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Genomic Profiling of Thyroid Nodules: Current Role for ThyroSeq
Next-Generation Sequencing on Clinical Decision-Making
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Abstract

In recent years there has been an increased awareness of the genetic alterations underlying both benign and malignant
neoplasms of the thyroid. Next-generation sequencing (NGS) is an emerging technology that allows for rapid detection of a
large number of genetic mutations in thyroid fine-needle aspiration (FNA) specimens. NGS for targeted mutational analysis
in thyroid tumors has been proposed as a tool to assist in the diagnosis of thyroid nodules with indeterminate FNA cytology.
Results of genomic testing of thyroid nodules and thyroid cancers could also have prognostic implications and play a role
in determining optimal treatment strategies including targeted therapies. We provide a critical review of existing studies
assessing the performance of the ThyroSeq NGS test for the diagnosis and management of patients with thyroid nodules
with indeterminate cytopathology and discuss the applicability of findings from these studies to clinical practice. While there
are early indications to suggest a possible utility of data obtained from NGS to aid in prognostication and therapeutic decision-
making in thyroid cancer, we recommend judicious use and cautious interpretation of such molecular testing until results
of ongoing clinical trials become available. Lastly, we discuss recommendations provided from clinical practice guidelines
regarding the use of mutation detection via NGS in the diagnostic evaluation of thyroid nodules.
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Oz

Son yillarda benign ve malign tiroid neoplazmlarinin altinda yatan genetik degisiklerle ilgili artan bir farkindalik olusmustur.
Yeni nesil dizinleme [Next-generation sequencing (NGS)] tiroid ince igne aspirasyon (IIA) drneklerinde ¢ok sayida genetik
mutasyonun hizli tespitine izin veren ve gelismekte olan bir teknolojidir. Tiroid tiimdrlerinin hedeflenen mutasyon analizi
icin NGS, IIA ile belirsiz sitoloji saptanan tiroid nodullerinin tanisinda yardimai olmak icin bir arag olarak 6ne strGimistdr.
Ek olarak, tiroid nodulu ve tiroid kanserlerinin genomik test sonuglarinin prognostik etkileri olabilir ve hedefli tedaviler dahil
olmak Uzere uygun tedavi stratejilerinin belirlenmesinde énemli bir rol oynayabilir. Bu yazida IIA ile belirsiz sitolojisi olan tiroid
nodulli hastalarin tani ve tedavisinde ThyroSeq NGS testinin performansini degerlendiren mevcut calismalarin bir derlemesini
sunmayi ve bu calismalardan elde edilen bulgularin klinik pratikte uygulanabilirligini tartismayl amagladik. Her ne kadar erken
veriler NGS'den elde edilen verilerin tiroid kanserinde prognoz ve tedavi karari stirecine olasi yardimlarini 6ne surse de, bu tir
molekuler testlerin devam eden klinik calismalarin sonuglari belirlenene kadar, akillica kullaniimasini ve dikkatli yorumlanmasini
Oneriyoruz. Son olarak, tiroid noddllerinin tanisal degerlendirimesinde NGS ile mutasyon tespiti ile ilgili klinik uygulama
kilavuzlarindan edinilmis oneriler tartisiimistir.
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Introduction

Thyroid nodules are common in the general population
with higher prevalence in women and in older persons.
When ultrasound is performed at random in the general
population 19-68% of individuals are found to harbor one
or more thyroid nodules (1). While the majority of these
nodules are not clinically significant 7-15% are malignant
(2). Paralleling the increased use of imaging techniques
and of thyroid fine-needle aspiration (FNA) there has been
dramatic increase worldwide in both the incidence of
thyroid nodule diagnosis and that of thyroid cancer over
the past 20-30 years (3,4).

Several clinical practice guidelines have set forth strategies
to manage patients who are discovered to have thyroid
nodules, yet a great deal of controversy still exists as to
the optimal approach to diagnosis and treatment (5,6).
The widespread use of high-resolution ultrasonography of
the neck as well as thyroid FNA has significantly enhanced
our ability to diagnose malignancy among thyroid nodules,
however 20-30% of cytology results from thyroid FNA
fall into one of three indeterminate diagnostic categories
according to the Bethesda System for Reporting Thyroid
Cytopathology: Atypia of undetermined significance/
Follicular lesion of undetermined significance (AUS/FLUS)
(Bethesda category IlI), follicular neoplasm/suspicious for
follicular neoplasm (FN/SFN) (Bethesda category 1V), and
Suspicious for malignancy (SM) (Bethesda category V) (7).
The reported frequency and risk of malignancy with each of
the Bethesda reporting categories is summarized in Table 1.

Patients and physicians faced with an indeterminate
cytopathology report will have to make the sometimes
difficult decision of deciding on the next step in
management of the thyroid nodule, which until recent
years has meant choosing from one of three options: repeat
FNA, observation with continued ultrasound surveillance or
surgical management. Each of these strategies brings with
it specific considerations and complexities; for instance
in patients referred for surgery the need to decide upon
the extent of thyroidectomy and the potential need for

a two-step procedure of thyroid lobectomy followed by
a completion thyroidectomy in the circumstance that the
lobectomy results in a diagnosis of thyroid cancer.

Taking into consideration that many thyroid cancers
are indolent tumors and that many patients may have
an excellent prognosis even when the diagnosis and
treatment has been delayed and the fact that most patients
who undergo thyroidectomy for AUS/FLUS and FN/SFN
cytopathology will be diagnosed with benign nodules on
final surgical histopathology, clinicians and patients have
been left with weighing the risks of a more conservative
strategy of surveillance with that of the more aggressive
approach of proceeding to thyroidectomy.

A variety of factors can predict the risk of cancer and aid in
the decision on optimal management for patients presenting
with nodules having indeterminate cytopathology; including
patient risk factors (age, gender, family history, past exposure
to ionizing radiation), serum TSH level and presence or
absence of sonographic features suspicious for papillary
thyroid cancer (PTC) (6,8,9). In their 2015 management
guidelines pertaining to adults with thyroid nodules, the
American Thyroid Association (ATA) has provided clear
guidance on the criteria that should be used to determine
the initial indication for FNA based on traditional risk factors
and in particular a risk stratification model heavily reliant
upon sonographic appearance of the nodule (6).

However, in the circumstance that FNA is performed,
once patients and health care providers are faced with
indeterminate cytology, it becomes much less clear from the
guidelines precisely how the same criteria should be used
to inform management decisions. This situation has created
a need to improve on the cytological inaccuracy inherent
to the diagnosis of indeterminate thyroid FNA, resulting in
the development of a number of new diagnostic modalities
intended for application as a “rule-in” or “rule-out” test for
thyroid cancer. When discussing the performance of any
of these tests it must be taken into consideration that the
ideal 'rule-in” test should have a positive predictive value
(PPV) similar to that of a malignant cytological diagnosis

Table 1. Bethesda system for the classification of thyroid cytopathology

Bethesda Cytopathologic Approximate Malignancy rate  Suggested treatment (Prior to
category category expected frequency availability of molecular testing)
| Non-diagnostic/Inadequate  5-11% 1-4% Repeat FNA
Il Benign 55-74% 0-3% Us follow-up
I Atypia/follicular lesion of 5-15% 5-15% Repeat FNA or US follow-up or
undetermined significance Lobectomy
\% Follicular neoplasm/ 2-25% 15-30% Lobectomy
suspicious for FN
V Suspicious for malignancy 1-6% 60-75% Lobectomy or Thyroidectomy
Vi Malignant 2-5% 97-99% Near-total thyroidectomy

FNA: Fine-needle aspiration, FN: Follicular neoplasm, US: Ultrasonographic
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(Bethesda category VI) (98.6%), while an ideal ‘rule-
out’ test should have a negative predictive value (NPV)
comparable to that of benign cytology (Bethesda category
1) (96.3%) (7).

In recent years a number of diagnostic tests have been
evaluated to aid in the diagnosis of indeterminate thyroid
nodules, including FDG-PET and several assessments of
molecular markers in FNA specimens (10,11). Molecular
tests include immunohistochemistry for Galectin -3, HBME-
1 and CK19; gene expression and microarray analysis;
microRNA expression; and testing for mutations and gene
rearrangements (6,12). Currently in the U.S.A. commercially
available molecular tests include those for single or multiple
mutation analysis, combination panels for mutation analysis
and chromosomal rearrangements (miRInform®-Asuragen,
ThyroSeqg-CBLPath and University of Pittsburgh Medical
Center) and a proprietary gene expression classifier
(Afirma GEC®-Veracyte) (13,14,15). While initially the
gene expression classifier (GEC) was proposed as the best
among these tests to rule-out malignancy and mutation
analysis was preferred as a “rule-in”, the next-generation
sequencer (NGS) ThyroSeq has recently been shown to
have both a high PPV and NPV for thyroid cancer diagnosis
when applied to thyroid FNA with indeterminate cytology
(16,17,18). A further strength of the ThyroSeq, when
compared to GEC, is that it provides detailed and specific
information regarding the exact genetic alteration driving
the disease, which could potentially provide prognostic and
therapeutic implications including impacting upon extent of
surgery, use of RAIl and possible future targeted therapies.

Thyroid cancer, like all cancers, is a disease of the genome.
The initiation and progression of cancer is due to the
accumulation of genetic and epigenetic changes such as
somatic mutations, chromosomal rearrangements, micro
RNA dysregulation and alterations in gene expression
(19). In differentiated thyroid cancer (DTC), the observed
genetic changes frequently lead to activation of the
MAPK or PI3K-AKT pathways. Approximately 70% of DTC
demonstrate one of four genetic abnormalities: point
mutations in the BRAF or RAS gene or either one of two
chromosomal rearrangements: RET/PTC or PAX8/PPARG
(19). Our knowledge of the genomic alterations explaining
the remaining approximately 30% of all thyroid cancers
not harboring one of the aforementioned four genetic
aberrations has been greatly expanded by a number of
recent discoveries, including those reported in 2014 by
the National Cancer Genome Atlas Research Network, in
which the genetic driver was identified in 96.5% of 496
PTC cases (20,21). The findings of this last report have led
some experts to propose a reclassification of PTCs based on
molecular characteristics to better reflect their underlying
differentiation and signaling properties (21). While a
detailed discussion of all current molecular tests in thyroid
FNA is beyond the scope of this article, our review will focus
on the role of NGS, a methodology which we believe may
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hold particular promise in diagnosis of thyroid FNA as well
as future potential for use in prognostication and informing
management of patients with thyroid cancer.

Next-generation Sequencing in Thyroid Fine-
Needle Aspiration

NGS is a method of simultaneous sequencing of a very
large number of short nucleic acid sequences that can be
used to detect multiple genetic alterations in large regions
of the genome (22). Compared to standard methods of
sequencing, such as Sanger sequencing, NGS has the
advantage of rapid simultaneous sequencing of large
sections of the genome and quantitative assessment
of mutated alleles. NGS can be used for whole-genome
sequencing as well as in a more targeted manner directed
at specific mutations in specific areas of the genome.

The ThyroSeq NGS panel provides simultaneous sequencing
for detection in over a thousand hotspots of 14 thyroid
cancer-related genes and for 42 types of gene fusions
occurring in thyroid cancer (14,17). The genes analyzed for
mutation are AKT1, BRAE CTTNB1, GNAS, HRAS, KRAS,
NRAS, PIK3CA, PTEN, RET, TP53, TSHR, TERT and EIFTAX.
The gene list for gene fusions and expression consists of
RET, PPARG, NTRK1, NTRK3, ALK, IGF2BP3, BRAE MET,
CALCA, PTH, SLC5A5, TG, TTF1, KRT7 and KRT20.

The proposed uses for NGS for thyroid FNA samples include
diagnosis of cytologically indeterminate thyroid nodules,
prognostication in thyroid cancer and to inform selection
of targeted therapies (14). The possible applications and
indications of ThyroSeq include:

1. Thyroid FNA with indeterminate cytology (Bethesda
categories Ill, IV and V),

2. Malignant thyroid cytology (Bethesda category VI),
when results of the NGS are expected to affect the decision
for extent of oncological surgery,

3. Benign thyroid cytology (Bethesda category II), when
strong SM exists on clinical grounds such as presence of a
highly suspicious sonographic pattern,

4. When the diagnosis of thyroid cancer is established
cytologically or histologically and molecular profiling
will effect decision regarding radioactive iodine therapy,
intensity of follow up, or for selection of targeted therapies
in patients with advanced cancer.

We will discuss the potential roles of NGS in thyroid FNA
specimens below, with an emphasis on its role in clinical
decision-making.

Potential Role of Next-Generation Sequencer in
AUS/FLUS (Bethesda Category Ill) Cytology

The diagnosis of AUS/FLUS should be made in FNA
specimens containing cells with architectural and/or
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nuclear atypia more pronounced than expected for benign
changes, yet not sufficient to be classified in one of the
higher risk Bethesda categories (7). Although this diagnosis
has an expected and recommended frequency of 7%,
recent analyses have found this cytological category to be
diagnosed in 1-27% of all thyroid FNA specimens (23). In
studies assessing the risk of cancer in patients with Bethesda
category Ill nodules, the rate of malignancy diagnosed in
patients who went to surgery was 6-48%, with a mean risk
of 16% (24).

To date only one study has assessed the performance of
ThyroSeq in AUS/FLUS (17). In this study 465 FNA samples
from 441 patients at a single institution diagnosed as AUS/
FLUS on cytology were submitted prospectively to ThyroSeq
molecular testing. In addition to the 42 gene fusions and

14 genes analyzed for point mutation, expression of eight
genes were analyzed to evaluate the cell composition of the
needle aspirates. Ninenty-eight of the cases (21%) had a
definitive diagnosis by either surgical (n=96) or non-surgical
(n=2) methods. Of all FNA samples 462 were determined
to be composed of follicular cells while three samples were
diagnosed as parathyroid in origin. Among the samples
consisting of follicular cells 31 were positive on mutational
analysis (6.7%) (Figure 1).

Of the entire group of 441 patients, 96 nodules occurring
in 90 patients were surgically removed due to the finding
of an additional nodule in the same gland with either
Bethesda V or Bethesda VI cytology in five patients.
Twenty-seven patients underwent thyroidectomy because
of positive ThyroSeq results and the remaining cases were

Cancer
Surgery n=2
Mutation (-) i Benign
n=431 n=67
No surgery
Thyroid L=
Follicular
Cells Cancer
n=462 Surgery n= 20
Mutation (+) n=26 Benign
AUS/FLUS n=31 N n=6
nodules 2 su_rsgery
n=465 =
S
urg:ry Parathyroid
n=
Non-thyroid
ce]li Mutation (-) ——eeeee
n=3 n=3 Clinically
No surgery Primary
n=2 hyperparathy
roidism
~—

Figure 1. Schematic representation of study flow and overall performance of ThyroSeq in thyroid nodules with atypia of undetermined significance/
follicular lesion of undetermined significance. Results showed sensitivity 90.0% [confidence interval (Cl) 78.8-100], specificity 92.1% (Cl 86.0-98.2), positive
predictive value 76.9% (Cl 60.7-93.1) and negative predictive value 97.2% (Cl 78.8-100) with accuracy of 91.8% (Cl 86.4-97.3). The overall prevalence
of a thyroid cancer diagnosis in the study of all samples of follicular cells (n=462) that underwent molecular testing was 4.8%. (Adapted from Nikiforov
YE, Carty SE, Chiosea SI, Coyne C, Duwuri U, Ferris RL, Gooding WE, LeBeau SO, Ohori NP, Seethala RR, Tublin ME, Yip L, Nikiforova MN. Impact of the
multi-gene ThyroSeq next-generation sequencing assay on cancer diagnosis in thyroid nodules with atypia of undetermined significance/follicular lesion of
undetermined significance cytology. Thyroid 2015;25:1217-1223).

27



Kargi et al. ThyroSeq Genomic Profiling of Thyroid Nodules Role in Clinical Decision-Making

Mol Imaging Radionucl Ther 2017;26(Suppl 1):24-35

reported by the authors to have been operated on based on
patient preference. In all, 98 nodules from 92 patients had
a definitive diagnosis, either surgical (n=96) or nonsurgical.

It is important to note that the study was conducted in
a prospective manner, in that the molecular analysis
was performed prior to the surgery. Therefore, the
histopathologic diagnosis was provided by pathologists that
were not blinded to results of the NGS test. Of all FNA
samples deriving from follicular cells 31 (6.7%) were positive
for mutations (n=24) or gene fusions (n=7). The most
common genetic alteration encountered were mutations
involving RAS (n=17) and only one nodule was found to be
positive for the BRAFV600E mutation. Of the 31 nodules with
positive ThyroSeq, 26 were surgically treated while 69 out
of the total group of 431 mutation negative nodules, were
subjected to surgical removal. Of the surgeries performed,
half (n=45) were total thyroidectomies and the remaining
half underwent hemi-thyroidectomy.

Among the 26 nodules with positive ThyroSeq results that
underwent surgical treatment, 20 (77%) were ultimately
deemed to be malignant by histopathology. Eighteen
were follicular-variant papillary thyroid carcinoma and two
represented the classic variant of papillary carcinoma. Of the
six benign nodules that had tested positive for mutations,
two had NRAS mutation and the others contained single
mutations each in HRAS, ETF1AX or PTEN with one nodule
harboring a THADA fusion. On histology, 4 out of the six
benign nodules harboring mutations were classified as
follicular adenomas and the other two were deemed to
represent hyperplastic nodules.

Of the 69 thyroid nodules that were excised after testing
negative by the next generation-gene sequencer only two
were malignant on final pathology. Both tumors were
papillary carcinomas, under two centimeters in diameter,
confined to the thyroid and did not exhibit lymphovascular
invasion.

On final analysis of test performance, ThyroSeq provided
accurate classification of 91 out of 96 nodules in which
a final surgical diagnosis was available as either benign
(n=71) or malignant (n=20). Two false-negative and six
false-positive tests were encountered in the study. Based
on these findings the performance characteristics of the
test were quite favorable with a 90.9% sensitivity, 92.1%
specificity. The NPV was 97.2% and PPV 76.9%.

When interpreting the above performance characteristics
of the ThyroSeq, it is important to note that while sensitivity
and specificity are characteristics intrinsic to any test, the
resulting PPV and NPV values are highly influenced by
the pre-test probability of the disease, in other words the
performance characteristics involving predictive value will
change significantly based on the prevalence of disease in
the study population. Because the prevalence of malignancy
among AUS/FLUS that has been reported in the literature
varies between 6% and 48%, the NPV of the molecular test
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would be expected to range from 99% to 92%, and the
PPV between 42% and 91%.

Given the high sensitivity of the test for diagnosing thyroid
cancer and the resultant NPV, which is similar to that
reported for benign cytology (<5%), it has been proposed
that a negative ThyroSeq in a patient with AUS/FLUS can
generally be considered as a basis for observation rather
than surgery (17). The exception could be a population or
particular patient or nodule with a high pre-test probability
for cancer.

Though the addition of several genetic markers to the
previously reported seven-gene panel has resulted in
a decrease of PPV from 88% to 77%, the PPV for the
ThyroSeq may still be sufficient to consider it not only as a
rule-out test, but also as a rule-in test for the diagnosis of
thyroid cancer. A further strength of NGS is that the PPV is
close to 100% in the case of certain mutations including in
tumors positive for the most common BRAF mutations and
for fusions in PPARG, NTRK1, NTRK3 and ALK. One must
also take into consideration that 3 out of the 6 total "false-
positives” in this study were benign nodules harboring
RAS mutations. These are clonal neoplasms and there is
controversy that such tumors could represent pre-malignant
lesions. In fact, several lines of evidence lend support to the
hypothesis that RAS is an oncogene responsible for gradual
progression from benign to malignant thyroid lesions (25).

Though the above described findings are encouraging,
there are several limitations of the study. The study was
performed at a single institution and the participants,
including the patients, clinicians, surgeons and pathologists
were not blinded to the results of the molecular test. In fact,
the results of the test were reported to have been used as
a basis to operate in at least 27 of the cases. The unblinded
nature of the study could lead to an overestimation of
the test accuracy, a phenomenon known as review bias
or expectation bias. Given the very short-term follow-up
provided and the lack of surgical definitive diagnosis for the
large number of cases that had negative mutation analysis
and were not operated on, we cannot know for sure the
performance characteristics of the test in the entire group
of patients tested, which consists mainly of patients who
did not undergo surgery and of which none had long-term
follow-up at the time of reporting of the study findings.
Of the 462 nodules of follicular cell composition that were
submitted for molecular testing only 22 were ultimately
diagnosed as malignant. Given the lack of long term
follow up, it is reasonable to question whether some cases
of thyroid cancer remained undiagnosed among the 367
nodules that were not surgically treated.

While the authors provided data regarding the rationale
to proceed to surgery in the group of patients that were
submitted to thyroidectomy, details regarding the decision-
making process leading to observation in the cohort not
operated on and therefore not included in the analysis of
test performance could also be of use in understanding the
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full implications and the generalizability of the study results.
What were the sonographic features of the nodules in the
study? How did they correlate with results of mutation
analysis and were they used in the decision making process
to select nodules for surgery and on the extent of surgeries
performed? What were the baseline characteristics of
the patients and were other molecular tests such as GEC
also performed and utilized in the decision to observe vs.
proceed to surgery? The answers to these questions would
be helpful in understanding how the results of the study
could inform every day clinical practice.

Furthermore, while at first glance it appears to be a
strength of this study that the majority of the patients
who underwent thyroidectomy did so based on suspicious
or malignant results of a co-existing nodule other than
the nodule sampled and included in the analysis for test
performance, this also may decrease the applicability of
the test performance to the more common scenario in
which patients undergo thyroidectomy for diagnosis of
an indeterminate solitary nodule, without a co-existing
nodule with a higher risk cytological diagnosis. Thyroid
cancer, PTC in particular, is often multi-focal and patients
harboring one malignant thyroid nodule may be more likely
to have another. Whether the test would perform as well
in a large cohort of patients with solitary nodules or co-
existing benign nodules is a matter that demands further
investigation.

To determine the true value of the NGS in clinical decision-
making in this study population it would have also been
helpful to know the sonographic and other traditional
thyroid cancer risk factors of all the patients who had
ThyroSeq testing. It is possible that in a significant number
of these cases the pre-test probability of cancer may have
been high (or low) enough to justify surgery or observation
as the best management strategy, based on for instance
very high (or low) risk sonographic nodule appearance.
Also, it is possible that excluding patients who proceeded
to surgery based on the mutation analysis results or due
to “patient preference” from the calculations of test
performance characteristics would have yielded different
results.

Multi-center studies of ThyroSeq in which practitioners
and participants are blinded to test results, with long-term
follow-up including health outcomes data will provide even
more value in assessing the performance of the ThyroSeq
and its applicability and utility for “real-world” management
of thyroid nodules with Bethesda Il cytology. However,
given the already recognized implications of the mutation
analysis on diagnosis as well as emerging data suggesting its
use in determining prognosis or selecting among treatment
options in some cases, it may not be considered ethical,
even at this early stage of inquiry into the role of molecular
testing in diagnosing thyroid carcinoma, to withhold results
of molecular testing from subjects enrolled in such studies.
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Comparison of Utility of Next-Generation
Sequencer to Other Strategies Recommended for
the Management of AUS/FLUS Cytology

In regards to the strategy aimed at diagnosing and
managing patients with a Bethesda category Ill thyroid
nodule cytology result, the 2015 ATA guidelines provide
the following recommendations (6):

“For nodules with AUS/FLUS cytology, after consideration
of worrisome clinical and sonographic features,
investigations such as repeat FNA or molecular testing may
be used to supplement malignancy risk assessment in lieu
of proceeding directly with a strategy of either surveillance
or diagnostic surgery. Informed patient preference and
feasibility should be considered in clinical decision-making
(weak recommendation, moderate-quality evidence).
If repeat FNA cytology and/or molecular testing are not
performed or inconclusive, either surveillance or diagnostic
surgical excision may be performed foran AUS/FLUS thyroid
nodule, depending on clinical risk factors, sonographic
pattern, and patient preference (strong recommendation,
Low-quality evidence).”

Prior to the availability of molecular testing for FNAs with
AUS/FLUS cytology, it was recommended to consider
repeat FNA as one approach to management (26). This was
based on the observation that approximately 50% of such
repeat FNAs resulted in benign cytology. However, a recent
report has described similar rates of malignancy in patients
undergoing surgery after benign results on repeat FNA and
those with repeatedly Bethesda category Il cytology (27).
For those patients not wanting to be subjected to a repeat
FNA procedure a second-opinion review of the original FNA
specimen by a high-volume cytopathologist may result in
reclassification and could be a reasonable first-step in some
instances (28).

Ultrasound features of the nodule with AUS/FLUS cytology
may be used to aid in improving diagnostic prediction of
malignity or benignity (29,30). Retrospective studies have
reported a PPV of 60-100% when suspicious sonographic
appearance is present. However, these studies are limited
by the fact that surgical diagnosis was not available for
the majority of nodules and follow-up was short-term in
duration. The combination of sonographic characteristics
and molecular testing in AUS/FLUS has only been reported
in one study using a GEC and none using mutational
analysis or NGS (31). While this study did not show any
benefit in improving prediction provided by the molecular
testing alone, it may have not been adequately powered.

Though not commonly performed or recommended in the
evaluation of thyroid nodules, fludeoxyglucose-positron
emission tomography (FDG-PET) has been reported to have
a high NPV when applied to the diagnosis of cytologically
indeterminate thyroid nodules. In a systematic review and
meta-analysis of 6 studies FDG-PET had a low PPV (39%)
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and a high NPV (96%) when performed in thyroid nodules
with Bethesda category Ill or IV cytology (10).

While the optimal approach to the diagnosis and
management of thyroid nodules with  AUS/FLUS
cytopathology remains controversial, molecular tests
including NGS have been increasingly utilized to provide
additional information to aid in the decision. In its 2015
guidelines the ATA conclude “Further research is needed to
consider the impact of considering clinical and sonographic
features on the potential utility and interpretation of
molecular testing of FNA specimens.”

Clinical Utility of Next-generation Sequencing
in Follicular Neoplasm/Suspicious for Follicular
Neoplasm (Bethesda Category IV) Cytology

According to the Bethesda system, the diagnosis of FN/
SFN should be made in thyroid aspirates that have follicular
cells arranged in an architectural pattern characterized by
cell crowding and/or microfollicle formation and lacking
nuclear features of papillary carcinoma, or are comprised

almost exclusively of oncocytic (Hurthle) cells (7). These
cytological patterns are seen with follicular and Hurthle cell
carcinomas and the follicular variant of papillary carcinoma,
however they are commonly observed in follicular
adenomas and in hyperplastic nodules as well. Since such
benign lesions are

fairly common, they have a high false-positive rate on
FN/SFN cytology, because only 14-34% of all nodules
undergoing FNA with FN/SFN cytology are identified as
malignant on the gold-standard surgical pathology (24).

In a meta-analysis of 8 studies with a total of 25,445
thyroid FNA samples, 10.1% of the results were reported
as Bethesda IV with an average 26% rate of thyroid cancer
diagnosed among these after surgery (32). The typical
management approach has been to perform diagnostic
lobectomy for such patients.

Prior to the recent introduction of ThyroSeq, available
molecular tests improved either the PPV or the NPV for FN/
SFN nodules, but not both at the same time. The GEC test,
Afirma (Veracyte, South San Francisco, California), offers
a high NPV, but its PPV is as low as 15% to 37% when
applied to FN/SFN (33,34). As a result, the GEC may not be
ideal to use as a basis to avoid diagnostic lobectomy in the
majority of patients with this cytological diagnosis when
classified as GEC suspicious, yet ultimately are found to
have benign histology. The previously reported 7-oncogene
panel yields a high PPV but a low NPV, which can aid in
selecting patients with a higher risk of cancer and may
help the surgeon decide on the appropriate extent of
surgery, but does not prevent diagnostic surgeries for the
majority of patients, in which the nodules are eventually
determined to be benign (35). The low NPV of the 7-gene
panel is due to the fact that only approximately 70% of
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thyroid cancer harbor a mutation in any of the 7 genes
tested.

In the largest study of molecular marker testing in FN/SFN
to date, Nikiforov and colleagues (16) reported findings of
NGS (ThyroSeq) in 143 patients with FN/SFN cytology all of
who underwent surgery for definitive diagnosis. The study
included both a cohort of 91 patients in whom the molecular
testing was performed retrospectively after surgery and
final histopathologic diagnosis, as well as a cohort of 52
consecutive FNA samples studied prospectively in which
the NGS was performed prior to thyroidectomy. While the
researchers performing the molecular testing were blinded
to the results of the surgical pathology, the pathologists
reporting on the surgical specimens were not blinded
entirely at the time of their analysis of the specimens.
The ThyroSeq included testing for 13 mutant genes as
well as 42 gene fusions known to occur in thyroid cancer.
Expression of 8 other genes was assessed to confirm the
cellular composition of the FNA sample.

Among the retrospective cohort (n=91) surgical pathology
reporting was consistent with 66 benign nodules (35
follicular adenomas and 31 hyperplastic nodules) and 25
malignant nodules (Figure 2). The malignancy rate in this
cohort was 27.5% with 3 FTC and 24 PTC, of which 19
were follicular variant PTC. The rate of malignancy was
similar in the prospective cohort at 26.9% with 38 benign
lesions and 14 malignant lesions, including 11 PTC and 3
FTC. As expected, a proportion of nodules were found to
represent Hurthle cell tumors, the frequency of which was
reported in detail for all groups.

The most frequent mutations identified were that of NRAS
(n=16)and KRAS (n=6) in which the rate of cancer diagnosed
on final histology was 81% and 83% respectively. HRAS
mutation was discovered in two samples, both of which
were malignant on final analysis. Only 1 out of 3 samples
harboring a TSH-receptor gene mutation (TSHR) was
malignant. Several other mutations, though encountered
less frequently in the cohorts, had a much higher rate of
malignancy of 100% including 4 out of 4 samples harboring
TERT mutations and one each in samples with mutations in
BRAF, TP53 and PI3K. All of the samples identified with
gene fusions (n=9), were malignant, and involved one of
the three genes PPARG, THADA and NTRK3.

Analysis of the data revealed no differences in operating
characteristics among the 2 cohorts; therefore, they were
combined to assess test performance. In the entire cohort
of 143 patients, the test performed at a 90% sensitivity
(95% confidence interval (Cl), 80%-99%), 93% specificity
(95% Cl, 88%:-98%), an NPV of 96% (95% Cl, 92%-100%),
and a PPV of 83% (95% Cl, 72%-95).

Because NPV and PPV are greatly affected by prevalence
of disease in the test population, the variable rates of
malignancy for FN/SFN cytology at different institutions
would be expected to alter predictive values of any test.
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In the review of 8 studies performed by Bongiovanni
and colleagues (32), the cancer rate among Bethesda IV
varied between 14% and 34% which would result in the
ThyroSeq having a NPV between 98% and 95%, and PPV
range between 68% and 87%.

Of note, of the four false-negative results representing
thyroid malignancies without detected genetic abnormality,
all four were intra-thyroidal and none had aggressive
histopathological features. The authors speculated that the
fact that no aggressive tumors were missed could be due to
the fact that such tumors often have mutations in TERT, BRAF
or more than one mutation. Three cancers in the series were
reported to have more than one mutation. A recent case
report further underscores the possible implications of the
detection of multiple mutations and proposes a relationship
of such a finding to aggressive tumor behavior (36).

Based on the above reported data it could be concluded
that most patients with thyroid nodules with Bethesda

Retrospective
n=91
s ™
FN/SFN nodules
that underwent
surgery
n=143
\ v,
Prospective
n=52

IV cytopathology and negative NGS testing could be
monitored without surgery. Notable exceptions may be
in settings where the patient population has an unusually
high prevalence of thyroid cancer or in individual patients
in which the pre-test probability of cancer is exceptionally
high due to other predictive factors such as family history,
prior irradiation or high-risk sonographic characteristics
of the nodule. In those unusual clinics having a high
prevalence of thyroid cancer above 50% among their FN/
SFN patient population, indeed the NPV of ThyroSeq would
be below 90% and this could be considered too low to
avoid diagnostic lobectomy.

The 2015 ATA guideline pertaining to the management
of the patient with a thyroid nodule and FN/SFN cytology
recommends:

“A) Diagnostic surgical excision is the long-established
standard of care for the management of FN/SFN cytology
nodules. However, after consideration of clinical and

[ Mutation positive ]
Cancer { n=23 |
n=25 Mutation negative
n=2
[ Mutation positive ]
Benign { n=4 )
n=66 Mutation negative
| n=62 )
[ Mutation positive |
Cancer <:::L n=12 )
n=14 Mutation negative
n=2
Mutation positive ‘
Benign < n=3 )
n=38 Mutation negative
n=35

Figure 2. Schematic representation of study flow and overall performance of ThyroSeq in thyroid nodules with follicular neoplasm/suspicious for follicular
neoplasm. Results showed sensitivity 90% [confidence interval (Cl) 80-99], specificity 93% (Cl 88-98%), positive predictive value 83% (Cl 72-95) and negative
predictive value 96% (Cl 92-95) with accuracy of 92% (CI 88-97). (Adapted from Nikiforov YE, Carty SE, Chiosea SI, Coyne C, Duwvuri U, Ferris RL, Gooding
WE, Hodak SP, LeBeau SO, Ohori NP, Seethala RR, Tublin ME, Yip L, Nikiforova MN. Highly accurate diagnosis of cancer in thyroid nodules with follicular
neoplasm/suspicious for a follicular neoplasm cytology by ThyroSeq v2 next-generation sequencing assay. Cancer 2014;120:3627-3634).

FN/SFN: Follicular neoplasm/suspicious for follicular neoplasm
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sonographic features, molecular testing may be used
to supplement malignancy risk assessment data, in lieu
of proceeding directly with surgery. Informed patient
preference and feasibility should be considered in clinical
decision-making (weak recommendation, moderate-quality
evidence).

B) If molecular testing is either not performed or
inconclusive, surgical excision may be considered for
removal and definitive diagnosis of an FN/SFN thyroid
nodule (strong recommendation, low-quality evidence)”.

Recommendations on the Use of Next-generation
Sequencing from Clinical Practice Guidelines

In 2015 the ATA published revised guidelines on the
management of adult patients with thyroid nodules and
thyroid cancer (6). These guidelines included a thoughtful
and detailed discussion of the potential role of molecular
testing in the diagnosis of thyroid nodules and their
implications for the management of patients with thyroid
nodules and cancer. It should be noted that though the
guideline included discussion of the previously reported 7
gene mutational analysis panel and the published reports of
ThyroSeq in FN/SFN cytology, the more recent publication
regarding performance of ThyroSeq in AUS/FLUS was
not available at the time of publication of the 2015 ATA
guidelines.

The authors of the ATA guidelines created a framework
for the use of molecular testing including a classification
of such tests according to intended use as either for
diagnostic purposes (for classification of a disease state),
prognostic or predictive purposes (to provide predictive
information regarding the probability of benefit or harm of
a specific treatment) (37). The ATA authors emphasize that
since there is a lack of long-term outcomes data regarding
the use of molecular testing to guide therapeutic decision-
making, it remains unknown whether routine use of such
tests in clinical practice would result in a net benefit in the
health of patients with thyroid nodules and thyroid cancer.
Similarly, a National Comprehensive Cancer Network task
force report has declared that the clinical utility of any
molecular test must be based on strong evidence that
use of the test “improves patient outcomes sufficiently to
justify its incorporation into routine clinical practice” (37).

Taking into account the above principles, the ATA guidelines
recommend that the current use of molecular marker testing
for patients with indeterminate thyroid nodule cytology is
primarily diagnostic (to rule in or rule out malignancy), with
an added implication of a companion use to aid in decision-
making on initial surgical management (the decision to
perform surgery and to guide the extent of surgery).

The 2015 ATA guidelines also point out that while previously
published guidelines, including the ATA statement on
surgical application of molecular profiling of thyroid

32

nodules, were written at a time when total or near-total
thyroidectomy was recommended as the initial surgical
procedure for most cases of thyroid cancer, the current
guidelines suggest more conservative surgical management
(i.e., hemi-thyroidectomy) be considered as an option for
low-risk thyroid cancer (38). This change could affect the
utility of the result of NGS to determine extent of surgery
for patients with indeterminate cytology and positive
mutational analysis. Furthermore, there are no long-term
outcome data testing the strategy of using NGS or other
molecular tests in indeterminate FNA specimens to stratify
surgical approach.

In summary the 2015 guidelines of the ATA provide the
following recommendation: “If molecular testing is being
considered, patients should be counseled regarding the
potential benefits and limitations of testing, and about
the possible uncertainties in the therapeutic and long-term
clinical implications of results”.

Potential Use of Mutational Analysis for
Prognostication and Targeted Therapy of Thyroid
Cancer

A strength of NGS when applied as a diagnostic test
to patients with thyroid nodules and thyroid cancers is
the potential impact that knowledge of the underlying
genetic anomaly could have on prognostication and
implications for treatment decisions. Mutations involving
AKT1, TP53, PIK3CA and CTNNBT are rarely present in
benign thyroid nodules and common in more advanced
thyroid cancers (39). TERT mutations in particular have
been associated with increased disease specific mortality,
distant metastasis and radioactive iodine refractory
disease (40,41,42). BRAFV600E mutations are associated
with higher recurrence rates and mortality in thyroid
cancer (43). However, it remains controversial whether
mutational status provides further prognostic information
to that already provided by more traditional prognostic
factors such as patient characteristics and grade and
stage of disease at presentation. For thyroid papillary
microcarcinoma evidence suggested that BRAF status
together with several histopathologic features was a
better predictor of extrathyroid tumor spread than either
mutation or histopathologic findings alone (44).

It is likely that with increasing application of mutational
analysis in thyroid nodules and cancers, and analysis of
prospective studies of its use will provide data to answer
this question in the future.

It must also be taken into consideration that while factors
inherent to the tumor, including mutation status, have effects
on prognosis; “host factors” involving the patient harboring
the tumor may independently, or via complex interactions
with the genomic alterations of the tumor have effects on
tumor behavior and prognosis. Underscoring this point is a
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recent report associating obesity with increased prevalence
of BRAFV600E mutations among patients with PTC (45).

Targeted therapies directed by results of mutational
analysis are recommended for a variety of cancers.
Treatment of melanoma based on BRAF status and
assessment of KRAS mutational status to determine
medical treatment for colorectal cancer are strategies
that have been tested in clinical trials (46,47). While
targeted therapy based on mutational analysis is not
yet a widely accepted practice for thyroid cancer
there are several clinical trials in progress to test this
hypothesis. Clinical trials of MEK or BRAF inhibitors to
increase radioiodine uptake for patients with BRAF-
mutant, RAl-refractory thyroid carcinoma (ClinicalTrials.
gov ldentifier: NCT02145143) and RAS mutated thyroid
cancer (ClinicalTrials.gov Identifier: NCT02152995)
are underway. Studies of combination of BRAF
and MEK inhibitors for patients with BRAF mutant
anaplastic thyroid cancer (ClinicalTrials.gov Identifier:
NCT02034110) are also enrolling patients. Patients with
advanced thyroid cancers harboring PAX8/PPARy fusions
(ClinicalTrials.gov Identifier: NCT01655719) and NTRK
alterations (ClinicalTrials.gov Identifier: NCT02122913)
are now being treated in clinical trials. Previous data
showed that STRN-ALK fusions occur more often with
aggressive types of thyroid cancer and several reports
have demonstrated that patients with advanced thyroid
cancer with ALK fusions may benefit from ALK inhibitors
such as Crizotinib (48). Not previously seen in thyroid
cancer, a mutation in the TSC2 and in the mTOR protein
was discovered in a patient with metastatic anaplastic
thyroid cancer who initially achieved a near-complete
response to Everolimus with posterior resistance and
progression of the disease. This shows the possible
benefit of sequencing a patient’s cancer DNA prior to
treatment and following disease recurrence, which may
help guide treatment in patients with similar mutations
(49).

Conclusion

As a comprehensive genome atlas of thyroid cancer
is rapidly becoming a reality and with emerging
methodologies such as NGS providing detailed genetic
information regarding thyroid tumors, we have now
entered into the genomic age of diagnosis and treatment
of thyroid nodules and thyroid cancer. Several molecular
tests are now available to assist in the diagnosis of thyroid
nodules among which NGS appears to be a particularly
promising tool that could most accurately characterize the
genetic alterations underlying these neoplasms. ThyroSeq
for targeted detection of mutation has been tested for
its accuracy and performance in diagnosing malignancy
among thyroid nodules with indeterminate cytopathology
in two single-center studies and found to have both high
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NPV and an improved PPV when compared to existing
molecular tests. Large-scale multi-center studies are needed
to validate these preliminary findings. Furthermore, future
studies are needed to determine the optimal use of NGS
in clinical-decision making for patients with indeterminate
cytopathology after thyroid FNA. Several studies and reports
point to the potential impact that knowledge of mutational
status of thyroid tumors can have on prognostication and
selection of targeted-therapies, though it remains to be
elucidated whether strategies to treat thyroid cancer based
on mutational status will improve overall outcomes. As
we look ahead to the era of “personalized medicine” NGS
appears to hold promise as a potentially useful tool in the
detection of thyroid malignancy as well as a possible aid for
the clinician in determining optimal treatment for patients
with thyroid neoplasia.

Authorship Contributions

Concept: Seza Gulec, Atil Y. Kargi, Design: Atil Y. Kargi,
Data Collection or Processing: Atil Y. Kargi, Marcela Perez
Bustamante, Analysis or Interpretation: Atil Y. Kargi,
Marcela Perez Bustamante, Seza Gulec, Literature Search:
Atil Y. Kargi, Writing: Atil Y. Kargi.

Conflict of Interest: No conflict of interest was declared by
the authors.

Financial Disclosure: The authors declared that this study
has received no financial support.

References

1. Guth S, Theune U, Aberle J, Galach A, Bamberger CM. Very high
prevalence of thyroid nodules detected by high frequency (13 MHz)
ultrasound examination. Eur J Clin Invest 2009;39:699-706.
Hegedus L. Clinical practice. The thyroid nodule. N Engl J Med
2004;351:1764-1771.

Ahn HS, Kim HJ, Welch HG. Korea's thyroid-cancer “epidemic”
screening and overdiagnosis. N Engl J Med 2014;371:1765-1767.
Leenhardt L, Bernier MO, Boin-Pineau MH, Conte Devolx B,
Maréchaud R, Niccoli-Sire P Nocaudie M, Orgiazzi J, Schlumberger M,
Wémeau JL, Chérie-Challine L, De Vathaire F Advances in diagnostic
practices affect thyroid cancer incidence in France. Eur J Endocrinol
2004;150:133-139.

Gharib H, Papini E, Paschke R, Duick DS, Valcavi R, Hegedis L,
Vitti P; AACE/AME/ETA Task Force on Thyroid Nodules. American
Association of Clinical Endocrinologists, Associazione Medici
Endocrinologi, and European Thyroid Association medical guidelines
for clinical practice for the diagnosis and management of thyroid
nodules: executive summary of recommendations. J Endocrinol
Invest 2010;33(Suppl 5):51-56.

Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ,
Nikiforov YE, Pacini F; Randolph GW, Sawka AM, Schlumberger M,
Schuff KG, Sherman S, Sosa JA, Steward DL, Tuttle RM, Wartofsky
L. 2015 American Thyroid Association Management Guidelines
for Adult Patients with Thyroid Nodules and Differentiated Thyroid
Cancer: The American Thyroid Association Guidelines Task Force
on Thyroid Nodules and Differentiated Thyroid Cancer. Thyroid
2016;26:1-133.

Crippa S, Mazzucchelli L, Cibas ES, Ali SZ. The Bethesda System for
reporting thyroid fine-needle aspiration specimens. Am J Clin Pathol
2010;134:343-344.



Kargi et al. ThyroSeq Genomic Profiling of Thyroid Nodules Role in Clinical Decision-Making

Mol Imaging Radionucl Ther 2017;26(Suppl 1):24-35

20.

21.

22.

23.

24.

25.

26.

Boelaert K, Horacek J, Holder RL, Watkinson JC, Sheppard MC,
Franklyn JA. Serum thyrotropin concentration as a novel predictor of
malignancy in thyroid nodules investigated by fine-needle aspiration.
J Clin Endocrinol Metab 2006;91:4295-4301.

Brito JP Gionfriddo MR, Al Nofal A, Boehmer KR, Leppin AL, Reading
C, Callstrom M, Elraiyah TA, Prokop LJ, Stan MN, Murad MH, Morris
JC, Montori VM. The accuracy of thyroid nodule ultrasound to
predict thyroid cancer: systematic review and meta-analysis. J Clin
Endocrinol Metab 2014;99:1253-1263.

Vriens D, de Wilt JH, van der Wilt GJ, Netea-Maier RT, Oyen WJ, de
Geus-Oei LE The role of [18F]-2-fluoro-2-deoxy-d-glucose-positron
emission tomography in thyroid nodules with indeterminate fine-
needle aspiration biopsy: systematic review and meta-analysis of the
literature. Cancer 2011;117:4582-4594.

. Xing M, Haugen BR, Schlumberger M. Progress in molecular-

based management of differentiated thyroid cancer. Lancet
2013;381:1058-1069.

Kim MI, Alexander EK. Diagnostic use of molecular markers in the
evaluation of thyroid nodules. Endocr Pract 2012;18:796-802.
http://www.afirma.com/physicians/. Accessed online January 8,
2016.
http://www.cblpath.com/products-and-services/sub-specialized-
pathology/thyroid-pathology/thyroseg-next-generation-sequencing.
Accessed online January 8, 2016.
http://asuragen.com/wp-content/uploads/2013/03/1_
miRInformThyroidbroch_e.pdf. Accessed online January 8, 2016
Nikiforov YE, Carty SE, Chiosea SI, Coyne C, Duwvuri U, Ferris RL,
Gooding WE, Hodak SP LeBeau SO, Ohori NP Seethala RR, Tublin
ME, Yip L, Nikiforova MN. Highly accurate diagnosis of cancer in
thyroid nodules with follicular neoplasm/suspicious for a follicular
neoplasm cytology by ThyroSeq v2 next-generation sequencing
assay. Cancer 2014;120:3627-3634.

Nikiforov YE, Carty SE, Chiosea SI, Coyne C, Duwvuri U, Ferris RL,
Gooding WE, LeBeau SO, Ohori NP Seethala RR, Tublin ME, Yip L,
Nikiforova MN. Impact of the multi-gene thyroseq next-generation
sequencing assay on cancer diagnosis in thyroid nodules with atypia
of undetermined significance/follicular lesion of undetermined
significance cytology. Thyroid 2015;25:1217-1223.

Nikiforov YE. Thyroid cancer in 2015: Molecular landscape of thyroid
cancer continues to be deciphered. Nat Rev Endocrinol 2016;12:67-
68.

Nikiforov YE, Nikiforova MN. Molecular genetics and diagnosis of
thyroid cancer. Nat Rev Endocrinol 2011;7:569-580.

Cancer Genome Atlas Research Network. Integrated genomic
characterization of papillary thyroid carcinoma. Cell 2014;159:676-
690.

Giordano TJ. Follicular cell thyroid neoplasia: insights from genomics
and The Cancer Genome Atlas research network. Curr Opin Oncol
2016;28:1-4.

Metzker ML. Sequencing technologies-the next generation. Nat Rev
Genet 2010;11:31-46.

Ohori NP Schoedel KE. Variability in the atypia of undetermined
significance/follicular lesion of undetermined significance diagnosis
in the Bethesda System for Reporting Thyroid Cytopathology:
sources and recommendations. Acta Cytol 2011;55:492-498.
Bongiovanni M, Crippa S, Baloch Z, Piana S, Spitale A, Pagni F,
Mazzucchelli L, Di Bella C, Faquin W. Comparison of 5-tiered and
6-tiered diagnostic systems for the reporting of thyroid cytopathology:
a multi-institutional study. Cancer Cytopathol 2012;120:117-125.
Vitagliano D, Portella G, Troncone G, Francione A, Rossi C, Bruno A,
Giorgini A, Coluzzi S, Nappi TC, Rothstein JL, Pasquinelli R, Chiappetta
G, Terracciano D, Macchia V, Melillo RM, Fusco A, Santoro M. Thyroid
targeting of the N-ras(GIn61Lys) oncogene in transgenic mice results
in follicular tumors that progress to poorly differentiated carcinomas.
Oncogene 2006;25:5467-5474.

American Thyroid Association (ATA) Guidelines Taskforce on Thyroid
Nodules and Differentiated Thyroid Cancer,Cooper DS, Doherty
GM, Haugen BR, Kloos RT, Lee SL, Mandel SJ, Mazzaferri EL, Mclver

34

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

B, Pacini F; Schlumberger M, Sherman SI, Steward DL, Tuttle RM.
Revised American Thyroid Association management guidelines for
patients with thyroid nodules and differentiated thyroid cancer.
Thyroid 2009;19:1167-1214.

VanderLaan PA, Marqusee E, Krane JF Clinical outcome for atypia of
undetermined significance in thyroid fine-needle aspirations: should
repeated fna be the preferred initial approach? Am J Clin Pathol
2011;135:770-775.

Davidov T, Trooskin SZ, Shanker BA, Yip D, Eng O, Crystal J, Hu J,
Chernyavsky VS, Deen MF May M, Artymyshyn RL. Routine second-
opinion cytopathology review of thyroid fine needle aspiration
biopsies reduces diagnostic thyroidectomy. Surgery 2010;148:1294-
1299.

Rosario PW. Thyroid nodules with atypia or follicular lesions of
undetermined significance (Bethesda Category Ill): importance of
ultrasonography and cytological subcategory. Thyroid 2014;24:1115-
1120.

Yoo WS, Choi HS, Cho SW, Moon JH, Kim KW, Park HJ, Park SY,
Choi SI, Choi SH, Lim S, Yi KH, Park do J, Jang HC, Park YJ. The
role of ultrasound findings in the management of thyroid nodules
with atypia or follicular lesions of undetermined significance. Clin
Endocrinol (Oxf) 2014;80:735-742.

Lastra RR, Pramick MR, Crammer CJ, LiVolsi VA, Baloch ZW.
Implications of a suspicious afirma test result in thyroid fine-needle
aspiration cytology: an institutional experience. Cancer Cytopathol
2014;122:737-744.

Bongiovanni M, Spitale A, Faquin WC, Mazzucchelli L, Baloch ZW.
The Bethesda System for Reporting Thyroid Cytopathology: a meta-
analysis. Acta Cytol 2012;56:333-339.

Alexander EK, Kennedy GC, Baloch ZW, Cibas ES, Chudova D,
Diggans J, Friedman L, Kloos RT, LiVolsi VA, Mandel SJ, Raab SS,
Rosai J, Steward DL, Walsh PS, Wilde JI, Zeiger MA, Lanman RB,
Haugen BR. Preoperative diagnosis of benign thyroid nodules with
indeterminate cytology. N Engl J Med 2012;367:705-715.

Mclver B, Castro MR, Morris JC, Bernet V, Smallridge R, Henry M,
Kosok L, Reddi H. An independent study of a gene expression
classifier (Afirma) in the evaluation of cytologically indeterminate
thyroid nodules. J Clin Endocrinol Metab 2014;99:4069-4077.
Nikiforov YE, Ohori NR Hodak SP. Carty SE, LeBeau SO, Ferris RL, Yip
L, Seethala RR, Tublin ME, Stang MT, Coyne C, Johnson JT, Stewart
AF, Nikiforova MN. Impact of mutational testing on the diagnosis
and management of patients with cytologically indeterminate
thyroid nodules: a prospective analysis of 1056 FNA samples. J Clin
Endocrinol Metab 2011;96:3390-3397.

Shrestha RT, Karunamurthy A, Amin K, Nikiforov YE, Caramori ML.
Multiple mutations detected preoperatively may predict aggressive
behavior of papillary thyroid cancer and guide management-a case
report. Thyroid 2015;25:1375-1378.

Febbo PG, Ladanyi M, Aldape KD, De Marzo AM, Hammond ME,
Hayes DF, lafrate AJ, Kelley RK, Marcucci G, Ogino S, Pao W, Sgroi DC,
Birkeland ML. NCCN task force report: Evaluating the clinical utility of
tumor markers in oncology. J Natl Compr Canc Netw 2011;9(Suppl
5):1-32.

Ferris RL, Baloch Z, Bernet V, Chen A, Fahey TJ, Ganly |, Hodak SP
Kebebew E, Patel KN, Shaha A, Steward DL, Tufano RR Wiseman SM,
Carty SE; American Thyroid Association Surgical Affairs Committee.
American Thyroid Association Statement on Surgical Application
of Molecular Profiling for Thyroid Nodules: Current Impact on
Perioperative Decision Making. Thyroid 2015;25:760-768.
Ricarte-Filho JC, Ryder M, Chitale DA, Rivera M, Heguy A, Ladanyi M,
Janakiraman M, Solit D, Knauf JA, Tuttle RM, Ghossein RA, Fagin JA.
Mutational profile of advanced primary and metastatic radioactive
iodine-refractory thyroid cancers reveals distinct pathogenetic roles
for BRAF, PIK3CA, and AKT1. Cancer Res 2009;69:4885-4893.
Landa I, Ganly I, Chan TA, Mitsutake N, Matsuse M, lbrahimpasic T,
Ghossein RA, Fagin JA. Frequent somatic TERT promoter mutations in
thyroid cancer: higher prevalence in advanced forms of the disease. J
Clin Endocrinol Metab 2013;98:1562-1566.



Mol Imaging Radionucl Ther 2017;26(Suppl 1):24-35

Kargi et al. ThyroSeq Genomic Profiling of Thyroid Nodules Role in Clinical Decision-Making

41.

42.

43.

44,

45.

Liu R, Xing M. TERT promoter mutations in thyroid cancer. Endocr
Relat Cancer 2016;23:143-155.

Melo M, da Rocha AG, Vinagre J, Batista R, Peixoto J, Tavares C,
Celestino R, Almeida A, Salgado C, Eloy C, Castro R Prazeres H,
Lima J, Amaro T, Lobo C, Martins MJ, Moura M, Cavaco B, Leite
V, Cameselle-Teijeiro JM, Carrilho F Carvalheiro M, Méaximo V,
Sobrinho-Simdes M, Soares P TERT promoter mutations are a major
indicator of poor outcome in differentiated thyroid carcinomas. J Clin
Endocrinol Metab 2014;99:754-765.

Xing M. BRAF V600E mutation and papillary thyroid cancer. JAMA
2013;310:535.

Niemeier LA, Kuffner Akatsu H, Song C, Carty SE, Hodak SPR Yip
L, Ferris RL, Tseng GC, Seethala RR, Lebeau SO, Stang MT, Coyne
C, Johnson JT, Stewart AF Nikiforov YE. A combined molecular-
pathologic score improves risk stratification of papillary micro
carcinoma. Cancer 2012;118:2069-2077.

Lee J, Lee CR, Ku CR, Kang SW, Jeong JJ, Shin DY, Nam KH, Jung
SG, Lee EJ, Chung WY, Jo YS. Association Between Obesity and
BRAFV600E Mutation Status in Patients with Papillary Thyroid
Cancer. Ann Surg Oncol 2015;22(Suppl 3):683-690.

35

46.

47.

48.

49.

Flaherty KT, Infante JR, Daud A, Gonzalez R, Kefford RF Sosman
J, Hamid O, Schuchter L, Cebon J, Ibrahim N, Kudchadkar R, Burris
HA, Falchook G, Algazi A, Lewis K, Long GV, Puzanov |, Lebowitz P
Singh A, Little S, Sun P Allred A, Ouellet D, Kim KB, Patel K, Weber J.
Combined BRAF and MEK inhibition in melanoma with BRAF V600
mutations. N Engl J Med 2012;367:1694-1703.

Lievre A, Bachet JB, Le Corre D, Boige V, Landi B, Emile JE Coté JF,
Tomasic G, Penna C, Ducreux M, Rougier P Penault-Llorca F; Laurent-
Puig P KRAS mutation status is predictive of response to cetuximab
therapy in colorectal cancer. Cancer Res 2006;66:3992-3995.

Kelly LM, Barila G, Liu P Evdokimova VN, Trivedi S, Panebianco £, Gandhi
M, Carty SE, Hodak SR Luo J, Dacic S, Yu YR Nikiforova MN, Ferris RL,
Altschuler DL, Nikiforov YE. Identification of the transforming STRN-
ALK fusion as a potential therapeutic target in the aggressive forms
of thyroid cancer. Proc Natl Acad Sci USA 2014;111:4233-4238.
Wagle N, Grabiner BC, Van Allen EM, Amin-Mansour A, Taylor-Weiner A,
Rosenberg M, Gray N, Barletta JA, Guo Y, Swanson SJ, Ruan DT, Hanna
GJ, Haddad RI, Getz G, Kwiatkowski DJ, Carter SL, Sabatini DM, Janne PA,
Garraway LA, Lorch JH. Response and acquired resistance to everolimus
in anaplastic thyroid cancer. N Engl J Med 2014,371:1426-1433.



