (ROS) produc-
tion, stabilization of HIF-1o« and VEGEF release through the activation of signals in the
tumor thyrocytes that induce microvascular expansion to facilitate enhanced delivery
of iodide [62,63]. Iodine deficiency induces VEGF-A expression by increasing phospho-
rylation of ribosomal S6 kinase (p70S6K), mediated by mammalian target of rapamycin
(mTOR); the latter acts as a positive regulator and AMP-activated protein kinase, in turn
stimulating thyroid microvascular activation [64].

2.2. Angiogenic Factors

VEGEF is a member of a family of six structurally related proteins, namely, VEGF-A,
-B, -C, -D, -E (viral factor), and PDGF; these act by interacting with their relative receptors,
which are differentially expressed in various cell types [41,65]. The VEGF receptors are
differentially implicated in angiogenesis stimulation (VEGF-A, -E/VEGFR-2-neuropilin
(NRP)-1, -2), or lymphangiogenesis (VEGF-C, -D/VEGFR-2, -3) [41,66,67]. On the other
hand, VEGF also acts on cell types different from vascular cells, modulating various
biological activities and primarily tumor cell growth, spread, invasiveness, and drug
resistance [68-70].

Our group demonstrated that, as by tumor cells, VEGF is also produced by all the
cellular components of the tumor microenvironment and acts via autocrine and paracrine
loops to carry out its activity [71,72]. In cancer cells and ST, VEGF expression is modulated
by several pathways, including metabolic factor-induced pathways, such as hypoxia and
hypoglycemia via ROS production [62,63,73]; lysophosphatidic acid (LPA), via activation of
c-Jun N-terminal kinase (JNK) and nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-«B) [74]; PI3K/ Akt signaling pathway [75]; and transcription factors, such as
activator protein-1 (AP-1), NF-«B, and stimulatory protein-1 (SP-1) [76-78]. In thyroid
carcinomas, VEGF over-expression has been correlated with increased growth, progression,
invasiveness, spread, and metastasis of thyroid cancer cells [79-81]. A consistent increase in
VEGE, VEGF-C, and angiopoietin-2 and their tyrosine kinase receptors VEGFR2, VEGFR3,

174



Cancers 2021, 13, 2775

and TEK receptor tyrosine kinase have been demonstrated in thyroid cancer versus normal
thyroid tissues, and a strong correlation has been found between this overexpression and
tumor size [50]. Moreover, the same authors showed that in the lymph node of metastatic
thyroid tumors, there is an increase of VEGF-C expression and, at the same time, a reduced
expression of TSP-1 near VEGF and angiopoietin-2 increased production, indicating the
hematogenous metastasis capability of thyroid malignancies [50].

bFGF is an angiogenic growth factor that, by interaction with FGF receptor (high-
affinity tyrosine kinase (TK) receptor) and with low-affinity heparan sulphate proteoglycans
(co-receptors), induces activation, proliferation, chemotaxis, protease production, and
vessel formation in endothelial cells [82,83]. In this way, it induces angiogenesis and
modulates neovascularization during physiological (wound healing, inflammation) and
pathological (atherosclerosis, cancer) conditions [84]. Several studies demonstrated that in
thyroid tumors, the expression of bFGF and FGFR are both increased and play a role in
tumor progression and angiogenesis [85-88]. As in other solid and hematologic cancers, in
thyroid tumors bFGF acts as an angiogenic factor independently in the presence of other
factors, such as VEGEF, and directly stimulates endothelial and tumor cell growth [45].

MMPs are zinc-endopeptidases of the protease superfamily with specific proteolytic
activity against a broad range of substrates located on the ECM [89,90]. MMPs are produced
by thyroid tumor and microenvironment stromal cells and promote tumor growth, invasion,
migration, and apoptosis inhibition. Moreover, they exert angiogenesis stimulation because
the degradation of ECM causes the release of angiogenic factors stored in attachment with
heparan sulphate [89,90]. The promotion of tumor growth is primarily related to MMP-2
and MMP-9 through activation of TGF-f3 [91]. Another growth factor, namely epidermal
growth factor (EGF), is involved in promoting cell invasion and angiogenesis in thyroid
carcinoma. It acts as a regulator of the production of MMP-9 through focal adhesion
kinase (FAK) phosphorylation [92]. Natural inhibitors of MMPs are the tissue inhibitors of
metalloproteinases (TIMPs), produced and released in the tumor microenvironment [93].
Published data from our group indicate that the MMPs’ proangiogenic and pro-tumoral
activities are related to the balance of MMPs and TIMPS in the microenvironment, and that
the switch toward an invasive phenotype is mainly due to increased MMP production and
release, and not to the reduction of TIMPs (Figure 1) [94,95].

Thyroid
cancer cells

@ Neutrophils
Cancer
Associated
Fibroblasts - O
VEGF, bFGF,
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Tumor Associated .&.

Macrophages
TSH

©

Mast Cells

Figure 1. The angiogenic microenvironment of thyroid cancer: interactions between cancer cells,
stromal cells, and inflammatory cells to promote angiogenesis and tumor progression.
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3. Angiogenesis and Prognosis

Increased MVD, lymphatic vascular density (LVD), and expression of angiogenic
and lymphangiogenic factors have been demonstrated in non-neoplastic (multinodular
goiter, toxic multinodular goiter, Graves” hyperplasia) and neoplastic conditions (follicular
adenoma, papillary thyroid carcinoma, incidental papillary microcarcinoma, follicular
carcinoma, and medullary carcinoma) [48,96]. No clear relationship between MVD mea-
surement and thyroid pathology has been demonstrated. In fact, de la Torre et al. showed
that MVD is decreased in all thyroid diseases, and LVD is increased in papillary thyroid car-
cinoma and incidental papillary microcarcinoma [48]. A second study found an increased
MVD in PTC compared to normal controls [96]. Other studies demonstrated a high MVD
in differentiated thyroid cancers (DTCs) compared to poorly differentiated thyroid cancers
and other thyroid tissue samples [97-99]. More consistent results have been obtained with
the evaluation of VEGF. Increased distribution and intensity of VEGF-A and VEGF-C have
been demonstrated in thyroid cancers compared to normal samples and autoimmune and
inflammatory diseases [48,96,98,99]. However, this increased expression was not indicative
of multifocal disease, distant metastases at diagnosis, or increased tumor size [48].

Examining angiogenic processes connecting the thyroid cancer cell to its microenviron-
ment could improve many thyroid cancer management steps. The first could be identifying
cytologically indeterminate nodules prone to surgical treatment, thus reducing diagnostic
thyroidectomies. The second could be the efficient differentiation between aggressive and
indolent DTC so that the treatment extension and approach and the follow-up modalities
could be correctly adapted. An improvement to correctly identify thyroid cancer in nod-
ules with indeterminate cytology, ruling in or out malignancy, and selecting patients for
surveillance, conservative or radical surgery, was the introduction of gene classifiers to
be performed on the fine needle aspiration specimen (or even micro-biopsies or surgical
specimens) [100-105]. BRAF mutations, and RET-PTC, RAS and PAX8-PPARG, are the
most studied factors in this field. The complete genomics of thyroid cancer subtypes will
be unveiled, but caution should be exercised in the interpretation and application of the
many variants and mutations that are being discovered, because many of them can also be
found in benign lesions; there are also thyroid cancers that show none of the known genetic
alterations [106]. BRAF mutational status, along with membranous and nuclear galectin-3,
HBME-1, CK19, and estrogen receptor beta, had been associated with DTC with aggressive
behavior [107]. BRAFV?E mutated microcarcinomas are associated with adverse prognos-
tic factors, whereas BRAF wild-type ones are associated with indolent behavior and a low
probability of recurrence [108]. BRAFYOYE j5 associated with tall cell variant PTC, along
with mutations of COL5A1, COL1A1, COL10A1, COL11A1, CCL20, and CXCL5 [109].
BRAF is the most prevalent genetic alteration in radioiodine refractory metastatic thyroid
cancer patients. BRAF mutation seems to positively influence the median progression-free
survival (PFS) in radioiodine refractory patients treated with tyrosine kinase inhibitor,
while having a negative prognostic impact in radioiodine-sensitive PTC patients [110].
BRAFEVOYE mutation is associated with central neck nodal metastases, but concerns were
raised for its utility as a stand-alone marker in this field. Indeed, its use along with the
analysis of miR-146b-3p, miR-146b-5p, and miR-222 was found to be prognostic of central
neck nodal metastases preoperatively [111]. miRNA classifiers are indeed another option to
identify and stratify thyroid cancer [53,112,113]. BRAF V6%E appears to identify a subgroup
of solitary intraglandular PTC larger than 2 cm and smaller than 4 cm, with a high risk of
recurrence, for which a more aggressive treatment should be recommended [114]. There
is evidence that BRAFV6%F reduces TSP-1 expression in anaplastic thyroid cancer, and
this appears to be linked to enhanced proliferation, adherence to collagen, migration, and
invasion of the neoplastic thyroid cell. Arguably, this is due to the activation of pericytes
in the microenvironment of thyroid cancer, which contributes to stabilizing new vessels
through the secretion of PDGRFbeta, VEGF, and other factors [115-117].

VEGEF-C and angiopoietin-2, together with their tyrosine kinase receptors KDR, Flt-4,
and TEK, were found to be increasingly expressed in thyroid cancers, especially in the tran-
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sition from a prevascular to vascular phase, and this was also correlated to the tumor size,
nodal invasion, and, along with a reduced expression of TSP-1, to distant metastases [50].
It is known that VEGF overexpression correlates with increased microvascular density and,
similarly, a reduced expression of TSP-1 is associated with the increased microvascular
count [40]. Serum VEGF levels were significantly higher in patients with metastatic thyroid
cancer than in healthy subjects and patients in remission [118]. Conversely, VEGF-D serum
levels were decreased in patients with metastatic thyroid cancer, and this should be linked
to other factors produced by the cancer cell that inhibits the usual production from other
tissues of VEGF-D [119]. Moreover, anaplastic tumors show augmented expression of
VEGE [45]. The evidence of high VEGF mRNA expression and of high FAL1 expression
and cyclin D1 protein levels also shows how angiogenic processes are driven along with
enhanced cell proliferation in papillary thyroid cancer [120,121]. In the context of prognos-
tic examinations for patients affected by radioiodine refractory metastatic thyroid cancer,
integrin av33 is essential for tumor angiogenesis, and its expression is high on the surface
of activated endothelial cells in newly formed blood vessels. It has been used to trace,
using 99mTc-3PRGD2 imaging, metastases that are highly neovascularized. This new
angiogenesis imaging modality can provide a new tool to monitor the efficacy of antian-
giogenetic therapy [122]. TSH stimulation exerts a regulatory effect on VEGF production
from thyroid cancer, probably through the interaction of tissues other than the thyroid
itself, and this might have prognostic and therapeutic applications, exploiting the effects
of recombinant human TSH administration [60,118,123,124]. The great interest in angio-
genesis for prognostic purposes in cancer appears to be tightly connected to the need for
circulating markers; this is even true for thyroid cancers, thus avoiding biopsies and other
procedures to stratify patients. A possible application for this aim is the assay of miRNA in
exosomes, especially miR-21-5p [52,125], which is a decisive proangiogenic factor produced
by thyroid cancer cells. VEGF-A and PDGEF-BB have been recently indicated as potential
circulating biomarkers of PTC treatment [94].

MTC lesions show overexpression of VEGF-A, VEGFR-1, and VEGFR-2 [126], but their
prognostic significance is uncertain, although VEGFR-2 and EGFR seem to be related to
metastasis [127]. MTC originates from embryologically different tissue, and its management
is different from that of DTC. HIF-1« has been associated with an adverse prognosis for
MTC [128]. HIF1-1x expression is induced by hypoxia or aberrant signaling and stimulates
the expression of VEGF and angiogenesis.

Moreover, MTC shows PSMA expression in the neovasculature, and microvessels
showing positivity for PSMA are prognostically favorable. PSMA may become a target for
imaging and peptide radioligand therapy [129]. It has been shown that collagen deposition
and cross-linking and fibroblast presence in the thyroid cancer microenvironment play a
prognostic role, indicating an advanced or aggressive disease, and are driven by PTEN
loss BRAEVYE [20 130-133]. The overexpression of MMPs leads to increased VEGF and
FGF secretion, related to tumor growth and invasiveness [134,135]. The ratio of MMP-
2 to TIMP-2 expression is a prognostic factor for surgically treated MTC, and both of
these metalloproteinases play a role in PTC [136-138]. MMP-9 expression is upregulated
in PTC and might be a prognostic indicator for more advanced-stage cancer [139-142].
The prognostic role of other components of the extracellular matrix of thyroid cancer
tangentially involved in angiogenetic processes, such as macrophages and T lymphocytes,
is yet to be clarified [15].
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4. Preclinical and Clinical Evidence for Antiangiogenic Therapy

Therapeutic options for thyroid cancers are variable following clinical-pathological
staging. Localized and low-risk DTC benefit from surgical treatment (total thyroidectomy)
followed by thyroid hormone suppression and adjuvant thyroid ablative therapy with
radioactive iodine (RAI) treatment. This management could be applied to 85% of papillary
and follicular subtypes [143,144].

In metastatic disease, patients are usually managed with a combination of surgery
and RAI treatment. The prognosis depends on metastasis location (if it is suitable for a
complete surgical resection) and post-operative radioiodine uptake in the tumor tissue. In
the same setting of total thyroidectomy, indeed, patients could be submitted to therapeutic
central neck dissection or lateral neck dissection in case of preoperative or intraoperative
inspection of lymph nodes that are deemed to be pathologic [145]. However, some tumors
are refractory to T4-mediated TSH suppression as well as RAI therapy. Approximately
two-thirds of these patients may develop distant metastases resulting in much poorer
overall survival rate and a poor prognosis [143,144].

In recent years, the scientific community’s effort has been focused on the study of
several molecular pathways involved in cancer development. Proliferation pathways,
cell cycle control pathways, and angiogenesis processes have been largely evaluated,
allowing the identification of mediators that may be useful targets for new anticancer
treatments [146]. Multiple tyrosine kinase inhibitors (TKIs) have been identified, and their
efficacy on different molecular pathways has been the primary end point of several studies
in search of further treatment options for recurrent/metastatic thyroid cancer.

Vandetanib was the first TKI approved by the Food and Drug Administration (FDA)
for the treatment of patients with symptomatic, unresectable, locally advanced, or metastatic
MTC in the USA (2011) and Europe (2013). This drug acts on EGF, RET, VEGF, and VEGF re-
ceptors, leading to a downregulation of proliferative, angiogenic pathways and mediation
on apoptosis pathways. The effects have been demonstrated in two phase 2 clinical trials
and one phase 3 clinical trial (ZETA trial) in which patients with advanced unresectable
MTC were blindly randomized to receive vandetanib at 300 mg daily or placebo [147].

This study demonstrated a significantly longer median PFS duration compared to
the placebo group, with a partial response in 44% of cases. A significant difference in the
objective response rates and disease control rates as well as in the biochemical response
was also discussed. Moreover, vandetanib has also been tested in RAl-refractory DTC
patients. A randomized, double-blinded, placebo-controlled phase 2 clinical trial evaluated
the effect of this TKI, showing a statistically significant increase in the PFS of patients
treated with vandetanib compared to the placebo group [143,148,149].

The second TKI, approved by the FDA in 2012 for the management of advanced and
symptomatic MTC, was cabozantinib. This is a TKI with function on the hepatocyte growth
factor receptor, RET, and VEGEF2 receptors, leading to downregulation or inhibition of
angiogenic, proliferative, and apoptotic pathways.

A phase 3 study (EXAM study) evaluated the effect of cabozantinib, showing a statis-
tically significant longer median of PFS in patients treated with the drug (140 mg per day)
with respect to those treated with placebo (11.2 versus 4.0 months). In this study, cabozan-
tinib was associated with significant but manageable toxicity [143,149,150].

Sherman et al. published the results of an exploratory analysis of phase 3 trial data
evaluating the influence of rearranged during transfection (RET) and RAS (HRAS, KRAS,
and NRAS) mutations on cabozantinib clinical activity. They concluded that cabozantinib
provides the most significant clinical benefit to patients with MTC who have RET M918T
or RAS mutations [151].
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Comparing vandetanib with cabozantinib, it seems that vandetanib is more tolerable
than cabozantinib, making it the drug of choice for fragile and older patients. This is
probably due to differences in patient selection for the two studies in phase 3. In the
ZETA study, non-progressive but symptomatic patients were also studied, while the
EXAM study enrolled only progressive cases, with adverse events due to cabozantinib
higher than the adverse events observed in the ZETA trial. Cabozantinib has stronger
antiangiogenic effects than vandetanib; therefore it could be strongly considered in cases of
rapid MTC progression.

Cabozantinib and vandetanib have been tested on DTC, without approval [143,149].

In November 2013, sorafenib was the first multiple TKI to be approved by the FDA
for the treatment of progressive metastatic DTC refractory to RAI treatment.

It has a documented efficacy in inhibiting all RAF kinases with a specific function on
VEGEF receptors 1-3, PDGFRB, and RET, which confers to sorafenib proapoptotic propriety
and angiogenic effect fitting a molecular rationale for the treatment of all histological sub-
types of thyroid cancer. Indeed, some studies have analyzed the use of Sorafenib in patients
with metastatic thyroid cancer not suitable for curative surgery, RAIL or radiotherapy with
a dose of 400 mg twice a day; these studies report partial response in 32% of cases, stable
disease beyond six months, and a toxicity profile similar to that observed in previous
studies and managed with dose delay or reduction [152]. Brose et al. investigated sorafenib
in a multicenter, randomized, double-blind, placebo-controlled, phase 3 trial (DECISION).
Sorafenib was used with the same administration in patients with RAI-refractory, locally
advanced, or metastatic DTC that had progressed within the previous 14 months. The
results showed how significantly sorafenib improved PFS compared to placebo [153].

Another TKI, lenvatinib, was approved in February 2015 in many countries to treat
advanced DTC refractory to RAI This is a multitargeted TKI of the VEGFRs 1, 2, and
3, FGFRs 1 through 4, PDGFR «, RET, and KIT signaling networks. In a phase 1 study,
lenvatinib was associated with a partial response in thyroid cancer as well as melanoma,
endometrial, and renal cancers. Subsequently, Sherman et al. performed a phase 2 study
involving patients with DTC refractory to RAI, analyzing clinical activity and efficacy of
levantinib [154]. Further, a phase 3, randomized, double-blind, multicenter study involving
patients with progressive thyroid cancer refractory to iodine-131 was performed (SELECT
trial). Schlumberger et al. randomized 261 patients to receive lenvatinib (at a daily dose of
24 mg per day in 28-day cycles) and 131 patients to receive placebo, showing PFS benefit and
a high response rate associated with lenvatinib compared to placebo [155]. In an exploratory
analysis, Wirth et al. examined treatment-emergent hypertension and its relationship with
lenvatinib efficacy and safety in SELECT. They concluded that TE-HTN was significantly
correlated with improved outcomes in patients with radioiodine-refractory DTC, indicating
that hypertension may be predictive of lenvatinib efficacy in this population [156].

Based on these studies, sorafenib and lenvatinib are now recommended by the Na-
tional Comprehensive Cancer Network to treat progressive, RAl-refractory DTC [157].

A multicenter phase II study investigated the efficacy and safety of dovitinib in
advanced or RAI refractory thyroid cancer. This is another oral TKI with a documented
activity on VEGFR, PDGFR, and RET pathways and a unique feature of inhibiting FGFRs.
After a phase I study, in which the antitumor activity of dovitinib was evaluated on
metastatic renal cell carcinoma [158], Indeed, Lim et al. tested dovitinib orally 500 mg
once daily for five consecutive days followed by a 2-day rest every week in patients with
PTC, FTC, and MTC with refractory disease. The study showed that dovitinib has modest
activity with manageable toxicity with an overall response rate of 20.5% and a disease
control rate of 69.1% compared to a relatively short PFS [144].

Another important multitarget tyrosine kinase inhibitor, anlotinib, has been tested
for advanced refractory solid tumors. It has a referred action on tumor angiogenesis and
growth with a proved effective target on VEGF and their receptors with an inhibition
capacity 500 times stronger than sorafenib. Anlotinib also acts on tumor progression and
cell proliferation by inhibiting PDGFR alfa/beta, c-Kit, Ret, Aurora-B, c-FMS, and discoidin
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domain receptor 1 and carrying mutations in PDGFR alfa, c-Kit, Met, and EGFR. In a phase
I, open-label study on patients with various types of solid tumor including MTC, Sun et al.
showed that at a dose of 12 mg once daily on the 2/1 schedule, anlotinib had a toxicity
profile in agreement with that reported for sorafenib and a substantial, broad-spectrum
antitumor potential [146]. Subsequently, in a phase II clinical trial, the antitumor activity of
anlotinib in patients with advanced or metastatic MTC was confirmed, also demonstrating
a manageable adverse event profile [159].

A TKI with selective action on VEGFR1-3, axitinib, has been tested in patients with dif-
ferent types of thyroid cancers. Initially approved for the treatment of renal cell carcinoma,
it has been tested in two phase 2 clinical trials for thyroid cancers with a recommended dose
of 5 mg twice daily. Both studies described a clinical benefit in refractory and progressive
thyroid cancer, tolerability, and a safety profile for axitinib as first-line therapy [160,161].

Pazopanib is another antiangiogenic TKI acting on VEGFR1-3, FGF1/2, PDGE, KIT,
and RET receptors. After being approved for renal cancers, it has been tested (at a dose
of 800 mg daily) in a phase II clinical trial in patients with metastatic, rapidly progressive,
radioiodine-refractory DTC. Another phase II clinical trial tested the antitumor activity on
MTC and anaplastic thyroid cancer [162-164].

Recently, another phase II clinical trial of pazopanib in RAI refractory DTC patients
with progressive disease confirmed the clinical activity and manageable toxicities of the
drug, examining in parallel biomarkers that might precede therapeutic response. However,
no predictive biomarkers were found to facilitate a robust early identification of patients
likely to respond to pazopanib therapy [165].

Sunitinib is an antiangiogenic TKI able to inhibit the VEGF1-3, PDGE, KIT, and RET
receptors. As with other TKIs, it was first approved for other cancers such as renal cell
carcinoma and pancreatic neuroendocrine carcinoma and then analyzed for RAI refractory
DTC and MTC with FDG-PET-avid disease. Three phase 2 clinical trials reported on
sunitinib administered at 37.5 mg daily on a continuous basis. All studies concluded
that sunitinib exhibits significant anti-tumor activity in patients with advanced DTC and
MTC, with some common adverse events such as fatigue, diarrhea, hand-foot syndrome,
neutropenia, and hypertension [166-168].

The knowledge of thyroid tumor behavior, with its ability to produce cytokines and
chemokines and consequently promote tumorigenesis, has guided the scientific community
for many years in identifying the best TKI. This has led to the testing and approval of
different therapeutic options for advanced thyroid tumors that previously had no possibility
of treatment (Table 1).

Recently, the development and approval of immunotherapeutics for cancer and the
identification of immune checkpoint inhibitors have modified the treatment landscape for
many malignancies, taking advantage of the capacity of restoring the state of immuno-
surveillance on some tumors that were able to evade it [169,170].

Starting from the evidence of increased frequency of aggressive regulatory T cells and
the correlation between expression of PD-1 ligand and the worse prognosis for recurrent
PTC, the immune system components have been largely studied as therapeutic targets
useful in the treatment of thyroid cancer. These are the new fields to be explored in the
analysis of target therapy [169].
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Table 1. Drugs studied in treatment of thyroid cancer: Tyrosine kinase inhibitors and their multitarget activity.

Mechanism of

Tested or Approved for Thyroid

Drugs Action: Target(s) Dose Study Phase Cancer Treatment
-EGF-R Phase III clinical trial Treatment of patients with
Vandetanib -RET 300 mg daily (ZETA trial) symptomatic, unresectable, locally
-VEGF-R [147] advanced or metastatic MTC
-—I\Ifl}s; Phase III clinical trial Management of advanced and
Cabozantinib CKit 140 mg per day (Exﬁl\ﬁﬁnal) symptomatic MTC
-VEGF-R2
-BRAF
-VEGF-R1 .. .
VEGF-R3 Phase III clinical trial Treatment of progressive
Sorafenib -PDGE-R 400 mg twice a day (DECISION trial) metastatic DTC refractory to RAI
-C-Kit [153] treatment.
-RET
-VEGF-R1
-VEGF-R2
-VEGF-R3 .. .
L ib -FGF-R1 24 me once dail Phasszlﬁég?icglltnal Treatment of advanced DTC
envatini -FGF-R4 & y ( [155] rial) refractory to RAI
-PDGF-Ra
-RET
-C-Kit
-VEGE-R 5.00 mg once fially for .. . Treatment of advanced or RAI
e -PDGF-R five consecutive days Phase II clinical trial .
Dovitinib refractory thyroid cancer (PTC,
-RET followed by a 2-day [144] FTC and MTC
-FGF-R rest every week san )
-PDGF-R o/
-C-Kit
-RET
» -AURORA-B . Phase II clinical trial L Teatment of advanced refractory
Anlotinib 12 mg once daily solid tumors
-C-FMS [159] (including MTC)
-DDR1 8
(DISCOIDIN
DOMAIN
RECEPTOR 1)
-MET
-EGF-R
Axitinib -VEGF-R1 5 me twice dail Phase II clinical trial Treatment of different types of
xatini -VEGF-R3 & y [161] thyroid cancers
-VEGF-R1
-VEGF-R3 Treatment of different types of
. -FGF-R1/2 . Phase II clinical trials thyroid cancers (RAI refractory
Pazopanib -PDGF-R 800 mg daily [162-164] DTC, MTC, and anaplastic thyroid
-C-Kit cancer)
-RET
-VEGF-R1
-VEGF-R3 Phase II clinical trials Treatment of RAI refractory DTC
Sunitinib -PDGF-R 37.5 mg daily and MTC with FDG-PET-avid
. [166-168] .
-C-Kit disease
-RET
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5. Conclusions

The study of several molecular pathways and the tumor microenvironment involved
in cancer development has recently guided the scientific community’s effort to clarify tumor
behavior. Indeed, proliferation pathways, cell cycle control pathways, and the processes
of angiogenesis have been largely evaluated, providing new tools useful in screening,
diagnosis, and follow-up of thyroid cancer and allowing the identification of mediators
that may be potential targets for new anticancer treatments.

VEGEF and its receptors appear to be the major players in the angiogenesis process of
thyroid tumors. There have been numerous efforts toward understanding the signaling
mechanisms driven by BRAFY60%E mutation and loss of Pten as a contribution to the angio-
genic process in the thyroid tumor microenvironment. For these reasons, antiangiogenic
therapy is used in all histological subtypes of thyroid cancer. In addition, to date, a number
of inhibitors of the RAS, RAF and MEK pathways and other types of molecular target
therapy have been shown to be effective in vitro and require clinical confirmation.

The tumor microenvironment presents numerous barriers that prevent access to
chemotherapies, not only rendering them often ineffective but also potentially increasing
the tumor cells” aggressiveness.

Prognostic indicators are based on dynamic interactions between multiple types of
cells, especially those with immune functions belonging to the tumor microenvironment.

Further studies are needed to increase knowledge of the tumor microenvironment
and to evaluate its changes and remodeling as thyroid cancer progresses.

Additionally, other studies should aim to determine the role of the immune system in
thyroid cancer.
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Simple Summary: Differentiated thyroid cancer (DTC) is the most common endocrine malignancy
with a high incidence rate in females. The COVID-19 epidemic posed an increased risk of treatment
delay causing increased DTC morbidity and mortality rate of DTC. Several imaging techniques,
including ultrasound (US), magnetic resonance imaging (MRI), and computer tomography (CT), have
been applied in the early screening and diagnosis of DTC. However, these traditional methods have
limited sensitivity and specificity due to dependence on the experience and skill of the radiologists.

Abstract: Radiomics is an emerging technique that allows the quantitative extraction of high-
throughput features from single or multiple medical images, which cannot be observed directly
with the naked eye, and then applies to machine learning approaches to construct classification
or prediction models. This method makes it possible to evaluate tumor status and to differentiate
malignant from benign tumors or nodules in a more objective manner. To date, the classification
and prediction value of radiomics in DTC patients have been inconsistent. Herein, we summarize
the available literature on the classification and prediction performance of radiomics-based DTC
in various imaging techniques. More specifically, we reviewed the recent literature to discuss the
capacity of radiomics to predict lymph node (LN) metastasis, distant metastasis, tumor extrathy-
roidal extension, disease-free survival, and B-Raf proto-oncogene serine/threonine kinase (BRAF)
mutation and differentiate malignant from benign nodules. This review discusses the application
and limitations of the radiomics process, and explores its ability to improve clinical decision-making
with the hope of emphasizing its utility for DTC patients.

Keywords: differentiated thyroid cancer; radiomics; ultrasound; magnetic resonance imaging; com-
puter tomography; prediction; classification

1. Introduction to Thyroid Cancer
1.1. The Epidemiology and Pathophysiology of Thyroid Cancer

Thyroid cancer is the most common endocrine malignancy and the most commonly
diagnosed cancer in people aged 15 to 29 years, and its incidence has continuously increased
with 567,233 cases and approximately 41,000 deaths worldwide in 2018 [1,2]. The incidence
rate of thyroid cancer is approximately three-fold higher in females than in males but
the mortality rate is higher in males than in females [3-5]. In addition, a recent study
confirmed that the recurrence rate of well-differentiated thyroid cancer (DTC) is higher in
men compared with women. Due to the COVID-19 epidemic, delayed investigations and
treatment may further lead to increased morbidity and mortality of thyroid cancer [6]. The
various clinical outcomes of thyroid cancer are considered to be related to patient age, sex,
tumor type, distant metastases, and invasion of adjacent tissue and lymph nodes [7].
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Thyroid tumors are divided into follicular-derived and neuroendocrine C-cell-derived
cancers. Greater than 95% of thyroid cancer is DTC, which is follicular-derived thyroid
cancer and can be further divided into well-DTC and poorly-DTC (more progressive than
well DTC) [8]. Well DTC is a composite of papillary thyroid cancer (PTC), follicular thyroid
cancer (FTC), and Hurthle cell thyroid cancer. Of these, papillary thyroid cancer is the
most common thyroid cancer with the best prognosis, whereas follicular, Hurthle cell,
poorly-differentiated, and C-cell derived thyroid cancers are relatively uncommon but
have a high metastatic risk to the lung and bone [7]. Moreover, the increasing diagnostic
rate of papillary thyroid cancers is regarded as the leading reason for increasing thyroid
cancer incidence, in contrast, the incidence rate of other subtypes has been stable in the
past 30 years [9].

Despite the generally stable course, favorable prognosis, and low mortality of thyroid
cancer, the rate of local recurrence and distant metastases of DTC approaches 10% to 30%,
which depends on the length of follow-up [10,11]. A previous study found that DTC can
recur even up to 20 years after the initial diagnosis [12], therefore, a long-term follow-up of
patients with DTC is essential [13]. Notably, several studies have investigated the factors
related to DTC relapse. However, heterogenicity exists among these studies, and the results
indicated the associations between early-onset and recurrence [14]. More specifically, the
earlier DTC occurred, the more likely it was to recur. Therefore, timely diagnosis of DTC
recurrence is critical.

1.2. Imaging Techniques for DTC Detection

Additionally, the discrimination and identification of thyroid cancer nodules and
thyroid benign nodules are important. In most cases, the initial presentation of thyroid
cancer is a thyroid nodule [15], however, less than 10% of DTCs appear in the thyroid
nodules [16]. Given various factors including age, sex, family history, exposure to radiation,
and nodule size that could affect the shift from thyroid nodules to cancer [17], responding
to this shift in a timely manner is necessary. Differentiating early malignant tumors from be-
nign tumors and providing definite staging are key challenges for diagnosing and treating
thyroid cancer. Moreover, estimating tumor progression or predicting prognosis precisely
can significantly aid physicians in making clinical decisions regarding treatment strategies
in patients with thyroid cancer. Palpation of the thyroid and cervical lymph nodes remains
easiest and least expensive routine detection method, but this method is also the least
sensitive [18,19]. In contrast, biopsy and histopathological examination are typically the
diagnostic gold standard for thyroid cancer [20]. However, fine-needle aspiration biopsy
(FNAB) usually samples a small portion of the lesions; thus, this method could provide
limited information regarding tumor heterogeneity and may lead to missed diagnoses.
Notably, a proportion of patients are still intractable to invasive examination for screening
making it difficult to repeat pathological assessments. Noninvasive imaging examinations
including high-resolution ultrasound, magnetic resonance imaging (MRI), computed to-
mography (CT), single-photon emission computed tomography (SPECT), positron emission
tomography (PET), and PET/CT, are also playing an increasingly important role in initial
tumor screening, staging, restaging, management, and posttreatment follow-up [21]. Of
these, high-resolution ultrasound remains the sole fundamental imaging method in the
diagnosis and screening of thyroid nodules and cancer [22]. High-resolution ultrasound is
a safe noninvasive imaging technique that could aid in enhancing the early detection of
pathologies [23].

Ultrasound is based on the pulse-echo principle that makes it possible to determine
the thyroid size, location, number, and morphology of individual nodules, and occult
nodules omitted by physical examination [18], and present these findings in a single
cross-sectional B-scan image. The suspicious ultrasound features of malignant thyroid
nodules exhibit the following characteristics: solid nodule structure, hypoechogenicity,
taller-than-wide shape, irregular margin, microcalcification, and invasion of surrounding
tissue [18,24]. Nodules that present pure cystic or cystic components that represent greater
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than 50% of nodule volume tend to be benign [25]. Despite its widespread availability and
radiation-free features, the diagnosis significantly relies on the radiologists” experience and
subjective judgments, which limits the ability to make an objective diagnosis. Although
neck ultrasound is the primary method used to investigate palpable thyroid masses,
suspicious neck masses are typically initially screened through CT or MRI examination.
Some features may be specific, whereas others may be incidental findings [26]. CT and
MRI provide evidence for detecting lymph node metastasis as well as evaluating the
invasion of adjacent tissue and organs with the features of cross-sectional imaging and
reconstruction function [27]. It has been reported that the CT use rate in the examination of
the neck and cervical spine has increased rapidly and is greater than that of ultrasound
in the United States [28]. A previous study also verified the value of CT in detecting
incidental thyroid nodules and hypothesized that CT imaging may be the current trend
rather than ultrasound [29]. Nevertheless, CT also has an obvious limitation given that
contrast-enhanced CT with iodinated contrast medium would delay subsequent radioactive
iodine therapy [30]. Conversely, based on gadolinium-based contrast agents, MRI can be
employed without interfering with radioiodine administration despite the requirement for
a longer scan time. In addition, with its higher soft-tissue contrast, MRI combined with
diffusion-weighted imaging (DWI) sequences could provide qualitative and quantitative
information about tumor lesions at the cell level. DWI has been applied to assess the
differentiation of benign and malignant thyroid tumors for several years [31,32]. A recent
study verified the potential advantages of DWIin predicting aggressive histological features
of thyroid carcinoma [33].

Nuclear medicine examinations have been used in the diagnosis, treatment, and surgi-
cal management of thyroid disease. Given the high avidity of radioiodine in functioning
thyroid tissues, 1311 whole-body scintigraphy (WBS) has a high value in tumor and metasta-
sis detection [34]. WBS is also regarded as a routine diagnostic procedure for DTC patients
with thyroidectomy [35]. However, WBS cannot provide a precise anatomic location, which
greatly constrains its potential value. Compared with WBS, SPECT/CT not only enables
anatomic localization of the tumor but also has higher sensitivity (50%) and specificity
(100%) [36]. Besides, PET/CT or PET/MRI is also a relatively high sensitivity imaging
technique in the evaluation of recurrent or metastatic tumors. A meta-analysis calculated
that the pooled sensitivity was as high as 93.5% for PET/CT in detecting recurrent or
metastatic DTC [37]. In addition, PET/CT can detect 21.2% of lymph nodes and soft tissue
lesions that were missed by ultrasound [38]. Compared with PET/CT, PET/MRI has low
radiation, but the high costs of this method should also be considered. Although some
reports have demonstrated the value of the nuclear medicine approach applied in thyroid
cancer, underlying issues, such as cost-effectiveness, universality, and radiation, require
further discussion. Notwithstanding the above strengths, the current imaging technologies
for tumor classification and prediction remain limited. Radiomics is an emerging field
that involves segmenting lesions, extracting quantitative radiology features from medical
images, and constructing models to classify or predict disease. The current review focuses
on the radiomics characteristics of DTC and reviews the classification and prediction ability
of radiomics for DTC.

2. Introduction to Radiomics
2.1. The Definition of Radiomics

Radiomics is defined as quantitative mapping that is used to construct a prediction
model by extracting and analyzing medical image features related to the prediction target,
including clinical endpoints and genomic features [39]. Radiomic features capture tissue
and lesion characteristics, such as heterogeneity and shape, and may be used for clinical
problem solving alone or in combination with demographic, histologic, genomic, or pro-
teomic data. As an important innovation, medical image analysis automatically extracts
a large number of quantitative features of medical images in a high-throughput manner.
The use of radiomics in medical image analysis represents a significant improvement [40].
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Radiomics research is based on the hypothesis that this type of automatic or semiautomatic
software can provide better analysis of medical image data than human doctors due to the
increased number of image features revealed by conventional and novel medical imaging
that cannot be recognized by human doctors [41]. More specifically, the technology is based
on the hypothesis that genomics and proteomics patterns can be expressed in terms of
macroscopic image-based features [40].

2.2. Radiomic Features

Compared with the so-called “semantic” qualitative features, which are typically
subjectively defined by radiologists, radiologic features can be regarded as quantitative
features and are generally divided into shape, first-order statistics, second-order statistics,
and higher-order statistics [42]. Familiarity with core principles of radiomic features may
facilitate interpretation of results and preselection of features for specific applications.

Shape features represent geometric relations that mainly refer to two-dimensional or
three-dimensional image features derived from ROIs, such as tumor volume, surface area,
tumor sphericity, and tumor compactness [43].

The first-order statistics features or histogram-based features are derived from the statis-
tical moments of the image intensity histogram and based on the image intensity distribution
represented by histograms that characterize the distribution of individual pixel or voxel
intensity values within. Features, such as uniformity, asymmetry, kurtosis, and skewness, can
also be used to extract other features, such as image energy and entropy [43,44].

Second-order statistical features, which are also known as texture features, quantify
intratumoral heterogeneity and explain the spatial interdependence or cooccurrence of
information between adjacent voxels [42]. Textural features are not directly computed
from the original image but from different descriptive matrices that already encode specific
spatial relations between pixels or voxels in the original image. In the original image,
there are some matrices of the spatial relationship between the intensity of the encoded
image from which a large number of texture features can be calculated. The gray value
distribution matrix (GLCM) of cooccurrence voxels in the gray level co-occurrence ma-
trix is one of the most commonly used second-order features in radiomics [45,46]. The
neighborhood gray-level different matrix (NGLDM) and the gray-level run-length matrix
(GLRLM) are also common. Higher-order statistical features are typically calculated us-
ing statistical methods after applying a specific mathematical transformation (filter). For
example, repeating patterns, noise suppression, edge enhancement, histogram-oriented
gradients, or local binary patterns (LBPs) can be identified. The applied mathematical
transformations or filters include Laplacian transformations of Gaussian-filtered images
(Laplacian-of-Gaussian), wavelet or Fourier transformations, Minkowski functionals, or
fractal analysis [47].

2.3. The Workflow of Radiomics

Radiomics analysis can be achieved by two methods. The first method includes
conventional and common typical methods that are used to determine the region of interest
(ROI) of the medical image first and then extract the radiomics features from the ROI and
analyze the clinical problem [48]. The second method is less applied but pointed out by the
previous review, it works based on the radiomics images directly but not the radiomics
data derived from conventional images, it is also helpful to recognize ROIs reliably [41].

Radiomics analyses begin with the choice of a disease and image protocol. When
targeting disease and image protocols are selected, the classical radiomics process can be
divided into the following four steps: selection of the regions of interest, radiomics feature
extraction, analysis, and modeling [49]. Figure 1 illustrates the workflow of radiomics for
thyroid disease.
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Figure 1. The flowchart shows the workflow of radiomics and its application in thyroid cancer or nodule classification and

prediction. Abbreviations: RE—random forest; SVM—support vector machine.

ROIs are commonly delineated by professional radiologists manually or by special
software in a semiautomatic or fully automatic manner. In the feature extraction stage,
hundreds of candidate radiomic features are typically extracted theoretically to be used
as the input of the prediction model, but the number of model parameters will increase
exponentially afterward. Moreover, radiation features generally show a high degree of
correlation with each other, indicating data redundancy. Thus, some features can be
discarded, whereas other features can be grouped and replaced by representative features.
Therefore, a large number of candidate features must be removed or transformed via a
process called dimensionality reduction [47].

After feature selection, a mathematical model can be established to predict or solve
targeted medical problems, such as the existence of specific gene mutations or tumor
recurrence. Radiation features can be modeled in many different ways, ranging from
statistical models to machine learning methods, depending on the clinical problems to be
solved [50]. The most popular algorithms in radiomics are linear regression and logistic
regression, decision trees (such as random forests), support vector machines (SVMs), neural
networks, and Cox proportional hazards models with censored survival data.

2.4. Clinical Applications of Radiomics

The application and research potential of radiomics are still being explored. However,
based on published studies, the clinical application of radiomics can be classified into the
following three categories: radiogenomics (linking imaging data to biology), diagnosis of
diseases, and clinical outcome prediction, including treatment response, recurrent disease,
and survival time [47,51]. However, radiomic studies of thyroid cancer mainly involve the
latter two categories.

3. Literature Search Strategy

We conducted a comprehensive literature review from the PubMed, Web of Science
and Google Scholar databases for papers published before February 2021, independently.
English-language filters were applied in the process of searching. Standard searches
were done with the following keywords: ‘thyroid cancer’, ‘differentiated thyroid cancer’,
‘thyroid nodules’, and ‘radiomics’. The reference lists were manually checked to identify
additional relevant studies. We followed The Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines to select relevant studies [52] (Figure 2).
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Figure 2. Flow diagram for the identification and exclusion of studies in radiomics application in differentiated thy-
roid cancer and nodules. Abbreviations: DTC—differentiated thyroid cancer; CAD—computer-aided detection; CNN—

convolutional neural networks; Al—artificial intelligence.

4. Radiomics in Thyroid Cancer Prediction

As mentioned above, radiomics aids in cancer detection, diagnosis, prediction of prog-
nosis, evaluation of tumor status, treatment response, and local or distant metastasis [50].
Of these, the predictive value has been determined in various cancers and has been a
research hotspot in recent years. Table 1 showed the predictive value of radiomics applied
in DTC, Table 1 was organized according to a sequential order of prediction category,
imaging method, and published time.

Metastasis is an important indicator of tumor progression [53]. Lymph node (LN)
metastasis is closely related to local recurrence, distant metastasis, and thyroid stage,
which further indicates the surgical plan [54,55]. Thus, the judgment of LN metastasis is
important. Although a small proportion of patients report LN metastasis, those patients
with suspicious abnormalities would also be suggested to undergo fine-needle aspiration
biopsy (FNA) and prophylactic lymph node dissection (LND). These invasive examinations
seem to be unsuitable for those people without LN metastasis. Therefore, it is important
to identify a noninvasive approach to pinpoint patients with high-risk LN metastasis in
clinical practice. Liu et al. [56] compared the radiomics prediction ability to estimate the LN
status among B-mode ultrasound (B-US), strain elastography ultrasound (SE-US) images,
and the combination of these two images. As was hypothesized, the combination group
showed a better prediction ability than a single image. However, given that only 75 patients
were recruited and no validation analysis was performed in this study, the results should be
interpreted with caution. Furthermore, the same research team included 450 patients and
divided them into training and validation datasets to verify the radiomics evaluation of US
thyroid images to predict LN metastasis in PTC patients [57]. This study partly validated
their previous conclusion that the features ultimately selected performed equally well
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regarding the radiomics evaluation. PTC patients with or without LN metastasis showed
different radiomics signatures. Jiang et al. [58] extracted radiomics features from both
shear-wave elastography (SWE) images and B-mode ultrasound (BMUS) images. They
calculated the Rad-score to distinguish patients with high metastasis risk. Then they built
and compared the value of radiomics nomogram and clinical nomogram in predicting
the LN stage. They concluded that the nomogram based on SEW radiomics signatures
performed well in predicting LN status. Li et al. [59] also verified the value of ultrasound
radiomics features in predicting LN metastasis. The radiomics features had a larger AUC
than the ultrasound features of microcalcifications and an irregular shape.

Although CT and MRI are not exceedingly superior to ultrasound in thyroid cancer
diagnosis, CT-based and MRI-based radiomics performed equally as well regarding their
predictive value. The ability of CT radiomics signature to predict LN metastasis was
initially reported by Lu et al [60]. This group built an SVM model and found that the
radiomics signature showed a better predictive value of LN metastasis than any single
radiomics signature. They concluded that the radiomics nomogram adds predictive power
to LN metastasis. Hu et al. [61] initially applied multimodal MRI radiomics to predict
LN metastasis in patients with PTC, and Zhang et al. [62] extracted radiomics features
from T2WI and T2WI-fat-suppression (T2WI-FS) images to test and validate the predictive
value of LN metastasis. These studies partly demonstrated that MRI-based radiomics can
scientifically, quantitatively, and accurately predict LN metastasis in PTC patients, thereby,
reducing unnecessary surgery.

LN metastasis is more likely to occur in central regions followed by lateral regions [3].
Lateral LN metastasis exhibits a higher recurrence rate and a poorer prognosis than central
LN metastasis [63,64]. A recent study developed an ultrasound-based radiomics nomogram
to assess its predictive value for central neck lymph node metastasis in PTC patients [65].
The prediction model showed good accuracy, sensitivity, specificity, and AUC values in both
the training dataset and validation dataset. Afterward, the predictive value of ultrasound
radiomics for lateral cervical LN metastasis was successively investigated in two studies.
Tong et al. [66] retrospectively recruited 840 patients with PTC and extracted radiomics
features from their preoperative ultrasound images. These researchers also established a
radiomics-based nomogram to predict lateral LN metastasis. This radiomic nomogram
presented good discrimination in both training and validation datasets and may therefore
have clinical application. More interestingly, one study found a link between ultrasound
radiomic features of the primary tumor and the status of lateral LN metastasis [67]. The
key and interesting part of this study was that it focused on the radiomics features of
thyroid primary tumors in predicting lateral LN metastasis but not the LN itself, which
may facilitate the early detection of metastases.

Although the results of the abovementioned studies on the predictive value of ul-
trasound radiomics were largely positive in nature, the main limitation of the lack of
multicenter and external validation could not be overlooked. A recent relatively robust
study filled this gap. Yu et al. [3] first focused on the diagnostic value of ultrasound
radiomics under a multicenter, cross-machine, multi-operator scenario. Based on B-mode
ultrasound images of thyroid lesions, they established and compared four models includ-
ing clinical statistical model (SM), traditional radiomics model (RM), non-transfer learning
model, and transfer learning radiomics (TLR) model to predict the risk of LN metastasis
in PTC patients. Of these, the TLR model showed the highest sensitivity and specificity
in both the main and external cohorts. Then, a recent study that is in preprint performed
an external validation based on CT radiomics indicating the good performance of this
method in the prediction of LN metastasis [68]. To some extent, this study adds strength
and validity to previous ultrasound-based radiomics studies.

Besides, the predictive value of radiomics was also applied in other aspects, such as the
prediction of distant metastasis [69], tumor extrathyroidal extension [70,71], disease-free
survival [72], and BRAF mutation [73]. The aggressiveness of tumors is classified based on
various features, such as extrathyroidal extension; aggressive pathological subtypes, such
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as tumors with tall cells, tumors with columnar cells, and the hobnail variant; lymph node
involvement; and distant metastasis [74]. A recent study found that multiparametric MRI-
based radiomics combined with a machine learning approach can accurately distinguish
aggressive PTC patients from nonaggressive patients, which illustrated the role of radiomics
in predicting aggressive tumors [75]. Distant metastasis of DTC is uncommon; however,
FTC is more likely to have distant metastasis than PTC. It has been reported that the bone
metastasis rate in FTC ranges from 7 to 28%, whereas that for PTC is only 1.4-7% [76].
Kwon et al. [69] thus evaluated the capability of ultrasound-based radiomic features
to predict distant metastasis of FTC. This study is based on radiomics analysis and a
machine learning approach, and multivariate analysis indicated that the radiomic signature
and widely invasive histology are related to distant metastasis. Moreover, the AUC of
the thyroid ultrasound radiomic signature in predicting distant metastasis was as high
as 0.93, demonstrating good predictive performance. The extrathyroidal extension in
patients with DTC is also an important factor to consider when determining the surgical
modality. Chen et al. [70] selected five CT-based radiomics features that were closely
related to the extrathyroidal extension of PTC patients. A CT-based radiomics nomogram
was built and showed good predictive value in extrathyroidal extension. This excellent
predictive performance for tumor extrathyroidal extension was also verified in an MRI-
based radiomics preprint [71]. Regarding “disease-free” cancers, DTC has an overall good
disease-free survival after treatment and long-term outcomes [77]. Despite being called a
“happy cancer”, tumor progression contributes to the 1.4-5.2% mortality rate of thyroid
cancer [78,79]. A retrospective study included 768 PTC patients, extracted radiomics
features from ultrasound images, and constructed a radiomics signature based on LASSO
regression. Finally, a Rad-score was calculated to stratify the patients into high- and low-
risk DFS [72]. Furthermore, based on recent progress in molecular genetics, gene-specific
information has provided insights into the biology of the tumor, prediction of prognosis,
and potential therapeutic targets [80]. The B-Raf proto-oncogene serine/threonine kinase
(BRAF) mutation is involved in the pathogenesis of PTC and is related to tumor progression,
recurrence, and mortality [73]. In addition, shedding light on the mutational status of
thyroid cancer could help clinicians evaluate the tumor response to new drugs, such as
tyrosine kinase inhibitors. Thus, if we can predict genes mutated in thyroid cancer through
convenient and feasible approaches, this information would contribute to improving tumor
diagnosis, judging the prognosis, and personalizing the treatment. To date, two studies
have applied radiomics to estimate BRAF mutations in PTC patients [73,81]. These two
studies offered a consistent outcome that ultrasound radiomics has a limited value in
predicting BRAF nutation. This result indicated that the relationship between ultrasound
radiomics and gene mutation may not be as good as expected.
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5. Radiomics in Thyroid Cancer and Nodule Classification

Thyroid cancer nodules are common in thyroid disease. The prevalence of thyroid
nodules is approximately 67% in adults [82]. It has been reported that approximately
10% of patients with detected thyroid nodules are diagnosed with malignancy [83]. LN
metastasis indicates rapid progression and poor prognosis in thyroid cancer; however, only
a small portion of patients will develop metastasis [56]. Therefore, special attention needs
to be paid to the differentiation of malignant and benign nodules. Table 2 presents studies
focusing on the classification value of radiomics in DTC.

Machine learning or deep learning-based modalities are an important step in the
processing of radiomics data. Machine learning approaches typically manually select and
delimitate a set of few ROIs on the images; then, machine learning algorithms, such as
support vector machine (SVM), random forest, and least absolute shrinkage and selection
operator (LASSO), are applied to build a model. Prochazka et al. [84] used histogram
analysis and segmentation-based fractal texture analysis algorithms combined with SVM
and random forest classifiers to distinguish malignant nodules from benign nodules in ul-
trasound images. Their results indicated that the histogram feature was the most important
parameter in classification, and both SVM (94.64%) and random forests (92.42%) achieved
high accuracy. Colakoglu et al. [85] attempted to differentiate benign and malignant thyroid
nodules using texture analysis and random forest model construction. After testing the
reproducibility of all texture features, they finally screened seven texture features from
ultrasound images, including one histogram (HistPerc 99), one HOG (HogO8b2), four
GRLMs (GrlmHRLNonUni, GrimHMGLevNonUni, GrlImNRLNonUni, and GrlmZRL-
NonUni), and one GLCM (GlemZ3AngScMom), in a random forest model. The diagnostic
sensitivity, specificity, and accuracy were 85.2%, 87.9%, and 86.8%, respectively. Notably,
the area under the curve (AUC) of the model was 0.92, indicating good performance.
Furthermore, a recent ultrasound-image-based retrospective study recruited 2558 patients
(2831 nodules), extracted radiomics features using an in-house texture analysis algorithm,
and applied the LASSO method to calculate the radiomics score [86]. They used this
radiomics score to determine a cutoff value that can help classify the nodules as benign
or malignant. The AUCs of the radiomics score in the training and testing datasets were
0.85 and 0.83, respectively, indicating discriminative power. Furthermore, Yoon et al. [87]
also applied texture analysis and the LASSO method in US images to predict malignant
thyroid nodules with indeterminate cytology, demonstrating good predictive performance.
Zhao et al. [88] compared the diagnostic performance and unnecessary FNAB rate for
thyroid nodules of assisted visual-based and radiomic-based machine learning approaches
in ultrasound images. In this study, ten machine learning classifiers, including decision tree,
naive Bayes, k nearest neighbors (KNN), logistics regression, SVM, KNN-based bagging,
random forest, extremely randomized trees (XGBoost), multilayer perception, and gradient
boosting tree classifiers, were verified. The results of the assisted visual-based machine
learning approach indicated superior performance in AUC, sensitivity, and specificity in
both the training dataset and internal validation dataset. Furthermore, a similar study
design was applied to a CT-based radiomics study [89]. This study ultimately included
13 radiomics features after LASSO logistic regression. An SVM model was constructed
and compared with seven other machine learning models. The study concluded that the
SVM model exhibited good discrimination performance, whereas random forest had the
highest stability.
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In addition, the ability to discriminate benign from malignant lesions using a deep
learning radiomics approach has also been verified by researchers. Zhou et al. [90] em-
ployed the deep learning radiomics method to differentiate benign and malignant thyroid
nodules in ultrasound images. This study found that the AUC of deep learning radiomics
was greater than that of other deep learning models and traditional naked-eye observa-
tions. However, the current limitation of deep learning is its black box issue, making the
conclusion difficult to interpret. The abovementioned radiomic-based and deep learning-
based classifications are two methods applied in the detection of malignant nodules and
metastatic cervical lymph nodes. However, research comparing the diagnostic ability
between these two approaches is insufficient but essential. Wang et al. [91] extracted 302-
dimensional statistical features from ultrasound images and applied mutual information
and linear discriminant analysis to reduce dimensionality. These researchers reported that
the accuracy of radiomics for the testing data was 66.81%, which was relatively lower than
that of the deep learning approach (74.69%). Although the radiomics approach may not be
dominant in this study, the interpretability of deep learning is a long-standing problem
that remains elusive.

6. Limitations

Substantial radiomics studies have indicated the predictive value of radiomics in DTC;
however, it is undeniable that there are also several limitations in radiomics. First, the
‘black box” property of classifiers hampers the causal relationship, and the meaning of
radiomics features extracted from grayscale images further hinders data interpretability.
Second, radiomics is regarded as a “population imaging” approach closely relying on differ-
ent modalities and device parameters, which means variations in imaging protocols among
institutions would lead to non-uniform data acquisition and thus influence generalizability.
The good classification and prediction performance in a single center might not be general-
ized to patient cohorts from another center. Therefore, current original studies generally
lack external validation. Third, although radiomics partially reflects the information at
the molecular biological level, variations in tumor cells and the microenvironment as well
as the retrospective nature of the studies represent limit the interpretation of the final
results. Notably, based on current studies, the average diagnostic accuracy of radiomics
is between 66% and 86%, even worse in the prediction of BRAF mutation, making the
economic efficiency is an issue in need of attention and consideration. Furthermore, the
reliability of the predictive performance and clinical application may be decreased by dis-
cussing the predictive value of radiomics itself without considering the influence of clinical
information, such as tumor stages and therapy strategies. More importantly, the ethical
issues regarding the use of radiomics in patient stratification and treatment response-based
prognosis should also be treated with caution.

7. Conclusions

In summary, radiomics is a hot topic and a rapidly evolving field in medical imag-
ing in general. There are still some technological and ethical limitations of radiomics
aforementioned are required to be solved. Nevertheless, increased studies have proved
the potential applications of radiomics for both the research and clinical lactation field.
For prediction, the radiomics is seemly satisfactory to predict lymph node metastasis,
distance metastasis, tumor aggressiveness and extrathyroidal extension, and disease-free
survival. While previous original studies consistently negated the value of US radiomics
in predicting BRAF mutations in DTC. This result may need to be thoroughly discussed
to determine the predictive value of other imaging techniques, such as CT and MRI, and
provide a direct or indirect relationship between radiomics and tumor mutations of thyroid
cancer in the future study. For diagnosis, the current findings may facilitate breakthroughs
in thyroid cancer and nodule classification based on a radiomics approach. These studies
demonstrated the usefulness of radiomics in discriminating benign and malignant lesions
regardless of the image types (US, CT, or MRI). Further studies should address two im-
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portant issues: (1) optimize the algorithm and models to improve the accuracy of external
validation thereby enhance the diagnostic capacity of radiomics; (2) analyze multi-model
or multi-parameters imaging data with a larger sample as well as increase the possibility
of clinical transformation.
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Simple Summary: This review reflects on health economic considerations associated with the
increasing diagnosis and treatment of differentiated thyroid cancer. Analysis of different relevant
health economic topics, such as overdiagnosis, overtreatment, surgical costs, and costs of follow-
up are being addressed. Several unanswered research questions such as optimising molecular
markers for diagnosis, active surveillance of primary tumours, and improved risk stratification and
survivorship care all influence future healthcare expenditures.

Abstract: The incidence of differentiated thyroid cancer (DTC) is rising, mainly because of an
increased detection of asymptomatic thyroid nodularity revealed by the liberal use of thyroid
ultrasound. This review aims to reflect on the health economic considerations associated with the
increasing diagnosis and treatment of DTC. Overdiagnosis and the resulting overtreatment have
led to more surgical procedures, increasing health care and patients’ costs, and a large pool of
community-dwelling thyroid cancer follow-up patients. Additionally, the cost of thyroid surgery
seems to increase year on year even when inflation is taken into account. The increased healthcare
costs and spending have placed significant pressure to identify potential factors associated with these
increased costs. Some truly ground-breaking work in health economics has been undertaken, but
more cost-effectiveness studies and micro-cost analyses are required to evaluate expenses and guide
future solutions.

Keywords: cost-benefit analysis; economics; medical; thyroid neoplasms

1. Introduction

Thyroid nodules are common and increase with age, especially in iodine-deficient
areas [1]. One-third of screened adult cohorts in Europe have a thyroid abnormality
on ultrasound [2]. Detected thyroid nodules are investigated to establish a benign or
malignant diagnosis and the treatment plan for each of these outcomes is informed by na-
tional and international guidelines [3,4]. However, the guidelines rarely include economic
considerations.

Differentiated thyroid cancer (DTC), an umbrella term for papillary thyroid cancer
(PTC), follicular thyroid cancer (FTC), and Hiirthle cell thyroid cancer (HTC) represents
approximately 95% of all thyroid cancers [5]. The incidence of DTC has been increasing
for the last three decades, but the disease-specific mortality remains stable. Most patients
have an excellent prognosis, so the increasing diagnoses have created a vast pool of thyroid
cancer survivors that require follow-up. This paper aims to reflect on the health economic
considerations associated with the increasing diagnosis and treatment of DTC.

2. Epidemiology of DTC

The incidence of DTC is rising worldwide [6]. In 2020, 448,915 new cases of thyroid
cancer were estimated, with an age-standardised rate of 10.1/100,000 and 3.1/100,000 in
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women and men, respectively (Global Cancer Observatory, IARC). In the United Kingdom
(UK), where thyroid cancer incidence is lower than most other European countries, it
has increased by 68% over the last decade with 3700 new thyroid cancers diagnosed a
year. The expectation is a further rise to 11 cases per 100,000 by 2035 (Cancer Research
UK). In 2019, 52,070 new cases were estimated in the United States (US) [7]. If the rising
trend in incidence is maintained, thyroid cancer should become the fourth most common
cancer in the United States by 2030 [8]. Despite the progressive increase in incidence, the
disease-specific mortality in the US has increased marginally from 0.40 to 0.46 per 100,000
and can be accounted for by the advanced and dedifferentiated cancers that occur most
commonly in an ageing population [9]. In 2020, 43,646 patients died from thyroid cancer
(27,740 women and 15,906 men) (Global Cancer Observatory, IARC), almost no change
from the 40,000 estimated global deaths in 2012 [6]. These trends of incidence and mortality
are seen across the developed world, with pockets of extreme increase in incidence in
countries where thyroid screening has been adopted, such as in South Korea [5,10,11]. The
rate of incidental DTC however has remained stable in autopsy studies since 1970 [12].

The rising incidence of DTC applies primarily in high-income countries where in-
cidence rates are more than two-fold higher than low and middle-income countries [6].
International comparisons can be difficult due to differences in the reporting and treatment
of the disease. However, even within the same country different rates of DTC diagnosis
exist, usually coinciding with a different medical ethos, healthcare structure, and/or fund-
ing strategy as noted in regions of Belgium and Brazil [13-15]. In the US, social-economic
group and race are also influential with a higher incidence of thyroid cancer found in white
patients with a higher income and health insurance levels [16].

The increasing incidence of thyroid cancer is driven by early-stage DTC without any
increase of note in mortality or any increase in the known risk factors [5]. Despite an in-
crease in exposure from medical conditions and their treatments, the overall environmental
radiation burden has declined [17-20].

Iodine deficiency [21] predisposes to goitre and thyroid nodularity which are also
risk factors for thyroid cancer diagnosis [5]. A meta-analysis reported a PTC/FTC ratio
of 3.4-6.5:1 compared to a ratio of 0.19-1.7:1 in iodine-deficient areas [22]. Chronic iodine
deficiency may also be a risk factor for anaplastic thyroid cancer [5,23] but overall, there is
no epidemiological overlap between the surge in DTC and iodine deficient areas.

In light of the above considerations, whilst the hypothesis of increased population
exposure to known or some unrecognised carcinogens is a potential explanation for the
thyroid cancer epidemic, this remains somewhat unlikely.

3. Overdiagnosis and Overtreatment

It is probable that the single most important cause of the rising DTC incidence over
the last few decades has been the increased detection of asymptomatic thyroid nodularity
revealed by the liberal use of thyroid ultrasound. This has unveiled a huge reservoir of
mainly benign but sometimes malignant disease. The junction at which diagnosis becomes
overdiagnosis is the point at which the identification of disease does not lead to overall
population benefit. Overtreatment is an almost inevitable product of overdiagnosis and
is observed when a disease is diagnosed and optimally treated but the net result is an
unfavourable balance between patient benefit and the overall adverse effects of care. This
risk was recognised almost 30 years ago [24] as increasing access to ever-improving imaging
techniques replaced medical examination.

The widespread use of neck ultrasound has led to either a preoperative increased
detection of early-stage tumours and/or indirectly to thyroid surgery where incidental
thyroid cancers, mainly papillary thyroid carcinomas under 10 mm (papillary thyroid
microcarcinomas (PTMC)), are found. From 1975 to 2009, the proportion of incidental
PTMC has increased from 25% to 39% [25]. In some European countries and the US,
45 to 70% of thyroid malignancies are considered “over diagnosed”, based on studies
comparing the expected and observed prevalence of thyroid cancer [26]. This conclusion is
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also inferred by the rise of early-stage thyroid cancer and the incongruity of there being
more cancer with no change in mortality over decades [27]. The alternative explanation,
that early diagnosis coupled with excellent treatment has compensated for a real thyroid
cancer epidemic, appears less substantiated.

Overdiagnosis and overtreatment are clear generic population-based concepts but are
more difficult to define at an individual level since it has not been possible to reliably predict
the natural history of an individual PTMC in a specific patient. The early diagnosis of a
PTMC will have saved some patients from a late diagnosis and despite the excellent overall
prognosis some PTMC may become larger and metastasise or manifest an aggressive
clinical behaviour even without enlargement. However, it remains the case that at autopsy
after deaths unrelated to thyroid cancer 6.7-16.1% of thyroids present one or more foci of
PTMC [12] so that the vast majority of newly diagnosed PTMC is implicitly of no clinical
significance. The diagnosis and treatment of PTMC offers no benefit to the patient in the
vast majority of cases. Apart from some difficult to identify patients who will benefit, most
are exposed to potential morbidity without gain. In addition to the personal risk of surgery,
one must consider the psychological effects of a cancer diagnosis that is cancer in name but
infrequently in behaviour. A frequently overlooked additional consequence of the surge in
DTC diagnoses is the drain on healthcare resources.

The overdetection and treatment of PTMC comes with an economic cost irrespective of
whether it is treated surgically or subjected to a surveillance programme. These costs must
be balanced against the consequences of a delayed diagnosis in the minority of patients
that may come to harm if a timely cancer diagnosis is not made. This argument effectively
overlaps with the health economic debate that applies to cancer screening in general. Does
thyroid cancer screening fit the cancer screening principle that a presumptive diagnosis
of subclinical disease and an early diagnosis improves outcome? [28]. For screening to be
effective, the time interval between a disease becoming detectable by the screening tool
and the presentation of clinically detectable disease must be shown to be detrimental to the
patient [29]. For a screening program to be considered the disease must be common, have
an identifiable risk group and the screening tool must be both sensitive and specific. There
is no evidence that this applies to thyroid cancer. A Polish group reviewed 4701 patients
surgically treated for thyroid cancer [27] with patients divided according to whether the
diagnosis was made with a clinical presentation or without symptoms or risk factors. The
asymptomatic group predictably presented a lower TNM stage, a lower rate of multifocality,
and no characteristics of aggressive clinical behaviour. The use of screening results in the
diagnosis of indolent cases and may lead to overdiagnosis and overtreatment. Very few
countries have implemented a thyroid ultrasound screening program for thyroid cancer
and several governments have now acknowledged the possible detrimental effects of
unwarranted neck ultrasound use in asymptomatic patients.

In an attempt to reduce unstructured neck ultrasound screening in the UK, only a
thyroid specialist should request a thyroid ultrasound [30]. The American Preventive Ser-
vice Task Force (USPSTF) recently released its guidelines, in which it strongly recommends
against using neck ultrasound for thyroid cancer screening in asymptomatic patients [31].
The impact of changing guidelines was seen in South Korea where screening with neck ul-
trasound for thyroid cancer became part of a National Cancer Control Program in 1999 [32],
creating an epidemic of low-risk PTC. After recognising the morbidity of unnecessary
thyroid surgery due to the thyroid screening this practice was discouraged from 2014 with
a corresponding decrease in the incidence of thyroid cancer and the number of thyroid
operations decreased significantly [33]. However, if patients do not undergo surgery for
PTMC, the management dilemmas and costs associated with an active surveillance (AS)
programme with repeated clinical review and ultrasounds is also problematic since a
reliable predictor of progression is still not available [34,35].
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4. The Indeterminate Thyroid Nodule

The detection of a thyroid nodule begins a cascade of investigations with neck ultra-
sound and fine-needle aspiration (FNA) at the heart of the algorithm. Benign cytology
should allow patient discharge in most cases. Since it is not always possible to unequiv-
ocally exclude malignancy at FNA cytology, surgery may be recommended for these
‘indeterminate’ lesions. However, the cancer rate at final histology after surgery is less than
30% [36]. The problem of indeterminate cytology and 70% of unnecessary thyroid opera-
tions may be addressed in some cases with the identification of mutations in molecular
panels that are promising [37,38]. Molecular testing, however, adds further expense to the
diagnostic workup (£2160-£2880) [39] and usually reduces the risk of rather than guar-
anteeing the absence of cancer. A recent review of available molecular panels concluded
that the more accurate molecular-based test methods are still expensive and restricted to
a few, highly specialised and centralised laboratories [40]. Molecular testing is therefore
not currently provided by taxpayer-funded healthcare systems since value (benefit/cost)
remains unproven.

The cost of mutation panels however needs to be put in the context of the potential
saving of unnecessary surgery and the benefit of patient discharge, assuming that this actu-
ally occurs. Several cost-effectiveness studies have been performed, comparing lobectomy
to genetic testing [37], molecular panel testing [41], or lobectomy and frozen section to total
thyroidectomy for thyroid nodules suspicious of cancer [42]. Most studies suggest that a
diagnostic lobectomy remains overall preferable to genetic testing as a strategy for ruling
out the malignancy of indeterminate thyroid nodules. The conclusions are determined
principally by the consequence of “closure” after a hemithyroidectomy versus living under
surveillance after using molecular panels which appears to remain the recommendation. A
systematic review concluded that the test specificity had to be >68% and the amount of
surgery decreased by over 50% for molecular testing to be cost-effective [39]. This health
economics model confirmed that molecular evaluation of thyroid nodules with indetermi-
nate cytology could generate positive health outcomes by reducing the rate of unnecessary
surgery on benign nodules and may find traction as the costs of the tests decrease.

5. Surgery as the Solution?

Thyroid surgery is becoming increasingly expensive. A large population-based study
demonstrated increasing patient charges for both inpatient and outpatient elective thyroid
surgery, with increasing costs of £644 or 4.31% every year between 2006 and 2014, after
controlling for multiple clinical and demographic variables and adjusting for inflation [43].
There is ample evidence that a thyroid lobectomy presents no survival difference compared
to a total thyroidectomy in low-risk PTC less than four centimetres in diameter [44].
Hemithyroidectomy has the advantage of retaining natural thyroid function in 80% or more
of patients and avoids permanent hypoparathyroidism and its sequelae. The disadvantages
of a hemithyroidectomy are the reduction of efficacy of thyroglobulin as a tumour marker,
the preclusion of radioiodine as adjuvant treatment, and a higher risk of requiring a second
operation for local recurrence. Overall, the 2015 American Thyroid Association guidelines
conclude that a lobectomy is an acceptable treatment primarily to avoid the morbidity of
total thyroidectomy documented in lower volume practices [3] rather than because it is a
better option from an oncological point of view.

Most thyroid surgery in the US and many parts of the world is performed by low-
volume general, ENT, and, to a lesser extent, maxillofacial surgeons [45]. Whilst a hemithy-
roidectomy in low-risk thyroid cancer may offer lower morbidity with unchanged cancer
efficacy [46] the cost considerations appear to have taken a back seat. The Quality Adjusted
Life Year (QALY) can be used in the assessment of the value of medical interventions [47]. If
the Incremental Cost-Effectiveness Ratio (ICER) is applied to the treatment of a solitary thy-
roid nodule with an FNA biopsy that is ‘suspicious for cancer” a hemithyroidectomy alone
does not appear to be the most cost-effective and appears to be inferior in cost-effectiveness
compared to a total thyroidectomy. This calculation is based on a model that includes the
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accuracy of a frozen section and the rate of injury to the recurrent laryngeal nerve (RLN).
Unfortunately, the study failed to factor in the varying rate of malignancy for an FNA
biopsy and calculated just 12 months of the life-long hormonal replacement, long-term
permanent nerve palsy, and permanent hypocalcaemia. Equally a thorough costing of
ultrasound surveillance of the neck was also insufficiently assessed but is likely to add
additional cost to the hemithyroidectomy group [42]. As the study was published before
the 2015 ATA guidelines, the higher rate of completion thyroidectomy might have altered
the cost-effectiveness analysis.

A more recent cost-effectiveness analysis compared total thyroidectomy versus lobec-
tomy for small (2 cm) nodules suspicious for PTC (defined as Bethesda V) [48]. The authors
conclude that a total thyroidectomy protocol produced an incremental cost of £1929 and
incremental effectiveness of minus 0.24 QALY as compared to the lobectomy protocol. The
consecutive sensitivity analysis demonstrated that total thyroidectomy apparently only
becomes a cost-effective strategy if the risk of stages Il and IV PTC is 82.4% among patients
with Bethesda V cytology on preoperative FNA. These counterintuitive findings may be
related to the quantification of the risk of morbidity (hypothyroidism, hypoparathyroidism,
or unilateral RLN injury) after lobectomy was estimated at up to 50% which is high com-
pared to national registry data [49]. Whether the true cost of follow-up and additional
imaging rather than a cheaper nurse led thyroglobulin follow-up have been contemplated
was not clearly stated. One feature that is not quantified adequately is the cost of lifelong
physician follow-up and frequent office ultrasound in the lobectomy group that is likely to
make the surveillance of anything less than a total thyroidectomy more expensive.

6. Surgical Technology: A Cost-Effective Addition?

As stated above, the cost of thyroid surgery seems to increase year on year even
when inflation is taken into account. In part this may be caused by the increasing use of
technology aimed to improve outcomes. The morbidity after thyroid surgery is low when
performed by high-volume surgeons [50,51] and the real-world results suggest a gross
underreporting of surgical morbidity [52]. Hypoparathyroidism, recurrent laryngeal nerve
palsy, and post-operative haemorrhage reduce QoL and add cost to the overall treatment of
thyroid cancer [52]. Costs can be reduced with appropriate postoperative hypocalcaemia
protocols [53] and the cost of care is consistently lower in high-volume hospitals in the
USA mainly due to reduced length of stay but other variations remain unexplained [54].
One possible variable relates to the use of technological adjuncts.

To reduce the morbidity of thyroid surgery, many technical aids have been developed
and advocated. These include nerve monitoring devices, vessel sealing devices, autoflu-
orescence technology, and new surgical approaches, such as robotic thyroid approaches
and more recently transoral surgery. Naturally, these devices may have advantages to
offer in some cases, possibly reducing morbidity or the time of surgery, but always at
a cost. The technology adds to the total costs associated with thyroid surgery, as was
demonstrated using the Nationwide Inpatient Sample (NIS) database [55] and Premier
Healthcare Database [43]. However, often the enthusiasm for new technology has meant
that a rigorous cost-effectiveness/value analysis is not performed until the devices have
become ingrained in surgical practice. It is clear that some technology may be expensive
but more cost-effective than cheaper solutions [56]. For example, energy-based devices
for sealing, cutting, and/or secondary haemostasis are now widely used and preferred
to the clamp-and-tie approach for this reason [57]. The various technologies (ultrasonic,
bipolar, and advanced bipolar) have proven efficacy and safety [57-61] and a pooled cost-
effectiveness meta-analysis showed an 8.7% reduction in procedure costs, derived primarily
from a reduction in operating time costs, across surgical procedures (p = 0.029) [62].

The efficacy data on intraoperative neuromonitoring (IONM) of the RLN and EBSLN
in thyroidectomy are now extensive, but it remains controversial whether the use of IONM
can reduce the rate of permanent RLN injury in thyroid surgery. Most device users are
reluctant to return to thyroid surgery without the device [63] but there has been an attempt
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to address the value of IONM [64-66]. The most recent one evaluated the cost-effectiveness
of IONM using a Markov chain model, in the setting of a bilateral thyroidectomy [64]. The
ICER between the use and non-use of IONM was £33,401 per QALY with the conclusion that
this is an acceptable cost in avoiding bilateral RLN palsy and tracheostomy. However, the
cost-utility analysis did not confirm these results completely, reporting visual identification
of the RLN led to a cost saving of £129 and £496 per patient, and an improvement of 0.001
and 0.004 QALY, over selective IONM and universal IONM, respectively. It was concluded
that if the RLN injury were decreased by 50.4% or more with IONM compared to visual
identification, the selective use of IONM in high-risk cases would be the most cost-effective
solution [65]. Another analysis failed to demonstrate cost-effectivity in a realistic clinical
setting [66]. The use of IONM has however become the standard of care irrespective of the
value considerations in most developed countries and has a key role in training to which a
price cannot be attached as cannot the value of avoidance of bilateral nerve palsy provided
by IONM [67].

Autofluorescence of the parathyroid glands and the use of indocyanine green (ICG)
to evaluate their vascularisation is another new surgical technique that recently has been
developed [68-70]. Time will tell whether this adds value in the event that hypoparathy-
roidism can be prevented with the associated costs of life-long supplements and end-organ
damage including renal impairment.

The costs of novel surgical approaches such as robotic transaxillary thyroidectomy
and transoral endoscopic thyroidectomy vestibular approach (TOETVA), which have as
the main feature avoiding a neck scar [71], are yet to be evaluated from a health economics
point of view. The widespread use of robotic thyroid surgery in Korea has been ascribed to
extensive government support, economic interests, and the higher surgical fees associated
with the technique [72]. One analysis has compared transoral endoscopic thyroidectomy
vestibular approach and transcervical approach thyroidectomy but omitted conventional
surgery as a control. Differences in mean variable direct cost for lobectomy and total
thyroidectomy were £918 and £745, respectively, due to the longer operating time and
different energy-based devices (open versus keyhole) used [73].

7. Follow-Up: The Gift That Keeps on Giving?

Current European, British, and American guidelines recommend regular follow-up
of DTC after surgery in order to detect early recurrence, supervise TSH suppression, and
manage any surgical complications. It is recommended that it be undertaken by a member
of the multidisciplinary team according to the established local protocols [3,30,74]. Surgical
morbidity after total thyroidectomy adds significantly to the expenses of surgical treatment.
Only a few studies have evaluated the cost-effectiveness of different management strategies
for vocal fold paralysis and (temporary) hypoparathyroidism [75-77].

Lifelong surveillance with hormone replacement or TSH suppression has a cost, and
this is increasing cumulatively as the number of thyroid cancers treated with surgery
increases coupled with the progressive improvement in generic life expectancy. The low
yield of cancer recurrence in all but the most aggressive forms of thyroid cancer has
called into question the value of thyroid cancer follow-up, especially three-monthly follow-
ups advocated by some in the first year and the Thyrogen®-stimulated (Sanofi Belgium,
Machelen, Flemish Brabant, Belgium) risk stratification [78].

More than 750,000 thyroid cancer survivors are living in the United States today [25,79,80].
Eighty percent of new thyroid cancer patients are under 65 years of age and the 20-year
disease-specific survival is over 90%. The cost of the follow-up of 750,000 patients has to
be contextualised with thyroid mortality of just 0.4% of all cancer deaths in the United
States [81]. The increasing detection of thyroid cancer and the ageing general population
suggest that the thyroid cancer follow-up numbers will continue to rise significantly [82].
The current and projected healthcare-related costs attributable to well-differentiated thyroid
cancer care have been studied by Lubitz and colleagues [83]. The total estimated costs
associated with WDTC care in 2013 exceeded £1.15 billion in the US alone. The initial
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treatment including diagnostics, surgery, and adjuvant radioactive iodine (RAI) accounts
for £473 million (or 41% of the total annual costs), and an alarming, £428 million (37% of
total costs) is taken by the management of the follow-up. There are also hidden costs
related to medical practitioner activity and the cost to society as workdays are lost to attend
for investigations and doctor visits are not calculated in this budget calculation.

8. Active Surveillance of PTMC

Having established that PTMC can be treated conservatively does not mean that the
individuals diagnosed with a usually indolent benign behaving thyroid lesion stop being
patients. Indeed, avoiding surgery in PTMC may actually be more expensive than surgery
as it is replaced by “active surveillance (AS)”.

Japanese data have explored AS for the management of incidentally identified uncom-
plicated PTMC. Long-term longitudinal follow-up studies in Japan have demonstrated that
PTMC can safely be treated conservatively with no significant morbidity and no increase
in disease-specific mortality [84-86]. Following 1235 patients for up to 227 months with
biopsy-confirmed thyroid malignancy showed 0% distant metastatic rates and the small
percentage of patients with tumour progression or new lymph node metastases showed
excellent outcomes with rescue surgery [35,46]. Given the absence of reliable predictors
of which PTMC will remain dormant and which will develop into clinically significant
disease, the active surveillance patients are monitored radiologically at variable intervals
indefinitely. The cost implication of identifying an indolent thyroid cancer whether fol-
lowed by surgery or AS is rarely considered, nor indeed the psychological impact of a
“cancer” diagnosis that stays with the patient indefinitely.

It has been shown that in an American and Canadian context nonoperative manage-
ment of PTMC is associated with a modest decrement in QoL. Indeed, a thyroid lobectomy
appeared cost-effective and is associated with an ICER of £3192/QALY, well below the
study’s willingness-to-pay threshold [87]. Deterministic sensitivity analysis revealed that
the cost-effectiveness was highly dependent on the relative disutility of AS, meaning the
patient-specific QoL decrement due to AS, as well as on the remaining life expectancy
after diagnosis. It remains clear that the diagnosis of PTMC is undesirable both for the
patient and the healthcare system except for the minority that develops a true PTC. A
recent meta-analysis demonstrated tumour growth in 4.4% of 4156 patients with AS for
low-risk PTMC, with only 1.0% developing cervical lymph node metastasis, and 0.04%
developing metastatic disease over a pooled mean period of 44 months [88].

9. Healthcare Structure and the Growing Cost of Care

Healthcare is funded differently around the world. A broadly speaking socialised
healthcare model where treatment is free at the point of access dominates in most of
Northern Europe and hybrid schemes with co-payment exist through most of the European
Union. Private insurance-based models or self-funded healthcare exists elsewhere. In other
words, providing a health episode in some contexts is a societal burden and others an
item of service that is associated with a fee and therefore potential profit. The epidemic in
thyroid cancer may therefore be seen as a health economic crisis or a wealth opportunity
depending on the context in which medicine is practiced.

Studies to explore the economics of the increase in thyroid cancer diagnosis and the
associated increase in thyroidectomy rates depending on the health model can be difficult
to interpret. In general, cost-effectiveness analyses are hypothetical and present inherent
limitations with reproducibility, mainly because of changes in values (probability and cost)
over time and the varying model designs [48].

Existing studies on thyroid cancer cost rarely provide a holistic view of the different
factors associated with the excess expenditures. Calculations are not contextualised with
other cancers and offer an annual estimate of expenditure, without considering the effect
of concurrent medical conditions, mental health, and functional status on healthcare
expenditures that are paramount to develop future solutions [89,90].
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A recent SEER-database study projects the estimated lifetime cost for a hypothetical
cohort of individuals with thyroid cancer to be £24,981 per patient, ranging from £24,074
to £42,201 for those with local or metastatic disease respectively. The total cost for an
incident cohort of thyroid cancer diagnosed in 2010 was approximately £1 billion and
projected to increase to more than £1.7 billion for the 2019 cohort. The total medical cost
including diagnosis, treatment, and management for the cohorts diagnosed between 2010
and 2019 is approximately £13.4 billion [91]. Based on the SEER/Medicare data, Boltz et al.
estimated the first-year cost for non-metastatic DTC of £12,744 per patient [92]. Berger
et al. analysed 183 metastatic thyroid cancers (2003—2005) using a US health insurance
claim database estimating the first-year costs to be £43,416 per patient [93]. Another recent
study used different US data sources including Medical Expenditure Panel Survey (MEPS)
data to estimate the annual direct spending for thyroid cancer to be £3.9 billion in the
United States [94]. Lubitz et al, again using the SEER data, conducted a stacked cohort cost
analysis from 1985-2013 to estimate current and future healthcare expenditures attributable
to well-differentiated thyroid cancer. The current societal costs were estimated to be £1.1
billion in 2013 and predicted to be £2.5 billion in 2030 based on present thyroid cancer
incidence trends. The problem is not confined to the US healthcare model.

In Brazil, thyroid cancer increased in incidence from 1.51/100,000 to 4.57/100,000
between 2008 and 2018 with an almost unchanged mortality rate (0.30 to 0.36) [14]. A signif-
icant increase in the number of thyroid investigation tools (US, FNA) and treatment/follow-
up procedures (surgery, low dose RAI, US) was noted in all geographic regions during
the same period. However, procedures related to more aggressive thyroid cancers (neck
dissection, high dose RAI) decreased. Costs of thyroid US increased by 91%, FNA costs by
128%, treatment-related costs by 120%. This resulted in immediate costs to the Brazilian
public health system of £29.5 million over 8 years. A similar picture has been highlighted
in Australia where the estimated economic burden of “excess” thyroidectomies in New
South Wales has been demonstrated as significant [95]. The incidence of DTC and total
thyroidectomy both doubled between 2003 and 2012, while the mortality rate remained
unchanged. The projected increase of 2196 thyroidectomy procedures translated into an
additional cost of over £10 million in surgery-related healthcare expenditure alone over
a decade. A similar picture has been found in Hong Kong where numbers of thyroidec-
tomies for cancer increased even excluding incidental PTMC [96] with the associated cost
implications of £8334 per patient in the first year.

There are of course large differences in healthcare costs in different countries and
comparing different healthcare and reimbursement systems is challenging [97]. One study
performed a cost-analysis of thyroid cancer care between the United States and France
identifying that the US healthcare system spends nearly £7200 more per patient for initial
1-year management of PTC than in France. The main components contributing to this cost
disparity were hospital facility (70%) and nuclear medicine (19%) reimbursements, despite
a lesser duration of stay and lower use of RAI in the United States. Most studies, unfortu-
nately, fail to consider the costs of lifelong thyroid substitution and monitoring of long-term
follow-up. It is indeed probable that the annual follow-up cost matches the original larger
outlay of surgery as previously suggested. In a publicly funded healthcare system, this
substantial cost impacts the funds available for the care of other pathologies [83].

An American study calculated the excess healthcare expenditures of the community-
dwelling thyroid cancer patients compared to non-cancer controls in a propensity score-
matched analysis [98]. The yearly average total healthcare expenditures among adults with
thyroid cancer were significantly higher compared to propensity score-matched controls
(£6896 vs £4194, p = <0.001). Similar observations were found in terms of inpatient and
outpatient expenditures.

10. Do Guidelines Help Control Costs?

Cancer guidelines focus almost exclusively on best care. Cost of care tends to not be
considered at all or to be an afterthought years after the implementation. A recent study
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used a microsimulation model to compare the cost-effectiveness of the revised 2015 ATA
guidelines to the 2009 guidelines [99]. One of the aims of these revised guidelines was
to reduce the number of total thyroidectomies and surgical complications and, therefore,
potentially cost. The study illustrates that the ATA 2015 guideline patient generated greater
average QALYs (13.09 vs 12.43) at a lower average cost per patient (£10,612 vs £14,386) [99].

Reducing the cost of care is not only relevant to socialised medicine since it can
also have an impact on personal wellbeing and cause insecurities regarding personal
wealth with the associated QoL considerations. Financial difficulties are reported by 43%
of thyroid cancer survivors and are associated with worse anxiety and depression [81].
A South Korean retrospective cohort study calculated an average personal medical cost
of £2547 per patient after diagnosis of thyroid cancer at 2 years [100]. Fighting cancer can
be a costly battle and understanding the relationship between patient-reported financial
toxicity (FT) and health outcomes can help to support post-treatment cancer survivors.
Incorporation of FT assessment into survivorship care planning could enhance clinical
assessment of thyroid cancer patients, help address the dynamic and persistent challenges
of survivorship, and help identify those most in need of intervention across the cancer care
continuum [101].

11. Future Considerations

Impalpable thyroid cancers detected by ultrasound have almost always an excellent
prognosis. The precursor lesions of DTC are not well-established and recognised pathology
lesions, but there is no clear demarcation that differentiates precancerous from cancerous
lesions. If these were to be reclassified as an indolent lesion of epithelial origin (IDLE), the
need for aggressive therapy and screening would be mitigated [102]. Therefore, the re-
definition of these lesions as “papillary lesions in situ” as precursors of malignant tumours
might be beneficial in reducing the overdiagnosis and overtreatment of patients with
thyroid nodules [103]. Being able to select which patients would develop more aggressive
disease will have huge impact on healthcare costs for DTC.

Surgical complications from an often-unnecessary operation, the emotional distress
linked to the diagnosis of ‘cancer’, and the stress of follow-up, as well as the financial
burden to the individual and society, should not be ignored. The problem affects wealthy
countries where the steep rise in thyroid ultrasound and FNA has been driven by access to
diagnostic imaging. The reversal or slowing down of this trend requires an understanding
of the pathology at all medical levels but is not easy to solve [104]. Education whilst
helpful clashes with the realities of defensive medicine where the fear of litigation can
intimidate doctors towards more investigations, more interventions, and endless follow-up
that transforms every person into a lifelong patient. Future research should be directed
towards micro-cost analyses to identify potential factors associated with the increased costs.
Cost-effectiveness studies with QALY and ICER calculations should be implemented in
future guidelines on treatment, surgical, and follow-up strategy.

Some ground-breaking work in health economics has been undertaken, but more
needs to be done on to stem the tide and avert medical bankruptcy. Some changes that
have been shown to help are the centralisation of cancer care for an economy of scale and
quality assurance that comes from group practice and a multidisciplinary environment.

However, a broader, international approach is required to address the problem of
overdiagnosis and overtreatment of thyroid cancer, facilitated by data collection, health
economic assessment, subspecialisation, and international health policy that together may
find a balance between expenses and clinical benefit for the patient. International societies
will have to incorporate health economic considerations into their guidelines. The revised
2015 ATA guidelines stated several research questions that remain unanswered to date:
optimising molecular markers for diagnosis, AS of DTC primary tumours, and improved
risk stratification and survivorship care. Potential answers could all influence future
healthcare expenditures.

219



Cancers 2021, 13, 2253

References

12. Conclusions

The current thyroid cancer ‘pandemic’ is caused primarily by small PTCs that may
have caused no harm in most patients, if left undiagnosed. Regardless of the followed
guidelines, healthcare, and insurance system, substantial resources are being used for
the diagnosis, treatment, and follow-up of this potentially indolent condition. Increased
healthcare costs and spending have placed significant pressure to identify potential factors
associated with these increased costs and find solutions. The next decade will determine
whether as clinicians we can reverse current trends in the ever-increasing cost of thyroid
cancer care.

13. Take Home Messages

e  The main cause of the rising incidence of DTC incidence over the last decades has been
the increased detection of asymptomatic thyroid nodularity revealed by the liberal
use of thyroid ultrasound.

e After controlling for multiple clinical and demographic variables, and adjusting for
inflation, the cost of thyroid surgery is still increasing.

e The cost of long-term follow-up, active surveillance, and excess healthcare expendi-
tures of the community-dwelling thyroid cancer ‘survivors” has to be evaluated in
light of the different healthcare models.

e  Future research should be directed towards micro-cost analyses to identify potential
factors associated with the increased costs.

o Cost-effectiveness studies with QALY and ICER calculations should be implemented
in future guidelines on treatment, surgical, and follow-up strategy.

14. Notes

1.  For international comparison between studies and data, all monetary values have
been expressed in pound sterling (£) at the time of writing: 1 GBP =1.39 $US =1.17
EUR = AUD 1.80.

2. Abrief summary contextualising health economic terms and concepts used in this
manuscript can be found as Supplementary Material [105-109].
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Simple Summary: In patients with advanced radioiodine refractory differentiated thyroid carcinoma
(DTC), therapeutic options are limited. In the “Study of (E7080) Lenvatinib in Differentiated Cancer
of the Thyroid (SELECT)”, Lenvatinib significantly prolonged the progression-free survival, resulting
in a more frequent use in clinical practice for this patient group. Due to considerable side effects,
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18F-FDG-PET/CT in Patients with

Advanced, Radioiodine Refractory Abstract: Background: The tyrosine kinase inhibitor (TKI) Lenvatinib represents one of the most
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effective therapeutic options in patients with advanced radioiodine refractory differentiated thyroid
carcinoma (DTC). We aimed to assess the role of 2-deoxy-2-['8F] fluoro-D-glucose positron-emission-
tomography/computed-tomography (\®F-FDG-PET/CT) in the monitoring of functional tumor
response compared to morphological response. Methods: In 22 patients, a modified Positron Emission
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according to mPERCIST showed significantly lower median PFS and DSS, whereas according to
RECIST, only DSS was significantly lower. Conclusion: Tumor response assessment by I8E_FDG-

PET outperforms morphological response assessment by CT in patients with advanced radioiodine
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1. Introduction

Differentiated thyroid cancer (DTC) is the most frequent endocrine malignancy com-
prising the papillary (PTC), follicular (FTC) and poorly differentiated (PDTC) histological
subtypes [1]. Although most patients with DTC can be cured by total thyroidectomy and ra-
dioiodine treatment (RAI; 10-year survival rate >90%) [2], approximately 5-10% of patients
with DTC develop an aggressive disease with distant metastases and loss of 131-iodine
avidity [3,4]. Inoperable metastatic and/or radioiodine refractory DTC is associated with
a less favorable prognosis, with 10-year survival rates between 25% and 40%. Distant
metastases most frequently occur in the lungs (50%), bones (25%) or both (20%) and less
frequently at other sites (5%) [1,3,5,6]. In these patients, therapeutic options are limited.

Tyrosine kinase inhibitors (TKIs), which inhibit VEGF (vascular endothelial growth
factor) receptor signaling and tumor angiogenesis, improve progression-free survival (PFS)
in patients with structurally progressive, radioiodine refractory DTC [7-10]. Lenvatinib
is an oral, multitargeted TKI targeting VEGFRs 1-3, FGFRs (fibroblast growth factor re-
ceptors) 1-4, PDGEFR (platelet-derived growth factor receptor) o, RET (rearranged during
transfection receptor tyrosine kinase) and c-KIT (receptor for stem cell factor) signaling
networks [11,12]. In the placebo-controlled phase 3 “Study of (E7080) Lenvatinib in Differ-
entiated Cancer of the Thyroid (SELECT)”, Lenvatinib significantly prolonged progression-
free survival (PFS), resulting in approval by the US Food and Drug Administration and
European Medicines Agency in 2015 [13].

Accurate assessment of treatment response is crucial to discriminate between respon-
ders and non-responders thereby avoiding inefficient therapy and its potential adverse
effects. The current standard for monitoring tumor response is measurement of change
in tumor size based on anatomical imaging techniques such as computed tomography
(CT); this technique has been most frequently assessed by the Response Evaluation Criteria
in Solid Tumors (RECIST) [14], which were updated (RECIST 1.1 criteria) in 2009 [15].
As newer cancer treatments are cytostatic rather than cytotoxic, functional changes are
expected to precede the morphologic changes and therefore 2-deoxy-2-['8F] fluoro-D-
glucose positron emission tomography /computed tomography (!8F-FDG-PET/CT) has the
potential to improve diagnostic accuracy and prediction of the course of tumor develop-
ment [16,17]. Wahl et al. described the Positron Emission Tomography Response Criteria In
Solid Tumors (PERCIST) in 2009 to provide a structured guidance for response assessment
using '®F-FDG-PET [18]. However, data on potential '¥F-FDG-PET/CT applications in
staging and restaging of advanced radioiodine refractory DTC is limited.

The aim of this study was to assess the role of ®F-FDG-PET in the monitoring of
functional tumor response (modified PERCIST 1.0 and quantitative PET-parameters) in
comparison to morphological response (RECIST 1.1) in combined 8F-FDG-PET/CT and
thereby predicting both PFS and disease-specific survival (DSS) in patients with advanced
radioiodine refractory DTC receiving Lenvatinib treatment.

2. Results
2.1. Patient Characteristics

Twenty-two patients (11 female) with advanced radioiodine refractory DTC fulfilled
the inclusion criteria. The mean age at primary presentation was 53.1 & 13.1 years and
60.8 &= 13.7 years at Lenvatinib treatment start. For most of the patients (n = 12), the
histological subtype was FTC, followed by 7 PDTC and 3 PTC patients. Ten patients
initially presented with stage IV, 9 patients with stage III and 3 patients with stage II
DTC according to the seventh edition of the American Joint Committee on Cancer (AJCC)
tumor-node-metastasis (TNM) staging system. A total of 4 out of 12 patients with FTC
showed vascular invasion. Histopathological data of study patients are presented in
Tables S1 and S3 in the supplements. Seven patients already showed distant metastases at
primary presentation (5/7 patients with pulmonary metastases). At Lenvatinib treatment
start, the majority of the patients (1 = 20) showed advanced metastatic disease and in
14 patients, more than one site was affected. Metastatic sites were most frequently the
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lung (n = 19), followed by lymph nodes (1 = 12), bone (n = 5), pleura (n = 2), liver (n = 2),
subcutaneous metastases (n = 1), brain (n = 1) and kidney (n = 1). Local recurrence
occurred in 6/22 patients (2/6 without distant metastases). Mean Thyroglobulin (Tg)-level
at treatment start was 3950 + 7062 ng/mL.

Prior to start of Lenvatinib treatment, all patients had total thyroidectomy with or
without lymphadenectomy. Surgery had been followed by RIT for remnant ablation. Addi-
tionally, 15/22 patients received more than two courses of RIT (range 2-11), 12/22 patients
had undergone further surgery /metastasectomy, 13/22 had received external beam radio-
therapy, 9/22 patients had been treated with TKIs other than Lenvatinib (Sorafenib n =7,
Pazopanib n = 3, Cabozantinib n = 2), 2/22 had received chemotherapy and one patient
had undergone redifferentiation therapy with Dabrafenib. Single-patient characteristics
are presented in Table 51 in the supplemental information.

In 14/22 patients, treatment was initiated at full dose (daily dose of 24 mg per day)
and 8/22 patients received reduced dosage (20 mg per day n = 1, 18 mg per day n = 3,
14 mg per day n = 3, 10 mg per day n = 1). The mean Lenvatinib dose during treatment
was 17.7 & 4.2 mg/die. Dose interruptions and incremental reductions in the dose because
of toxic effects were seen in 16/22 patients. The most frequent adverse effects were
hypertension (n = 14), fatigue (n = 12), decreased appetite (n = 12), diarrhea (n = 11) and
nausea (1 = 6).

2.2. Evaluation of Treatment Response

The median duration of treatment with Lenvatinib was 11.0 months (interquartile
range, IQR 25% 5.2-IQR 75% 26.3). The median follow-up time was 17.0 months (IQR
25% 9.8-IQR 75% 27.0). By the time the follow-up period ended, 11/22 patients were still
on Lenvatinib treatment. The mean time from baseline F-FDG-PET/CT to treatment
initiation was 1.2 months (range 0-4.0), the first follow-up ®F-FDG-PET/CT was performed
after a mean of 3.7 months (range 2.0-6.0) and the second follow-up occurred after a mean
of 5.6 months (range 3.0-8.0).

2.2.1. Treatment Response According to mPERCIST and RECIST

After 3.7 £ 1.0 months, data of 19 patients were available for response evaluation. Of
those 19 patients, 12/19 patients showed disease control (DC) according to mPERCIST and
14/19 showed DC according to RECIST, whereas 7/19 patients showed progressive disease
(PD) according to mPERCIST and 5/19 patients according to RECIST. None of the enrolled
patients showed complete response (CR) in morphological evaluation (RECIST), though
3 patients showed CR in a metabolic assessment (see Figure 1a).
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Figure 1. Tumor response evaluation by mPERCIST and RECIST criteria at 3 month (a) and 6 month (b) follow-up imaging.

mPERCIST, modified Positron Emission Tomography Response Criteria In Solid Tumors; RECIST, Response Evaluation

Criteria in Solid Tumors; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.
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After 5.7 & 1.4 months, 22 patients were evaluated. Compared to baseline, more
patients showed PD (mPERCIST/RECIST: 11/6), but 2 patients indicated CR according to
mPERCIST and one patient according to RECIST (see Figure 1b).

For both evaluation time-points, the majority of patients were rated SD in morpholog-
ical evaluation (3 months: n = 12, 6 months: n = 12), while there was more heterogeneity in
metabolic treatment response, with most patients presenting with PD. Details of treatment
response at 3 and 6 months are presented in Figure 1 and single-patient course of disease
are summarized in Table S2 in the supplemental file.

2.2.2. Additional Single PET-Parameters

When evaluating single PET-parameters (mean/maximum standardized uptake value
(SUV mean/max), Metabolic Tumor Volume (MTV) and Total Lesion Glycolysis (TLG)) addi-
tionally to mPERCIST classification according to peak standardized uptake value (SUVpeax)
measurements, all responders (RECIST) showed a decline in all PET-parameters from
baseline to the 3 month follow-up and from baseline to the 6 month follow-up, except
SUV mean from baseline to the 6 month follow-up.

The mean changes of all PET-parameters over 6 months follow-up divided into DC/PD
(RECIST) and significant differences between groups are shown in Table 1 and Figure 2.
For both time-points, DC patients showed significantly lower SUV ,cqx (3 months: p = 0.004,
6 months: p = 0.023), SUVmax (3 months: p = 0.003, 6 months: p = 0.008), MTV (3 months:
p = 0.010, 6 months: p = 0.006) and TLG values (3 months: p = 0.019, 6 months: p = 0.011).
One patient was excluded due to not measurable uptake in baseline ®F-FDG-PET/CT. The
percentage change of Tg-levels from baseline to the 3 month follow up and baseline to the
6 month follow-up 8F-FDG-PET/CT showed no significant difference between DC and PD
patients (baseline to 3 months: —41% =+ 72%, p = 0.853; baseline to 6 months: —45% =+ 73%,
p = 0.436).

Table 1. Mean changes and SD (%) of PET-parameters in patients with DC and PD according to RECIST from baseline to 3
and 6 month follow-up imaging.

Mean Change
£SD (%)

SUV pea SUVimean SUVmax MTV TLG

Baseline to 3 Month Follow-Up

DC (n=13/18)
PD (n=5/19)
p-value

DC (n=15/21)
PD (n=6/22)
p-value

—43% £ 45% —12% + 28% —33% £ 35% —56% =+ 38% —56% =+ 42%
49% =+ 84% 12% =+ 51% 66% =+ 62% 439% + 718% 797% =+ 1489%
0.004 ** 0.336 0.003 ** 0.010 * 0.019 *
Baseline to 6 Month Follow-Up
—42% =+ 57% —2% £ 21% —24% =+ 35% —23% =+ 152% —10% =+ 189%
36% + 81% 9% =+ 46% 49% + 68% 394% + 652% 687% + 1358%
0.023 * 0.677 0.008 ** 0.006 ** 0.011*

DC, disease control; PD, progressive disease; SD, standard deviation; SUV, standard uptake value; MTV, metabolic tumor volume; TLG,
total lesion glycolysis; * p-value < 0.05; ** p-value < 0.01.
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Figure 2. Mean changes of PET-parameters (a) SUVpeak, (b) SUVmean, (€) SUVnax, (d) MTV and (e) TLG in patients with DC
and PD according to RECIST from baseline to 3 and 6 month follow-up imaging. 3M, 3 months; 6M, 6 months; DC, disease
control; PD, progressive disease; SUV, standard uptake value; MTV, metabolic tumor volume; TLG, total lesion glycolysis.

2.3. Outcome Analysis

During the follow-up period, 13/22 patients progressed (according to RECIST). The
mean PFS was 12.5 £ 9.2 months. At the end of the study, 12/22 patients had died of
thyroid cancer. The mean DSS was 14.2 &= 9.1 months. For detailed PFS and DSS of all

patients, see Table S2 in the supplemental information.

PD according to mPERCIST was correlated with worse outcomes and significantly
lower PFS and DSS for both time-points. Patients with PD at 3 month follow-up showed
a significant lower median PFS (4.0 vs. 24 months, p = 0.008) and DSS (20.0 months
vs. median not reached for responders, p = 0.015) compared to DC (see Figure 3a,c). At
the 6 month follow-up, mPERCIST also showed significant differences for both PFS and
DSS (PFS 4.0 vs. 15.0 months, p = 0.003; DSS 9.0 months vs. the median not reached for
responders, p = 0.001) between DC and PD (see Figure 3b,d).
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Figure 3. Kaplan-Meier estimate of PFS (a,b) and DSS (c,d) according to mPERCIST criteria for 3 and 6 month follow-up
imaging. PFS, progression-free survival; DSS, disease-specific survival; DC, disease control; PD, progressive disease;
* p-value < 0.05; ** p-value < 0.01.

According to the RECIST criteria, PFS did not differ between PD and DC patients
at 3 months (15.0 versus 4.0 months, p = 0.196) and 6 months (13.0 versus 4.0 months,
p =0.114). Patients with PD by RECIST showed a significantly lower median DSS at
3 months (4.0 months versus median not reached, p = 0.046) and 6 months (6.5 months
versus median not reached, p = 0.039; see Table 2).

Table 2. Association of PD and DC according to mPERCIST and RECIST to PFS and DSS at the
3 month and 6 month follow-ups.

mPERCIST RECIST
p-Value
3 Months 6 Months 3 Months 6 Months
PFS 0.008 ** 0.003 ** 0.196 0.114
DSS 0.015* 0.001 ** 0.046 * 0.039 *

mPERCIST, modified Positron Emission Tomography Response Criteria In Solid Tumors; RECIST, Response Eval-
uation Criteria in Solid Tumors; DC, disease control; PD, progressive disease; * p-value < 0.05; ** p-value < 0.01.

All other PET-parameters showed no significant association to PFS and DSS for
both time-points.

3. Discussion

In the present study, we investigated the role of ®F-FDG-PET/CT for monitoring
functional tumor response in comparison to morphological imaging and its ability to
predict PFS and DSS in patients with advanced, radioiodine refractory DTC undergoing
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Lenvatinib treatment. Our results demonstrate that functional imaging is able to evaluate
tumor response in a more differentiated manner than morphological imaging only. In
our series, all patients who responded to therapy showed a decline in all PET-parameters
except SUVmean, Whereas a lack of functional tumor response was associated with a worse
outcome (PFS and DSS). PET-parameters SUVpeak, SUVmax, MTV and TLG at 3 and 6 month
follow-ups were significantly higher in patients with disease progression and could serve
as additional markers for monitoring early tumor response and outcome.

The current standard for monitoring treatment response and progression in clinical
trials is the change in tumor size assessed by RECIST. To date, the current guidelines do
not give specific recommendations for response monitoring in patients with DTC outside
clinical trials and response assessment by PERCIST is not mentioned [19]. Since clinical
patient management and treatment planning depend on response monitoring through
imaging, clinical decisions may vary based on different imaging modalities.

I8E-FDG-PET/CT combines functional and morphological imaging. Measurement of
glucose metabolism varies less than tumor size measurements and can better distinguish
between active tumor and post-therapeutic changes [20,21]. Tumor response evaluation
using 8F-FDG-PET/CT showed promising results for several cancer entities, such as
breast, lung and pancreatic cancer [17,21-23]. In addition, many previous studies have
shown the important role of '®F-FDG-PET/CT in staging and follow-up of patients with
advanced, metastatic DTC [24-26] and its valuable role in patients with metastatic DTC
under treatment with TKIs [27,28]. However, to date the number of studies in patients
with DTC undergoing Lenvatinib treatment is limited and no standardized treatment
assessment has been proposed so far.

Tumor FDG-uptake can be measured in various ways. Firstly, we used the single-lesion
method according to Wahl et al. [29], which was shown to be superior to the five-lesion
method [22,30]. Secondly, in accordance to Fendler et al., we used peak standardized
uptake value corrected for body weight (SUV ,cqx) instead of lean body mass corrected
SUV (SULpeak) as proposed by PERCIST 1.0, because the main objective is the percentage
change of SUV from baseline to follow-up imaging and should therefore not be a significant
confounder [31]. Riedl et al. could also show that response classification was unchanged
when SUV,ax was used instead of SULpeak in patients with metastatic breast cancer [22].
Thus, we measured the SUV e, 0f the most active lesion, which may differ in consecutive
scans. Furthermore, we assessed the PET-parameters SUV mean, SUVmax, MTV and TLG to
identify possible other measures since technical methods for quantitative measurement are
under continuous improvement [32].

Novel cancer therapies, such as TKI treatment, are cytostatic rather than cytotoxic and
therefore may not result in a significant decrease of tumor size [33,34]. Additionally, certain
metastasis localizations such as bone metastasis do not frequently show morphological
changes after therapy [22]. Thus, differentiation of tumor response categorization in CR, PR,
SD and PD in these patients by morphological imaging is limited. However, FDG-uptake
in tumor cells is known to correlate with disease prognosis [35] and, as precision therapy
is evolving, the current monitoring of treatment response does not seem to have been
adjusted accordingly.

Whereas the majority of patients in our study were categorized as SD by RECIST 1.1
on CT at both follow-up times, our data show that patients were categorized in a more
differentiated manner by mPERCIST using '8F-FDG-PET. This finding is in line with the
study of Riedl et al., who reported that patients with metastatic breast cancer with SD and
PD by RECIST were frequently classified worse by PERCIST [22].

Based on these differences in categorization of patients, Kaplan-Meier analysis demon-
strated significant distinction between DC and PD. Tumor response by mPERCIST was
significantly correlated with PFS and DSS, whereas tumor response by morphological imag-
ing showed no significant correlation. In our study, responses determined by using the
RECIST 1.1 criteria at 3 and 6 months was found to be statistically significant for DSS, but
the association was lower compared to the mPERCIST response, indicating that mPERCIST
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detects progression more precisely than RECIST. All other PET-parameters (SUV yean /max
MTYV and TLG) showed no significant association with PFS and DSS. These findings are
consistent with the results reported by Riedl et al. [22] and could subsequently lead to
earlier change of therapy in patients considered SD by RECIST but do not show therapy
response by mPERCIST. The association of metabolic response with survival benefit has
already been shown in several other solid tumors such as breast cancer [36].

In this study, a decline of nearly all PET-parameters was found in patients with DC.
Studies on the role of the PET-parameter SUVyay in DTC patients are limited. In line
with our data, Carr et al. showed that patients with metastatic DTC or medullary thyroid
carcinoma treated with Sunitinib showing DC had a significant decline in average and
mean percentage change SUVmax compared to patients with progressive disease [27]. A
significant decline in SUV yn,x could also be shown in patients with radioiodine refractory
DTC treated with Apatinib, whereas in DTC patients treated with Vandetanib, no correla-
tion between SUVpax and DC could be found [37]. To date, SUVpay is the most commonly
used semiquantitative PET-parameter due to its simple application but there are more and
more studies suggesting the use of SUV ,cqi alternatively [38]. Since SUV e,y is measured
in a larger VOI than the single-pixel SUVnay, it appears to be more robust to image noise.

The volume-related PET-parameters MTV and TLG could also show promising results
in metastatic DTC patients. The study by Manohar et al. showed that these parameters
can be used for dynamic risk stratification regarding PFS [39]. TLG appeared promising
in some cancers such as colorectal cancer and brain tumors, but not in others such as
sarcomas [40-43]. Data from Lee et al. showed that in patients with pancreatic cancer,
TLG was an independent prognostic factor for predicting recurrence-free and overall
survival, whereas Benz et al. reported that TLG was less accurate in predicting tumor
response in sarcomas compared to SUVpean and SUVpax [23,40]. The same was shown for
MTYV, which was found to be useful for treatment response assessment in non-small cell
lung cancer (NSCLC) and pancreatic cancer [23,44]. Furthermore, it was demonstrated to
be an independent prognostic factor for DSS in patients with cervical cancer treated by
radical surgery and could independently predict survival in patients with locally advanced
squamous cell cervical carcinoma [45,46]. Indeed, in our analysis, volume related PET-
parameters (MTV and TLG) were found to be useful tools to distinguish DC from PD
but failed to provide prognostic value in terms of PFS and DSS. SUV pean showed the
weakest correlation with tumor response in our study. In contrast, Werner et al. identified a
SUVmean of less than 4.0 before treatment in medullary thyroid carcinoma as a predictor of
longer PFS [20]. Consequently, all PET-parameters except for SUVmean seem to be a useful
tool and may be evaluated alongside SUVeqx as suggested in PERCIST 1.1 criteria [29].

The percentage change of Tg-levels from baseline to 3 month- and baseline to 6 month
follow-up 8F-FDG-PET/CT showed no significant difference between DC and PD pa-
tients. One possible explanation for the missing correlation between Tg and ¥F-FDG-
PET/CT might be the different de-differentiation level of the thyroid cancer patients
treated with Lenvatinib.

To our knowledge, this is the first study attempting to address the impact of using dif-
ferent imaging modalities and therefore different evaluation criteria for treatment response
in patients with advanced, radioiodine refractory DTC undergoing Lenvatinib treatment.
However, the role of '8F-FDG-PET/CT and the selection of the optimal PET-parameters for
monitoring of functional tumor response in patients with advanced, radioiodine refractory
DTC undergoing Lenvatinib treatment will have to be verified in prospective trials in larger
patient cohorts.

Our study has several limitations. Due to the retrospective design of the study, the
span between baseline imaging and initiation of treatment and the intervals of follow-up
imaging varied between patients and follow-up imaging at 3 months was not available in all
patients. Furthermore, due to the small cohort, the rarity of the disease and heterogeneity
in patient cohort (histology, stage of disease), statistical power of the analysis is limited.
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4. Materials and Methods
4.1. Study Population

For this retrospective study, we selected patients with advanced, radioiodine-refractory
PTC, FIC and PDTC undergoing Lenvatinib treatment at the department of endocrinology
(University Hospital, LMU Munich, Munich, Germany) between May 2015 and August
2019. Patients were eligible for inclusion in this study when the time span between base-
line 3F-FDG-PET/CT and initiation of treatment was less than 4 months and follow-up
imaging was performed after 3 & 3 months and/or 6 + 3 months at the Department of
Nuclear Medicine (University Hospital, LMU Munich, Munich, Germany).

All patients had extended disease, were radioiodine-refractory and had at least one
FDG-positive lesion, except for one patient at baseline PET scan. Lenvatinib treatment was
initiated based on a multidisciplinary tumor board decision.

4.2. Ethics Statement

The study was approved by the local ethics committee (Ethics committee of the
Medical Faculty,

University Hospital, LMU Munich, Munich, Germany, IRB #20-736, 21.09.2020) and
has been conducted in accordance with the ethical standards of the Declaration of Helsinki
and national and international guidelines. The requirement to obtain informed consent
was waived due to the retrospective design of this study.

4.3. Imaging Techniques

Patients fasted at least 6 h (demanded glucose level <160 mg/dL). Prior to the injection
of approximately 250 MBq '8F-FDG whole-body, 1®F-FDG-PET/CT images were acquired
using a Biograph 64 TruePoint w/TrueV and Biograph mCT Flow 20-4R PET/CT scanner
(Siemens, Healthcare GmbH, Erlangen, Germany) and were initiated approximately 60 min
after intravenous tracer administration. After intravenous injection of a contrast agent
(Ultravist 300, Bayer Vital GmbH, Leverkusen, Germany or Imeron 350, 2.5 mL/s, Bracco
Imaging Deutschland GmbH, Konstanz, Germany) diagnostic CT scans of the neck, thorax,
abdomen and pelvis (100-190 mAs; 120 kV) were acquired.

To depict the venous phase, initiation of CT acquisition was delayed 90 s after injection
of the contrast agent.

4.4. Response Evaluation

Complete response (CR), partial response (PR) and stable disease (SD) were considered
as disease control (DC), remaining patients were categorized as progressive disease (PD)
using both RECIST 1.1 in CT and modified PERCIST criteria (mPERCIST) in BE-FDG-PET
of combined '8F-FDG-PET/CT.

44.1. RECIST 1.1

The implementation of the evaluation criteria RECIST 1.1 is based on the original
publication of Eisenhauer et al. [15]. RECIST 1.1 was performed by an experienced radiolo-
gist using mint Lesion version 3.7 software (Mint Medical GmbH, Heidelberg, Germany)
without knowledge of the results of the PET studies. A maximum of 3 to 5 target lesions
were measured (max. 2 target lesions per organ) and at least 2 non-target lesions at baseline,
3 month and 6 month follow-up CT-scans. Time-point responses were then evaluated
automatically. A relative increase of 20% and an absolute increase of at least 5 mm in target
sum were considered as PD, while a decrease of 30% in target sum was considered PR.

4.4.2. mPERCIST and Other PET-Parameters

Semi-automated measurements of PET-parameters in '8F-FDG-PET of the entire tumor
burden in all patients were performed by an experienced nuclear medicine physician
using image fusion software (Hybrid Viewer 2.6, Hermes Medical Solutions, Stockholm,
Sweden) [29]. First the background was measured in the healthy liver to ensure the
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technical comparability of PET studies and to determine if the target tumor lesion shows
sufficiently high glucose uptake with a minimum threshold for measurability defined
as 1.5 x (mean value of normal liver) + 2 X (standard deviation of liver) or greater at
baseline. For measurements of the background activity a fixed 3-cm diameter spherical
volume of interest (VOI) was placed in the right side of the liver. Furthermore, a new lesion
or unequivocal progression in the follow-up PET scan was rated as progressive disease
changes, even if the target lesion at baseline did not show the minimum glucose uptake.
To assess treatment response by mPERCIST change in peak standardized uptake value
(SUVpeak) was measured in the tumor region with the highest radiotracer uptake, which
describes the average SUV computed in a fixed 1-mL sphere recommended by PERCIST
instead of the widely used single-pixel maximum standardized uptake value (SUVnayx)
to avoid noise errors [18,29]. In a slight modification to the PERCIST 1.0 criteria, the
quantitative PET-parameter was adjusted to body weight (SUV ek in g/mL) rather than
the body surface area (SULpax), as previously described by Fendler et al. for the single
most active lesion in the patient at baseline, 3 month and 6 month follow-up [31]. A1mL
spherical VOI was placed at the focus of the single active lesion and the highest SUV ,cax
value was computed automatically. The single most active lesion presents the target lesion,
from which it is assumed to correspond to the worst behaving portion of the tumor. The
percentage changes in SUV ¢,k from the reference baseline scan to 3 month and 6 month
follow-up scans were assessed in all patients. In mPERCIST, decrease greater than or equal
to 30% in SUVpeax Was considered as PR and increase greater than 30% as PD (see Table 3).

Table 3. mPERCIST criteria from Wahl [29], modified by Fendler et al. [31].

Response Criteria

Normalization of all lesions to SUVpeak less
Complete response (CR) than mean liver SUV and indistinguishable
from surrounding background
>30% decrease in SUVpeak; minimum 0.8 unit
decrease in SUVpeak
Stable disease (SD) Does not meet other criteria
>30% increase in SUVpeak; minimum 0.8 unit
increase in SUVpeak>75% increase in TLG

Partial response (PR)

Progressive disease (PD)

Outcome determination is measured on the single most active lesion on each scan (not necessarily the same
lesion). Standardized uptake value (SUV).

All further PET-parameters were derived through segmentation of all tumor lesions:
mean/maximum standardized uptake value (SUV ean/max), Metabolic Tumor Volume
(MTV) and Total Lesion Glycolysis (TLG). MTV was defined by volume delineation and
TLG was calculated as (MTV x SUVean) [23]. All areas with physiological, non-tumoral 18E.
FDG-uptake were excluded. Response was determined separately in all PET-parameters
using the same criteria for percentage change except for TLG, which had to show an
increase of greater than 75% according to Wahl et al. to be assessed as PD (see Table 3) [29].

4.5. Outcome Analysis

PFS was defined as the time between treatment start and disease progression according
to RECIST 1.1. Disease-specific survival (DSS) was calculated from the time of baseline
I8F-FDG-PET/CT until time of death. The observation period ended on 26th of May 2020.

4.6. Statistical Analysis

Ordinal and continuous variables are presented as median (interquartile range, IQR) or
mean = standard deviation (SD). Change in % was calculated using the following formula:
((value of follow-up PET)/(value of baseline PET) — 1) x 100. The Mann-Whitney u test
was used to compare mean percentage changes between DC and PD patients. Survival
analysis using Kaplan-Meier analysis was performed for PFS and DSS according to the
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mPERCIST and RECIST 1.1 criteria for 3 month and 6 month follow-ups. Quantitative
survival data are given as median in months. Log rank test was used to compare survival
rates between subgroups. p-values < 0.05 were considered to indicate statistical significance.
All analyses were performed using SPSS computer software (SPSS Statistics 25, IBM).

5. Conclusions

In conclusion, our study suggests that in patients with advanced radioiodine refractory
DTC undergoing Lenvatinib treatment, tumor response evaluation by '®F-FDG-PET/CT
outperforms morphological response evaluation using CT and furthermore appears to
be stronger correlated with outcome analysis. Monitoring tumor response with 8F-FDG-
PET/CT in these patients has the potential to improve treatment individualization and
avoid ineffective therapies by selecting patients who will most likely benefit from Lenva-
tinib treatment. Therefore, tumor response assessed by 8F-FDG-PET/CT is a highly
promising modality in order to increase diagnostic accuracy in these patients and should
be further investigated.
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Simple Summary: Papillary thyroid cancer (PTC) patients are staged according to the
Tumor-Node-Metastasis staging system (TNM). This work was aimed at comparing the usefulness of
the 8th edition of TNM (TNM-8), currently used, and that of the previous one (TNM-7) for predicting
disease-free interval (DFI) in a cohort of 1148 patients. Moreover, clinicopathological and molecular
factors were statistically evaluated in order to determine which of these was/were the best predictor(s)
of DFI. Results obtained from the multivariate analysis indicated that advanced tumor stages were
independent risk factors for a lower DFI regardless of TNM, but the statistical model created with
the TNM-7 was most accurate. When stage-determining factors were included individually in the
multivariate analysis, LN metastases, tall cell variant, and age emerged as independent risk factors for
a shorter DFI, with lateral LN metastases being the most relevant. No molecular parameters could
improve the prediction of DFI provided by LN metastases.

Abstract: The American Joint Committee on Cancer has revised the Tumor-Node-Metastasis
(TNM) staging system for papillary thyroid cancer (PTC) patients. We examined the impact of
this new classification (TNM-8) on patient stratification and estimated the prognostic value of
clinicopathological features for the disease-free interval (DFI) in a cohort of 1148 PTC patients.
Kaplan—-Meier analyses showed that all clinicopathological parameters analyzed, except age and
multifocality, were associated significantly with DFI. Cox regression identified tall cell PTC variant
and stage as independent risk factors for DFI. When the stage was replaced with age, tumor size,
and lymph node (LN) metastases in the set of covariates, the lateral LN metastases stood out as the
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strongest independent predictor of DFI, followed by tall cell variant and age. A noteworthy result
emerging from these analyzes is that regression models had lower Akaike and Bayesian information
criterions if variables were categorized based on the TNM-7. In addition, we examined data from a
different PTC patient cohort, acquired from The Cancer Genome Atlas database, to verify whether the
DFI prediction could be enhanced by further clinicopathological and molecular parameters. However,
none of these was found to be a significant predictor of DFI in the Cox model.

Keywords: papillary thyroid cancer; prognosis; TNM; histology; multifocality; lymph node metastasis;
vascular invasion; autoimmune thyroid diseases

1. Introduction

Accurate staging of patients affected by differentiated thyroid cancer (DTC) is of crucial importance
to ensure the appropriate therapeutic strategy and follow-up, and to ensure the patients’ quality
of life [1]. To date, several staging systems aimed at estimating the risk of disease-related death or
disease relapse/persistence are available. The most employed one is the Tumor-Node-Metastasis
(TNM) classification, developed by the American Joint Committee on Cancer (AJCC) [2,3]. The latest
version of the TNM system (8th edition/TNM-8) was significantly amended in 2016 with respect to the
previous version (7th edition/TNM-7) released in 2009 [3,4]. The 8th edition, while maintaining the
classical anatomic extension of the disease as its groundwork, incorporates biological and molecular
markers to create a more personalized prognostic stratification [4]. Based on TNM-8, many DTC
patients are now included in lower stages and considered to have a reduced risk of dying from
thyroid cancer [3,5]. However, in DTC patients the risk of disease recurrence is considerably higher
than the risk of disease-related mortality, which makes the TNM staging system, designed to foresee
patient survival, uninformative for the prediction of disease recurrence [1,6]. In 2009 the American
Thyroid Association (ATA) endorsed a validated risk-stratification system for DTC recurrence in which
TNM parameters were implemented by clinicopathological features (i.e., tumor histology, vascular
invasion, radioactive iodine uptake, post-operative thyroglobulin serum level, etc.) to divide patients
in three risk categories (low, intermediate, and high) [6-8]. Although this model was recognized
as a valuable tool in clinical practice, in 2015 the ATA substituted the three-risk-categories-model
with a continuum risk model varying from very low risk to high risk of recurrence [1,5]. In the
latter, besides TNM and clinicopathological parameters, mutations of BRAF and TERT genes were
included [1,6]. In the TNM-8 it has been recommended to take note, in individual patient records, of a
number of molecular and clinicopathological parameters that, even if not included in the actual staging
system, could be evaluated for inclusion in the next TNM edition [3,4]. They comprise the microscopic
extrathyroidal extension, location and number of metastatic lymph nodes, number of lymph nodes
sampled and size of the largest metastatic one, extranodal extension, histological subtypes, vascular
invasion, postoperative thyroglobulin (Tg) serum level, extension of surgical resection, and molecular
characterization [3,9]. In the present work, we retrospectively investigated a case study comprising
1148 patients affected by papillary thyroid cancer (PTC) to evaluate: (i) the effect of the new TNM-8
staging system on patients’ risk stratification compared to the previous TNM-7; (ii) the prognostic value
of a number of clinicopathological and molecular parameters determined by proportional hazards
regression (Cox regression).

2. Results

We first evaluated the impact of the new TNM-8 on patients’ risk stratification compared to the
previous TNM-7. In this regard, 1113 patients for whom all clinical data required were available, were
staged according to both TNM systems. Since in the TNM-8 the patients’ age cutoff has been shifted
from 45 to 55 years, the percentage of younger patients (age < 55 years) in our case study increased
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from 46.4% (516/1113) in TNM-7 to 68.6% (764/1113) in TNM-8. Due to the lack of distant metastases,
all these patients were classified as stage I regardless of TNM edition. As expected, among older
patients (age > 55 years) we observed a considerable reduction in the relative frequencies of individuals
at stage III and IV, with a concomitant increase in those at stage I and II, moving from TNM-7 to
TNM-8 (Figure 1). As noted in Figure 1, classification of PTC according to TNM-8 led to a considerable
downstaging of patients.

A TNM stage younger patients
100  —
O TNM 7t edition

90
g0 | B TNM 8t edition

70 |
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Figure 1. Distribution of 1113 papillary thyroid cancer (PTC) patients according to the 7th or the 8th
Tumor-Node-Metastasis (TNM) staging system. (A) displays the staging of patients younger than
45 years (516 out of 1113 patients) according to the TNM-7 or younger than 55 years (764 out of
1113 patients) according to the TNM-8. (B) displays the distribution of stages for older patients as
defined in the 7th or the 8th TNM edition.

Univariate analysis was performed to evaluate the association of several clinicopathological
parameters, including age at diagnosis, gender, autoimmune thyroid disease (AITD), tumor histology,
size (T), lymph node metastases (N), stage, multifocality, capsular, muscle, and vascular invasion,
with PTC recurrences. Since some categories were poorly represented, especially among tumor sizes
and stages, they were combined with other categories to avoid the inclusion of too small groups in the
statistics (see Section 4). As shown in Table 1, all the parameters analyzed with the exclusion of age and
multifocality were significantly associated with PTC recurrences. In particular, the PTC sclerosing and
tall cell variants and lymph node metastases had a very strong correlation with recurrences (Cramer’s
V index > 0.25).
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Table 1. Univariate analysis of the association between clinicopathological parameters and PTC
recurrences. AITD, Autoimmune Thyroid Disease. p-values < 0.05 are evidenced in bold.

Clinicopathological Parameters No Recurrences Recurrences Cramer’s V Index p-Value
Median age (range) 47 year (12-80 year) 48 (23-85 year) - 0.906
Age
>55 year 621 32 _
<55 year 288 23 0.118
>45 year 419 25 B
<45 year 490 30 0.926
Gender
Male 192 24
Female 717 31 0125 <0.001
AITD
Yes 238 5
No 671 50 0.091 0.005
PTC variants
classical 545 16
follicular 232 8
sclerosing 84 23 0.291 <0.001
tall cell 21 7
T (7th edition)
T1-T2 716 12
T3-T4 193 9 0.028
T (8th edition)
Tla-T3a 732 15
T3b-T4 177 11 0.094 0.004
N
NO 663 7
Nla 71 3 0.647 <0.001
N1b 33 42
Stage (7th edition)
Stages I-II 787 15 _
Stages III-IV 120 10 0.001
Stage (8th edition)
Stage | 844 18 _
Stages II-IV 65 8 <0.001
Multifocality
Yes 208 8
No 701 19 0412
Capsular invasion
Yes 197 11
No 712 16 0.077 0.019
Muscle invasion
Yes 76 7
No 833 24 0.015
Vascular invasion
Yes 46 5
No 863 2 0.013

These observations were confirmed by the Kaplan-Meier analysis, reported in Figure 2.
All clinicopathological parameters, with the exception of age and multifocality, were found to
impact significantly on disease-free interval (DFI). Patients classified as T1a and T1b had the same DFL

We finally created Cox regression models to predict the probability of DFI as a function of different
sets of independent variables. Clinical parameters were categorized as in the univariate analysis
(see Table 1). The first series of covariates included gender, histological variants (classical, follicular,
sclerosing, and tall cell), AITD, multifocality, stage, capsular, muscle, and vascular invasion. Tall cell

242



Cancers 2020, 12, 3637

variant and stage turned out to be significant predictors of DFI (see Table 2), and the stage was
significant either if calculated with the 7th or with the 8th edition. Of note is that using TNM-7 instead
of TNM-8, the Akaike information criterion (AIC) decreased by about 12 units, indicating a significant
improvement of the model.
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Figure 2. Kaplan—Meier analysis. Kaplan—-Meier curves with Mantel-Cox log-rank statistical text were
made to estimate the impact on disease-free interval (DFI) at age <55 years or >55 year (A), age <45 years
or >45 years (B), PTC histological variants (C), AITD (D), multifocality (E), lymph node metastases (F),
tumor size (7th edition) (G), tumor size (8th edition) (H), stage (7th edition) (I), stage (8th edition) (J),
capsular invasion (K), vascular invasion (L), muscle invasion (M), or gender (N). p values < 0.05 are
evidenced in bold.
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Table 2. Cox regression for the prediction of DFI was performed with stage and other clinicopathological
parameters. The table shows predictors retained in the model after backward selection. The variables
entered in the analysis were: gender, histological variants, AITD, multifocality, stage (8th or 7th edition),
capsular, muscle, and vascular invasion. HR: hazard ratio. CI: confidence interval. AIC: Akaike
information criterion. BIC: Bayesian information criterion. p-values < 0.05 are evidenced in bold.

Cox Regression with TMN-8
Clinicopathological Parameters HR 95% CI p-Value AIC BIC

Sex 2.207 0.96-5.06 0.062
Histological variant
Classic 1 — —
Follicular 0.57 0.16-2.03 0.387 308.74 343.1
Sclerosing 222 0.81-6.08 0.122
Tall-cell 4.08 1.12-15.10 0.035
Stage 4.28 1.76-10.43 0.001

Cox Regression with TMN-7
Clinicopathological Parameters HR 95% CI p-Value AIC BIC

Histological variant

Classic 1 — —
Follicular 066 018237  0.524
Sclerosing 243 088669 0085 200403 31589
Tall-cell 431  117-1583  0.028
Stage 195 127298  0.002

We then replaced stage with stage-related parameters, so that the new set of covariates comprised
lymph node metastases, tumor size, dichotomized age at diagnosis, gender, histological variants,
AITD, multifocality, muscle and vascular invasion (see Table 3). Capsular invasion was excluded
due to its collinearity with tumor size (variance inflation factor > 5). In this setting, the presence of
lymph node metastases beyond the central compartment (N1b) was the independent variable most
strongly associated with DFI (Hazard Ratio = 37.55, p < 0.001). Although in the univariate analysis
dichotomous age was not significantly associated with recurrences or DFI, in Cox regression it became
a significant predictor both applying the 55-year and 45-year threshold. When the hazard function
was generated with T and age categorized according to the TNM-7 edition, the sclerosing and tall cell
variants also displayed significant hazard ratios. Moreover, this model had lower AIC and BIC than
that resulting from categories based on TNM-8, similarly to what was observed for the Cox regression
including stage.

After that, we sought to verify if the DFI prediction could be strengthened by combining lymph
node metastases and age with further histological and molecular parameters that were not available
for our patients. These data were acquired from a previous study by the Cancer Genome Atlas
Research Network for Cancer Genomics [10-12]. Specifically, we considered lymph node metastases,
age, number of total non-silent mutations, number of CpGT mutations, BRAF-RAF score, ERK score,
miRNA cluster, RPPA cluster, ploidy, differentiation score, and follicular component. Univariate
analysis showed that BRAF-RAF score (p = 0.014), differentiation score (p = 0.045), and lymph node
metastases (p = 0.005) associated significantly with recurrences. Nonetheless, adding all the above
variables with p < 0.25 in the univariate analysis to lymph node metastases and age in the Cox regression
did not improve significantly the prediction of DFI. Considering a subgroup of patients (n = 310) for
which lymph node metastases were categorized as N0, N1a, and N1b in the database, N1b displayed
the highest hazard ratio and significance, similar to what emerged from the analysis of our patient
cohort (Table 3). In particular, N1a showed a HR of 6.53 (95% CI 1.14-37.37, p < 0.05) and N1b had a
HR of 14.46 (95% CI1 2.29-91.07, p < 0.01).
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Table 3. Cox regression for the prediction of DFI performed with stage-determining factors and other
clinicopathological parameters. The table shows predictors retained in the model after backward
selection. The variables entered in the model were: gender, histological variants, AITD, multifocality,
dichotomized age, T, N, muscle and vascular invasion. HR: hazard ratio. CI: confidence interval.
AIC: Akaike information criterion. BIC: Bayesian information criterion. p-values < 0.05 are evidenced

in bold.
Cox Regression with TMN-8
Clinicopathological Parameters HR 95% CI p-Value AIC BIC
Age (<55 year and >55 year) 2.907 1.24-6.81 0.014
Lymph node metastasis
NO 1 — — 238.59 2532

Nla 3.75 0.77-18.24 0.101

Ni1b 37.55 14.79-95.34 <0.001

Cox Regression with TMN-7
Clinicopathological Parameters HR 95% CI p-Value AIC BIC
Age (<45 year and >45 year) 3.5 1.16-10.55 0.026
Histological variant
lassic 1 — —
Follicular 1.53 0.37-6.29 0.556
Sclerosing 342 1.04-6.69 0.042
Tall-cell 7.22 1.69-30.80 0.008
T (T1-T2 and T3-T4) 0607  0.343-1.075 0087 20297 24194
Lymph node metastasis
NO 1 — —

Nla 422 0.84-21.27 0.081

N1b 34.72 10.43-115.601 <0.001

3. Discussion

Follicular thyroid cell-derived tumors are the most common endocrine malignancy and the fifth
most common cancer in women [13-15]. Its annual incidence, about 3% of all cancer, has been shown
to more than double over the last decades as a result of the improved ability to diagnose malignant
transformation in small thyroid nodules [14,15]. The differentiated papillary (PTC) and follicular (FTC)
carcinomas represent most of the epithelial thyroid cancers, which may progressively dedifferentiate
giving rise to the more aggressive poorly DTC (PDTC), and to the incurable anaplastic thyroid
carcinomas (ATC) [16]. Although the prognosis of DTC patients is favorable, with a 5-years-survival
rate of nearly 98%, about 20% of them face the morbidity of disease recurrence [1,2,14,15]. The TNM
staging system elaborated by the AJCC based on clinicopathological parameters is the most widely
used approach to predict thyroid cancer survival, but it is much less reliable in discriminating patients
with a higher risk of developing relapses over time [1-3]. The TNM has been significantly revised in
2016 (TNM-8), with respect to its previous version (TNM-7) [3,4,9]. Various reports have documented
the ability of the TNM-8 to better predict the disease-specific survival (DSS) in DTC patients, but we
could not verify this point because none of the patients examined died due to PTC [17-28]. It has
to be mentioned, however, that in one of these studies it was shown that the new TNM improved
the prediction of DSS for PTC, but not for FTC patients [23]. In addition, reasonable concerns have
been raised for patients in the 45-54 age range, classified in stages III or IV by the TNM-7 but
currently considered in stages I or II by the TNM-8, for whom the severity of the disease could be
underestimated [24].

In the present study, as expected, the comparison of the two TNM systems in 1113 PTC patients
evidenced a considerable patient downstaging by TNM-8, in agreement with a number of earlier
reports [5,17-28]. Even though TNM staging was conceived to predict DSS, some studies showed
that both TNM-7 and TNM-8 were significantly associated with disease-free survival and that TNM-8
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allowed better discrimination of the recurrence risk over time [25,27,29]. In our case study we found
analogous results, but the differences between curves created with TNM-7 and TNM-8 stages and T
were much less evident in our Kaplan-Meier analysis due to the need for combining some categories
to fulfill statistical requirements. However, when the Cox regression analysis was performed with
parameters classified according to TNM-7 instead of TNM-8, lower Akaike Information Criterion (AIC)
and Bayesian Information Criterion (BIC) values were obtained, indicating that the model based on
TNM-7 should be preferred. This statement would seem to be in contrast with the conclusions of other
authors about the superior predictive performance of TNM-8 over TNM-7 for DFI. However, it has to
be mentioned that these authors focused attention on HRs of individual predictors, while we evaluated
the virtue of model fit. Our findings are in line with a previous work showing that in patients above
55 years, pT7 was superior to pT8 in predicting DFI [28].

In the framework of The Cancer Genome Atlas (TCGA) project, a comprehensive multiplatform
analysis was carried out to determine the genomic landscape of 496 PTC cases, and a reclassification of
PTC into molecular subtypes was proposed to improve clinicopathological grading and management of
patients [12]. In this study, the lowest thyroid differentiation score (TDS) was assigned to a tall cell-like
tumor cluster, which was associated with more advanced stage and higher risk, while the classical
PTC (CPTC) had an intermediate TDS, and the follicular variant (FVPTC) maintained a high TDS [12].
These results were corroborated by a subsequent multicenter retrospective study including 6282 cases
of PTC [29]. Differential risk patterns of disease recurrence and patient mortality were determined for
the three major PTC variants, with increasing aggressiveness from the FVPTC to the CPTC, up to the
tall cell PTC (TCPTC) [30]. The results of our study do not confirm a higher recurrence-free probability
for FVPTC compared to CPTC, whereas the DFI probability was significantly reduced for the tall
cell and sclerosing PTC variants. The partial discrepancy of our findings with the previous ones
is probably because, due to the numerical scarcity of relapses in FVPTC, we could not distinguish
between encapsulated/well-demarcated noninvasive forms and infiltrative FVPTC.

When in our regression analysis the TNM stage was replaced by stage-related parameters analyzed
as independent variables, lymph node metastasis and age dichotomized in <55 years and >55 years
emerged as the only significant predictors of DFI. Taking advantage of a PTC cohort of patients
derived from the TCGA, we sought to verify whether, besides lymph node metastasis and age, the DFI
prediction could be improved by additional histological and molecular parameters not available for
our case study. The results obtained demonstrated that only a couple of them (BRAF-RAF score
and differentiation score) were significantly associated with recurrences, and none of the parameters
selected for the Cox regression impacted significantly on the model. Additionally, in this PTC cohort,
lateral lymph node involvement represented the best predictor of DFI, with the N1b category (spreading
beyond the central compartment) having the highest HR.

4. Materials and Methods

4.1. Patients

In this study, we retrospectively analyzed 1148 patients affected by PTC enrolled in the period
1995-2018 at the Umberto I hospital, Department of Surgical Sciences of the Sapienza University of Rome.
The case study included 883 females and 265 males with a median age of 47 years (range 12-88 years).
All subjects gave their informed consent for inclusion before they participated in the study. The study
was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the
Ethics Committee of the Umberto I hospital (Protocol No. 2615). Of the 1148 patients, 1127 patients
had a total thyroidectomy, while 21 patients had a lobectomy. Post-surgical RAI was performed on
565 patients, but not on 583 patients including 486 pTla cases and 97 pT1b cases. Thyroid hormone
replacement was applied following international guidelines recommendations [1-3,31,32]. For each
patient, data regarding age at diagnosis, gender, absence or presence of autoimmune thyroid disease
(AITD), tumor size, occurrence of lymph nodal or distant metastases, histology, multifocality, capsular
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invasion, vascular invasion, and muscle infiltration were collected. All patients were staged according
to either the TNM-7 or the TNM-8. Histopathological diagnoses were made based on the WHO
classification [11]. In particular, the main PTC variants observed included: 683 classical, 279 follicular,
121 diffuse sclerosing, and 32 tall cell variants. Of the 1148 patients, 283 were affected by AITD, 276 by
chronic lymphocytic thyroiditis, and 7 by Graves’ disease. The follow-up was available for 964 patients
with a mean duration of 69.51 months (range 12-136 months, Table 1). Of these, 13 patients died
for causes not related to PTC. In patients not affected by AITD, recurrences were diagnosed by neck
ultrasonography, measurement of serum Tg levels, either in basal conditions or following recombinant
human TSH stimulation (thTSH), fine needle aspiration cytology (FNAC), and/or Tg determination in
the FNA wash-out from lymph nodes [33], 13T whole-body scan, or histological analysis following
surgical resection of the lesion. The same was applied to AITD patients with positive Tg auto-antibodies
with the exclusion of Tg measurements. During the follow-up, we observed 11 persistence (diagnosed
before 12 months from the initial therapy) and 55 recurrences, including 54 lymph node metastases
and 1 lung metastasis. In addition, we used data previously obtained from a study that described the
genomic landscape of 496 PTC, with 396 of which follow-up was available [11-14].

4.2. Statistical Analysis

To avoid bias in the univariate and multivariate analyses, variable categories containing a small
number of events, whose statistical results were unreliable, were merged with larger categories. Thus,
in accordance with TNM-7, we divided tumor sizes (T) in T1 + T2 and T3 + T4, and tumor stages (S) in
S1 + S2 and S3 + S4. The tumor sizes as defined by the TNM-8 were classified in T1 + T2 + T3a and
T3b + T4, and the tumor stages in S1 and S2 + S3 + S4. Univariate analyses were executed for each
clinical parameter in relation to the presence/absence of recurrence. Statistical comparison between
recurrent and non-recurrent patients was carried out with the Chi-square test or the Fisher exact test
for categorical variables, and with the Mann—-Whitney test for continuous variables (not normally
distributed). Where a significance was found in the Chi-square test, the Cramer’s V was used as a
post-test to determine the strength of association between variables. Kaplan—-Meier curves were created
to estimate the DFI in patient groups, and differences were statistically evaluated by the log-rank test.
Finally, Cox regression was performed to quantify the hazard ratios of several explanatory variables,
both continuous and categorical. The selection of covariates was made by including all parameters
with a p-value < 0.25 in the univariate analysis, together with those of known clinical significance.
Proportional hazards assumption and absence of multi-collinearity were preliminarily assessed for
these covariates. The backward stepwise approach was used for the model selection. Data analyses
were done by using the SPSS software for Windows (SPSS, Inc., Chicago, IL, USA), considering the
probability value <0.05 as the threshold limit for statistical significance.

5. Conclusions

In conclusion, our study evidenced that lymph node metastases display a predictive value for
DFI of PTC patients far higher than other clinical, histological, and molecular parameters currently
available. Hence, it would be desirable to try to further improve the prediction of the DFI by
employing more in-depth analysis of lymph node characteristics, through both instrumental and
molecular investigations.
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Simple Summary: The aim of our retrospective study was to evaluate the impact of minimal extrathyroidal
extension on early response rate after (adjuvant) initial radioactive iodine therapy in patients with papillary
thyroid cancer (PTC). We found that response rates after radioactive iodine (RAI) therapy in PTC patients
were achieved irrespective of minimal extrathyroidal extension (mETE). Nonetheless, the risk of lymph
node metastases involvement was significantly higher in the mETE patient group.

Abstract: Background: Extrathyroidal extension of differentiated thyroid cancer is a poor outcome
factor but seems to be less significant in minimal extrathyroidal extension (mETE). However, the impact
of mETE on response rate after (adjuvant) initial radioactive iodine (RAI) therapy remains unclear.
We therefore compared response rates of patients with classical and follicular variants of papillary
thyroid cancer (PTC) according to the updated eighth tumor-node-metastasis (TNM) classification
to a control group. Methods: 455 patients with T3 (primary tumor > 4 cm) PTC according to the
seventh classification who underwent total thyroidectomy followed by RAI therapy were screened.
Patients formerly classified as T3 PTC solely due to mETE were reclassified into patients with T1
(primary tumor < 2 cm) or T2 (primary tumor > 2 cm but < 4 cm) +mETE and compared to a control
group of T1/T2 —mETE PTC patients. Results: 138/455 patients were reclassified as T1/2 +mETE
and compared to 317/455 T1/T2 —mETE control patients. At initial presentation, +mETE patients
showed significantly higher rates of cervical lymph node metastases (p-value 0.001). Response rates
were comparable in both groups (p-value n.s.). N1a/N1b-stage (Hazard ratio, HR 0.716; 95% CI
0.536-0.956, p-value 0.024) was identified as an independent prognostic factor for lower response
rates. Conclusion: Response rates after RAI therapy were comparable in PTC patients irrespective of
mETE but with higher rates of lymph node metastases.

Keywords: differentiated thyroid cancer; papillary thyroid cancer; minimal extrathyroidal extension;
radioactive iodine therapy
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1. Introduction

The extent of cancer at time of diagnosis is a key factor to assess the chance of successful treatment
outcome [1]. In papillary thyroid cancer (PTC), there is general consensus that gross extrathyroidal
extension (ETE) affects prognosis [2—4]. However, there has been considerable debate over the years
regarding the most appropriate treatment for patients with minimal ETE (mETE), defined as extension
to perithyroidal soft tissue or sternothyroid muscle [5-9]. Since January 2018, the new eighth edition
of the TNM staging system (published in October 2016) has been used to classify patients with
differentiated thyroid cancer (DTC) and predict disease mortality. Several substantial modifications
were made to the seventh Union for International Cancer Control/American Joint Committee on Cancer
(UICC/AJCC) tumor-node-metastasis (INM) staging system to improve prognostic power, guide
best treatment, and change towards the current trend of “personalized medicine” and risk adapted
therapy concepts [10,11].

As a key change, mETE detected only on histological examination is no longer a determinant
of the T-stage within the TNM classification [12]. The former T3 category included any tumor
with >4 cm limited to the thyroid gland or tumors of any size with minimal ETE. In the updated
eighth AJCC/TNM staging system, DTC with tumor size of <4 cm limited to thyroid gland is staged
T1/2-disease regardless of the presence of mETE. Considering the initial risk stratification proposed by
the 2015 American Thyroid Association (ATA), the presence of mETE alone upstages low-risk patients
to the intermediate-risk group [11]. Therefore, the presence of mETE has a direct impact on clinical
patient management.

The impact of mETE on the clinical outcome is still a matter of debate. Some studies suggest
that mETE has no impact on the disease-free survival [6,8,13,14], whereas others could not confirm
this data [15-17] and report a worse outcome in these patients. These studies focused on long-term
outcomes. Undoubtedly, long-term outcomes remain the most crucial endpoint, but on a day to
day basis, initial presentation of patients influences clinical decisions, and early response to therapy
determines the clinical follow-up examinations (e.g., dynamic risk stratification according to the latest
ATA guidelines).

Therefore, the aim of the present study was to investigate the initial clinical presentation and the
effect on early response rates in PTC patients treated at our institute, which were reclassified as PTC
T1/2 with mETE (+mETE) according to the updated eighth TNM staging system and compared to a
control group consisting of PTC T1/2 without mETE (—mETE).

2. Results
2.1. Group Analysis

2.1.1. Patient Characteristics

Patient characteristics are summarized in Table 1. At initial presentation, +mETE patients
showed significantly higher rates of cervical lymph node (N1a/N1b-stage) metastases (46% in +mETE
patients (63/138) versus 29% in —mETE patients (91/317), p-value 0.001). Furthermore, higher initial
radioactive iodine (RAI) activity was administered in +mETE patients as compared to the control group
(4.6 + 2.1 GBq in +mETE patients versus 3.3 + 1.0 GBq in —mETE patients, p-value 0.001). Regarding
histology, +mETE patients had significantly more often classical PTC than the follicular variant of PTC
(75% in +mETE patients (103/138) versus 62% in —-mETE (197/317), p = 0.010).

2.1.2. Outcome Analysis

Six to nine months after RAI therapy, the number of patients presenting without detectable Tg
(stimulated Tg < 0.5 ng/mL) was comparable in both groups (77% in +mETE patients (106/138) and
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81% in —mETE patients (258/317), p-value 0.262). Likewise, 97% of +mETE patients (134/138) and
99% of —mETE patients (313/317), p-value 0.241) did not present with relevant residual, cervical,
or distant pathological uptake (p-value 0.387). Therefore, responder rates (combination of stimulated
Tg < 0.5 ng/mL, no relevant uptake in the I-131 whole body scan, unremarkable neck ultrasonography)
were similar in both groups (76% in +mETE patients (100/138) and 72% in —mETE patients (242/317),
p-value 0.379). Furthermore, patients showed comparable responder rates irrespective of the histological
subtype (p-value = 0.908). The outcome of the whole group is shown in Table 1.

Table 1. Patient characteristics and outcome analysis of the entire group.

meaory EET EEET
Patient characteristics
Age (years) 57 + 16 55 + 14 0.054
Female sex—no. (%) 95 (69%) 234 (74%) 0276 %
Tumor size (mm) 14.9 + 8.4 14.4 + 8.7 0551 F
Classical PTC 103 (75%) 197 (62%) 0.010%
N1la/N1b-stage—no. (%) 63 (46%) 91 (29%) 0.001%
Mean initial RAI activity (GBq) 46+21 33+ 1.0 0.001 *
Outcome analysis
Tg'le%’seilfsgg E{o’a/ gg;lafter 106 (77%) 258 (81%) 02621
No pa;}:%g_gﬁl (‘;Stake in 128 (93%) 291 (92%) 0.729 %
Unremarkable neck 134 (97%) 313 (99%) 02411
ultrasonography
Responder rates—no. (%) 100 (76%) 242 (72%) 03791
f t}t(ezst

mETE, minimal extrathyroidal extension; PTC, papillary thyroid carcinoma; T, tumor; N, nodus; RAI, radioactive
iodine; GBq, gigabecquerel; Tg, thyroglobulin; TSH, Thyroid-stimulating hormone; WBS, whole body scan;
responder rates: combination of stimulated Tg < 0.5 ng/mL, no relevant uptake in the I-131 whole body scan,
unremarkable neck ultrasonography.

Both groups showed no significant differences in terms of age (57 + 16 years in +mETE patients
and 55 + 14 in —mETE patients, p-value 0.504), sex (69% female in +mETE patients (95/138) and 74%
in —mETE patients (234/317), p-value 0.276) and tumor size (14.9 + 8.4 mm in +mETE patients and
14.4 + 8.7 mm in —mETE patients, p-value 0.551).

2.2. Subgroup Analysis

2.2.1. NO/Nx-Subgroup Outcome Analysis

In the NO/Nx-subgroup analysis, 301 patients (75 +mETE patients, 226 —mETE patients) were
evaluated. In total, 189/301 (62.7%) patients presented with NO-stage and 112/301 (37.3%) patients with
Nx-stage. No significant differences were found between the two groups in terms of Tg responder
rates after stimulation (89% in +mETE patients (67/75) and 88% in —mETE patients (199/226), p-value
0.764) as well as non-pathological cervical or distant iodine uptake (93% in +mETE patients (70/75)
and 94% in —mETE patients (212/226), p-value 0.884). Responder rates were identical in both groups
(84% in +mETE patients (63/75) and 84% in —mETE patients (190/226), p-value 0.988). Findings are
presented in Table 2.
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Table 2. Outcome analysis of the subgroups: NO/Nx and N1a/N1b.

NO/Nx N1a/1b
Outcome n =301 n =154
p Value p Value
Parameters +mETE —mETE +mETE —mETE
n =175 (25%) n =226 (75%) n=6341%) n=91(59%)

Outcome analysis

Tg-level < 0.5
ng/mL after 67 (89%) 199 (88%) 0.764 1 39 (62%) 59 (65%) 0.710 %
TSH-stimulation

No pathological
uptake in 70 (93%) 212 (94%) 0.884 % 58 (92%) 79 (87%) 0.307 %
WBS-no. (%)
Responder o o 1 o o 1
rates.o. (%) 63 (84%) 190 (84%) 0.0.988 37 (59%) 52 (57%) 0.845
 t-test

Responder rates: combination of stimulated Tg < 0.5 ng/mL, no relevant uptake in the I-131 whole body scan,
unremarkable neck ultrasonography.

2.2.2. N1a/N1b-Subgroup Outcome Analysis

In the N1a/N1b-subgroup analysis, 154 patients were included (63 +mETE patients, 91 —-mETE
patients). In total, 113/154 (73.4%) patients presented with N1a-stage and 41/154 (26.6%) patients with
N1b-stage. In patients with N1a-stage, a mean of 19 + 13 lymph nodes was removed, and in patients
with N1b, 30 + 20 lymph nodes were removed (p = 0.001). There was no significant difference between
the two groups in terms of Tg responder rates after stimulation (62% in +mETE patients (39/63) and
65% in —mETE patients (59/91), p = 0.710) and relevant iodine uptake in the whole body scan (92% in
+mETE patients (58/63) and 87% in —mETE patients (79/91), p-value 0.307). Overall, responder rates in
this subgroup also were comparable irrespective of mETE (59% in +mETE patients (37/63) and 57%
in —mETE patients (52/91), p-value 0.845). All data regarding treatment success after follow-up are
summarized in Table 2. Irrespective of mETE, in the N1a/N1b-subgroup, subgroup responder rates
were significantly lower than in the NO/Nx-subgroup (59% versus 84% in +mETE and 57% versus 84%
in —mETE patients, p-value 0.001, respectively). In Figure 1, responder rates for the entire group and
NO/Nx- and N1a/N1b-subgroups are presented. No differences in responder rates of the entire group
as well as among subgroups could be found, irrespective of the presence of mETE.

100= ns
i M mETE

so- 1 [ B3 -mETE
—~ ns
3= ] M a8 not significant
o 60-
50
S
g
o 40
j*)
[

20
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Figure 1. Responder rates (in %) of the entire group and the N-subgroup. No significant differences
were found regarding responder rates in the entire group and among NO/Nx- and N1a/N1b-subgroups.
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Of note, patients with N1a/N1b-status and +mETE received a significantly higher initial radioiodine
activity as compared to patients from the -mETE group (6.3 + 1.7 GBq versus 3.8 + 1.1 GBq, p-value
0.001). In patients with higher administered RAI activity (>7400 MBq), significantly more patients
showed +mETE compared to patients with lower (<3700 MBq) administered RAI activity (49/57 (86%)
patients with high RAI activity versus 89/398 (22%) patients with low RAI activity, p-value 0.001).
Furthermore, significantly more patients with higher administered RAI activity showed N1-stage (52/57
(91%) patients with high RAI activity versus 102/398 (26%) patients with low RAI activity, p-value
0.001). Significantly more patients with higher administered RAI activity showed poorer response
rates compared to patients with lower administered RAI activity (25/57 (49%) patients with high RAI
activity versus 88/398 (22%) patients with low RAI activity, p-value 0.001).

2.2.3. Uni- and Multivariate Analysis

To analyze possible risk factors for poorer outcomes, we performed a univariate and a multivariate
analysis. Of the factors regarding primary presentation of patients, age > 55 years at initial presentation
was significantly associated with poorer outcome (Hazard ratio, HR = 7.605, p = 0.006), whereas
gender (HR = 10.675, p = 0.104), histological subtype (HR = 8.123, p = 0.746), and the presence of
mETE (HR = 9.556, p = 0.256) were not associated with poorer outcome. Regarding TNM-staging,
N1la/N1b-stage (HR = 7.239, p = 0.001) was the only unfavorable prognostic factor for poorer outcome,
whereas T-stage > T1 (HR = 8.837, p = 0.251) was not associated with lower responder rates. Furthermore,
a mean initial I-131-dose of >7400 MBq (HR = 14.028, p = 0.026) was associated with significantly
poorer outcome in the univariate analysis. In the multivariate analysis, N1a/N1b-stage was the only
independent unfavorable prognostic factor for treatment success (HR = 0.716, p = 0.024). Age > 55 years
at initial presentation (HR = 1.003, p = 0.405) and mean initial I-131-dose of >7400 MBq (HR = 0.915,
p = 0.672) were not significantly associated with poorer outcome in the multivariate analysis. All risk
factors are summarized in Table 3.

Table 3. Prognostic risk factors for poorer responder rates (uni-/multivariate analysis).

Response Rate Response Rate

Covariate Level (Univariate Analysis) (Multivariate Analysis)
HR (95% CD p Value HR (95% CI) p Value
Gender FI?/IH;;e 10.675 (6.1;;2—14.577) 0-104
Age (years) ;gg 7.605 (7.I§;f0—7.989) 0-006 1.003 (o.%gg—wu) 0.405
. ClassiFal PTC Ref
Histology Vgﬁgiffllfrrc 8.123 (7.451-8.796) 0-746
T-stage 1>TTl 8.837 (7588{-10.592) 0.251
N-stage Nl\llg: Ei(b 10.737 (6.13?7—14.557) <0001 5716 (oigfé—o.%e) 0.024
mETE ;rr]:gg 9.556 (6.17{5?;—12.355) 0.256
Mean initial
R‘é];ic;se i?i 14.028 (5.1({)22—23.012) 0.026 0915 (0.1232—1.383) 0.672

T, tumor; N, nodus; mETE, minimal extrathyroidal extension; GBq, gigabecquerel; HR, hazard ratio; CI, confidence

interval; RAI, radioactive iodine.
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3. Discussion

Extrathyroidal extension of thyroid cancer has been recognized as a factor of poor outcome [2,3].
More recent analyses have suggested that mETE is less significant for patient outcome than gross
extension [5-7,18,19]. The updated eighth edition of the AJCC/TNM staging system removed the
subclassification of mETE, resulting in a downstaging of T3 tumors < 4 cm. However, the impact
of mETE on treatment success after initial RAI therapy still remains a matter of debate. Although
TNM-staging is mainly associated with the disease specific mortality risk, it still influences the clinical
patient management. We therefore evaluated the primary presentation and the early treatment response
in our patient cohort with or without mETE.

Firstly, we compared +mETE patients to a control group with matched histology, age, sex, and
tumor size. Secondly, we subdivided patients in subgroups with NO/Nx- and N1a/N1b- stages to
analyze the study group in more detail. These more homogenous subgroups were supposed to improve
data quality, as confounding factors could be better analyzed.

Overall, our data suggested that mETE does not affect treatment success. Indeed, analyzing
biochemical (Tg-levels) and structural (uptake in WBS and ultrasound) characteristics, comparable
responder rates were found in both groups (+mETE vs. —mETE). These findings mirror data by
Arora et al. and Kim et al., where the presence of mETE was not an independent predictive factor
of recurrence [9,20]. Furthermore, the study by Ito et al. showed that mETE was not associated
with recurrence in contrast to gross ETE. Thus, they suggested not using mETE as an indicator for
poor prognosis [6].

Nevertheless, our data indicate that +mETE patients have a significantly higher risk of presenting
with lymph node metastases at initial presentation as compared to —mETE patients. This is in line
with the study of Kim et al. who reported that patients with gross or mETE were more likely to
have nodal metastases in the central or the lateral neck compartments [20]. Shin et al. showed that
there was no significant difference in recurrence between +mETE and —mETE patients; although
lymph node metastases were an independent factor for the increased risk of mETE, it did not affect
recurrence-free survival [7]. On the contrary, data in a recent meta-analysis from Diker-Cohen et al.
indicated that, in patients with N1a/N1b disease, the presence of mETE did further increase the risk of
recurrence, yet still within the low risk category [21]. Overall, our analysis identified N1a/N1b-stage as
the only risk factor for lower responder rates in the multivariate analysis. Overall, our data indicate
that patients with mETE have a higher risk of systemic disease. Therefore, since a prophylactic lymph
node neck dissection is not suggested in patients with T1/T2 disease, precise perioperative diagnostic
examinations (ultrasound, post-treatment WBS) are crucial in this cohort to exclude lymph node
metastases [11].

In our study, response rates were similar in the NO/Nx- and the N1a/N1b-stage subgroup analysis.
Nonetheless, it needs to be emphasized that, in this N-stage subgroup, +mETE patients received a
significantly higher activity as compared to patients without mETE. Seo et al. compared the outcome
after (adjuvant) initial RAI therapy in patients with lymph node metastases and mETE treated with
standard activity (3.0 GBq) or a low-dose activity (1.1 GBq) and found no significant differences
between both regiments regarding the initial response rate as well as during the follow-up within the
first years (mean follow-up time of 45 months) [22]. Therefore, it is very unlikely that the significantly
higher treatment activity in our +mETE group might have led to a significant bias in this study.

Patients with higher administered RAI activity had a worse treatment response compared to
patients treated with lower RAI activity. This finding was to be expected, since significantly more
patients with lymph node metastases were treated with higher doses. It is well known that patients
with lymph node metastases show poorer treatment response [23].

It needs to be highlighted that patients included in this retrospective study come from a historical
collective. Therefore, patients received relatively high doses of RAI, which was in line with the German
and institutional guidelines at the time of treatment. However, current guidelines trend towards
decreasing radioiodine doses, which was supported by the two prospective studies ”Ablation with
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low-dose radioiodine and thyrotropin alfa in thyroid cancer” (HiLo) and “Strategies of radioiodine
ablation in patients with low-risk thyroid cancer” (ESTIMABL) [24,25]. Compared to current guidelines,
especially +mETE patients with lymph node metastases were most likely overtreated with RAL

As the majority of PTC cases comprise classical and follicular variants of PTC, only these
histological subgroups were included in our study [26]. Patients with classical PTC had mETE
significantly more often as compared to patients with the follicular variant of PTC. This finding is in line
with the study of Yu et al., who also reported significantly higher rates of ETE in classical PTC patients.
Response rates in our patient cohort were comparable in both groups. Yu et al. also showed that no
differences in outcome could be found between classical and follicular variants of PTC patients [27].

Our study has several limitations. First, there may have been a selection bias because of the
retrospective design. Secondly, in our study, patients with mETE were treated with significantly higher
radioiodine doses. Higher doses were administered because mETE was considered as a risk factor at
the time of inclusion. Furthermore +mETE patients presented more often with lymph node metastases.

Thyroglobulin antibodies are only present in a minority of the patients and therefore could not be
included in the analysis in a convincing way. This is indeed a limitation of the study, which cannot
be overcome. However, although the recovery is less sensitive than the direct measurement of the
antibodies, we are convinced that an undisturbed recovery adds confidence for the validity of the
measured thyroglobulin.

Furthermore, primary surgical procedures were performed in different hospitals. Therefore, histological
tissue or slides were not available, and only the original pathology reports were reviewed. However,
we only included patients with detailed reports indicative for reclassification.

4. Materials and Methods

4.1. Study Population

We retrospectively reviewed consecutive patients with pT1-T3 PTC from our institutional data
base who underwent total thyroidectomy followed by RAI therapy at the Department of Nuclear
Medicine (University Hospital, LMU Munich) between January 2010 and June 2015. Epidemiological
and clinical features of these patients were assessed (age at diagnosis, gender, TNM stage, tumor
size, presence of ETE, resection margins). Patients initially classified as PTC T3 solely due to mETE
(according to the seventh UICC/AJCC TNM staging system) were reclassified according to the updated
eighth UICC/AJCC TNM staging system into the subgroup of T1/2 +mETE. These patients were
compared to a control group consisting of PTC patients classified as T1/2 —mETE according to former
and updated TNM classifications. Pathological reports from the referring hospitals were reviewed
and reclassified according to the updated TNM staging system. Since the majority of PTC cases
comprise classical and follicular variants of PTC, we only investigated these histological subgroups in
our study. Patients with aggressive histological subtypes of PTC, distant metastases diagnosed from
clinical examination or imaging (cM1-stage), or unresectable carcinomas or positive resection margins
(R1/R2-stage) were excluded.

For our study, a total of 1140 patients were screened, and 638 patients with PTC were evaluated. A total
of 164 patients were retrospectively reclassified as T1/2 with mETE (T1/2 +mETE); 346 T1/2 patients
without mETE (T1/2 —-mETE) served as a control group. A total of 46 patients remained T3 according
to former and updated TNM staging systems and were consequently excluded, and 24 patients were
excluded due to aggressive histological subtypes of PTC. A total of 455 patients fulfilled the inclusion
criteria. The majority of patients (300/455, 65.9%) showed classical variant of PTC. For subgroup
analysis of NO/Nx patients, we defined NO- and Nx-status according to Robinson et al. Patients with
T1-stage were staged as NO after examination of >6 lymph nodes and patients with T2 after >9 lymph
nodes [28]. All other patients were staged Nx.
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4.2. Ethics Statement

The study was approved by the local ethics committee (Ethics committee of the Medical Faculty,
University Hospital, LMU Munich, Munich, Germany, IRB #20-210) and was conducted in accordance
with the ethical standards according to the Declaration of Helsinki and according to national and
international guidelines. The requirement to obtain informed consent was waived due to the
retrospective design of this study.

4.3. Treatment

All patients underwent total thyroidectomy with or without lymphadenectomy. Surgery was
followed by (adjuvant) initial radioactive iodine therapy [29]. Prior to RAI therapy, patients were
stimulated with recombinant human TSH (rhTSH, Thyrogen®, Sanofi Genzyme, Cambridge, MA,
United States) i. m. on two consecutive days or underwent hormone withdrawal prior to RAI therapy to
achieve TSH levels > 30uU/mL according to current guideline recommendations [11]. The administered
radioiodine activity depended on the tumor stage as well as on the time of inclusion and ranged from
2.0 to 7.4 GBq I-131 (54-200 mCi).

4.4. Follow-Up and Outcome

Outcome of RAI therapy was assessed six to nine months after initial therapy. The follow up was
based on physical examination, neck ultrasound, determination of the level of stimulated thyroglobulin
(Tg)-level by two assays (Roche Elecsys® Tg II, Roche Diagnostics GmbH, Mannheim, Germany) with
a measuring range of the Roche assay as 0.04-500 ng/mL with a theoretical lower limit of detection
of 0.04 ng/mL and a theoretical lower limit of quantitation of 0.1 ng/mL with an error of < 30% or
Siemens Immulite with an analytical sensitivity of 0.2 ng/mL and a functional sensitivity of 0.5 ng/mL),
and Tg-recovery (Roche Elecsys® Tg II Confirmatory Test) as well as a diagnostic I-131 whole body
scintigraphy (WBS), which was performed approximately 72 h after application of 370 MBq I-131
(10 mCi) in hypothyroidism or after administration of thTSH i.m. on two consecutive days. In case of
any pathological finding in the WBS, an additional single-photon-emission computed-tomography
(SPECT)/low dose computer-tomography (CT) of the relevant region was performed (most often neck
and thorax). Three days after stimulation, Tg and Tg recovery were determined.

Patients were classified as responders to adjuvant radioiodine therapy if stimulated Tg-levels
were lower than 0.5 ng/ml, the thyroid bed was empty or showed a hyperechoic region, and no
suspicious lymph nodes were found in the neck ultrasound and if the uptake in the thyroid bed was
rated as non-relevant and no pathological uptake was seen outside the thyroid bed according to the
WBS. In addition, if a second radioiodine treatment was needed for any given reason, the adjuvant
radioiodine therapy was considered as inadequate.

4.5. Subgroup Analysis

At initial presentation, +mETE patients presented significantly more often with lymph node
metastases (N1-stage 46% in +mETE patients vs. 29% in —mETE patients) as presented in Table 1.
Therefore, we performed a subgroup analysis. We compared patients without local lymph node
metastases (NO-stage) or with unknown lymph node status (Nx-stage) to patients with local lymph
node metastases in the central (N1a-stage) or the latero-cervical compartment (N1b-stage) to identify
possible influence of N-stage regarding response rate.

4.6. Statistical Analysis

All continuous variables (age, tumor size, I-131-dose) were expressed as mean + standard deviation
(SD). Unpaired Student’s t-test was used to compare metric variables (age, tumor size, I-131-dose).
Chi-squared test was used to compare categorial variables (gender, N-Stage, uptake in whole body
scan, Tg-level after TSH stimulation, TSH stimulation by rhTSH, re-therapy courses). Parameters that
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showed significant influence on success rate in the univariate analysis were included in the multivariate
analysis. Vice versa parameters with p values > 0.5 were not included in the multivariate analysis.
The multivariate regression model was applied to analyze prognostic factors associated with treatment
success. A p-value < 0.05 was considered statistically significant. All analyses were performed using
SPSS computer software (SPSS Statistics 25, IBM).

5. Conclusions

In conclusion, early treatment response in patients with classical or follicular variants of T1/T2
PTC is not significantly affected by the presence of mETE. Despite a higher incidence of lymph node
metastases in patients with mETE, prophylactic lymphadenectomy is not suggested in patients in the
T1/T2-stage. Therefore, accurate perioperative patient workup, including cervical neck ultrasound and
post-treatment WBS, remains crucial.
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Simple Summary: About 25% of Thyroid Carcinomas of Medullary type occur in carriers of
hereditary alterations in the RET gene. Different alterations are associated with different risks
(highest, high, and moderate) and management depends on risk category. We explored prevalence,
clinical presentation and management of inherited RET variants in patients tested at our center.
We found inherited RET variants in 31.9% of tested individuals: the vast majority of patients with
Medullary Thyroid Carcinoma who had a family history positive for the disease was found to
carry a RET change, but also 14.3% of those with no family history tested positive, supporting
the recommendation to perform genetic testing in all cases of Medullary Thyroid Carcinoma.
For known variants, findings in our patients were consistent with available risk classification.
Besides, we obtained evidence supporting the classification of two rare variants of uncertain clinical
significance (p.Ser904Phe and p.Asp631_Leu633delinsGlu), which may help future management
of carriers.

Abstract: Germline RET variants are responsible for approximately 25% of medullary thyroid
carcinoma (MTC) cases. Identification of RET variant carriers allows for the adoption of preventative
measures which are dependent on the risk associated with the specific alteration. From 2002 to 2020,
at our cancer genetics clinic, RET genetic testing was performed in 163 subjects (102 complete gene
analyses and 61 targeted analyses), 72 of whom presented with MTC. A germline RET variant was
identified in 31.9% of patients affected by MTC (93.8% of those having positive family history and
14.3% of clinically sporadic cases). Subsequent target testing in relatives allowed us to identify 22
asymptomatic carriers, who could undertake appropriate screening. Overall, patients with germline
RET variants differed significantly from those who tested negative by family history (p < 0.001) and
mean age at MTC diagnosis (44.45 vs. 56.42 years; p = 0.010), but the difference was not significant
when only carriers of moderate risk variants were considered (51.78 vs. 56.42 years; p = 0.281). Out of

265



12 different variants detected in 49 patients, five (41.7%) were of uncertain significance (VUS). For two
of these, p.Ser904Phe and p.Asp631_Leu633delinsGlu, co-segregation and genotype/phenotype
analysis, matched with data from the literature, provided evidence supporting their classification in
the moderate and the highest/high risk class (with a MEN2B phenotype), respectively.

Keywords: RET; medullary thyroid carcinoma; clinical management; variants of uncertain significance

1. Introduction

Medullary thyroid carcinoma (MTC) accounts for 4-10% of all thyroid cancer cases [1,2] and
originates from the parafollicular cells of the thyroid or C-cells, physiologically responsible for
the secretion of calcitonin; C-cell hyperplasia (CCH) is considered as the first stage of histological
progression that evolves into MTC [3,4]. Among MTC cases, around 25% present in the context of an
inherited syndrome, whereas the remaining 75% are sporadic [5-7]. Inherited MTC syndromes include
multiple endocrine neoplasia type 2 (MEN2A and MEN2B) and familial MTC (FMTC) [8,9]. MTC is
associated with pheocromocytoma (PCC) and parathyroid hyperplasia/primary hyperparathyroidism
(PHPT) in MEN2A, [10,11], and with PCC, marfanoid habitus and ganglioneuromatosis of the gut and
oral mucosa in MEN2B [12]; conversely, FMTC is characterized by multiple cases of MTC in the family,
with no other clinical manifestations [13].

Both MEN2 and FMTC are caused by germline, activating variants in the RET proto-oncogene
following an autosomal dominant pattern of transmission [14,15]. Nevertheless, different RET mutations
confer different cancer risks [16-19], which has led to recommendations for management of the carriers
based on the level of risk associated with the specific mutation [20]. In this regard, the American
Thyroid Association (ATA) stratified RET mutations into distinct risk levels, in order to define the most
appropriate management for each known mutation. Former classification provided for a stratification
into four risk levels (from D to A from the highest to the lowest level of risk) [21], while the 2015 guideline
revision combined levels A and B for a total of three risk levels: highest (HST), high (H) and moderate
(MOD) [22].

The ATA’s recommended management consists of prophylactic thyroidectomy to be performed as
soon as possible in carriers of HST and H risk level variants (within the first year of life and within
5 years, respectively), while for carriers of MOD risk level variants, it is suggested to perform annual
serum calcitonin screening, and prophylactic thyroidectomy should be performed when values become
elevated. Screening for PCC (annual dosing of plasma and urinary catecholamines and metabolites)
should start at 11 years for carriers of H/HST variants and at 16 years for carriers of MOD variants.
For carriers of H and MOD variants, biochemical screening for PHPT is also recommended (annual
dosing of serum calcium and parathyroid hormone), starting at 8 and 20 years, respectively [21-23].

Of course, a stratification by risk is possible only for known, recurrent mutations, for which
genotype—phenotype correlations have been clearly established. Conversely, the detection of a novel
or rare mutation in a family poses serious counselling and management issues, as the associated
risk is mostly unknown. In these cases, until genotype—phenotype correlations are clarified, risk and
subsequent management of healthy carrier cannot be based on standard guidelines and need to be
evaluated case-by-case, possibly on the basis of clinical and family history of the carriers, which however,
may be informative only for large families with many well characterized members [24].

The aim of the study was to analyze the experience of our center with RET genetic testing in order
to (a) explore prevalence, clinical significance and genotype-phenotype correlations of germline RET
mutations, (b) collect information which could potentially contribute to defining the clinical role of the
variants of uncertain significance (VUS) encountered at our center, and (c) discuss the approach to
management of carriers of novel and rare RET mutations.
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2. Results

2.1. Clinical Characteristics and Genetic Test Results

Among subjects submitted to RET analysis in our laboratory, 117/163 (71.8%) had personal and/or
family history of MTC (114) or CCH (3), while the remaining had personal and/or family history of
other pathologies possibly related to RET alterations (PCC, PHPT, intestinal ganglioneuromatosis).
The list of cases included in the study is reported in Table S1.

A germline RET variant was identified in 49/163 (30.1%) subjects: 15/102 (14.7%) index cases,
who underwent a complete gene analysis, and 34/61 (55.7%) relatives of a RET carrier, who underwent
a targeted search for a known variant. Considering only the 72 patients affected by MTC/CCH,
a germline RET variant was identified in 23 (31.9%), with 15/16 (93.8%) of these having positive family
history and 8/56 (14.3%) of sporadic cases. Finally, considering only patients with CCH, 1/3 (33.3%)
carried a variant of RET.

Mean age at MTC diagnosis was 44.45 years in patients with germline RET variants (pathogenetic
or considered likely pathogenetic) and 56.42 years in patients with no variants detected (p = 0.010).
Among patients with known cancer staging, 42.9% of those with RET variants and 36.4% of those with
negative analysis had locally advanced disease (T > 1). All four MTC patients who also displayed
other manifestations of MEN2 were found to carry a pathogenic germline RET variant.

2.2. RET Test Results and Clinical Correlations

Twelve different RET variants were identified in our sample: seven previously classified in a
specific risk class (one of HST risk level, two of H risk level, four of MOD risk level) (Table 1) and five
unclassified. The HST risk level variant p.Met918Thr was identified in a sporadic case of MEN2B,
as well as in an external patient for whom phenotype was not detailed. H risk level variants were
identified in two cases of familial MEN2A. MOD risk level variants were found in 34 subjects of
13 families; all belonged to A risk class (the lowest risk level) in the previous classification.

Table 1. RET classified variants detected in the population under study.

Nucleotide ~ Aminoacidic ~ ATA Risk N. N. MTC/tot - PCC/Tot - PHPT/Tot  MEN2B
Variant Change Level Families Carriers Carriers Carriers Carriers Mamfeftatlons [Tot
(%) (%) (%) Carriers ? (%)
c2671T>G  p.Ser891Ala MOD 1 1 0/1 (0.0) 0/1 (0.0) 0/1 (0.0) 0/1 (0.0)
c2410G > A p.Val804Met MOD 5 14 6/12 (50.0) 0/12 (0.0) 0/12 (0.0) 0/12 (0.0)
¢2370G>T  p.Leu790Phe MOD 1 9 7/9 (77.8) 1/9 (11.1) 0/9 (0.0) 0/9 (0.0)
€. 2304G>C  p.Glu768Asp MOD 2 10 3/10 (30.0) 0/10 (0.0) 0/10 (0.0) 0/10 (0.0)
c1901G>T  p.Cys634Phe H 1 1 1/1 (100.0) 1/1 (100.0) 0/1 (0.0) 0/1 (0.0)
c1901G> A p.Cys634Tyr H 0 1 1/1 (100.0) 1/1 (100.0) 0/1 (0.0) 0/1 (0.0)
c2753T >C  p.Met918Thr HST 2 2 2/2 (100.0) 0/1 (0.0) 0/1 (0.0) 1/1 (100.0)

2 Only carriers with known clinical information were included; ® Including marfanoid habitus, ganglioneuromatosis
of the gut and oral mucosa, mild dysmorphic features. Abbreviations: ATA = American Thyroid Association;
MTC = medullary thyroid carcinoma; PCC = pheocromocytoma; PHPT = primary hyperparathyroidism;
MOD = moderate; H = high; HST = highest.

Overall, patients with germline RET variants significantly differed from those testing negative
by the presence of family history (68.2% vs. 2.1%; p < 0.001) and by mean age at MTC diagnosis
(44.45 vs. 56.42; p = 0.010). When comparing carriers of MOD risk variants with wild-type RET patients,
the presence of family history was still significantly more frequent in the former group (72.2% vs. 2.1%;
p < 0.001), while mean age at MTC diagnosis did not differ significantly (51.78 vs. 56.42; p = 0.281).
Indeed, mean age at MTC diagnosis was 51.78 years among carriers of MOD risk variants, compared
to 11.5 years in carriers of HST/H risk level variants (p < 0.001). The comparison of clinical features of
patients with MTC according to test results is shown in Table 2.
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Table 2. Clinical characteristics of MTC patients according to test result.

RET VARIANT DETECTED p Value
Feature
(NONE (NONEvs. (MOD vs.
NONE ALL MOD  HSTH = (i ALL) MOD)  HST/H)

Age at diagnosis of MTC (mean) 56.42 44.45 51.78 11.50 0.010 0.281 <0.001
Sex, n. Female/tot (%) 32/48 (66.7) 13/22(59.1) 10/18(55.6)  3/4 (75.0) 0.597 0.408 0.616
Presence of other tumors, n./tot (%)  14/48 (29.2)  6/22 (27.3)  4/18 (22.2) 2/4 (50.0) 1.000 0.759 0.292
Positive family history, n./tot (%) 1/48 (2.1)  15/22(68.2) 13/18(72.2)  2/4(50.0) <0.001 <0.001 0.565
Stage, n. T > 1/tot® (%) 8/22 (36.4) 3/7 (42.9) 2/6 (33.3) 1/1 (100.0) 1.000 1.000 0.429

? Information on stage was available for 29 patients.

2.3. Families with Unclassified Variants

Twelve individuals were carriers of variants for which the associated risk has not been clearly
established. Overall, five VUS were found: one in multiple individuals from a single family, while the
others were identified in individual subjects. Details on the variants are shown in Table 3.

Table 3. Frequency and predictions of unclassified variants identified.

Nucleotide Aminoacidic Allele Mean . Clinvar Varsome (:‘lass N. Carriers
Variant Change Frequency 2 Conservation Class (Computational  (n. Affected
Score P Verdicts) by MTC)
c2711C>T p-Ser904Phe NP 5.5799 LP LP (10 Dvs. 1 B) 8(5)
c.2372A>T p-Tyr791Phe 0.00209 5.34 CI LB (8 Dvs. 3B) 1(1)
c.2129A > G p-Lys710Arg 0.00000816 3.72 Us US (8 Dvs. 3B) 1(0)
¢1946C > T p.Ser649Leu 0.0003164 434 CI LP (11D vs. 0 B) 1(1)
c.1893_1898del  p.Asp631_Leu NP 1.2967 NP LP (1 Dvs. 0B) 1(1)

CGAGCT 633delinsGlu

2 From gnomAD exomes; ® From GERP (Genomic Evolutionary Rate Profiling http://mendel.stanford.edu/SidowLab/
downloads/gerp/). Abbreviations: P = pathogenic; LP = likely pathogenic; NP = not present; D = deleterious;
B = benign; LB = likely benign; CI = conflicting interpretations; US = uncertain significance.

The p.Ser904Phe variant was found in a family with several members affected by MTC (Figure 1):
eight individuals were tested and found to carry the variant, while two other relatives were obligate
carriers. Out of 10 carriers, seven developed slowly progressing MTC at an average age of 46.3 years
and none manifested other RET-related problems. p.Ser904Phe is a rare variant previously reported in
one family with father and son affected by adult-onset MTC [25]; therefore, the associated risk is still
unclear. Cosci et al. [26], through in silico and in vitro analyses, showed that the variant has relatively
high transforming activity but low aggressiveness and suggested to assign the variant to the lowest
ATA risk level A. Consistently, the segregation of the variant in our family and the clinical history of
carriers showed that, although highly penetrant, this variant causes late-onset, slowly progressing
MTC, leading us to hypothesize that the screening recommended for carriers of lowest-risk mutations
may be appropriate for healthy carriers of the p.Ser904Phe variant.

The p.Tyr791Phe variant was found in a patient with MTC diagnosed at 22 years of age and a
negative family history for endocrine diseases. The variant, first reported in patients with Hirschsprung
disease [27], MTC [28,29] and PCC [30], involves a highly conserved amino acid and used to be regarded
as pathogenic based on in silico predictions. More recently, the evidence that the variant has similar
frequencies in affected and unaffected subjects [31,32] is more common in the population than expected
for a disease-causing variant [33,34], fails to co-segregate with the disease in some families [35,36]
and co-occurred with a pathogenic variant in some patients [37,38] led researchers to reconsider it as
likely benign. In our patient, however, the young age at MTC diagnosis raises the suspicion that this
variant may have, to some extent, favored the development of MTC, possibly interacting with other
factors in a multifactorial context, or that she carries a pathogenic variant undetected by the multigene
test performed.
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Figure 1. Family tree of family 91-O-03. We report the age at diagnosis of MTC and the age at death or
at the last follow-up of patients evaluated at our clinic and/or who developed MTC; in red, we indicate
the result of RET analysis (“+” = carrier of p.Ser904Phe variant; “(+)” = obligate carrier of the variant;
“wt” = testing negative).

The p.Lys710Arg variant was found in a single 76-year-old patient who had PHPT and elevated
serum calcitonin, who underwent a multigene analysis for hyperparathyroidism. This variant, very rare
in population databases, has never been reported in patients affected by conditions known to
be RET-related. The lysine residue substituted by arginine at codon 710 of the protein is highly
conserved, but there is a small physicochemical difference between the two amino acids; consequently,
computational predictors give conflicting results on the potential impact of this missense change,
which is currently classified as of uncertain significance. As the clinical picture of our patient is not
strongly suggestive of a RET-related condition, it is likely that this variant did not play a significant
role in his disorder.

The p.Ser649Leu variant was found in a patient with MTC diagnosed at 59 years of age and a
negative family history for endocrine diseases who also carried the common p.Val804Met variant,
belonging to the MOD risk level. Her unaffected daughter was found to carry only the p.Val804Met
variant, demonstrating that the two variants are “in trans” in the proband. The variant is rare in
population databases and multiple lines of computational evidence reported by Varsome support its
deleterious effect on the gene or gene product, but conflicting interpretations regarding its pathogenicity
are present in the literature [36,39]. The evidence that, in our patient, the p.Ser649Leu variant is present
“in trans” with a known pathogenic variant is against its pathogenicity, although an additive effect in
combination with p.Val804Met cannot be excluded.

The p.Asp631_Leu633delinsGlu (c.1893_1898del CGAGCT) variant causes an in-frame deletion
of two amino acids; the nomenclature reflects the fact that the deletion starts at the third base
of the Asp631 codon and extends through Glu632 up to the second base of Leu633, resulting in
deletion of Glu632 and Leu633 and a change of the Asp631 codon into glutamic acid. The deletion
was identified in a female child with neonatal onset of abdominal distension, constipation and
vomiting, with subsequent growth retardation, who was diagnosed with abdominal-pelvic plexiform
ganglioneuroma when she was 2 years old. This patient also displayed lesions consistent with
neurofibromas at the buttocks, mild dysmorphic features and nodules at the upper lip and was
diagnosed with MTC and parathyroid adenoma when she was 7 years old. This clinical picture,
resembling the MEN2B phenotype, led us to perform RET testing. The p.Asp631_Leu633delinsGlu
variant is not reported in population databases, or in the medical literature; therefore, its clinical
impact was completely unknown. Segregation analysis undertaken in the family demonstrated that
it occurred “de novo”, supporting its pathogenicity. Generally, RET defects associated with MEN2
and FMTC are typically gain of function, while deletions of part of the gene are mostly expected to
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cause loss of function; however, cases of RET deletions associated with MEN2 have been reported [40].
Moreover, Borganzone et al. studied a similar somatic alteration of RET, p.Glu632_Leu633del
(c.1894_1899delGAGCTG), and demonstrated that this in-frame deletion reduces the spacing between
two Cysteine residues, causing ligand-independent constitutive dimerization and activation of RET.
Remarkably, RET activation was even greater in this case compared to activation induced by the
frequent mutation p.Cys634Arg [41,42]. Although in our variant the deletion is shifted by 1 bp
compared to the somatic mutation described by Borganzone et al., it results in the deletion of two
amino acids in the same location; thus, the final effect—that is, the constitutive activation of RET
signaling—is likely to be the same. Collectively taken, the “de novo” origin in our patient, her clinical
phenotype and the functional data support the hypothesis that the p.Asp631_Leu633delinsGlu variant
is causative of MEN2B and should be assigned to the HST/H risk class.

3. Discussion

Since the important role of RET alterations in the pathogenesis of MTC has been ascertained, it is
considered appropriate to perform the analysis of this gene in all individuals diagnosed with primary
CCH, MTC or MEN2, either sporadic or familial [3]. The identification of positive subjects is in fact
important for the management of patients and especially of their healthy relatives, who could benefit
from specific surveillance programs and/or prophylactic treatments [43,44]. The aim of this study was
to critically analyze our experience with RET testing.

Among the 72 individuals affected by MTC or CCH who underwent RET analysis at our laboratory
between 2002 and 2020, 23 (31.9%) were found to carry a germline RET variant. As expected, a positive
family history increased the chance of finding a variant: out of 16 subjects who had positive family
history, 15 had a detectable RET variant. In the only familial case where the analysis was negative
(subject 51), the patient had been treated at 32 years of age for primary CCH and her father had died at
43 years of age for MTC; given the strong suspicion of an underlying genetic cause, a second-level
analysis was performed using the NGS multi-gene panel for endocrine tumors, but no variants were
found. Despite the negative test results, the early age of onset and the family history are suspicious for
an undetected MTC-predisposing gene defect.

Germline RET variants were identified in eight of 56 subjects with apparently sporadic MTC
(14.3%, slightly higher than the 4-10% reported in the literature [26,45-47]), confirming the importance of
screening RET in all cases of MTC, even when the family history is negative [48]. Indeed, testing allowed
us to reclassify as hereditary a fraction of apparently sporadic cases and led us to extend genetic testing
to 18 relatives, eight of whom (44.4%), belonging to three distinct families, were found to carry the
variant (p.Val804Met in all cases) and were therefore able to benefit from specific surveillance.

Among patients with CCH, 1/3 (33.3%) carried a RET variant (of MOD risk level); actually, she was
an asymptomatic patient who was found to have inherited the familial variant and subsequently
undertook the surveillance program that led to the diagnosis of CCH. On one hand, this may have
represented a successful instance of early diagnosis, provided that CCH is a precursor condition for
MTC; on the other hand, we cannot be sure that this benign finding would eventually evolve into a
malignant condition and this may have been, conversely, a case of overdiagnosis and overtreatment.

Taking into account clinical features and genetic test results shows that wild-type RET patients
and carriers of MOD risk level variants only differ by family history (p < 0.001), but not by clinical
characteristics such as mean age at diagnosis of MTC and cancer stage. This is also supported by the
fact that among 40 individuals found to carry variants assigned to MOD risk level or the p.Ser904Phe
variant (excluding those for whom we have no clinical information), 22 had not developed primary
CCH or MTC at the time of the last follow-up (55.0%): 4/9 of those over 60 years of age (44.4%), 8/18 of
those between 40 and 60 years of age (44.4%), 8/11 of those between 20 and 40 years of age (72.7%)
and 2/2 of those under 20 years of age (100.0%). Several lines of evidence have suggested that the
aggressiveness of MTC does not depend on the presence, absence or type of RET variant (which mainly
affects the age at onset of the disease) but on the stage and the age at diagnosis of the disease [20],
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which are the strongest predictors of survival for patients with MTC; therefore, our data further support
the appropriateness of the non-invasive screening recommended by current guidelines for healthy
carriers of MOD risk level variants.

For carriers of variants with unclear associated risk, however, until the genotype—phenotype
correlations are clarified, the attempt to assess the risk and respective proper management of healthy
carriers only relies on the clinical history of carriers—which, however, can provide meaningful
information only when large families with many characterized members are available—or on any
significant biomolecular evidence.

Thus, in the 91-O-03 family, the availability of several genetically and clinically characterized
members allowed us to provide evidence that the p.Ser904Phe variant is highly penetrant (7/10 of
carriers developed MTC, 70%) but leads to the development of slowly-progressing MTC at relatively
advanced age (average age at diagnosis: 46.3 years), suggesting that recommended screening for
carriers of lower risk mutations is appropriate for healthy carriers of this variant.

Moreover, in the case of the p.Asp631_Leu633delinsGlu variant, the clinical picture of the patient
and the “de novo” origin, associated with the functional studies on a very similar variant [41,42],
provide convincing evidence in favor of the pathogenicity of p.Asp631_Leu633delinsGlu and of
its assignment to the HST/H risk level category. Of note, clinical manifestations in this patient
were consistent with MEN2B, a phenotype that has been reported to be associated in 95% of cases
with the p.Met918Thr variant and in 2-3% of cases with the p.Ala883Phe variant [49]. Both these
variants affect residues located in the substrate specificity pocket of the central catalytic core of
the tyrosine kinase domain and likely cause RET activation by altering its substrate specificity [50].
Conversely, p.Asp631_Leu633delinsGlu affects residues located at a great distance in a different domain
(the cysteine-rich extracellular domain). Mutations in this domain are expected to cause RET activation
by inducing its disulfide-linked dimerization and are generally associated with a MEN2A/FMTC
phenotype, which gives a new perspective in the view of elucidating molecular mechanisms leading to
the more severe MEN2B phenotype. Rarely, a MEN2B-like phenotype has been described in patients
carrying two RET variants (bi-allelic or in-cis on the same allele) [51,52]. It can be hypothesized that,
although different, all these defects result in a particularly intense RET activation and that the higher
the activation level, the more severe is the phenotype.

Among the families with MOD risk level variants, the case of the 228-O-18 family, carrying the
p-Leu790Phe variant, is worthy of consideration. In this family, the p.Leu790Phe variant was found in
nine individuals, four of whom developed MTC; intriguingly, three of these individuals were also
affected by neurofibromatosis 1 (NF1), caused by a mutation of the NF1 gene inherited from the other
parental branch, and one developed a PCC. The p.Leu790Phe variant is classified at the lowest risk level
and is generally associated exclusively with MTC [53]; it is therefore possible that, in this individual,
the risk of developing a PCC was greater than that of the ordinary carriers of this variant, due to the
co-presence of the mutation of NF1, another gene whose alterations are associated with an increased
risk of developing PCC.

One limitation of this study is that most patients underwent the analysis of selected RET exons
through Sanger sequencing, which is expected to be less sensitive if compared to whole-gene NGS-based
analysis. However, since all the variants identified were found using the Sanger method, and the
percentage of individuals is in line with data previously reported in the literature (even slightly higher
for sporadic cases), we can conclude that this testing approach demonstrated satisfactory accuracy in
finding RET variants, supporting the evidence that most clinically relevant variants reside in known
mutational hotspots [54].
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4. Materials and Methods

4.1. Patients

From 2002 to 2020, in our laboratory, RET molecular analysis was performed in a total of
163 subjects, 102 of which underwent a complete gene analysis, while in the other 61, the targeted
search for a family mutation was performed. In total, 120 of these subjects had participated in genetic
counseling at our Cancer Genetics Clinic in Bologna based on personal history of a possible RET-related
condition or identification of a RET mutation in the family; after verifying the presence of criteria for
RET testing, informed consent was collected and a venous blood sample was drawn. For the other
43 subjects, blood sample was sent to our laboratory by external centers with the request for RET
analysis, after informed consent had been collected by the requesting physician.

4.2. Clinical Data

The phenotype leading to the suspicion of a RET variant in the family, and therefore the reason
for RET analysis, was known for 140 of the 163 analyzed subjects. Of these, main clinical information
regarding families with MTC, including disease status, age at diagnosis and family history, was available
for all the patients who came to our clinic for genetic counseling and for the other 15 subjects sent
from external physicians. This and any other information, such as stage of MTC, survival status and
presence of any further pathologies, was collected during genetic counseling and/or derived from
medical records and pathology reports.

4.3. RET Analysis

Genomic DNA was isolated from peripheral blood-EDTA using the QIAmp DNA Blood Mini Kit
according the manufacturer’s protocol (Qiagen, Valencia, CA, USA).

From 2002 to June 2019, sequencing of exons 5, 8, 10, 11, 13, 14, 15 and 16 of
RET (RefSeq.NM_020975.5) was performed through bidirectional Sanger sequencing: briefly,
PCR amplifications of target exons were carried out with FastStartTaq DNA polymerase
(Roche, Basel, Switzerland), followed by standard dideoxy sequencing, and run on a ABI3730 DNA
analyzer (Applied Biosystems, Foster City, CA, USA). PCR and sequencing conditions, as well as the
primer sequences, are available upon request. Chromatograms were analyzed for variants using the
software Sequencer (Gene Code Corporation, Ann Arbor, MI, USA). According to the ARUP database
as of January 2020 (https://arup.utah.edu/database/MEN2/MEN2_display.php) exons 5, 8, 10, 11, 13, 14,
15 and 16 cover all but one (Exon 7: ¢.1513_1518delGAGGGG: p.E505_G506del) of the RET mutations
described in the literature.

Since July 2019, the entire RET cds (20 exons) has been included in an NGS panel
(IAD177392-ThermoFisher Scientific) comprising 27 genes related to MEN2, pheochromocytoma
and renal carcinoma and run on an Ion S5 next-generation sequencing system followed by analysis
with the Ion Reporter Software (ThermoFisher Scientific, Waltham, MA, USA). The mean amplicon
coverage and the target base coverage at > 100x for multiple experiments were > 800x and > 97%,
respectively: these parameters guarantee a sensitivity of > 99% for the test. All the variants of interest
were confirmed through Sanger sequencing.

Overall, 157 patients underwent Sanger sequencing analysis and 6 the NGS panel analysis.

4.4. Interpretation of Unclassified Variants

Rare/novel variants whose associated risk was unknown were evaluated through a review of the
information available in the following public databases: gnomAD, ClinVar, varsome. In particular,
for each variant, the classification in the mutational databases, the frequency in the population
databases, the conservation of the substituted amino acids, the results of in silico predictions about the
effect of the variant on the protein and the results of any functional assay were evaluated. All databases
were last consulted on 15 September 2020. Moreover, reports about these variants possibly present in
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the literature were researched and evaluated. Finally, when possible, segregation of the variant in the
family was assessed, in particular for variants classified as probably pathogenic and if/when other
cases of MTC were present in the family.

4.5. Statistical Analysis

All available data were entered anonymously into a dedicated database and were analyzed by
using the statistical package IBM-SPSS Statistics (Ver. 25 for Windows, IBM Co., Armonk, NY, USA).
Means, standard deviation (SD), ranges and frequencies were used as descriptive statistics. The Fisher’s
exact test was used for dichotomous variables and the independent t-test to analyze differences between
two group means. Two-tailed p values lower than 0.05 were considered statistically significant. For the
analysis, carriers of the p.Ser904Phe variant were included in the MOD category and the carrier of
p-Asp631_Leu633delinsGlu variant in the HST/H category. Carriers of the other VUS were excluded
from the analysis.

5. Conclusions

The results of our study provide support to the recommendation that RET genetic screening
should be performed in all MTC cases, regardless of the family history of patients and their clinical
presentation, and according to the appropriateness of ATA’s guidelines for clinical management of
carriers of MOD risk level mutations. It is also highlighted that RET molecular analysis leads to the
detection of a substantial proportion of variants associated with unknown risks, which poses serious
challenges to the counselling and management of the patients and the family. However, co-segregation
analysis in the family, genotype/phenotype analysis and a careful revision of the databases and literature
proves helpful, at least in some of the cases, in order to tentatively assign the case to one of the known
risk classes and inform management accordingly. This approach led us to provide evidence supporting
the classification of p.Ser904Phe as the lowest risk level variant and of p.Asp631_Leu633delinsGlu as a
novel variant responsible for MEN2B of HST/H risk level.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3268/s1,
Table S1: Case series under study.
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