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Abstract: Several molecular tests have been developed for thyroid cytology with the main purpose to define

the nature of indeterminate nodules in presurgical phase thus overcoming the limitations of cytological

analysis. Molecular tests currently available for thyroid nodules are based on a variety of methodologies and

display peculiar strengths and limitations: in this review of the literature they are summarized and critically

discussed. The use of molecular diagnostics for thyroid cytology is increasingly widespread and accepted,

however large, prospective validation studies are still needed to ultimately demonstrate the clinical efficacy of

a wide incorporation of molecular tests into clinical practice.

Keywords: Thyroid nodules; thyroid cytology; indeterminate nodules; molecular markers; molecular tests

Submitted Jul 31, 2017. Accepted for publication Aug 06, 2017.

doi: 10.21037/gs.2017.08.04

View this article at: http://dx.doi.org/10.21037/gs.2017.08.04

Introduction

Thyroid nodules with indeterminate cytology represent a
clinical challenge. It has been reported that approximately
4-43% of thyroid nodules undergoing fine-needle
aspiration (FNA) biopsy are diagnosed as atypia of
undetermined significance/follicular lesion of undetermined
significance (AUS/FLUS) or follicular neoplasm/suspicious
for follicular neoplasm (FN/SFN) according to the
Bethesda classification system (1). The risk of malignancy of
indeterminate nodules should be always lower than 15% and
30% in AUS/FLUS and FIN/SFN nodules respectively (2),
however, data obtained from real series of cases reported
higher malignancy rates (1,3). Surgical treatment for all
indeterminate nodules would represent undoubtedly an
overly radical treatment in the majority of cases; on the
other hand, the risk of malignancy is often too high to safely
manage patients with observation only.

Most of indeterminate nodules that prove malignant
after surgery are follicular-derived well-differentiated
thyroid carcinomas, in particular the follicular-patterned
malignancies (4,5): follicular variant of papillary thyroid
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carcinoma (FVPTC) and follicular thyroid carcinoma
(FTC). FVPTC shows subtle cytonuclear atypia which
make them difficult to be definitely recognized on cytology.
Instead conventional PTC show marked nuclear atypia
and are more rarely diagnosed as indeterminate nodules on
cytology; molecularly they are generally BRAF-like tumors
with BRAF'™" mutation and RET rearrangement as driver
alterations, and display peculiar epi-genetic and genetic
patterns (6). By contrast FVPTC are classified as RAS-like
tumors and have RAS mutations or PPARg translocations (or
even BRAF*'"" mutations) as early genetic events (6), even
if the infiltrative forms of FVPTC can harbor BRAF'*""
mutations. The general picture of indeterminate cytology
is complicated by the fact that the follicular-patterned
lesions, namely the malignant FVPTC and FTC, the
benign follicular thyroid adenoma and borderline lesions as
the noninvasive follicular thyroid neoplasm with papillary-
like nuclear features (NIFTP) can share the same molecular
alterations (7), such as RAS mutations and PPARg fusions.
For these reasons, the role of molecular markers in pre-
surgical settings has been deeply explored.

Much progress has been made in the last 30 years in the
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Figure 1 The rule-out and rule-in approaches in the molecular
characterization of indeterminate thyroid nodules. The rule-out
test has a high negative predictive value (NPV), in other words
is informative when a sample results as negative; on the contrary
a rule-in test has a high positive predictive value (PPV) and is
informative when a sample is positive for the tested markers.
The post-test risk of malignancy (indicated as ROM) is therefore
reduced in the first case and increased in the second one, however,
its value varies according to the pretest prevalence of malignancy

in the study population.

understanding of the molecular pathology of thyroid cancer;
accordingly, several molecular tests have been developed with
the main aim to help cytology evaluation in characterizing
indeterminate thyroid nodules. To evaluate the performance
of a molecular tests, positive and negative predictive value
(PPV and NPV) can be extrapolated. Predictive values are
calculated on the basis of specificity and sensitivity of a test,
and should always take into account the specific pretest
probability of malignancy observed in each study cohort. For
this reason, PPV and NPV of a molecular test can vary when
it is performed in different institutions. A test with high PPV
can be generally defined as a rule-in test; on the contrary,
a high NPV indicates that the test should be powerful in
ruling-out malignancy (Figure ).

To be effectively applied on thyroid cytology, a good
rule-out test should decrease the risk of malignancy of an
indeterminate nodule so that it is comparable with the
risk observed in benign cytology—and therefore the test
can likely reduce the rate of unnecessary surgeries. For
example, a test with sensitivity of 90% and specificity of
25% could roughly be a good candidate as a rule-out test.
In a population with pre-test risk of malignancy of 15%,
NPV would be of 93% and the post-test risk of malignancy
would be reduced to 7%, which is comparable with the
risk of benign cytology. In a population with a pre-test
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prevalence of malignancy of 30%, the same test would have
a NPV of 85% and therefore the risk of malignancy would
remain relatively high (15%), still comparable with that of
indeterminate cytology. Therefore, in the latter case, the
test would not work as well as expected and would probably
prove not worthwhile.

The molecular analysis of thyroid cytology specimens
can be generally performed on DNA/RNA extracted
from stained smears or from aspirates collected in nucleic
acids preservative solutions. Molecular tests can be based
on a variety of methodologies, starting from standard
immunocytochemistry (ICC) analysis to more advanced and
multi-target techniques. The different techniques available
for thyroid cytology are summarized in the next paragraphs
along with the results obtained with the tested molecular
markers.

icC

The expression of specific proteins can be evaluated by ICC
on cytological smears with the aim to support diagnosis.
Several markers have been proposed during the last
20 years (8-12). Galectin-3 and HBME-1 are the markers
with the highest specificity, but they showed low sensitivity,
thus a negative immunostaining does not exclude
malignancy. Other proposed markers are cytokeratin 19,
fibronectin-1 and CD44. In order to increase the accuracy
of fine-needle aspiration cytology (FNAC) evaluation,
several groups have been investigating the usefulness
of panels with multiple ICC markers and obtained
encouraging results (8,12). The ICC has several advantages,
it represents a cost-effective approach and requires standard
lab equipment, therefore it could be performed as a routine
test. However, ICC analysis is often limited by the scarcity
of fine-needle aspiration (FNA) material (in particular for
the evaluation of ICC panels), by the lack of reproducibility
among laboratories and the interobserver variability in the
interpretation of results.

Molecular tests based on mRNA and microRNA
(miRNA) expression analysis

The altered expression of specific mRNAs such as
fibronectin-1, TIMPI and E-selectin (13,14) has been reported
in thyroid tumors; however, to date no single mRNA
has achieved satisfactorily high sensitivity and specificity
to be effectively applied as potential marker on thyroid
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cytology. For this reason, several studies have recently
investigated the potential role of mRNA panels rather than
the analysis of expression of single genes. The hypothesis is
that the analysis of mRINA expression patterns leads to the
identification of peculiar phenotypic signatures that can be
associated to specific thyroid lesions.

The main commercial molecular test based on this
strategy is the Afirma gene expression classifier (GEC) by
Veracyte Inc. (South San Francisco, CA, USA). Afirma test
is based on a microarray analysis of mRNA of 167 genes by
a two-step process: the first step includes the evaluation of
a 25-gene panel developed to recognize some less frequent
neoplastic pathologies of the thyroid, such as medullary
thyroid carcinoma or metastatic lesions; the second step
involves the analysis of the main 142-gene panel. The 25-
gene panel represents a preliminary screening to select
the nodules that can be successfully classified by using
the combined expression of the 142 genes. The Afirma
is based on a proprietary classification algorithm that has
been trained by testing cytological samples with known
histological outcome. The entire system is organized to
recognize benign nodules (rule-out approach), and labels
each tested sample with a “benign” or “suspicious” result.
mRNA is purified from FNA material obtained through
two dedicated FNA passes and collected in a preservative
solution; the company requires additional FINA material for
performing a centralized cytological evaluation and only
the nodules diagnosed as Bethesda III and IV are definitely
accepted for Afirma test.

The validation study, a prospective clinical trial conducted
blindly, included a total of 265 nodules with indeterminate
cytology and surgical follow-up (15). The study revealed
that a “benign” GEC result was able to reduce the risk of
malignancy of a nodule thanks to the high NPV of the test
(94%). This could lead to a reduction of rate of unnecessary
surgeries, thus making safer a conservative approach. On the
other hand, a “suspicious” result is not informative, since the
test demonstrated low specificity and PPV (52% and 37%,
respectively). As a matter of facts several subsequent studies
evaluating GEC test performance on indeterminate nodules
confirmed the results of the validation study in terms of
high sensitivity (83-100%) and low specificity (7-60%) and
legitimated the efficacy of Afirma GEC as a powerful rule-
out test (16,17). The sensitivity of a test is calculated as the
ratio between the true positive cases (GEC “suspicious” and
malignant on histology) and the true positive plus the false
negative cases (“benign” on GEC and malignant on final
histology). The majority of post-validation studies included
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a low number of false negative, or even a total absence of
such cases, but often this is due to the extremely low rate
of GEC “benign” nodules undergoing diagnostic surgery
and could likely lead to underestimate the prevalence of
malignancy among them.

In any case, as for each other molecular test, the
performance of GEC has to be calculated in the context
of the institutional pretest risk of malignancy among
indeterminate cytology (18). For example, Roychoudhury
and colleagues reported that in their institution cytology
alone was more powerful than Afirma GEC in predicting
malignancy in the context of nodules cytologically
diagnosed as suspicious for follicular neoplasm (Bethesda
IV) and therefore they raised the question about the utility
of GEC in this specific setting (19).

Regarding the new pathological entity of NIFTP,
“noninvasive follicular neoplasm with papillary-like nuclear
features”, few studies have so far reported the performance
of GEC on nodules histologically diagnosed as NIFTP and
it seems that in most of cases they are classified as GEC
“suspicious” (20-23). Since the majority of NIFTPs arise
as cytologically indeterminate nodules (24,25), this may
constitute an issue that raises the need for further studies
evaluating GEC results also in the context of other risk
factors (genetic alterations, ultrasound features, nuclear
atypia and so on).

A new promising technology already tested on thyroid
cytology for the evaluation of mRNA expression is the
nCounter NanoString system (26). This methodology is
based on the hybridization of target mRNA and/or miRNA
molecules with specific barcoded probes and performs
a direct digital count of the hybridized complexes. This
allows to skip both retrotranscription and amplification
steps. Moreover, the reaction can be multiplexed (up to
800 targets in a single well) maintaining a high level of
reproducibility (27,28). The nCounter system could be useful
in the preoperative assessment of thyroid cytology (26), but
no ready-to-use panels specifically designed for thyroid
cytology have been developed so far.

miRNA are small non-coding RNA molecules that
regulate the expression at post-transcriptional level mainly
by annealing with a specific mRNA target, leading to its
degradation or to the inhibition of its translation (29).
Specific miRNA signatures have been described in (human)
cancer and correlated with pathological features of tumors,
with prognosis and response to therapies (30). Several
studies investigated the role of miRNA in thyroid cancer
(27,31-33), and at least two miRNA-based molecular tests
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have been specifically evaluated on indeterminate cytology:
the RosettaGX Reveal test (Rosetta Genomics company,
Philadelphia, PA, USA) and the ThyraMIR test (Interpace
Diagnostics Group Inc., Parsippany, NJ, USA). RosettaGX
Reveal works on RINA obtained from one of the stained
smears routinely employed for cytology diagnosis. The
test is based on a quantitative retrotranscription PCR
that measures the expression level of 24 miRNAs. Then
classification algorithms use expression data and give three
possible results, “benign”, “suspicious for malignancy” or
“positive for medullary marker” (34). RosettaGX test has
been clinically validated in two studies (34,35) showing
high sensitivity, specificity and NPV. The ThyraMIR test
evaluates the expression level of 10 miRNAs by quantitative
retro-transcription PCR. The test algorithm, conveniently
trained on thyroid specimens with known surgical outcome,
reports samples as “positive” or “negative”. This test is
intended to perform on nodules negative for the 7-gene
mutation panel, which will be discussed in the next
paragraphs, with the aim to combine the advantages of both
type of tests and improve the overall diagnostic sensitivity
in indeterminate cytology (36).

Methods for detecting of genotype alterations

The study of the molecular landscape of thyroid cancer
allowed the identification of a series of somatic alterations,
such as gene mutations and rearrangements, directly
involved in thyroid tumorigenesis. The most frequent
genotype alterations detected in well-differentiated thyroid
cancer—therefore the most useful in the settings of the
indeterminate cytology—include point mutations in BRAF,
NRAS, HRAS and KRAS genes, and the RET/PTC and
PAXS8/PPARg translocations (37). More rarely mutations
in TP53, PIK3CA and in the promoter of TERT gene can
be detected on indeterminate FNA specimens, also in
coexistence with other driver mutations, and indicate high-
risk lesion (38).

Generally, the detection of a single mutation or translocation
in indeterminate cytology is indicative for malignancy,
however these alterations are not sensitive enough to exclude
malignancy when mutational test is negative. Therefore,
they work well as a rule-in approach. During the last twenty
years, hundreds of studies have been investigating the
clinical role of specific molecular alterations, such as BRAF
mutations, detected on indeterminate thyroid cytology (39).
An increasingly common strategy is to consider panels of
markers simultaneously rather than single-gene mutations.

© Gland Surgery. All rights reserved.

gs.amegroups.com

The role of a restricted panel analyzing the most frequent
oncogenic mutations and translocations (the so called 7-gene
panel: BRAF, NRAS, HRAS, KRAS, RET/PTC1, RET/
PTC3, PAX8/PPARg) has been studied in indeterminate
cytology by several authors (37,40-42) and obtained good
performance in terms of specificity and PPV. It requires the
extraction of both DNA and RNA from one dedicated FNA
pass collected in a preservative solution. Initially this test
was based on melting curve analysis, Sanger sequencing and
real-time PCR (37) but now Interpace Diagnostics offers
a NGS-based analysis of a panel of 8 genes (the oncogene
PIK3CA was added) and commercialized as the ThyGenX
test. Labourier and colleagues investigated the diagnostic
value of the ThyGenX/ThyraMIR combined strategy and
demonstrated that this combination increases the NPV, thus
improving the overall test performance on indeterminate
nodules (36).

The ThyroSeq v.2 is a NGS-based test analyzing a
comprehensive panel of genes specific for thyroid cancer. It
is commercialized by CBLPath Inc. (Rye Brook, NY, USA),
while molecular analysis is centralized in the Division
of Molecular and Genomic Pathology at the University
of Pittsburgh Medical Center (Pittsburgh, PA, USA).
ThyroSeq v.2 includes (I) the analysis at DNA level of 14
genes screened for point mutations (BRAF, RAS genes,
PIK3CA, TP53, RET, promoter of TERT and others); and
(II) the analysis of mRNA to evaluate 42 gene fusions and
the expression levels of 16 genes. In the validation study,
which included a total of 143 indeterminate nodules with
surgical outcome, this extended panel showed promising
results, since 35 out of 42 mutation positive cases (83%) and
only 4 out of 101 mutation-negative nodules (4%) proved
malignant on final histology, with PPV of 83% and NPV
of 96% (43). Therefore, this preliminary study showed
that ThyroSeq could work as both rule-in and rule-out
test. The gene panel was extended beyond the canonical
7 genes with the main purpose of increasing its sensitivity,
however some of the added markers contributed to reduce
the test specificity, being detected also in benign thyroid
neoplasms (TSHR, EIF1AX, THADA fusions) (44). As a
matter of fact, in a recent study conducted by Valderrabano
and colleagues on Bethesda III and IV nodules, ThyroSeq
showed a lower PPV compared to the previous studies (42 %
and 33% respectively considering NIFTPs as malignant
or benign) (45). Undoubtedly ThyroSeq analysis can help
in distinguishing low- from high-risk thyroid follicular
neoplasms, being able to detect secondary molecular
alterations associated with tumor aggressiveness (such
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as TERT promoter mutations). However, since only few
studies in literature explored the usefulness of ThyroSeq
in indeterminate cytology, further independent research is
warranted to better explore its clinical role.

The ThyroSeq panel has been specifically designed for
thyroid cytology, however other NGS panels have been
tested on thyroid nodules specimens. The Ion AmpliSeq
Cancer Hotspot Panel v2 (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) that analyzes oncogenic mutations in
50 genes was tested by Le Mercier and collaborators in 34
indeterminate nodules with known surgical outcome (46).
Even if the authors obtained encouraging results (63%
and 92% PPV and NPV, respectively), the study was
conducted on a limited cohort of patients. Similarly, Fuller
et al. investigated mutations and gene fusion in 24 FNA
specimens, among which only nine were indeterminate
on cytology (47). In these nine samples authors found no
mutations. Therefore, the usefulness of this kind of panels
on thyroid cytology should be investigated in more details.

Final considerations

Each molecular test performed on indeterminate thyroid
cytology has either strengths and limitations. Before
incorporating any type of molecular testing into a specific
clinical context, several factors should be taken into
account: (I) the pretest prevalence of malignancy observed
in each institution, which can change depending on slight
differences in the pathological criteria for the diagnosis
of indeterminate nodules; (I) an institutional cost/benefit
evaluation, so is the cost afforded for molecular testing
really balanced by a real advantage in terms of sanitary
expenses? And what kind of molecular test can be more
convenient? (III) The possibility of an active interaction
between clinicians and pathologists in defining subgroups
of nodules to manage efficiently with the adjunct of a
molecular approach.

All these factors taken together determine the real
usefulness of molecular characterization of nodules in
ultimately reducing the overtreatment of benign cytology.
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