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Abstract

Molecular testing in thyroid nodules and thyroid cancer is rapidly evolving;
care must be used when incorporating molecular testing for thyroid nodules
into clinical practice. A clear appreciation of the goals and restraints of mo-
lecular testing must be integrated into how physicians use and explain mole-
cular testing to patients. Molecular tests can help rule in cancer for indeter-
minate thyroid nodules with very specific mutations for thyroid cancer, such
as BRAF and RET/PTC, and can help reduce the rates of completion thyroi-
dectomies in this era of de-escalation of the management of thyroid disease.
The positive predictive value (PPV) of malignant cytology (Bethesda VI) is
98%; and even though molecular testing improves specificity and PPV, it falls
short of this ideal for other mutations. We present a detailed evaluation of the
current state of molecular testing and their clinical relevance in the setting of
diagnostic utility and their impact on surgical decision-making. By recapitu-
lating the clinical impact of these tests and some of the related drawbacks, we
hope to provide adequate up to date information of the appropriate utiliza-
tion of these tools in the management of indeterminate or suspicious thyroid
nodules and highlight future directions on their utilization for the manage-
ment of thyroid cancer.
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1. Introduction

Approximately 3.4% of all cancer diagnosis each year are thyroid cancers (TC),
making it the most common endocrine malignancy [1]. The most accepted
theory of thyroid follicular cell carcinogenesis involves a multistep process that
leads to the transformation of the thyroid follicular cells resulting in differen-
tiated or undifferentiated TC. Well-defined molecular aberrations have been linked
with specific TC stages, propelling the progression from well-differentiated to un-
differentiated follicular-derived thyroid carcinomas [2]. In recent times, the cancer
stem-like cell theory has been suggested, in which phenotypically diverse cancer
cells could be spawned by a small subpopulation of stem cells after genetic and
epigenetic transformations [3].

In the past three decades, the accessibility to the genome sequence has yielded
much progress in clarifying the molecular mechanisms underlying TC [4]. Ge-
netically TC is an extremely simple disease with a low burden of somatic muta-
tions in each tumor [2]. Mutations that offer a selective growth advantage known
as driver mutations are found in more than 90% of TC, helping to promote the
development of this cancer [2] [4]. The molecular pathogenesis of the majority
of TC involves dysregulation of the mitogen-activated protein kinase (MAPK)
and phosphatidylinositol-3 kinase (PI3K)/AKT signaling pathways. MAPK acti-
vation is considered to be crucial for PTC initiation, through point mutations of
the BRAF and RAS genes or gene fusions of RET/PTC and TRK. On the other
hand, PI3K/AKT activation is thought to be critical in FTC initiation and can be
triggered by activating mutations in RAS, PIK3CA, and AKT1 as well as by inac-
tivation of PTEN, which negatively regulates this pathway. TC progression and
dedifferentiation to PDTC and ATC involves a number of additional mutations
affecting other cell signaling pathways, such as p53 and Wnt/S-catenin. More
recently, TERT promoter mutations have been described in all the histological
TC type, with a significantly higher prevalence in aggressive and undifferentiated
tumors, indicating their role in TC progression. Mutations in the RET (Rear-
ranged during transfection) proto-oncogene account for most MTC cases and
can occur sporadically or as inherited germline events in the multiple endocrine
neoplasia type 2A (MEN2A) and 2B (MEN2B) syndromes. A minority of spo-
radic MTC are caused by H-, K-, and N-RAS mutations.

Thyroid nodules are a frequent problem in every day clinical practice, with
studies suggesting that nearly two-thirds of the general population harbor thy-
roid nodules when evaluated by ultrasound imaging [5] [6]. The prevalence rates
of thyroid nodules in the adult population are around 70% [7]. Eighty to 90% of
thyroid nodules are benign, and the ability to be able to detect malignancy and
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establish the appropriate management is of paramount importance [7]. The ma-
lignancy potential of a thyroid nodule is determined in a multimodal fashion
that includes a good history, physical examination, imaging evaluation, and fine
needle aspiration (FNA) [6]-[11]. Cytopathologic analysis of FNAs has surfaced
as a key adjunct to the clinical and imaging measures used to characterize thy-
roid nodules. In 2009 the Bethesda System for Reporting Thyroid Cytopathology
(TBSRTC) was developed by the National Cancer Institute, and it was subse-
quently revised in 2017 [12] [13]. It is used extensively to stratify the risk of ma-
lignancy based on cytopathology and has been shown to accurately corroborate
the diagnosis between benign versus malignant nodules in 70% to 80% of the
cases [12] [13]. Nonetheless, this still leaves 20% to 30% of FNA cases to be ca-
tegorized as indeterminate or suspicious (Bethesda III, IV, and V) [6] [12] [13].
Thyroid nodules categorized as indeterminate or suspicious have been shown to
have malignancy rates ranging from 6% to 75% on final pathology [6] [12] [13].
Innovative tools are being developed to help characterize the malignant potential
of indeterminate and suspicious thyroid nodules. Molecular testing for thyroid
nodules has advanced very quickly over the past decade both to help improve the
diagnostic accuracy of thyroid cytology for indeterminate cases and potentially
to guide the extent of surgery as initial therapy for suspected thyroid malignan-
cies.

Molecular markers can be categorized based on their intended use; that is, for
diagnostic purposes (classification of a disease state), prognostic purposes, or
predictive purposes (providing information on the estimated probability of the-
rapeutic benefit or harm of a specific therapy) [14]. Additionally, predictive mo-
lecular markers recognize subgroups of patients in which a therapeutic interven-
tion may be proven to be either beneficial or harmful, with implications for
proper clinical stratification of management options [14]. Studies that validate
molecular marker tests include assessment of analytic validity (test accuracy and
reproducibility), clinical validity (performance of the test in distinguishing dif-
ferent groups of patients, based on biology or expected disease outcome, includ-
ing sensitivity and specificity or predictive values), and clinical utility (assessment
of the test’s ability to improve outcomes, with direct clinical decision-making
implications) [14].

Molecular testing has become a common tool in clinical practice for thyroid
nodule evaluation due to the recent improvements in the comprehension of the
molecular foundations and genotype-phenotype parallels in oncology. For ex-
ample, the detection of the oncogenic BRAF V600E mutation in roughly 50% to
70% papillary thyroid cancers (PTC) and its related susceptibility to BRAF tar-
geted therapies have dramatically shifted the landscape of PTC management
[15]. In the last couple of years multi-gene panel molecular tests that intend to
improve the diagnostic accuracy in indeterminate and suspicious nodules (Be-
thesda III to IV) have emerged as part of the algorithm in the work-up and man-
agement of thyroid nodules and cancer [6] [7]. Two of the most extensively stu-

died multi-gene panel molecular tests are the Afirma Gene Expression Classifier
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(GEC) which evaluates mRNA expression levels of 167 genes and the ThyroSeq
v2, which evaluates DNA mutations within a 19 gene panel [16]. These two tests
have been updated to the Afirma Genomic Sequencing Classifier (GSC) based on
RNA sequencing technology evaluating roughly 10,000 genes and the ThyroSeq
v3 next generation sequencing of 112 genes [16] [17] [18]. Other tests available
commercially include assays of oncogenic microRNA expression (e.g., Rosetta GX
Reveal, ThyraMIR), and a seven-gene panel test for oncogenic point mutations
and gene fusions [19] [20] [21]. These molecular tests are now part of standard
of care for the diagnostic evaluation of thyroid nodules with multiple medical
societies recommending molecular testing as diagnostic adjuncts for indetermi-
nate or suspicious thyroid nodules [7] [9] [22] [23].

We present a detailed evaluation of the current state of molecular testing and
their clinical relevance in the setting of diagnostic utility and their impact on
surgical decision-making. By recapitulating the clinical impact of these tests and
some of the related drawbacks, we hope to provide adequate up to date informa-
tion of the appropriate utilization of these tools in the management of indeter-
minate or suspicious thyroid nodules and highlight future directions on their

utilization for the management of thyroid cancer.

2. Molecular Alterations in Thyroid Cancer

The main types of mutations identified in the two most common subtypes of
differentiated thyroid cancer, PTC and follicular thyroid carcinoma (FTC), are
BRAF and RAS point mutations, RET/PTC, and PAX8/peroxisome prolifera-
tor-activated receptor y (PPAR p) rearrangements [24]. Currently, these muta-
tions convey the greatest impact on tumor diagnosis and prognostication. PTCs
contain point mutations of the BRAF and RAS genes and RET] PTC rearrange-
ments, all of which can activate the mitogen-activated protein kinase (MAPK)
pathway [24]. These reciprocally exclusive mutations are identified in greater
than 70% of PTC [25] [26] [27] [28]. FTCs contain either RAS mutations or
PAXS8/PPAR y rearrangement [24]. These mutations are likewise reciprocally
exclusive and are found in roughly 75% of FTC [29].

One more type of genetic aberration identified in patients with thyroid cancer
involves the PI3K/AKT signaling pathway, which rare in well-differentiated thy-
roid cancers, but they have a greater prevalence in less-differentiated thyroid
cancers [30] [31] [32]. Other mutations known to occur in poorly differentiated
and anaplastic carcinomas include the TP53 and CTNNBI1 genes [33]. Still, these
mutations are infrequent in well-differentiated PTC or FTC [24]. Roughly 5% of
PTC harbor TRK rearrangement, the prevalence of this mutation is extremely
low, especially in North America [34] [35].

3. Shortcomings of Thyroid Cytopathologic Evaluation

Imaging with high resolution ultrasound and ultrasound-guided FNA has long
been the most common method of the evaluation of thyroid nodules [36]. Even

though it is extremely accurate for the diagnosis of benign colloid nodules (the
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most common finding) and classic PTC, thyroid FNA is much less accurate for
the diagnosis of follicular variant of PTC [6] [7]. Moreover, the ability to discri-
minate between follicular (or Hurthle cell) adenomas and carcinomas necessi-
tates histologic assessment for capsule or vascular invasion and therefore cannot
be diagnosed with cytopathology alone. Additionally, numerous benign ailments
pose cytologic challenges, such as hyperplastic adenomatoid nodules, and in-
flammatory conditions, such as lymphocytic or granulomatous thyroiditis [37].
In many circumstances, thyroid nodule FNA results are cytologically indetermi-
nate or suspicious (20% to 30% of the time) and historically have necessitated
diagnostic thyroid surgery, primarily thyroid lobectomy, for a definitive diagno-
sis [37].

To tackle this variability in the reporting and classification of cytologic find-
ings, the Bethesda system was published in 2009 and subsequently revised in
2017 [12] [13]. The Bethesda system had been broadly accepted and has clearly
shown to improve the reliability of the terminology regarding the potential risk
of malignancy of indeterminate nodules, but the rates of malignancy within the
subcategories can vary extensively by institution. Additionally, noteworthy inte-
robserver and intraobserver variability exist in the interpretation of FNA cytol-
ogy, with concordance rates of 65% to 75% for thyroid cytology and 90% for
histopathology [38]. Molecular testing of thyroid nodules has the possibility to
help differentiate indeterminate or suspicious FNA results as either benign or
neoplastic, therefore improving the quality of care and guide surgical decision-
making [37]. Nevertheless, the assimilation of molecular testing into the algo-
rithm for diagnosis in thyroid cancer may influence variations in cytopathology
interpretation leading to modifications in the rates of indeterminate or suspi-
cious thyroid nodules [39].

Even final pathologic assessment of benign versus malignant disease is in
evolution, as exemplified by the changes in the nomenclature when discussing
noninvasive, encapsulated follicular variant of PTC, which was modified to be
considered nonmalignant and redefined as a noninvasive follicular thyroid neop-
lasm with papillary-like features (NIFTP) [40]. Nonetheless, diagnostic hemi-
thyroidectomy is still essential for both pathologic diagnosis and treatment of
NIFTP [40]. This is comparable to differentiating between follicular adenoma
and follicular carcinoma, in which pathologic assessment is necessary, to exclude

capsular or vascular invasion in the diagnosis of follicular carcinoma [37].

4. Indeterminate Thyroid Nodules (Bethesda III, 1V,
V)—Table 1

1) Atypia of Undetermined Significance (AUS) or Follicular Lesion of Unde-
termined Significance (FLUS) on Cytology

Based on the Bethesda system, this diagnostic category is reserved for speci-
mens that contain cells with architectural and/or nuclear atypia that are more
prominent than expected for benign changes, but not sufficient to be placed in

one of the highest-risk diagnostic categories [8] [13]. In the studies that used the
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Table 1. The 2017 Bethesda system for reporting thyroid cytopathology [13].

Diagnostic Category

Risk of Malignancy if ~ Risk of Malignancy if

Usual M t
NIFTP Not Cancer NIETP Equals Cancer su anagemen

Non-diagnostic or unsatisfactory
Benign

Atypia of undetermined significance or

follicular lesion of undetermined significance

Follicular neoplasm or suspicious
for a follicular neoplasm

Suspicious for malignancy

Malignant

5% to 10% 5% to 10% Repeat FNA with ultrasound guidance
0% to 3% 0% to 3% Clinical and sonographic follow-up

6% to 18% 10% to 30% Repeat FNA, molecular testing, or lobectomy

10% to 40% 25% to 40% Molecular testing, or lobectomy

45% to 60% 50% to 75% Near-total thyroidectomy or lobectomy

94% to 96% 97% to 99% Near-total thyroidectomy or lobectomy

criteria established by the Bethesda system, the risk of cancer for patients with

AUS/FLUS who underwent surgery was 6% to 18% if NIFT (non-invasive folli-

cular thyroid neoplasia with papillary nuclear characteristics) it is not considered

cancer, and 10% to 30% if NIFT is considered a cancer [24].

For thyroid nodules with AUS/FLUS cytology after a FNAB, with clinical and
ultrasonographic features of concern, the assessment can be continued by re-
peating the FNAB or if the technology is available, molecular tests can be used to
complement the risk assessment of malignancy instead of preceding directly
with a strategy of either surveillance or diagnostic surgery (lobectomy). Patient
preference should be considered in decision-making (recommendation 15 of the
ATA) [9]. If FNAB is not repeated, and molecular tests are not performed, or
both studies were inconclusive, a diagnostic surgical excision may be performed
for the thyroid nodules with Bethesda AUS/FLUS classification, according to the
clinical risk factors, the ultrasonographic pattern, and patient preference (rec-
ommendation 15 of the ATA) [7].

2) Folicular Neoplasm/Suspicious Folicular Neoplasm Cytology (FN/SFN)

This diagnostic category of the Bethesda system is used for cellular aspirates:

o Composed by follicular cells arranged in an altered architectural pattern cha-
racterized by cell crowding and/or microfollicular formation, lacking nuclear
characteristics of papillary carcinoma

or
o Composed almost exclusively oncocytic cells (Hurthle).

This is a category has an intermediate risk of malignancy in the Bethesda
system, with an estimated risk of malignancy between 10% to 40% if NIFT is
not considered cancer and between 25% to 40% if NIFT is considered cancer
[9] [30]. This category represents 1% to 25% (average, 10%) of all FNA sam-
ples [9].

Diagnostic surgical excision (lobectomy) is the long-established standard for
the treatment of thyroid nodules with a FN/SFN cytology. However, if you have
the technology, after considering the clinical assessment and the ultrasonographic
characteristics, molecular tests can be used to complement the assessment of the
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risk of malignancy instead of proceeding directly with surgery (recommendation
16) of the ATA) [7]. Patient preference should be considered in clinical decision
making. If the molecular tests cannot be performed or are indeterminate, surgic-
al excision can be considered for the definitive diagnosis of thyroid nodules clas-
sified as FN/SFN (recommendation 16 of the ATA) [7].

3) Suspicious Cytology for Malignancy

This diagnostic category of the Bethesda system represents 1% to 6% of all
FNABs and is reserved for aspirates with cytological features that generate a high
suspicion of malignancy (mainly for papillary thyroid carcinoma) but that are
not sufficient for a conclusive diagnosis [12] [13] [41] [42]. This is the highest
risk category for indeterminate cytology in the Bethesda System, with an esti-
mated cancer risk of 45% to 60% if NIFT is not considered cancer and 50% to
75% if NIFT is considered cancer [13]. Due to the high risk of cancer, the diag-
nosis of suspicious papillary carcinoma is an indication for surgery [7].

If FNAB results in a suspicious cytology for papillary thyroid carcinoma, the
surgical treatment should be very similar to the management of a frankly malig-
nant reported for the FNA. Factors that we must take into account in offering
the definitive treatment with a suspicious cytology for papillary thyroid carci-
noma, are the clinical risk factors, the ultrasonographic characteristics, the pa-
tient’s preference, and possibly the results of the molecular tests (BRAF, RAS,
RET/PTC, PAX8/PPAR) (recommendation 17 of the ATA) [7].

5. Development of Thyroid Molecular Testing

Immunohistochemical assessment with Galectin-3 and additional biomarkers
exhibited some potential to enhance the diagnostic precision of thyroid cytology,
but they did not have adequate reproducibility and sensitivity to consistently ex-
clude malignancy. Researchers pursued the identification of specific gene muta-
tions and gene rearrangements that were pathogenic in thyroid cancer. Molecu-
lar testing for known DNA and RNA mutations have been shown to improve the
diagnostic accuracy of FNA biopsy when added to cytologic evaluation [37].
Roughly 70% of thyroid carcinomas harbor the following DNA and RNA muta-
tions: the Harvey rat sarcoma viral oncogene homolog (H-Ras), neuroblastoma
rat sarcoma viral oncogene homolog (N-Ras), Kirsten rat sarcoma viral oncogene
homolog (K-Ras), rearranged during transfection/PTC 1 (Ret/PTC1), Ret/PTC2,
Ret/PTC3, v-Raf murine sarcoma viral oncogene homolog Bl [ BRAF], and paired
box gene 8-peroxisome proliferator-activator receptor ¢ (Pax8-PPARc) [37]. The
latter mutations identified enhance the specificity of FNA cytology, but they are
not as sensitive as a detection tool to rule out cancer for cases in which no muta-
tion is identified [37].

Tackling the question of benign versus malignant etiology from a another
standpoint, a gene expression classifier (GEC) was developed through an itera-
tive process that intended for the test to have a high sensitivity and a high neg-
ative predictive value (NPV), analogous to the NPV of thyroid nodules diag-
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nosed as benign on cytology [43] [44]. Intended specifically to aid in ruling out
malignancy, the Afirma GEC was developed to possibly decrease the rate of
diagnostic lobectomies in the case of indeterminate or suspicious thyroid no-
dules [37].

Furthermore, as molecular testing was been established for clinical use to help
enhance the diagnostic accurateness of thyroid nodule FNA, The Cancer Ge-
nome Atlas (TCGA) project recorded the mutations attributed to both classic
and follicular variants of PTC, considerably decreasing the number of unidenti-
fied mutations instigating differentiated thyroid cancer [45]. Integrating the new
data obtained through TCGA, an updated gene panel using next-generation se-
quencing (NGS) was developed for clinical use ThyroSeq NGS, v2 [46] [47] [48].
The ThyroSeq NGS v2 was developed to enhance the overall accuracy of mole-
cular testing to distinguish between both benign and malignant thyroid cytopa-
thology by improving sensitivity and NPV with only a mild reduction in speci-
ficity and PPV [46] [47] [48].

Further methods to molecular testing for thyroid cytopathology include the
development of micro-RNA (miRNA) testing. MiRNAs act as negative regula-
tors of gene expression and may influence cellular processes that lead to carci-
nogenesis. Since miRNA expression may be dysregulated in thyroid cancer, this
is an extra tactic to molecular test development with high sensitivity and high
specificity [5] [49] [50].

6. Gene Mutation Panel: A “Rule-In” Test

When an indeterminate or suspicious thyroid nodule with a specific gene muta-
tion that correlates with a high risk of malignancy, a thyroid cancer may be di-
agnosed before surgery and successfully limit the number of patients who re-
quire a two-part operation for definitive management of the cancer. A rule-in
test is of value when it changes clinical care, such as altering the extent of thyroid
surgery from a lobectomy to a total thyroidectomy [7]. The seven-gene specific
mutation panel has been proven to be an effective “rule-in” cytomolecular test
for thyroid malignancy based on the high specificity and PPV, but this test has
not been deemed as an effective “rule-out” test because of low sensitivity [37]. A
large prospective, single-institution study with both cytology and histologic fol-
low-up encompassed 247 Bethesda III nodules and 214 Bethesda IV nodules.
The researchers reported a 63% sensitivity and 99% specificity for Bethesda III
nodules and 57% sensitivity and 97% specificity for Bethesda IV nodules. The
PPV (a positive test result) increased the risk of malignancy to 88% for Bethesda
III nodules and 87% for Bethesda IV nodules, whereas the absence of a mutation
or fusion was associated with a cancer risk of 6% (NPV = 94%) and 14% (NPV =
86%), respectively [50].

Even though the early acceptance of the 7-gene mutation panel to help guide
the extent of the operation was very positive [50], with a substantial reduction in

the number of patients necessitating a completion thyroidectomy, a change in
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the pendulum in the management of thyroid cancer has limited this early prom-
ise. The 2015 American Thyroid Association guidelines have recommended a
more judicious approach to thyroid surgery [7], identifying that a total thyroi-
dectomy may not be the initial recommended management option even for cor-
roborated thyroid malignancies that are clinically considered low risk. Initial re-
search with the 7-gene mutation panel indicated that rat sarcoma (RAS) (a fam-
ily of small guanosine triphosphate hydrolases) mutations were most common
but were not highly specific for thyroid cancer, thereby limiting the PPV of the
test [37]. Multiple studies have established that RAS mutations also can be rec-
ognized in up to 48% of benign thyroid nodules; consequently, the type of RAS
mutation and the degree of allelic frequency can be used to guide decision-making
[51]. Likewise, numerous thyroid nodules with RAS and PAX8/PPARc muta-
tions are noninvasive encapsulated follicular variant of PTC [52], now reclassi-
fied as NIFTP [40]. The term NIFTP was introduced to describe a slow growing
and well-circumscribed case of follicular variant papillary thyroid cancers that
unlike other forms of PTC, NIFTP tumors do not seem to grow or spread, and
therefore may be able to be treated like benign thyroid nodules [40]. Neverthe-
less, treatment by lobectomy is still recommended [40] [52]. The 2015 American
Thyroid Association guidelines do not dictate a total thyroidectomy for differen-
tiated thyroid cancer less than 4 cm with any of the mutations found in the
7-gene mutation panel, further constraining its usefulness in either decreasing
excessive surgery or guiding the extent of surgery for patients with indetermi-

nate nodules [43].

7. Afirma GEC: A “Rule-Out” Test

A test with a high sensitivity and high negative predictive value (NPV) can rule-
out cancer [53] [54]. A test sensitivity measures the fraction of cancers that the
test identifies as “positive” (Afirma GEC suspicious). The Afirma GEC sensitivi-
ty among indeterminate nodules is roughly 90% [44]. A test NPV measures the
fraction of “negative” calls by the test (Afirma GEC benign) that are correct. The
Afirma GEC NPV is 94% to 95% amongst Bethesda III and IV nodules at a can-
cer prevalence of 24% to 25% [44]. Although not mutually exclusive, a test with a
high specificity and high PPV is able to rule-in cancer. A test specificity meas-
ures the fraction of benign nodules that are called benign by the test. The Afirma
GEC test specificity is 52% [44], signifying that just over half of the benign no-
dules are called GEC benign. A test PPV measures the fraction of “positive” calls
by the test (Afirma GEC suspicious) that are correct. The Afirma GEC test PPV
is 37% to 38% amid Bethesda III and IV nodules [44]. Accordingly, the strength
of the Afirma GEC is its ability to rule-out cancer (NPV), more than its ability to
rule-in cancer (PPV).

As mentioned previously a rule-in test is of significance when it changes clin-
ical care, such as altering the extent of thyroid surgery from a lobectomy to a to-

tal thyroidectomy. Hence, the effectiveness of a rule-in tests is currently ques-
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tioned as patient benefit has not been established. Given the low specificity (52%)
and PPV (37% to 38%) of Afirma, it is not considered a rule-in test. Even though
an Afirma GEC suspicious result raises the risk of cancer from 24% fo 25% to
37% to 38%, it should be clear that the asset of the test is that it finds just over
one-half of all benign nodules with Bethesda III or IV cytology as genomically
benign, and 90% of all cancers as genomically suspicious irrespective of the can-
cer prevalence. Therefore, when utilized as part of the diagnostic armamenta-
rium for cytologically indeterminate nodules with a risk of malignancy of 25% or
less, the estimated accuracy of a benign result (NPV) is 94% or greater. Accor-
dingly, the majority of the Afirma GEC benign nodules are entrants for clinical
observation instead of a diagnostic operation. Rare neoplasms that are often dif-
ficult to accurately diagnose with cytology such as parathyroid neoplasms, me-
dullary thyroid carcinomas (MTC), and metastases to the thyroid from malig-
nant breast, melanoma, and renal cell carcinomas are easily identified by the
Afirma GEC. Once the test fails to identify one of these rare tumors, the GEC
evaluates the expression of 142 genes that are used in a proprietary mathematical
algorithm to categorize indeterminate thyroid nodule as either GEC benign or
GEC suspicious.

The Afirma GEC is founded on the quantification of messenger ribonucleic
acid (mRNA) expression. There are quite a few diagnostic benefits to using RNA
instead of other approaches such as microRNA expression or DNA mutations
[55]. The BRAF V600E mutation which is the most common genomic alteration
identified in differentiated thyroid cancers, it is usually not identified in cytolog-
ically indeterminate thyroid nodules (Bethesda IIT and IV). The most common
mutation among indeterminate thyroid nodules are RAS mutations, but these
are identified in both malignant and benign nodules. Since benign nodules out-
number malignant nodules 4:1 among indeterminate nodules, the PPV of RAS
mutations is poor in a multiple of studies [56]-[61]. The difficulties of using
mutational approaches for indeterminate or suspicious thyroid nodules is that
many malignancies do not have the known genomic aberrations, and when pre-
sent, most genomic anomalies are not specific for cancer [62].

In the development of the Afirma GEC, instead of discriminately relying on
genes formerly detected in the medical literature, analysis of the whole genome
(transcriptome) was used to isolate candidate genes, and support vector machine
learning methods were used to develop the classifier algorithm [44] [63].

The clinical study validating the Afirma GEC was originally performed on a
small independent sample of thyroid nodule FNABs within a prospective multi-
center, double blind study design [63]. The Afirma GEC accomplished a high
sensitivity and NPV, including among indeterminate thyroid nodules. The GEC
was validated in a second larger independent sample in a prospective multicen-
ter study which included the largest ever prospectively collected set of thyroid
FNAB biopsies from 3789 unique patients, with a final validation set of 265 in-

determinate nodules [44]. Based on the 24% prevalence of malignancy in cyto-
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logically indeterminate samples (Bethesda III/IV), a 95% NPV for the Afirma
GEC was attained [44].

The distinctive and often unnoticed strength of this prospective, multicenter,
and blinded validation design is that it supports generalizability of the results.
The prospective and multicenter study design reduces selection bias and en-
hances what is likely to occur in the real-world. The patients (3789) were pros-
pectively consented and enrolled in the trial before undergoing FNAB at 49
study sites, including academic and community practices, which offers confi-
dence in the external validity of the findings. A strong internal validity was es-
tablished when no differences were found between the final validation cohort of
265 patients compared to the full prospective and consecutive total enrollment
cohort. The investigators were blinded to the Afirma GEC results, impeding
them from being influenced in the decision of which surgery should be recom-
mended. These vital study design elements support the internal and external va-
lidity of the Afirma GEC study and provide confidence in the broader generali-
zability of the study findings to every day clinical practice [7].

The pre-test risk of malignancy (ROM) determines the PPV and NPV of the
Afirma GEC. To practice personalized medicine, it is central to consider the in-
dividual patientf s pre-test risk. The patient’s pre-test ROM includes their indi-
vidual characteristics (gender, history of childhood radiation, imaging findings,
serum TSH among others) and the interpreting cytopathologist’s thresholds to
use cytology indeterminate categories. Neglecting this very vital step of persona-
lized care and believing that every patient has the same pre-test risk overlooks
very important medical information.

The ATA guidelines allow for either thyroid lobectomy or near-total/total
thyroidectomy for thyroid malignancy 1 cm to 4 cm in size without gross ex-
tra-thyroidal extension or clinical evidence of lymph node metastases [7]. There-
fore, numerous factors must be taken into consideration when planning the op-
eration for indeterminate thyroid nodules, such as the risks and benefits, the pre-
sence of significant contralateral nodules, long-term follow-up, the role for com-
Ppletion thyroidectomy with or without radioactive iodine ablation if malignancy
is found, and patient wishes.

The 2015 ATA guideline emphasizes ultrasound characteristics to predict the
nodule’s ROM [7]. The Afirma GEC is anticipated to identify 90% of cancers
(sensitivity) as GEC suspicious, and 52% of the benign nodules as GEC benign
(specificity), regardless of the pre-test ROM. High suspicion ultrasound patterns
may be related with a greater than 70% ROM and are found in the minority of
nodules with indeterminate cytology [58] [59] [61] [62] [63] [64]. Thyroid no-
dules with such a high pre-test ROM, the NPV of Afirma is expected to be less

than 70%, so it may not be useful to avoid surgery in such cases.

8. ThyroSeq

ThyroSeq represents one of the molecular approaches available for the evalua-

tion of indeterminate thyroid nodules that is based on the detection of molecular
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alterations in cell DNA and RNA seen in thyroid cancer [64]. Its first and most
rudimentary version was introduced into clinical practice in 2007 as a seven-
gene panel (ThyroSeq v0) [50] [65]. The next versions of the test drifted towards
the next-generation sequencing platforms and included a 13-gene panel that was
introduced in 2013 (ThyroSeq v1) [48] and a 56-gene panel inaugurated in 2014
(ThyroSeq v2) [46] [47]. The ThyroSeq v2 version used DNA plus RNA for de-
tecting point mutations/indels and gene fusions found in roughly 90% of PTC
but also used a limited gene expression panel to monitor the cellularity and cell
lineage of the samples [45]. This permitted an overall high positive predictive
value (PPV) and negative predictive value (NPV) for the detection of cancer in
indetermined nodules and aided the recognition of parathyroid glands and me-
dullary thyroid carcinomas [47] [66]. Recent improvements in the molecular
characteristics of less conventional types of thyroid cancer, particularly Hurthle
cell carcinomas presented an opportunity for a more complete and accurate de-
tection of all types of thyroid cancer, which led to the latest version of the Thy-
roSeq test [67] [68].

The latest version is the ThyroSeq v3 genomic classifier (GC) that was launched
for clinical use at the end of 2017/beginning of 2018 [64]. This test uses next-
generation sequencing technology expanded to analyze 112 genes, offering data
from more than 12,000 mutational hotspots and more than 150 gene fusion
types [69]. It reveals five diverse classes of genetic alterations: 1) mutations (sin-
gle nucleotide variants); 2) insertions and deletions; 3) gene fusions; 4) gene ex-
pression alterations; and 5) copy number alterations [64]. Compared with the
ThyroSeq v2 version, the key improvements of the ThyroSeq v3 GC include the
analysis of a larger number of genes, mutation hotspots, and gene fusions; the
detection of DNA copy number alterations, which is particularly important for
Hurthle cell and follicular carcinomas; and the use of a GC [69]. This GC is
based on the algorithmic analysis of all identified genetic alterations and their
level (mutant allele frequency) to report the results as negative (including cur-
rently negative) or positive, in so doing providing a more specific assessment of
thyroid nodules for cancer probability with a positive test. The ThyroSeq v3 GC
has undergone validation of its analytical performance in a study of 238 resected
tissue samples and 175 FNA samples [69]. It has been adjusted to handle fresh
thyroid FNA samples collected into nucleic acid preservative solution and for
formalin-fixed and paraffin-embedded sections of thyroid tissue or cytology cell
block [69].

The ThyroSeq v3 GC utilizes a registered Genomic Classifier (GC) based on
the algorithmic analysis of all detected genetic alterations to report the test result
as positive or negative. ThyroSeq test consists of several steps:

e It starts with the assessment of the FNA sample cellularity:
= This is a quality assurance (QA) step that establishes if the provided sample
has enough cells to proceed with the analysis.

= If the number of cells is below the obligatory limit, the test is cancelled.
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e Next, cellular composition of the sample is appraised:

= This step guarantees that the provided sample has an adequate proportion of
thyroid follicular cells.

= It also allows precise detection of C-cells (MTC), parathyroid cells, and other
non-thyroidal cells.

e Subsequently, the generated next generation sequencing data on 112 genes
are processed using an in-house bioinformatic pipeline that applies a com-
plex algorithm to estimate cancer probability in the tested nodule:

= The algorithm was built based on cancer probability associated with each ge-
netic alteration and their combination and validated in a prospective, multi-
center, double-blind study.

o After that, the test results and findings are reviewed by a board-certified pa-
thologist who verifies all findings and releases the test report.

Steward et al in a prospective, double-blinded, multicenter study reported the
results of the clinical validation of the ThyroSeq v3 GC in thyroid nodules with
indeterminate FNA cytology [17]. The study recruited 782 patients with 1013
thyroid nodules at nine institutions in the United States and one institution in
Singapore. The samples were collected by either rinsing the residual material in
the aspiration needle from all passes or by placing a dedicated pass into the col-
lection tube containing nucleic acid preservative solution. The study prerequi-
sites were to have indeterminate or suspicious thyroid nodules (Bethesda III, IV,
or V) with informative ThyroSeq results, and a definitive surgical pathology re-
sult. Just 257 samples met all study inclusion criteria. The surgical pathology re-
sults were assessed centrally by a panel of expert thyroid pathologists. On the
other hand, by study design, cytology smears were not evaluated centrally so that
the study could represent “real-world” experience of thyroid nodules diagnosed
as indeterminate cytology. The study was double-blinded, with molecular testing
personnel were blinded to all FNA and histopathology diagnoses, and both cy-
tologists and pathologists were blinded to molecular testing results. In addition,
pathologists were blinded to the diagnoses made by local and other panel pa-
thologists. The discordant cases were evaluated by the panel to arrive at a con-
sensus diagnosis. In the current study there was no post-unblind sample exclu-
sion.

The primary outcome of the study was determining the sensitivity, specificity,
NPV, and PPV of the ThyroSeq v3 GC in predicting the histopathologic diagno-
sis of a benign nodule versus cancer/noninvasive follicular thyroid neoplasm
with papillary-like nuclear features (NIFTP) in thyroid nodules with indetermi-
nate category III (AUS/FLUS) and category IV (SFN/FN) cytology results [17].
Although not considered as cancer, NIFTP is a precancerous, borderline tumor
that requires surgical excision, and therefore it was grouped with cancer for data
analysis [40].

The final study cohort included 154 thyroid nodules and 93 thyroid nodules
diagnosed as AUS/FLUS and SEN/EN, respectively. The ThyroSeq V3 GC dem-

onstrated a combined sensitivity of 94% and a specificity of 82% for cases diag-
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nosed as AUS/FLUS and SEN/FN [17]. With a 28% prevalence of cancer/NIFTP,
the test demonstrated a NPV of 97% among these samples. There were only five
false-negative test results in the entire study, representing four PTC and one mi-
nimally invasive follicular carcinoma. All the missed cancers were low-risk, in-
trathyroidal, and low-stage tumors with no vascular invasion, extrathyroidal ex-
tension, or other aggressive features.

The main use of ThyroSeq is to provide accurate cancer diagnosis in thyroid
nodules with indeterminate FNA cytology. Indeterminate risk of malignancy in
thyroid nodules with indeterminate FNA cytology (Bethesda III, IV, and V)
hinders clinical management of these patients. ThyroSeq stratifies these thyroid
nodules into those that are likely benign and may be observed and those that are
likely malignant and require surgical treatment. For the latter nodules, ThyroSeq
may provide additional information to help surgeons decide the extent of sur-
gical management (lobectomy vs. total thyroidectomy). In addition, ThyroSeq
may help to clarify the diagnosis in benign cytology nodules (Bethesda II) with
clinical suspicion for malignancy. ThyroSeq detects chromosomal copy number
alterations, which are a hallmark of Hiirthle cell cancer [67] [68]. Data from the
multicenter clinical validation study and an independent real-world study show
reliable stratification of Hiirthle cell nodules with as high as 100% sensitivity,
67% specificity, 100% negative predictive value (NPV) and 64% positive predic-
tive value (PPV) [17] [70].

Based on the ATA guidelines, thyroid cancer risk stratification is imperative
for selecting the appropriate extent of surgery (lobectomy vs total thyroidecto-
my), radioactive iodine (RAI) treatment, and intensity of follow-up [7]. Most
thyroid cancers are indolent in nature, and these patients are at low risk for dis-
ease recurrence after adequate management. These patients can be treated by
thyroid lobectomy and are unlikely to benefit from RAI ablation and TSH sup-
pression. Conversely, patients with high-risk neoplasms would benefit from
up-front total thyroidectomy, which facilitates post-operative RAI administra-
tion and disease monitoring [7]. Even though the role of using molecular testing
to guide treatment decisions beyond the primary management of thyroid no-
dules is undetermined, ongoing research is working to increase our understand-
ing and ability to further risk stratify thyroid cancer and possibly guide early
treatment decisions, including the extent of surgery. ThyroSeq may provide a
complete pre-operative assessment of the risk of cancer recurrence in patients
with thyroid nodules.

ThyroSeq v3 Cancer Risk Classifier (CRC) is being developed to be used in
FNAs from cytologically malignant (Bethesda VI) nodules and in resected thy-
roid cancers (formalin fixed paraffin embedded (FFPE)) to help in cancer risk
stratification and patient management. Analogous to ThyroSeq v3 Genomic
Classifier which is used for nodules with indeterminate cytology (Bethesda III to
V), it uses a next-generation sequencing of DNA and RNA from 112 genes. Yet,
instead of predicting of probability of cancer in a thyroid nodule, the main ob-

jective of the test is to predict risk of cancer recurrence that is required for se-
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lecting the extent of surgery and further adjuvant interventions for patients with
thyroid cancer. The findings are reported as Low (RAS-like alterations, low-risk
CNA), Intermediate (BRAF-like alterations, intermediate-risk CNA) or High risk
(TERT and other high-risk mutations, or multiple mutations) of Cancer Recur-
rence [71].

ThyroSeq offers the ability to evaluate the Risk of Cancer Recurrence (RCR)
based on the detection of all known molecular alterations associated with thyro-
id cancer aggressiveness (TERT, TP53, AKT1, PIK3CA, among others) [69], a
case-control study of 287 patients with distant metastasis (DM) or without DM
with a 5-years of follow-up or more that found that genetic profiling using this
molecular assay provided accurate and robust risk stratification for DM in pa-
tients with differentiated thyroid cancer (DTC), based on prognostic informa-
tion contained in the proprietary database of more than 3000 thyroid nodules
with known surgical outcome, and the assessment of cancer risk and evaluation
of aggressive thyroid cancers in studies that utilized ThyroSeq [71] [72] [73].

ThyroSeq offers the ability to detect the therapeutic targets for FDA approved
drugs or enrollment into clinical trials in patients with advanced thyroid cancer
[69] [74] [75] [76] [77]. Each ThyroSeq report contains information matching
the detected gene target with corresponding treatment options. For ATC (anap-
lastic thyroid carcinoma), ThyroSeq provides rapid detection of the BRAF

V600E mutation critical for effective treatment.

9. Conclusions

The research of molecular testing in thyroid nodules and thyroid cancer is pro-
gressing very rapidly, but thoughtfulness must be used when incorporating mo-
lecular testing for thyroid nodules into clinical practice. A clear appreciation of
the goals and restraints of molecular testing must be integrated into how physi-
cians use and explain molecular testing to patients. Molecular tests can help rule
in cancer for indeterminate thyroid nodules with very specific mutations for
thyroid cancer, such as BRAF and RET/PTC, and can help reduce the rates of
completion thyroidectomies in this era of de-escalation of the management of
thyroid disease. The PPV of malignant cytology (Bethesda VI) is 98%; and even
though molecular testing improves specificity and PPV, it falls short of this ideal
for other mutations.

Integration of molecular tests into the management algorithm for indetermi-
nate thyroid nodules is now encouraged by many important international guide-
lines. Even though considerable research exists on the diagnostic performance of
commercial molecular tests, there are some major imperfections to their appli-
cation, interpretation, clinical impact, and cost which should be addressed be-
fore their routine use. Like other diagnostic tests, these studies are best used in a
thoughtful manner and in a case-by-case basis for thyroid nodules with indeter-
minate diagnosis as recommended by professional societies such as the Ameri-

can Thyroid Association and American Association for Endocrine Surgeons. Mo-
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lecular testing should only be used if the result of a test would otherwise alter the

recommended treatment.
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