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cytology provides valuable information in the presur-
gical evaluation of thyroid nodules, approximately 
25% of biopsy samples do not render diagnostic infor-
mation and are classified as indeterminate.2 Repeating 
FNA on an indeterminate specimen may be helpful at 
times; however, for many patients, diagnostic surgery 
is eventually needed to clarify the diagnosis. One-third 
of these nodules resected for diagnostic purposes will 
prove to be malignant and, in many cases, will require 
additional surgery to complete thyroidectomy.3,4 Con-
versely, two-thirds of such surgeries might have been 
avoided with a more accurate presurgical diagnosis.3

The Bethesda System for Reporting Thyroid Cy-
topathology (Bethesda) has standardized reporting 
terminology and diagnostic criteria, but it has not 
improved the performance of FNA.5 Indeterminate 
specimens are stratified by Bethesda in 3 diagnostic 

Introduction
The incidences of benign thyroid nodules and thyroid 
cancer have increased in the last several decades.1 
An accurate presurgical diagnosis of thyroid nodules 
is important because of the implications in clinical 
management. Although fine needle aspiration (FNA) 
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categories according to risk of malignancy (ROM): 
•  Category III: Atypia/follicular lesion of unde-

termined significance
•  Category IV: Follicular neoplasm/suspicious  

for follicular neoplasm and Hürthle cell neo-
plasm/suspicious for Hürthle cell neoplasm

•  Category V: Suspicious for malignancy
The estimated ROMs of Bethesda categories III to V 

are 5% to 15%, 15% to 30%, and 60% to 75%, respective-
ly.5 However, the observed ROMs in the indeterminate 
categories, particularly Bethesda categories III and IV, 
are broader, ranging from 0% to 48% and 14% to 49%, 
respectively, in multiple large institutional studies.2,3

This diagnostic challenge reflects subtle mor-
phological differences and significant morphological 
overlap in the cytological and histological features 
exhibited by thyroid follicular pattern lesions, in-
cluding follicular hyperplasia, adenomatous nodule/
follicular thyroid adenoma, follicular thyroid carci-
noma, and the follicular variant of papillary thyroid 
carcinoma (PTC).6,7 The subjectivity of the patholog-
ical diagnosis further complicates this issue. Broad 
intraobserver and interobserver variabilities have 
been reported for follicular thyroid lesions in cyto-
logical and histological specimens.7-10 Several mo-
lecular tests have been developed in an attempt to 
better and more reliably characterize these lesions 
to avoid diagnostic surgery. These tests use different 
approaches to identify molecular signatures specif-
ic for thyroid cancer. Some scrutinize the DNA to 
detect mutations and others characterize the gene 
expression profiles at the transcriptional (messenger 
ribonucleic acids [RNAs]) or post-transcriptional level 
(microRNAs). All these methods have limitations and 
no single test is 100% accurate. Furthermore, the 
predictive values of these tests — which represent 
their true clinical value — depend on the cytological 
ROM, which represents the pretest probability of ma-
lignancy; as the ROM increases, so does the positive 
predictive value (PPV) at the expense of a reduction in 
the negative predictive value (NPV), and vice versa.11 
Therefore, until further standardization is achieved in 
the classification of indeterminate cytology, the results 
obtained at one center may not extrapolate to others. 
Marketing a test on the basis of a fixed NPV, without 
first knowing the true pretest ROM, is disingenuous. 
In addition, some of these molecular markers, such as 
the point mutation BRAF V600E, are also considered 
prognostic factors, and their study may be helpful for 
individualizing clinical management.12-15

Somatic Alterations
Most thyroid cancers exhibit somatic point mutations 
or rearrangements that activate the mitogen-activat-
ed protein kinase (MAPK) and phosphatidylinositol  
3 kinase/protein kinase B pathways (Table16-21).22 

During recent years, our understanding and knowl-
edge regarding driver mutations have been expanding. 
A recent publication by The Cancer Genome Atlas 
(TCGA) has significantly reduced the proportion of 
PTCs with unknown driver mutations from 25% to 
3.5%.17 Such mutations are almost always mutually 

Table. — Common Mutations and Rearrangements  
in Common Thyroid Tumors

Tumor Type Mutation and Rearrangement

Papillary thyroid carcinoma BRAF V600E (classic, tall cell variant)
TERT
RET/PTC1 (RET/CCDC6) 
RET/PTC3 (RET/ELE1)
RET/PTC6 (RET/HTIF1)

Papillary thyroid carcinoma  
(follicular variant)

EIF1AX
BRAF K601E
NRAS
HRAS
KRAS
PAX8/PPARγ

Follicular thyroid carcinoma PAX8/PPARγ 
NRAS 
HRAS
KRAS 
BRAF K601E
TSHR 

Follicular thyroid carcinoma 
(oncocytic variant)/Hürthle cell 
carcinoma

TP53
HRAS
KRAS
PTEN

Poorly differentiated  
thyroid carcinoma 

NRAS
PIK3CA
GNAS
RAF V600E

Undifferentiated thyroid  
carcinoma (anaplastic  
carcinoma)

TP53  
BRAF V600E
NRAS
PIK3CA
PTEN
CTNNB1

Medullary thyroid carcinoma RET 
HRAS
KRAS

Follicular thyroid adenoma PAX8/PPARγ
NRAS
KRAS 

Benign thyroid  
“hyperplastic nodule”

TSHR
NRAS
HRAS 
KRAS
PTEN
GNAS

Data from references 16 to 21.
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exclusive and homogeneously present within the tu-
mor.17,18 Most well-differentiated thyroid cancers exhibit 
a single point mutation or chromosomal rearrangement, 
although 2 or more mutations may be found in more 
aggressive tumors.17 Some mutations are highly specific 
for thyroid cancer such as the point mutation BRAF 
V600E; other mutations, like RAS mutations, are also 
found in benign lesions, thus limiting their diagnostic 
specificity. However, this finding could be explained 
by the evolution hypothesis, which posits that the ac-
cumulation of mutations induces progression from a 
polyclonal proliferation (hyperplasia) to a benign mono-
clonal proliferation (follicular thyroid adenoma) to a 
differentiated thyroid cancer (PTC [follicular variant] or 
follicular thyroid carcinoma) and potentially from there 
to undifferentiated thyroid cancer. If this concept holds 
true, then a RAS mutation present in follicular thyroid 
adenoma would represent an early neoplastic change 
that might progress to malignancy (precancer) rather 
than represent a false-positive result.

The presurgical identification of the oncogenic 
driver mutation in thyroid cancer has been explored 
for several years as a method to segregate thyroid 
nodules with indeterminate cytology. Initial studies 
searched for 1 or just a few specific mutations.23-28 If re-
searchers must focus on a single marker, then the most 
useful mutation is BRAF V600E for several reasons:  
(1) It is the most prevalent mutation among PTC (45%) 
and PTC represents 85% of all thyroid malignancies,  
(2) its specificity for malignancy is nearly 100%, and 
(3) it can independently predict extrathyroidal exten-
sion and lymph node involvement, thus implying a 
higher risk for disease persistence or recurrence that 
could influence the extent of the surgery.29-32 However, 
the sensitivity of BRAF for detecting cancer improves 
when other frequently occurring mutations are includ-
ed in the screening panel. Such an observation led to 
the development of oncogene panels that simultane-
ously studied several mutations.

The most well-studied panel assessed 14 point 
mutations in BRAF and RAS and for RET/PTC1,  
RET/PTC3, and PAX8/PPARγ rearrangements. This 
panel has been prospectively studied in the charac-
terization of indeterminate thyroid nodules achieving 
estimated sensitivity and specificity for malignancy 
around 60% and 98%, respectively.33-35 Results from 
the commercially available variant of this panel mar-
keted as mIRinform (Asuragen, Austin, Texas) were 
published in a validation study that indicated the 
panel had a slightly worse performance than antici-
pated, perhaps in part because of differences in the 
technology used in the commercial version of the 
test.36 In the study, the panel achieved sensitivity and 
specificity of 48% (29%–68%) and 89% (72%–98%), 
respectively, for indeterminate thyroid nodules.36  
A modified version of this test using next-genera-

tion sequencing is now commercially available as  
ThyGenX (Interpace Diagnostics, Parsippany, New 
Jersey), but the performance of this modified assay 
has not yet been reported.37

The advent of next-generation sequencing has 
allowed the rapid translation of new data on addi-
tional, low-prevalence, somatic alterations into the 
clinical field. An additional commercially available 
panel is based on this technology and is marketed as 
ThyroSeq V2 (University of Pittsburgh Medical Center, 
Pittsburgh, Pennsylvania). This panel now includes 
more than 400 point mutations in 14 genes,38 includ-
ing AKT1, BRAF, CTNNB1, GNAS, HRAS, KRAS, NRAS, 
PIK3CA, PTEN, RET, TP53, TSHR, TERT, and EIF1AX, 
along with 42 gene rearrangements and can be per-
formed on as little as 10 ng of DNA.20,39 In the initial 
publication on this panel, the test included mutations 
in 13 genes (rather than the 14 genes now in the com-
mercial offering) and 42 gene rearrangements, and it 
achieved sensitivity and specificity of 90% (80%–99%) 
and 93% (88%–98%), respectively, among cytological 
specimens classified as Bethesda category IV.19 Such 
performance should improve and simplify the inter-
pretation (NPVs and PPVs) of the results among dif-
ferent institutions with distinct pretest ROM. The NPV 
and PPV achieved in this study were 96% and 83%, 
respectively, with an overall ROM of 27%.19 Based on 
the reported sensitivity and specificity, we calculate 
that the NPV will remain above 95% at any ROM up to 
34%, whereas the PPV will remain above 75% at any 
ROM above 15%. As more mutations are added to this 
panel, we anticipate an increase in the test sensitivity, 
but it is possible that the specificity could decrease, 
thus negatively impacting the predictive values. Con-
sequently, although these early results are promising, 
they still require external validation and additional 
information regarding the performance of the test 
on Bethesda category III. Data on this category were 
presented at the annual meeting and exposition of 
the Endocrine Society in early 2015, suggesting that 
sensitivity and specificity are well preserved in this 
cytological group.40

Gene Expression Analysis
Somatic mutations directly impact the gene expression 
profile by acting on signaling pathways. For example, 
BRAF V600E is associated with high MAPK signaling, 
whereas RAS mutants have lower MAPK signaling. 
This observation was used by TCGA to develop a score 
that quantified the extent to which the gene expres-
sion profile of each somatic mutation resembled either 
BRAF V600E–mutant or RAS-mutant PTCs.17 This score 
is associated with the degree of thyroid differentiation 
of the tumor, histological grade, American Thyroid 
Association risk of recurrence stage,4 and the MACIS 
score.41 RAS-like tumors were better differentiated and 
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BRAF V600E–like tumors were less differentiated; in 
addition, RAS-mutant tumors were homogeneous in 
terms of gene expression and degree of thyroid dif-
ferentiation.17 Conversely, BRAF V600E–mutant tumors 
had a heterogeneous gene expression profile and 
included at least 4 different groups, a finding that 
could explain the uncertainty regarding the prog-
nostic and predictive power of this mutation alone.17 
In light of these results, the authors suggested that 
PTCs may be more appropriately classified according 
to their genetic profiles rather than to their mor-
phological appearance.17 Although these data have 
the potential to transform histological classification 
and clinical practice, their utility in routine clinical 
practice has yet to be established. However, prior 
studies have already used gene expression profiles 
(at the transcriptional or post-transcriptional level) 
to differentiate thyroid nodules with indeterminate 
cytology; these are discussed below. 

Transcriptional Level
Several tools exploit the analysis of the gene expres-
sion profile at the transcriptional level to differentiate 
benign from malignant lesions among indeterminate 
thyroid nodules. Although several RNA-based markers 
have investigated single genes, a commercially avail-
able multigene expression panel has achieved prom-
ising results. The Afirma Gene Expression Classifier 
(Veracyte, South San Francisco, California) assesses 
the relative mRNA expression of 167 genes processed 
through a support vector machine trained on a group 
of histological and FNA material derived from a broad 
spectrum of samples from benign and malignant 
thyroid disease. Using a proprietary algorithm, the 
classifier reports the nodule as benign or suspicious. 
In a prospective, double-blind, multicenter study,  
265 indeterminate thyroid nodules were analyzed.42 
The overall performance of the test showed sen-
sitivity and specificity of 92% (84%–97%) and 52%  
(44%–59%), respectively.42 In this study, the test 
achieved an NPV of approximately 95% for Bethesda 
categories III and IV. Such an NPV justifies patient ob-
servation in lieu of surgery per the recommendations 
of the National Comprehensive Cancer Network.43 
However, an NPV of 95% can be assumed only if the 
midpoint sensitivity and specificity achieved in this 
single study are used and the ROM of the cytology 
is below 24%.11,42 Because the ROM in the indeter-
minate categories is higher in many institutions,3 its 
use should be individualized according to the specific 
ROM of each center. In an independent study, the sen-
sitivity and specificity rates achieved by Afirma were 
reported to be 83% and 36%, respectively, and were the 
best rates of the case scenarios.44 If lower sensitivity 
and specificity than anticipated are confirmed, then 
both predictive values would be negatively affected. 

Therefore, further validation is needed before the 
widespread use of this test.

As single-gene markers, HMGA2 and cancer-relat-
ed E2 ubiquitin-conjugating enzyme have also been 
studied in the cytology specimens of indeterminate 
thyroid nodules.45,46 However, neither has demonstrat-
ed sufficiently high sensitivity or specificity to justify 
widespread use. Nonetheless, their combined use, 
along with other markers, continues to be explored.47 
The detection of thyrotropin receptor mRNA in pe-
ripheral blood achieved better results in a study on 
thyroid nodules with cytological diagnosis of follicular 
neoplasm, reaching sensitivity and specificity of 97% 
and 88%, respectively, for detecting thyroid cancer.48 
However, further studies are necessary to validate 
these results.

Post-Transcriptional Level
MicroRNAs are small, noncoding RNA molecules that 
bind to mRNA to promote or silence their transla-
tion into proteins.49-51 These molecules can be ana-
lyzed in cytological specimens and those affecting 
oncogenes or tumor suppressor genes are also be-
ing studied. Several studies have reported attempts 
to identify the specific signatures of thyroid cancer 
by developing predictive models on excised spec-
imens later investigated as single microRNAs or in  
microRNA panels on FNA samples of thyroid nodules.52-59  
One meta-analysis found that panels had better per-
formance rates compared with single microRNAs.59 

The overall sensitivity and specificity of 4 studies 
using microRNA panels in FNA specimens were  
87% (77%–92%) and 85% (78%–90%), respectively.59 

Performance was best in a study validating a panel 
of 4 microRNAs (222, 328, 197, and 21) in which 
sensitivity and specificity of 100% and 86%, respec-
tively, were achieved.55 Larger prospective studies of 
indeterminate thyroid nodules must be performed to 
validate their diagnostic utility.

Some microRNAs also appear to have prognostic  
value. In the study by TCGA, 4 different expres-
sion patterns stratified the BRAF-like PTCs into 
groups with various histological grades of differen-
tiation.17 The overexpression of microRNA-21 and 
microRNA-146b, as well as the down-regulation 
of microRNA-204 — which acts as a tumor sup-
pressor — was found in the group with the most  
aggressive PTCs.17 Conversely, higher expressions of  
microRNA-182 and microRNA-183 were associated with 
RAS-like PTCs that had a higher degree of thyroid 
differentiation.17,60

Follicular Neoplasm (Oncocytic Variant) 
/Hürthle Cell Neoplasm
Most of the molecular markers previously discussed 
are not helpful for Hürthle cell neoplasms. Hürthle 
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cell carcinomas rarely exhibit one of the commonly 
studied mutations.61 However, the use of next-gen-
eration sequencing might improve the sensitivity 
of previous oncogene panels. The initial version of 
ThyroSeq detected a mutation in 39% of cases of 
Hürthle cell carcinoma analyzed.20 Most of them had 
a TP53 mutation, typically detected in undifferen-
tiated thyroid cancer but not in well-differentiated 
carcinomas.20 Moreover, Hürthle cell neoplasms have 
a distinct profile of genes and transcription factors 
involved in tumorigenesis.62 Possibly because of this, 
Afirma classifies 90% of the Hürthle cell neoplasms 
as “suspicious,” even despite the fact that the ROM in 
these tumors is typically lower than that for the overall 
Bethesda category IV group, resulting in a low PPV 
in these nodules.42,43,63 In part, this likely reflects the 
fact that the training of the support vector machine 
that encodes the proprietary algorithm included a 
number of Hürthle cell carcinomas but almost no 
benign Hürthle cell adenomas; as a consequence, the 
gene expression classifier determines all Hürthle cell 
lesions as suspicious. 

Similarly, microRNA panels may inadequately 
classify this group of tumors. In a study, the accura-
cy of the panel rose from 90% to 97% when Hürthle 
cell neoplasms were excluded.55 Thus, in our opin-
ion, Hürthle cell neoplasms should not be routinely 
evaluated with the currently available molecular tests, 
and, if used, the test results should be interpreted 
with caution.

Conclusions
The rapid translation into the clinical field of new 
discoveries in the molecular basis of thyroid cancer 
has led to the development of several molecular tests 
that address the deficiencies of thyroid cytopathology. 
The initial results of such tests are promising, and 
the rapid expansion of our knowledge in this regard 
promises further advances in the near future. Addi-
tional studies that independently validate these results 
and define the role of these tests in routine clinical 
practice are needed. Until the cytological classifica-
tion has been further standardized, each institution 
interested in using these tests should determine its 
own risk of malignancy for each of the indetermi-
nate categories to select the most appropriate test 
and to adequately interpret the results. However, in 
the future, molecular markers will be instrumental in 
refining the diagnostic accuracy of cytology and to in-
dividualize thyroid cancer management and treatment. 
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