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ABSTRACT Despite advances in imaging and biopsy
techniques, the management of thyroid nodules often
remains a diagnostic and clinical challenge. In particular,
patients with cytologically indeterminate nodules often
undergo diagnostic thyroidectomy although only a minor-
ity of patients are found to have thyroid malignancy on
final pathology. More recently, several molecular testing
platforms have been developed to improve the stratification
of cancer risk for patients with cytologically indeterminate
thyroid nodules. Based on numerous studies demonstrating
its accuracy, molecular testing has been incorporated as an
important diagnostic adjunct in the management of inde-
terminate thyroid nodules in the National Comprehensive
Cancer Network Guidelines as well as in the American
Thyroid Association (ATA) and American Association of
Endocrine Surgeons (AAES) guidelines. This overview
describes the currently available molecular testing plat-
forms and highlights the published data to date on the
clinical validity and utility of molecular testing in the
contemporary management of thyroid nodules.

Thyroid nodules, a common disorder of the endocrine
system, are found in 4% to 8% of the general population by
palpation,’ 17% to 46% of patients by ultrasound,” and
50% of autopsy series.” Only about 5% of the thyroid
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nodules are thought to be malignant, although rates as high
as 15% have been reported.™ The accurate diagnosis of
cancer without resort to thyroidectomy can be a major
challenge™® and is an important clinical problem because
more than 100,000 thyroidectomies still are performed
annually in the United States.”

Thyroid nodule diagnostics have sequentially and sig-
nificantly improved during the last 40 years, beginning
with the routine use of fine-needle aspiration (FNA)
cytology, which when introduced in the 1980s was asso-
ciated with a significant decrease in the rate of
thyroidectomy and a doubled rate of thyroid cancer in
surgical specimens.® In addition, ultrasound imaging has
become a core component of thyroid nodule management,
and technologic advances in high-resolution ultrasound
have improved the characterization and differentiation of
benign from malignant nodules.’

In 2007, the Bethesda System for Reporting Thyroid
Cytopathology provided another major innovation by
standardizing the reporting of FNA results into six distinct
categories: I (nondiagnostic), II (benign nodule), III (atypia
of undetermined significance/follicular lesion of undeter-
mined significance = [AUS/FLUS]), IV  (follicular
neoplasm/suspicious for follicular neoplasm [FN/SFN]), V
(nodule suspicious for malignancy, and VI (nodule positive
for malignancy).'” The rates of malignancy within each
Bethesda category vary greatly, with a thyroid cancer (TC)
probability of 0% to 3% for benign FNA (BII) compared
with 97% to 99% for malignant ENA (BVI).'! However, in
the three indeterminate categories (BIII, BIV, BV), which
account for approximately 20% of FNA specimens,''™"?
the rates of malignancy are less distinct, comprising 5% to
15% for AUS/FLUS, 15% to 30% for FN/SFN, and 50% to
75% for suspicious cytology.'' Thus, although current
medical and surgical guidelines recommend diagnostic
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thyroidectomy for most indeterminate thyroid nodules, the
final histology for the majority of patients who undergo
such surgery still will be benign.°

Molecular testing (MT) is the fourth major advance in
the management of thyroid nodules. During the past two
decades, several test types were developed to improve the
stratification of cancer risk in cytologically indeterminate
lesions, with the dual goals of reducing rates of diagnostic
surgery and informing about the correct extent of initial
surgery. Currently, the major molecular techniques have
evolved to allow for sensitive and cost-effective genetic
analysis, and such testing can be readily performed on even
a small amount of cellular material (i.e., 2.5-25 ng of
nucleic acid material) harvested during thyroid FNA
(Table 1), and even from stored slides or cytology smears
in many cases.'

The current MTs use several combinations of genomic
sequencing, messenger RNA (mRNA) analysis, and/or
microRNA (miRNA) expression analysis of cancer-asso-
ciated genes, with high diagnostic accuracy documented in
multiple studies.'> % Based on these results, MT was
included as an option for the management of indeterminate
thyroid nodules in the 2015 guidelines of the ATA and
recommended for use in several settings in the 2020
guidelines of the AAES.>®

After its analytical validity is established, any new
clinical test should then demonstrate both clinical validity
(does it perform well?) and clinical utility (is it safe; does it
actually help patients; is it cost-effective?).”” The purposes
of this review are to provide an overview of the current
available MT platforms, to summarize published data on
clinical validity, and to highlight recent studies analyzing
the clinical utility of MT in the management of thyroid
nodules and thyroid cancer.

CURRENT AVAILABLE THYROID MOLECULAR
TESTS

Three MT platforms are commercially available in the
United States: the Afirma Gene Sequencing Classifier and
Xpression Atlas (GSC & XA; Veracyte, South San Fran-
cisco, CA, USA), ThyroSeq version 3 (TSv3; CBLPath,
Rye Brook, NY, USA), and ThyGeNEXT and ThyraMIR
(Interpace Diagnostics, Parsippany, NJ, USA). With each
test type, although limited material is needed for analysis,
it is important to note that additional dedicated passes
during FNA biopsy often are required for MT.

A comparison of molecular platform methods, breadth,
sampling requirements, and published accuracy is provided
in Table 1. Although high sensitivity and specificity are
characteristics of good diagnostic tests, clinicians also
should carefully consider both the intended use of the test
and the specific local cancer prevalence, which greatly
affect test performance.” Generally, in a region of low
thyroid cancer prevalence (i.e., when the pretest probability
of cancer is low) and/or when a MT has high sensitivity,
the negative predictive value (NPV) can be high, sug-
gesting that cancer can accurately be excluded. Conversely,
in areas with high test specificity and/or high cancer
prevalence (or with another reason for a high pretest
probability of cancer), the positive predictive value (PPV)
may be high, allowing for an accurate diagnosis of
malignancy.®**

The clinical validation data for the Afirma GSC and
ThyroSeq v3 platforms are summarized in Fig. 1. We
omitted the ThyGeNEXT/ThyraMIR platform from Fig. 1
because the clinical validation data for this platform remain
limited.

Importantly, for all three types of thyroid MT, the 2016
introduction of the novel term “noninvasive follicular
thyroid neoplasm with papillary-like features” (NIFTP) to

TABLE 1 Comparison of commercially available molecular testing platforms

Platform Afirma GSC*® ThyroSeq v3* ThyGenXT/ThyraMIR***
Method Next-generation RNA sequencing Next-generation DNA and RNA Next-generation DNA and RNA
sequencing sequencing/expression analysis of
miRNA

Detected 10,196 mRNA panel; optional Xpression Atlas 112 DNA and mRNA panel 10 genes, 37 fusions, 10 miRNAs
molecular includes 593 genes (905 variants and 235 (>12,000 variants and 150 gene
variants fusions) fusions)

TERT No Yes Yes
testing?

Required 2 Dedicated FNA passes collected in nucleic acid 1 Dedicated FNA pass collected in 1 Dedicated FNA pass collected in
sample preservative nucleic acid preservative nucleic acid preservative

GSC, Gene Sequencing Classifier; mRNA, messenger RNA; miRNA, microRNA; FNA, fine-needle aspiration
“There is limited clinical validation data available for the ThyGenXT/ThyraMIR platform
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describe what was previously classified as noninvasive
encapsulated follicular variant papillary thyroid cancer®
likely has modified the interpretation of prior accuracy and
validity studies. For definitive diagnosis and management,
NIFTP lesions require surgery and commonly are counted
together with thyroid cancer in studies.

CLINICAL VALIDITY OF MT PLATFORMS
GEC/GSC

The Afirma GSC test is the most recent version of what
used to be called the gene expression classifier (GEC), and
both are microarray-based tests designed using a propri-
etary algorithm based on the mRNA expression pattern of
genes selected to identify benign thyroid nodules.”® In
2012, an initial and influential prospective, double-blinded,
multicenter validation study of GEC examined 265 sam-
ples from 249 patients with indeterminate cytology and
demonstrated NPVs of 95% for 129 BIII nodules, 94% for
81 BIV nodules, and 85% for 55 BV nodules.'> The
prevalence of malignancy was 24% for BIII nodules and
25% for BIV nodules, and the PPVs were low, at 38% and
37%, respectively. Thus, the high sensitivity and NPV were
proposed to allow patients with GEC-negative nodules the
informed option to pursue clinical surveillance instead of
diagnostic surgery. However, the observed low specificity
and PPV meant that a GEC-positive result (termed “sus-
picious” for this test) still led to diagnostic surgery for
many histologically benign lesions.”” Because the likeli-
hood of missed malignancy was too high for BV lesions

(15%), GEC was not recommended for suspicious cytology
results.

The GSC added mRNA classifiers to identify parathy-
roid lesions, medullary thyroid cancer, the BRAF V600E
and RET/PTCI mutations, RET/PTC3 fusion, and Hurthle
cell lesions.

A clinical validation study of GSC used the same multi-
institutional patient cohort as the GEC validation study,'’
although with somewhat smaller numbers due to exclusion
of BV nodules and insufficient RNA in some samples, to
assess GSC performance in 191 BIII or BIV thyroid nod-
ules.”® One sample was assigned no result and excluded
from the final analysis after it was deemed to have inade-
quate follicular content. Of the remaining 190 samples, the
sensitivity and specificity were, respectively, 92.9% and
70.9% for 114 BIII nodules, and 88.2% and 64.4% for 76
BIV nodules. The NPV and PPV were respectively 96.8%
and 51% for BIII and 95% and 41.7% for BIV nodules.*®

In 2019, Endo et al. compared the performances of GSC
and GEC, noting that GSC improved specificity and PPV
while maintaining high sensitivity and NPV.?' In addition,
since 2018, Afirma also offers testing for a gene and fusion
panel termed the Xpression Atlas (XA), which provides
information on 905 gene variants and 235 fusions including
clinically relevant alterations in BRAF, DICERI, RAS,
ALK, NTRK, and RET. However, TERT-promoter muta-
tions, an important prognostic marker,”® are not assessed.

The GSC test does not provide detailed genetic infor-
mation about the type of detected mutation, which can
potentially help in prognostic assessment, systemic ther-
apy, and hereditary syndrome risk.”” To date, a blinded
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clinical validation study using the proprietary XA platform
has not been performed. The results of utility studies
examining whether the use of GEC/GSC provides safety,
reduces thyroidectomy rates, and/or affords cost efficacy
are presented later.

ThyroSeq

In contrast to focusing on genetic profiles seen in benign
nodules, the rationale for clinical development of ThyroSeq
was to identify alterations associated with malignancy. The
earliest iteration was a seven-gene panel (ThyroSeq v0),
which used a real-time polymerase chain reaction (PCR) to
detect point mutations in BRAF V600E/K60IE, NRAS
codon 61, HRAS codon 61, and KRAS codons 12 and 13, as
well as gene rearrangements in RET/PTC;, RET/PTC3, and
PAXS8/PPARy. Its use was first reported in 2009 by Niki-
forov at the University of Cincinnati,®® and further clinical
validation was described in 1056 indeterminate FNA
samples from the University of Pittsburgh, which showed
that detection of any mutation in an indeterminate nodule
increased the risk of cancer from 14% to 87%.*' In the
University of Pittsburgh validation study, 479 patients
underwent thyroidectomy, which provided a pathologic
diagnosis for 513 FNA samples. In the BIII cohort (n =
247), the overall cancer risk was 14%, and MT had a PPV
of 88% and an NPV of 95%. In the BIV cohort (n = 214),
the overall cancer risk was 27%, and MT had a PPV of
87% and a NPV of 86%. Finally, in the BV cohort (n = 52),
the cancer risk was 54%, and MT had a PPV of 95% and a
NPV of 72%.%' The seven-gene panel was externally val-
idated.* Although it helped in the diagnosis of thyroid
carcinoma and objectively reduced the rate of thyroidec-
tomy, > it lacked sufficient sensitivity (range, 57-68%) to
allow avoidance of diagnostic thyroidectomy altogether,
which limited its clinical utility.

With the advent of high-throughput techniques such as
next-generation sequencing (NGS) and availability of data
from comprehensive whole-genome sequencing from
The Cancer Genome Atlas (TCGA) program,”* in subse-
quent versions, ThyroSeq was sequentially broadened to
include a 12-gene panel (ThyroSeq v1) and a 56-gene panel
(ThyroSeq v2)."7%3¢ These changes led to improvement in
the sensitivity of ThyroSeq v2 for cancer to 90.9% in BIII
nodules and 90% in BIV nodules, and the observation of
ThyroSeq v2-negative nodules became a proposed man-
agement option.>>*® The most recent version (ThyroSeq v3)
includes 112 genes and detects five different classes of
genetic alterations: 1) mutations; 2) insertions and deletions;
3) gene fusions; 4) gene expression alterations; and 5) copy
number alterations.”’

In a 2019 prospective, double-blinded clinical validation
study of 286 indeterminate (BIII-BV) thyroid nodules from

10 clinical sites,”* ThyroSeq v3 sensitivity and specificity
were respectively 91% and 85% for 154 BIII nodules, and
97% and 75% for 93 BIV nodules, with 29 samples that
had uninformative results from insufficient biopsy mate-
rial; the BV cohort accounted for 10 samples. The NPV and
PPV were respectively 97.1% and 64% for BIII (cancer/
NIFTP prevalence, 28%) and 98% and 68% for BIV
lesions (cancer/NIFTP prevalence, 35%).>> An external
single-institution experience with ThyroSeq v3 showed a
higher NPV for BIII (99.5%) than for BIV (95.4%).?” The
current data on ThyroSeq v3 clinical utility, safety, and
cost efficacy are presented later.

In general, MT still has some limitations with Hurthle
cell predominant lesions, which frequently are placed in a
BIII or BIV category cytologically. Hurthle cells are large
oxyphilic (pink) cells characterized by prominent nucleoli
and abundant mitochondria, which can be present in
Hurthle cell carcinoma but are much more commonly
present in a variety of benign conditions such as Hurthle
cell adenoma, Hashimoto’s thyroiditis, and nodular goiter.
Although earlier versions of MT did not have sufficient
specificity to decrease the rates of surgical intervention for
cytologic Hurthle cell neoplasms, the latest versions of MT
(Thyroseq v3 and Afirma GSC) have improved perfor-
mance for Hurthle cell lesions.”® The benign or negative
call rate of the published experiences with Hurthle cell
lesions is 53% to 61% for Thyroseq V2/V3 and 63% to
89% for Afirma GSC,* suggesting that unnecessary sur-
gery is avoidable in a majority of cases. It is important to
note that the published experience to date is based on
limited numbers, and more studies including larger cohorts
and longer follow-up periods are needed.

ThyGeNEXT/ThyraMIR

Using methodology and rationale similar to those for
ThyroSeq, ThyGeNEXT/ThyraMIR  primarily uses
sequencing for a targeted gene mutation and fusion panel,
and if testing is negative, additional testing for a micro-
RNA gene expression panel also is performed.'””° The
only clinical validation study published for this platform
used an earlier iteration termed ThyGenX/ThyraMIR. The
study assessed a cohort of 109 BIII/BIV thyroid nodules
from 12 clinical sites and reported a sensitivity of 89%, a
specificity of 85%, a NPV of 94%, and a PPV of 74%, with
a thyroid carcinoma prevalence of 32%. However, in that
study, a negative ThyGenX plus a low-risk ThyraMIR
result was associated with a relatively high residual risk of
6% for malignancy.’”

In a more recent study funded by the manufacturer®” that
included 178 BIII-BV nodules, after post hoc exclusion of
nearly 40% of the initial study cohort, sensitivity was 97%
for BIII (TC prevalence 36%) and 86% for BIV (TC
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prevalence of 24%). It is not clear why the cancer preva-
lence rate was higher for the BIII nodules than for the BIV
nodules. In addition, performance for BV nodules was not
assessed due to a limited number of samples (n = 19) in this
cohort. This study reported improvement in diagnostic
performance with the microRNA panel, particularly for
nodules that were RAS-positive.

CLINICAL UTILITY OF MT PLATFORMS

Perhaps the most important question about thyroid MT
is whether it has a beneficial impact on patient care.
Whereas earlier studies that addressed the effect of MT on
surgical decision-making for indeterminate nodules either
demonstrated a clear benefit’™® or seemed to suggest no
benefit,*"** the two studied test types (i.e., ThyroSeq v0
and Afirma GEC) currently are outmoded, due not only to
the evolution of the tests themselves, but also to updated
clinical guidelines for management of thyroid nodules®*?
and even to the introduction of NIFTP terminology.**
Cytologic findings with the addition of MT may aid the
clinician in differentiating papillary thyroid cancer (PTC)
because NIFTP/follicular variant PTC lesions have a dis-
tinct miRNA profile (43—45) and an increased association
with RAS rather than with the BRAFV600E mutation,
which is virtually synonymous with PTC. Clinician reluc-
tance to avoid diagnostic surgery for molecular-negative
indeterminate nodules is reported,“’46 but unfortunately,
some studies have included patients with BVI (malignant)
FNA results, when to date, MT has no role if the results
will not alter clinical management.’

Several small single-institution clinical utility studies of
GEC/GSC have been performed under prior and existing
clinical guidelines. In 2018, Deaver et al.*’ provided a
long-term follow-up study for more than 2000 BIII and
BIV thyroid nodules. With a malignancy rate for surgically
resected BIII nodules of 24.5%, GEC-suspicious nodules
had a surgical rate of 78.9% and a malignancy rate of
37.8%. The malignancy rate for all the BIV nodules that
underwent surgery, with or without MT, was 20%.

In 2018, Livhits et al.*® compared the diagnostic per-
formance of GEC with that of ThyroSeq v2. They found
that ThyroSeq v2 had a higher specificity and allowed more
patients (n = 28) to avoid diagnostic thyroid surgery on the
basis of a negative molecular result (GEC, 39% vs Thy-
roSeq v2, 62%). Among the nodules tested with GEC, 49%
were suspicious and 43% were benign. Of the nodules
tested with ThyroSeq v2, 19% were mutation-positive and
77% were mutation-negative.

In 2019, Wei et al.*’ compared GEC with GSC and
found that a larger percentage of indeterminate FNA
specimens were classified as benign using GSC, especially
among samples with oncocytic features.

In 2020, Vora et al.>® evaluated more than 400 thyroid
nodules by GEC, and the rate of surgical resection with
“suspicious” GEC results was 85%, but the malignancy
rate was only 43%. Nearly one fourth (24%) of the patients
with benign GEC results underwent surgical resection, with
a NPV of 90%.

In 2020, a single-institution study performed under the
current clinical guidelines™® assessed the clinical utility of
reflexive MT for 405 molecular-negative BIV (follicular
neoplasm) nodules in 389 consecutive patients managed by
ThyroSeq v2/3 (281 v2, vs 124 v3 after November 2017),
excluding cytologic Hurthle cell neoplasm.”" This analysis
represents the largest real-time utility study of MT to date
and also provides the results of nonoperative surveillance.
The patients were offered surgery for positive MT, nodule-
related symptoms, size greater than 4 cm, hyperthyroidism,
and/or concurrent hyperparathyroidism. During program-
matic implementation from November 14 to September 19,
39% of BIV nodules were molecular-positive. A positive
result was associated with much higher use of thyroidec-
tomy (91% for MT-positive vs 27% for molecular-negative
nodules; p < 0.001) and a quadrupled rate of histologic
thyroid cancer/NIFTP (78% vs 19%). All molecular-neg-
ative cancer/NIFTP lesions found on final pathology were
low risk and had been assessed using ThyroSeq v2.
Importantly, 81% of the molecular-negative BIV patients
were triaged to active surveillance, and during a mean
follow-up period of 24.6 months, 82% of their molecular-
negative BIV nodules remained stable on ultrasound ree-
valuation.”' However, although nonoperative surveillance
appeared to be safe in the short-term follow-up evaluation,
compliance was incomplete. The study was not designed to
detect whether molecular use in BIV nodules affects the
extent of initial thyroidectomy under current management
guidelines (lobectomy vs total thyroidectomy).

In 2020, Guan et al.’* reported that use of ThyroSeq v2/
3 (546 v2 and 34 v3 patients) was associated with a
threefold higher rate of malignancy for 58 RAS-positive
BIII/BIV nodules and a fivefold decrease in the surgery
rate when MT was negative in 233 patients. A very recent
clinical utility study from Canada showed that application
of Thyroseq testing to 50 indeterminate nodules led to a
54% decrease in the rate of diagnostic surgery.”> Zhu
et al.>* studied trends in the surgical management of thy-
roid cancer and found that early adoption of MT was a
factor in decreasing the rate of diagnostic thyroidectomy
from 67.3% down to 35.5%.
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Two significant cost-efficacy studies have compared
diagnostic thyroid lobectomy for cytologic indeterminate
nodules with several types of thyroid MT. In 2019, we used
a hypothetical model to perform cost-effectiveness analysis
under the current national management criteria™® and
demonstrated significantly improved cost efficacy with the
use of either GSC or TSv3 versus routine diagnostic
lobectomy, and the results remained consistent regardless
of the length of surveillance.” In 2020, a decision analysis
by Zanocco et al.>® using Markov modeling showed that
Afirma GEC compared with diagnostic lobectomy can be
cost-effective for cytologically indeterminate nodules with
intermediate or low ATA or sonographic suspicion for
malignancy, but not for those with high sonographic
suspicion.

PROGNOSTIC VALUE OF THYROID MT

In addition to providing diagnostic information, preop-
erative MT can provide prognostic value for patients with
suspected or known thyroid malignancy because different
mutations often are associated with thyroid cancer subtypes
and can provide prognostic information (especially preop-
eratively) for long-term management.”’ For example,
whereas RAS-like mutations typically are more indolent in
the absence of a secondary mutation such as TERT or
TP53, BRAF-like mutations are associated with lymph
node metastasis and/or aggressive histologic subtypes such
as tall cell variant.”’® Furthermore, when late-hit muta-
tions such as TP53, PIK3CA, or TERT are seen, the risk of
aggressive disease, including disease recurrence and distant
metastasis, is significantly higher.’®*° Because either
lobectomy or total thyroidectomy currently is an accept-
able choice for intrathyroidal differentiated thyroid cancer
(DTC) 1 to 4 cm,® nodules with isolated RAS mutations
may be adequately treated with lobectomy alone or may be
candidates for active surveillance, whereas a patient with
BRAFv600E mutation may benefit from total thyroidec-
tomy. However, determining the role of MT in guiding the
extent of thyroid surgery remains a controversial and active
area of investigation with ongoing clinical trials (NCT
02947035).

CONCLUSION

Molecular testing for indeterminate thyroid nodules has
been in clinical use for more than a decade. As our
understanding of thyroid tumors and their genetic alter-
ations has evolved, and as the technical parameters of
testing have improved, MT provides a safe and cost-ef-
fective strategy that decreases the rate of diagnostic
thyroidectomy in the management of indeterminate

nodules. Additionally, MT can provide valuable prognostic
information in a preoperative setting and may safely guide
clinical management.

ACKNOWLDEGMENTS

The authors thank Dr. Linwah Yip for her generosity
and expert assistance during the manuscript preparation
process. Dr. Carty gratefully acknowledges support from
the William and Susan Johnson Fund for Endocrine Sur-
gery Research.

DISCLOSURES There are no conflicts of interest.

REFERENCES

1. Hegedus L. Clinical practice: the thyroid nodule. N Engl J Med.
2004;351:1764-71. https://doi.org/10.1056/NEJMcp031436.

2. Tan GH, Gharib H. Thyroid incidentalomas: management
approaches to nonpalpable nodules discovered incidentally on
thyroid imaging. Ann Intern Med. 1997;126:226-31. https://doi.
org/10.7326/0003-4819-126-3-199702010-00009.

3. Gharib H, Papini E, Paschke R, et al. 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. J
Endocrinol Invest. 2010;33(5 Suppl):1-50.

4. Frates MC, Benson CB, Doubilet PM, et al. Prevalence and
distribution of carcinoma in patients with solitary and multiple
thyroid nodules on sonography. J Clin Endocrinol Metab.
2006;91:3411-7. https://doi.org/10.1210/jc.2006-0690.

5. Patel KN, Yip L, Lubitz CC, et al. The American Association of
Endocrine Surgeons guidelines for the definitive surgical man-
agement of thyroid disease in adults. Ann Surg. 2020;271:e21-93.
https://doi.org/10.1097/SLA.0000000000003580.

6. Haugen BR, Alexander EK, Bible KC, et al. 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. https://doi.org/10.1089/thy.2015.0020.

7. Sosa JA, Hanna JW, Robinson KA, Lanman RB. Increases in
thyroid nodule fine-needle aspirations, operations, and diagnoses
of thyroid cancer in the United States. Surgery. 2013;154:1420-6;
discussion 1426-7. https://doi.org/10.1016/j.surg.2013.07.006.

8. Gharib H, Goellner JR. Fine-needle aspiration biopsy of the
thyroid: an appraisal. Ann Intern Med. 1993;118:282-9. https://d
0i.0rg/10.7326/0003-4819-118-4-199302150-00007.

9. McQueen AS, Bhatia KS. Thyroid nodule ultrasound: technical
advances and future horizons. Insights Imaging. 2015;6:173-88.
https://doi.org/10.1007/s13244-015-0398-9.

10. Baloch ZW, LiVolsi VA, Asa SL, et al. Diagnostic terminology
and morphologic criteria for cytologic diagnosis of thyroid
lesions: a synopsis of the National Cancer Institute Thyroid Fine-
Needle Aspiration State of the Science Conference. Diagn
Cytopathol. 2008;36:425-37. https://doi.org/10.1002/dc.20830.

11. Bongiovanni M, Spitale A, Faquin WC, Mazzucchelli L, Baloch
ZW. The Bethesda system for reporting thyroid cytopathology: a
meta-analysis. Acta Cytologica. 2012;56:333-9. https://doi.org/
10.1159/000339959.

12. Almahari SA, Harb Z, Alshaikh S. Evaluation of thyroid nodules
classified as Bethesda category III on cytology and their


https://doi.org/10.1056/NEJMcp031436
https://doi.org/10.7326/0003-4819-126-3-199702010-00009
https://doi.org/10.7326/0003-4819-126-3-199702010-00009
https://doi.org/10.1210/jc.2006-0690
https://doi.org/10.1097/SLA.0000000000003580
https://doi.org/10.1089/thy.2015.0020
https://doi.org/10.1016/j.surg.2013.07.006
https://doi.org/10.7326/0003-4819-118-4-199302150-00007
https://doi.org/10.7326/0003-4819-118-4-199302150-00007
https://doi.org/10.1007/s13244-015-0398-9
https://doi.org/10.1002/dc.20830
https://doi.org/10.1159/000339959
https://doi.org/10.1159/000339959

8890

S. G. Patel

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

malignancy rate: an institutional experience. Cyftojournal.
2019;16:18.  https://doi.org/10.4103/cytojournal.cytojournal_4_
19.

. Reuters KB, Mamone MCOC, Ikejiri ES, et al. Bethesda classi-

fication and cytohistological correlation of thyroid nodules in a
Brazilian thyroid disease center. Eur Thyroid J. 2018;7:133-8.
https://doi.org/10.1159/000488104.

Nikiforova MN, Lepe M, Tolino LA, et al. Thyroid cytology
smear slides: an untapped resource for ThyroSeq testing. Cancer
Cytopathol. 2021;129:33-42. https://doi.org/10.1002/cncy.22331.
Alexander EK, Kennedy GC, Baloch ZW, et al. Preoperative
diagnosis of benign thyroid nodules with indeterminate cytology.
N Engl J Med. 2012;367:705-15. https://doi.org/10.1056/NEJ
Moal203208.

Keutgen XM, Filicori F, Crowley MJ, et al. A panel of four
miRNAs accurately differentiates malignant from benign inde-
terminate thyroid lesions on fine needle aspiration. Clin Cancer
Res. 2012;18:2032-8. https://doi.org/10.1158/1078-0432.CCR-1
1-2487.

Nikiforova MN, Wald Al, Roy S, Durso MB, Nikiforov YE.
Targeted next-generation sequencing panel (ThyroSeq) for
detection of mutations in thyroid cancer. J Clin Endocrinol
Metab. 2013;98:E1852-60. https://doi.org/10.1210/jc.2013-2292.
Alexander EK, Schorr M, Klopper J, et al. Multicenter clinical
experience with the Afirma gene expression classifier. J Clin
Endocrinol Metab. 2014;99:119-25. https://doi.org/10.1210/jc.2
013-2482.

Lithwick-Yanai G, Dromi N, Shtabsky A, et al. Multicentre
validation of a microRNA-based assay for diagnosing indeter-
minate thyroid nodules utilising fine-needle aspirate smears. J
Clin Pathol. 2017;70:500-7. https://doi.org/10.1136/jclinpath-20
16-204089.

Nikiforova MN, Mercurio S, Wald Al, et al. Analytical perfor-
mance of the ThyroSeq v3 genomic classifier for cancer diagnosis
in thyroid nodules. Cancer. 2018;124:1682-90. https://doi.org/
10.1002/cncer.31245.

Endo M, Nabhan F, Porter K, et al. Afirma gene sequencing
classifier compared with gene expression classifier in indetermi-
nate thyroid nodules. Thyroid. 2019;29:1115-24. https://doi.org/
10.1089/thy.2018.0733.

Steward DL, Carty SE, Sippel RS, et al. Performance of a
multigene genomic classifier in thyroid nodules with indetermi-
nate cytology: a prospective blinded multicenter study. JAMA
Oncol. 2019;5:204-12. https://doi.org/10.1001/jamaoncol.2018.
4616.

CDC. ACCE Model Process for Evaluating Genetic Tests.
Retrieved 18 October 2020 at https://www.cdc.gov/genomics/gte
sting/ACCE/.

Ferris RL, Baloch Z, Bernet V, et al. American Thyroid Asso-
ciation statement on surgical application of molecular profiling
for thyroid nodules: current impact on perioperative decision
making. Thyroid. 2015;25:760-8. https://doi.org/10.1089/thy.20
14.0502.

Nikiforov YE, Seethala RR, Tallini G, et al. Nomenclature
revision for encapsulated follicular variant of papillary thyroid
carcinoma: a paradigm shift to reduce overtreatment of indolent
tumors. JAMA Oncol. 2016;2:1023-9. https://doi.org/10.1001/ja
maoncol.2016.0386.

Chudova D, Wilde JI, Wang ET, et al. Molecular classification of
thyroid nodules using high-dimensionality genomic data. J Clin
Endocrinol Metab. 2010;95:5296-304. https://doi.org/10.1210/jc.
2010-1087.

Mayson SE, Haugen BR. Molecular diagnostic evaluation of
thyroid nodules. Endocrinol Metab Clin  North Am.
2019;48:85-97. https://doi.org/10.1016/j.ecl.2018.10.004.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Patel KN, Angell TE, Babiarz J, et al. Performance of a genomic
sequencing classifier for the preoperative diagnosis of cytologi-
cally indeterminate  thyroid nodules. JAMA  Surg.
2018;153:817-24. https://doi.org/10.1001/jamasurg.2018.1153.
Krane JF, Cibas ES, Endo M, et al. The Afirma Xpression Atlas
for thyroid nodules and thyroid cancer metastases: insights to
inform clinical decision-making from a fine-needle aspiration
sample. Cancer Cytopathol. 2020;128:452-9. https://doi.org/10.
1002/cncy.22300.

Nikiforov YE, Steward DL, Robinson-Smith TM, et al. Molec-
ular testing for mutations in improving the fine-needle aspiration
diagnosis of thyroid nodules. J Clin Endocrinol Metab.
2009;94:2092-8. https://doi.org/10.1210/jc.2009-0247.

Nikiforov YE, Ohori NP, Hodak SP, et al. Impact of mutational
testing on the diagnosis and management of patients with cyto-
logically indeterminate thyroid nodules: a prospective analysis of
1056 FNA samples. J Clin Endocrinol Metab. 2011;96:3390-7.
Cantara S, Capezzone M, Marchisotta S, et al. Impact of proto-
oncogene mutation detection in cytological specimens from
thyroid nodules improves the diagnostic accuracy of cytology. J
Clin Endocrinol Metab. 2010;95:1365-9. https://doi.org/10.1210/
j€.2009-2103.

Yip L, Wharry LI, Armstrong MJ, et al. A clinical algorithm for fine-
needle aspiration molecular testing effectively guides the appropriate
extent of initial thyroidectomy. Ann Surg. 2014;260:163-8. https://
doi.org/10.1097/SLA.0000000000000215.

Network CGAR. Integrated genomic characterization of papillary
thyroid carcinoma. Cell. 2014;159:676-90. https://doi.org/10.10
16/j.cell.2014.09.050.

Nikiforov YE, Carty SE, Chiosea SI, et al. Highly accurate
diagnosis of cancer in thyroid nodules with follicular neo-
plasm/suspicious for a follicular neoplasm cytology by ThyroSeq
v2 next-generation sequencing assay. Cancer.
2014;120:3627-34. https://doi.org/10.1002/cncr.29038.

Nikiforov YE, Carty SE, Chiosea SI, et al. Impact of the multi-
gene thyroseq next-generation sequencing assay on cancer diag-
nosis in thyroid nodules with atypia of undetermined
significance/follicular lesion of undetermined significance cytol-
ogy. Thyroid. 2015;25:1217-23. https://doi.org/10.1089/thy.
2015.0305.

Desai D, Lepe M, Baloch ZW, Mandel SJ. ThyroSeq v3 for
Bethesda III and IV: an institutional experience. Cancer Cyto-
pathol.  2021;129(2):164—-170.  https://doi.org/10.1002/cncy.
22362.

Endo M, Nabhan F, Angell TE, et al. Use of molecular diagnostic
tests in thyroid nodules with Hiirthle cell-dominant cytology.
Thyroid. 2020;30:1390-2. https://doi.org/10.1089/thy.2020.0021.
Labourier E, Shifrin A, Busseniers AE, et al. Molecular testing
for miRNA, mRNA, and DNA on fine-needle aspiration improves
the preoperative diagnosis of thyroid nodules with indeterminate
cytology. J Clin Endocrinol Metab. 2015;100:2743-50. https://d
0i.org/10.1210/j¢c.2015-1158.

Lupo MA, Walts AE, Sistrunk JW, et al. Multiplatform molecular
test performance in indeterminate thyroid nodules. Diagn Cyto-
pathol. 2020;48(12):1254—-64. https://doi.org/10.1002/dc.24564.
Sacks WL, Bose S, Zumsteg ZS, et al. Impact of Afirma gene
expression classifier on cytopathology diagnosis and rate of
thyroidectomy. Cancer Cytopathol. 2016;124:722-8. https://doi.
org/10.1002/cney.21749.

Mclver B, Castro MR, Morris JC, et al. An independent study of a
gene expression classifier (Afirma) in the evaluation of cytolog-
ically indeterminate thyroid nodules. J Clin Endocrinol Metab.
2014;99:4069-77. https://doi.org/10.1210/jc.2013-3584.

Cooper DS, et al. Revised American Thyroid Association man-
agement guidelines for patients with thyroid nodules and


https://doi.org/10.4103/cytojournal.cytojournal_4_19
https://doi.org/10.4103/cytojournal.cytojournal_4_19
https://doi.org/10.1159/000488104
https://doi.org/10.1002/cncy.22331
https://doi.org/10.1056/NEJMoa1203208
https://doi.org/10.1056/NEJMoa1203208
https://doi.org/10.1158/1078-0432.CCR-11-2487
https://doi.org/10.1158/1078-0432.CCR-11-2487
https://doi.org/10.1210/jc.2013-2292
https://doi.org/10.1210/jc.2013-2482
https://doi.org/10.1210/jc.2013-2482
https://doi.org/10.1136/jclinpath-2016-204089
https://doi.org/10.1136/jclinpath-2016-204089
https://doi.org/10.1002/cncr.31245
https://doi.org/10.1002/cncr.31245
https://doi.org/10.1089/thy.2018.0733
https://doi.org/10.1089/thy.2018.0733
https://doi.org/10.1001/jamaoncol.2018.4616
https://doi.org/10.1001/jamaoncol.2018.4616
https://www.cdc.gov/genomics/gtesting/ACCE/
https://www.cdc.gov/genomics/gtesting/ACCE/
https://doi.org/10.1089/thy.2014.0502
https://doi.org/10.1089/thy.2014.0502
https://doi.org/10.1001/jamaoncol.2016.0386
https://doi.org/10.1001/jamaoncol.2016.0386
https://doi.org/10.1210/jc.2010-1087
https://doi.org/10.1210/jc.2010-1087
https://doi.org/10.1016/j.ecl.2018.10.004
https://doi.org/10.1001/jamasurg.2018.1153
https://doi.org/10.1002/cncy.22300
https://doi.org/10.1002/cncy.22300
https://doi.org/10.1210/jc.2009-0247
https://doi.org/10.1210/jc.2009-2103
https://doi.org/10.1210/jc.2009-2103
https://doi.org/10.1097/SLA.0000000000000215
https://doi.org/10.1097/SLA.0000000000000215
https://doi.org/10.1016/j.cell.2014.09.050
https://doi.org/10.1016/j.cell.2014.09.050
https://doi.org/10.1002/cncr.29038
https://doi.org/10.1089/thy.2015.0305
https://doi.org/10.1089/thy.2015.0305
https://doi.org/10.1002/cncy.22362
https://doi.org/10.1002/cncy.22362
https://doi.org/10.1089/thy.2020.0021
https://doi.org/10.1210/jc.2015-1158
https://doi.org/10.1210/jc.2015-1158
https://doi.org/10.1002/dc.24564
https://doi.org/10.1002/cncy.21749
https://doi.org/10.1002/cncy.21749
https://doi.org/10.1210/jc.2013-3584

Molecular Testing for Thyroid Nodules Including Its Interpretation

8891

44,

45.

46.

47.

48.

49.

50.

S1.

52.

differentiated thyroid cancer. Thyroid. 2009;19:1167-214. http
s://doi.org/10.1089/thy.2009.0110.

Strickland KC, Eszlinger M, Paschke R, et al. Molecular testing
of nodules with a suspicious or malignant cytologic diagnosis in
the setting of non-invasive follicular thyroid neoplasm with
papillary-like nuclear features (NIFTP). Endocrine Pathol.
2018;29:68-74. https://doi.org/10.1007/s12022-018-9515-x.

Jug R, Parajuli S, Ahmadi S, Jiang XS. Negative results on
thyroid molecular testing decrease rates of surgery for indeter-
minate thyroid nodules. Endocrine Pathol. 2019;30:134-7. h
ttps://doi.org/10.1007/s12022-019-9571-x.

Ohori NP, Landau MS, Carty SE, et al. Benign call rate and
molecular test result distribution of ThyroSeq v3. Cancer Cyto-
pathol. 2019;127:161-8. https://doi.org/10.1002/cncy.22088.
Deaver KE, Haugen BR, Pozdeyev N, Marshall CB. Outcomes of
Bethesda categories III and IV thyroid nodules over 5 years and
performance of the Afirma gene expression classifier: a single-
institution study. Clinical Endocrinol. 2018;89:226-32. https://d
oi.org/10.1111/cen.13747.

Livhits MJ, Kuo EJ, Leung AM, et al. Gene expression classifier
vs targeted next-generation sequencing in the management of
indeterminate thyroid nodules. J Clin Endocrinol Metab.
2018;103:2261-8. https://doi.org/10.1210/jc.2017-02754.

Wei S, Veloski C, Sharda P, Ehya H. Performance of the Afirma
genomic sequencing classifier versus gene expression classifier:
an institutional experience. Cancer Cytopathol. 2019;127:720-4.
https://doi.org/10.1002/cncy.22188.

Vora A, Holt S, Haque W, Lingvay 1. Long-term outcomes of
thyroid nodule AFIRMA GEC testing and literature review: an
institutional experience. Otolaryngol Head Neck Surg.
2020;162:634. https://doi.org/10.1177/0194599820911718.

Carty SE, Ohori NP, Hilko DA, et al. The clinical utility of
molecular testing in the management of thyroid follicular neo-
plasms (Bethesda IV nodules). Ann Surg. 2020;272:621-7.
https://doi.org/10.1097/s1a.0000000000004130.

Guan H, Toraldo G, Cerda S, et al. Utilities of RAS mutations in
preoperative fine-needle biopsies for decision making for thyroid
nodule management: results from a single-center prospective

53.

54.

55.

56.

57.

58.

59.

cohort. Thyroid. 2020;30:536—47. https://doi.org/10.1089/thy.20
19.0116.

Chen T, Gilfix BM, Rivera J, et al. The role of the ThyroSeq v3
Molecular Test in the Surgical Management of Thyroid Nodules
in THE Canadian public health care setting. Thyroid.
2020;30:1280-7. https://doi.org/10.1089/thy.2019.0539.

Zhu CY, Sha S, Tseng CH, Yang SE, Orr LE, Levin M, et al.
Trends in the surgical management of known or suspected dif-
ferentiated thyroid cancer at a single institution, 2010-2018.
Thyroid. 2020;30(11):1639-45. https://doi.org/10.1089/thy.2019.
0783.

Nicholson KJ, Roberts MS, McCoy KL, Carty SE, Yip L.
Molecular testing versus diagnostic lobectomy in Bethesda III/IV
thyroid nodules: a cost-effectiveness analysis. Thyroid.
2019;29:1237-43. https://doi.org/10.1089/thy.2018.0779.
Zanocco KA, Wang MM, Yeh MW, Livhits MJ. Selective use of
molecular testing based on sonographic features of cytologically
indeterminate thyroid nodules: a decision analysis. World J Surg.
2020;44:393-401. https://doi.org/10.1007/s00268-019-05177-7.
Yip L, Nikiforova MN, Yoo JY, et al. Tumor genotype deter-
mines phenotype and disease-related outcomes in thyroid cancer:
a study of 1510 patients. Ann Surg. 2015;262:519-25; discussion
524-5. https://doi.org/10.1097/SLA.0000000000001420.

Mady LJ, Grimes MC, Khan NI, et al. Molecular profile of locally
aggressive  well-differentiated thyroid cancers. Sci Rep.
2020;10:8031. https://doi.org/10.1038/s41598-020-64635-8.

Liu R, Bishop J, Zhu G, Zhang T, Ladenson PW, Xing M.
Mortality risk stratification by combining BRAF V600E and
TERT promoter mutations in papillary thyroid cancer: genetic
duet of BRAF and TERT promoter mutations in thyroid cancer
mortality. JAMA Oncol. 2017;3:202-8. https://doi.org/10.1001/ja
maoncol.2016.3288.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1089/thy.2009.0110
https://doi.org/10.1089/thy.2009.0110
https://doi.org/10.1007/s12022-018-9515-x
https://doi.org/10.1007/s12022-019-9571-x
https://doi.org/10.1007/s12022-019-9571-x
https://doi.org/10.1002/cncy.22088
https://doi.org/10.1111/cen.13747
https://doi.org/10.1111/cen.13747
https://doi.org/10.1210/jc.2017-02754
https://doi.org/10.1002/cncy.22188
https://doi.org/10.1177/0194599820911718
https://doi.org/10.1097/sla.0000000000004130
https://doi.org/10.1089/thy.2019.0116
https://doi.org/10.1089/thy.2019.0116
https://doi.org/10.1089/thy.2019.0539
https://doi.org/10.1089/thy.2019.0783
https://doi.org/10.1089/thy.2019.0783
https://doi.org/10.1089/thy.2018.0779
https://doi.org/10.1007/s00268-019-05177-7
https://doi.org/10.1097/SLA.0000000000001420
https://doi.org/10.1038/s41598-020-64635-8
https://doi.org/10.1001/jamaoncol.2016.3288
https://doi.org/10.1001/jamaoncol.2016.3288

	Molecular Testing for Thyroid Nodules Including Its Interpretation and Use in Clinical Practice
	Abstract
	Current Available Thyroid Molecular Tests
	Clinical Validity of MT Platforms
	GEC/GSC
	ThyroSeq
	ThyGeNEXT/ThyraMIR

	Clinical Utility of MT Platforms
	Prognostic Value of Thyroid MT
	Conclusion
	Acknowldegments
	References




