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Background: We explored the utility of a small multi-gene DNA panel for assessing molecular profiles of thyroid nodules and influ-
encing clinical decisions by comparing outcomes between tested and untested nodules.
Methods: Between April 2022 and May 2023, we prospectively performed fine-needle aspiration (FNA) with gene testing via DNA 
panel of 11 genes (BRAF, RAS [NRAS, HRAS, KRAS], EZH1, DICER1, EIF1AX, PTEN, TP53, PIK3CA, TERT promoter) in 278 
consecutive nodules (panel group). Propensity score-matching (1:1) was performed with 475 nodules that consecutively underwent 
FNA without gene testing between January 2021 and December 2021 (control group).
Results: In the panel group, positive call rate for mutations was 41.7% (BRAF 16.2%, RAS 12.6%, others 11.5%, double mutation 
1.4%) for all nodules, and 40.0% (BRAF 4.3%, RAS 19.1%, others 15.7%, double mutation 0.9%) for indeterminate nodules. Benign 
call rate was 69.8% for all nodules, and 75.7% for indeterminate nodules. In four nodules, additional TP53 (in addition to BRAF or 
EZH1) or PIK3CA (in addition to BRAF or TERT) mutations were co-detected. Sensitivity, specificity, positive predictive value, and 
negative predictive value were 80.0%, 53.3%, 88.1%, 38.1% for all nodules, and 78.6%, 45.5%, 64.7%, 62.5% for indeterminate 
nodules, respectively. Panel group exhibited lower surgical resection rates than the control group for all nodules (27.0% vs. 52.5%, 
P<0.001), and indeterminate nodules (23.5% vs. 68.2%, P<0.001). Malignancy risk was significantly different between the panel 
and control groups (81.5% vs. 63.9%, P=0.008) for all nodules.
Conclusion: Our panel aids in managing thyroid nodules by providing information on malignancy risk based on mutations, poten-
tially reducing unnecessary surgery in benign nodules or patients with less aggressive malignancies.
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INTRODUCTION

Thyroid nodules are a common clinical occurrence, with their 
prevalence varying from 20% to 65% in the general population 
[1]. The critical distinction between benign and malignant or 
premalignant lesions is paramount for effective management, 
particularly when determining the need for surgery. The initial 
evaluation of these nodules often involves ultrasound imaging 
coupled with fine-needle aspiration (FNA) cytological analysis 
[2,3], but these methods have limitations, including variable di-
agnostic accuracy, especially in cytologically indeterminate 
nodules where the risk of malignancy (ROM) hovers between 
13% and 34% [4]. Hence, subjecting most patients with indeter-
minate nodules to diagnostic surgery results in a substantial pro-
portion undergoing unnecessary procedures [5]. The emergence 
of molecular testing has shown promise in overcoming diagnos-
tic challenges and improving clinical management [6]. Multi-
gene panels, which analyze mutations across various relevant 
genes altering the molecular characterization of thyroid tumors, 
offer a broader perspective on thyroid cancer pathogenesis [7,8]. 
This comprehensive approach enhances the assessment of 
ROM, helping to make more informed decisions for individual 
patients [9].

Initially, molecular tests focused on a single or a small num-
ber of genetic variants in key driver genes, such as BRAF, RAS, 
peroxisome proliferator-activated receptor γ (PPARγ)-paired 
box 8 (PAX8), and/or rearranged during transfection/papillary 
thyroid carcinoma (RET/PTC) 1/3 (7-gene panel), but their di-
agnostic efficacy was insufficient [10]. Commercial multi-gene 
panels, including ThyroSeq v3 (ThyroSeq, Rye Brook, NY, 
USA), Afirma gene expression classifier (GEC), gene sequenc-
ing classifier (GSC) (Afirma, Washington, DC, USA), and Thy-
GeNext/ThyraMIR (Parsippany, NJ, USA), employing next-
generation sequencing (NGS) methods, have demonstrated sig-
nificantly improved diagnostic performance by including a 
large number of genes [6]. Thus, the American Thyroid Associ-
ation 2015 guideline [2] and recent European guidelines [11] 
recommend that molecular testing can be considered for cyto-
logically indeterminate nodules, although studies on the actual 
clinical and surgical implications remain limited [12]. However, 
considering the cost of these commercial NGS tests, European 
guidelines state these tests should be used “if possible” and ad-
vocate the development of less expensive tests. The price of 
commercial NGS tests can range from US$3,000 to over 
US$6,000, which includes the cost of RNA or miRNA sequenc-
ing in addition to DNA tests [13,14].

On the other hand, a substantial portion of indeterminate nod-
ules identified as follicular pattern tumors harbor mutations as-
sociated with low-risk molecular subtypes, such as RAS-like or 
non-BRAF-non-RAS (NBNR), with a low ROM or risk of recur-
rence (i.e., low-risk mutations) [2,15,16]. More than 90% of 
RAS-like or NBNR tumors with genetic alterations possess a 
point mutation in RAS, eukaryotic translation initiation factor 
1A X-linked (EIF1AX), dicer 1, ribonuclease III (DICER1), 
phosphatase and tensin homolog (PTEN), enhancer of zeste 1 
polycomb repressive complex 2 subunit (EZH1), or tumor pro-
tein p53 (TP53). Therefore, a small DNA gene panel testing 
these genes with the addition of BRAF gene can yield superior 
diagnostic performance compared to the 7-gene panel, even 
though it cannot detect RET and PPARγ fusions that the 7-gene 
panel can [16]. Moreover, although the sensitivity or negative 
predictive value (NPV) of this small DNA gene testing alone 
may be lower than that of commercial NGS tests that include 
RNA or miRNA testing, it could still support clinical decision-
making for the management of indeterminate nodules with a 
cost at least five to six times lower. Additionally, this small 
DNA gene testing with the addition of telomerase reverse tran-
scriptase (TERT) promoter and phosphatidylinositol-4,5-bispho-
sphate 3-kinase catalytic subunit alpha (PIK3CA) genes can also 
cover common double mutations often found in aggressive thy-
roid cancer [17]. Therefore, the small DNA testing of those 11 
genes can aid not only in diagnosis but also in prognosis predic-
tion. Therefore, this study investigated the clinical efficacy of 
molecular testing, specifically in the diagnostic performance 
and the ability of reducing the surgical resection rate (RR), 
through prospective DNA panel testing of the 11 genes. These 
genes included eight main driver genes of follicular patterned 
tumors (BRAF, NRAS, HRAS, KRAS, EIF1AX, DICER1, PTEN, 
and EZH1) and three genes associated with high-risk cancers 
(TERT promoter, PIK3CA, and TP53). We assessed its diagnos-
tic accuracy by comparing it with three commercial gene panel 
tests and further analyzed the surgical RR through a comparison 
with propensity score-matched controls who did not undergo 
molecular testing.

METHODS

Subjects
A total of 281 consecutive thyroid nodules that underwent FNA 
and multi-gene panel testing between April 2022 and May 2023 
at Seoul National University Hospital were prospectively in-
cluded. We excluded those associated with syndromic condi-
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tions such as multiple endocrine neoplasia. There were no pa-
tients with a previous history of head and neck malignancy. 
Nodules exhibiting suspicious ultrasound features according to 
the 2021 Korean Thyroid Imaging Reporting and Data System 
(K-TIRADS) [18] and 2016 Korean Thyroid Association (KTA) 
guideline [19] underwent FNA and were subjected to both cyto-
logical analysis and 11-gene DNA panel testing. In brief, the K-
TIRADS description of the sonographic patterns of a K-TI-
RADS 2 (benign) nodule includes (1) iso-/hyperechoic spongi-
form; (2) partially cystic nodule with intracystic echogenic foci 
and comet-tail artifact; or (3) pure cyst. The sonographic pat-
terns of a K-TIRADS 3 (low-suspicion) nodule include partially 
cystic or iso-/hyperechoic nodule without any of the three suspi-
cious features (punctate echogenic foci, nonparallel orientation, 
and irregular margins). The sonographic patterns of a K-TI-
RADS 4 (intermediate-suspicion) nodule include (1) solid hy-
poechoic nodules without any of the three suspicious features; 
(2) a partially cystic or iso-/hyperechoic nodule with any of the 
three suspicious ultrasound features; or (3) entirely calcified 
nodules. Finally, the sonographic patterns of a K-TIRADS 5 
(high-suspicion) nodule include a solid hypoechoic nodule with 
any of the three suspicious features [18]. In addition to the FNA 
performed for cytology, FNA for the gene panel was conducted 
with 26-gauge needles in two passes. The aspirated specimen 
was then preserved in Eppendorf DNA LoBind Tubes (Eppen-
dorf, Hamburg, Germany) containing 1 mL of preservation so-
lution to maintain nucleic acid integrity. It was refrigerated and 
transported on the same day with packed ice to the laboratory 
for testing. Subsequently, the specimen was stored in a deep 
freezer at –80℃ until analysis, which was performed within 3 
to 5 days of storage. The cytology of the nodules was confirmed 
by three experienced endocrine pathologists according to the 
Bethesda classification (BC) [20]. Three nodules were excluded 
from the analysis due to inadequate samples for gene panel test-
ing. Finally, 278 nodules including 19 Bethesda I nodules, 87 
Bethesda II nodules, 115 indeterminate (102 Bethesda III and 
13 IV) nodules, nine Bethesda V nodules, and 48 Bethesda VI 
nodules were included. The gene mutation features of the nod-
ules were analyzed and correlated with clinical characteristics, 
including age, sex, nodule size, K-TIRADS category, and BC.

To assess the impact of molecular panel testing on RR, we 
retrospectively included 475 nodules that underwent consecu-
tive FNA without gene testing from January 2021 to December 
2021 for the control group. To mitigate confounding variables 
in baseline clinical characteristics, we conducted 1:1 propensity 
score-matching (PSM) through the nearest neighbor matching 

method with a caliper width of 0.2, using age, sex, nodule size, 
K-TIRADS score, and BC as variables for matching, resulting 
in a total of 278 nodules in each group. The quality of the PSM 
model was assessed using the Hosmer-Lemeshow test for good-
ness-of-fit and the C-statistic for discriminatory ability.

To guide the decision-making process between surgery and 
active surveillance, in accordance with the 2023 KTA guidelines 
[3], we engaged patients in a shared decision-making approach. 
Clinical decisions were made by considering molecular results 
alongside other factors, such as nodule size, growth pattern, ul-
trasound features, patient history, and patient preferences. We 
provided comprehensive information, including FNA or gun bi-
opsy results, malignancy risk, and prognosis linked to identified 
genetic mutations. Additionally, we discussed the potential risks 
associated with surgery, such as those related to general anesthe-
sia, as well as complications like scarring, functional impair-
ment, and voice changes after surgery. For patients opting for ac-
tive surveillance without surgery, we conveyed the risks associ-
ated with potentially overlooking malignancy, the importance of 
ongoing diagnosis, and the necessity for ultrasound monitoring 
every 6 to 24 months, as determined by follow-up test results.

The study received approval from the Institutional Review 
Board at Seoul National University Hospital (IRB no. 1608-
088-785). All Panel group patients provided informed consent 
prior to FNA, and the need for informed consent for the patients 
in the control group was waived.

DNA isolation and targeted sequencing for 11-gene DNA 
panel of FNA samples
Molecular testing involved an 11-gene DNA panel with targeted 
sequencing for mutations in eight main driver genes of follicular 
patterned tumors (BRAF, NRAS, HRAS, KRAS, EIF1AX, DIC-
ER1, PTEN, and EZH1) and three genes associated with high-
risk cancers (TERT promoter, PIK3CA, and TP53). The muta-
tions analyzed included point mutations (missense/nonsense), 
insertions or deletions (indels), and regulatory mutations.

In brief, genomic DNA was isolated from the FNA samples 
using an automated nucleic acid purification platform, Maxwell 
CCS system (Promega, Madison, WI, USA) with the Maxwell 
CSC Blood DNA kit (Promega). The isolated DNAs were quan-
tified and qualified using QubitTM4 Fluorometer (Invitrogen, 
Waltham, MA, USA), 4200 TapeStation (Agilent Technologies 
Inc., Santa Clara, CA, USA), and NANODROP 8000 Spectro-
photometer (Thermo Scientific, Waltham, MA, USA). The 
xGen DNA Library Prep EZ Kit (IDT Inc., Coralville, IA, USA) 
was used to construct DNA into an NGS library following the 



Oh MY, et al.

Copyright © 2024 Korean Endocrine Society780 www.e-enm.org

manufacturer’s instructions. Target genes were captured using 
an 11-gene DNA panel (DCGen Co. Ltd., Seoul, Korea). Subse-
quently, the sequencing libraries were sequenced with NextSeq 
550Dx (Illumina, San Diego, CA, USA). Targeted DNA se-
quencing reads were aligned to the hg38 reference genome us-
ing Burrows-Wheeler Aligner (BWA)-0.7.17. Putative duplica-
tions were marked by the GATK-4.1.8.0 module. Sites poten-
tially harboring small insertions or deletions (indels) were recal-
ibrated by applying the modules of GATK-4.1.8.0 with known 
variant sites identified from phase I of the 1000 Genomes Proj-
ect (http://www.1000genomes.org/), dbSNP-151 (https://www.
ncbi.nlm.nih.gov/snp/), and Mills and 1000G gold standard in-
dels. We used MuTect-4.1.8.0 and HaplotypeCaller to detect 
single nucleotide variations (SNVs) and small indels. The tar-
geted sequencing coverage was 2000x for tumors.

The mean concentration of the 281 samples was 793 ng, and 
60 samples (21%) registered concentrations below 100 ng. Sam-
ples were classified as inadequate if DNA concentrations were 
below 50 ng, leading to the identification of three nodules 
deemed inadequate. In response to quality control issues, 18 
samples (6.3%) underwent retesting. To remove germline-like 
variants, we excluded any variant with an allelic frequency 
greater than 0.01. Furthermore, sequencing artifacts and germ-
line variants were filtered out using a panel of normals (PoN). 
Annotations for potential functional consequences and other mu-
tation information were performed using variant effect predictor 
(VEP). For confident detection of somatic mutations, we applied 
the following criteria: (1) total reads at the mutation site ≥20 and 
(2) variant allele frequency ≥0.02. The specific types of detected 
mutations are summarized in Supplemental Table S1.

Comparison of diagnostic performance of the panel
The positive call rate (PCR) and benign call rate (BCR) were 
calculated. The PCR represented the percentage of nodules with 
positive test results, while the BCR denoted the percentage of 
nodules with low-risk (NBNR) or negative molecular test out-
comes. Sensitivity, specificity, NPV, and positive predictive val-
ue (PPV) were analyzed using histopathology data from surgi-
cally resected nodules. These analyses were conducted for all 
nodules as well as for indeterminate (Bethesda III and IV) nod-
ules exclusively. We conducted a literature review that included 
both validation studies and real-world studies of the diagnostic 
performance of other available commercial gene panels for thy-
roid nodules, including the 7-gene panel, Afirma GEC panel, 
Afirma GSC panel, and ThyroSeq v3 panel, for comparison 
with our multi-gene panel [7,21-36].

For the analysis, malignant nodules consisted of those diag-
nosed as carcinoma through surgical pathology, including papil-
lary thyroid carcinoma (PTC), follicular thyroid carcinoma 
(FTC), differentiated high-grade thyroid carcinoma (DHGTC), 
oncocytic carcinoma (OC). Non-invasive follicular thyroid neo-
plasm with papillary-like nuclear feature (NIFTP), representing 
a premalignant entity warranting surgical intervention, was also 
considered malignant. Nodules diagnosed with BRAFV600E muta-
tions that did not undergo surgery were also classified as malig-
nant in the diagnostic performance analysis. Follicular adenoma 
(FA), oncocytic adenoma (OA), and follicular nodular disease 
(FND) were considered benign.

Comparison of resection rate and risk of malignancy
RR and ROM were compared between the panel and the control 
groups. RR was defined as the percentage of nodules undergo-
ing surgery, and ROM as the percentage of malignant nodules 
among those undergoing surgery. Nodules harboring BRAFV600E 
mutations that had not yet undergone surgery were considered 
malignant and included in the ROM analysis.

Statistical analysis
Clinical characteristics were presented as frequencies with per-
centages for categorical variables; mean±standard deviation 
was used for continuous variables. Prior to conducting tests for 
comparison, the normal distribution of continuous variables was 
assessed using the Shapiro-Wilk test. Continuous variables were 
compared using the t test or Mann-Whitney U test, whereas cat-
egorical variables were compared using the chi-square or Fish-
er’s exact test for two groups. PSM was performed using the 
MatchIt package of the R software. All statistical analyses were 
performed using R version 4.3.1 (R foundation for Statistical 
Computing, Vienna, Austria), and all P values less than 0.05 
were considered statistically significant.

RESULTS

Characteristics of subjects
Table 1 summarizes the characteristics of the subjects before 
and after PSM. Baseline clinical characteristics of the 278 nod-
ules in the panel group and 475 nodules in the control group, 
before PSM, showed significant differences. However, PSM 
successfully balanced all baseline clinical characteristics, in-
cluding sex, age, nodule size, K-TIRADS category, and BC 
(P>0.050). The C-statistic value of the propensity score model 
was 0.811, and the Hosmer-Lemeshow statistic showed the fol-
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lowing results: χ2=10.545, degrees of freedom=8, and P=0.229. 
In the panel group, there were 218 (78.4%) females, with a mean 
age of 54 years. The mean nodule size was 1.7 cm. K-TIRADS 

categories II, III, IV, and V were observed in one (0.4%), 73 
(26.3%), 103 (37.1%), and 101 (36.3%) nodules, respectively. 
Cytology results revealed BC I, II, III–IV, and V–VI categories 

Table 1. Characteristics of Subjects before and after Propensity Score-Matching

Characteristic
Before propensity score-matching After propensity score-matching

Control group 
(n=475)

Panel group 
(n=278)

SMD before 
matching P value Control group 

(n=278)
Panel group 

(n=278)
SMD after 
matching P value

Female sex 401 (84.4) 218 (78.4) 0.155 0.038 223 (80.2) 218 (78.4) 0.044 0.601

Age, yr 54.6±14.3 54.0±13.4 0.044 0.565 53.6±14.4 54.0±13.4 0.036 0.733

Nodule size, cm 1.8±1.3 1.7±1.1 0.106 0.150 1.7±1.1 1.7±1.1 0.103 0.903

K-TIRADS 0.434 –1.014

   2 16 (3.4) 1 (0.4) <0.001 1 (0.4) 1 (0.4) 0.962

   3 192 (40.4) 73 (26.3) 76 (27.3) 73 (26.3)

   4 166 (34.9) 103 (37.1) 106 (38.1) 103 (37.1)

   5 101 (21.3) 101 (36.3) 95 (34.2) 101 (36.3)

Bethesda classification 0.105 –0.045

   I 27 (5.7) 19 (6.8) 0.085 20 (7.2) 19 (6.8) 0.859

   II 192 (40.4) 87 (31.3) 88 (31.7) 87 (31.3)

   III 143 (30.1) 102 (36.7) 103 (37.1) 102 (36.7)

   IV 32 (6.7) 13 (4.7) 7 (2.5) 13 (4.7)

   V 17 (3.6) 9 (3.2) 9 (3.2) 9 (3.2)

   VI 64 (13.5) 48 (17.3) 51 (18.3) 48 (17.3)

Management

   Surgery 221 (46.5) 75 (27.0) <0.001 146 (52.5) 75 (27.0) <0.001

   Surveillance 254 (53.5) 204 (73.4) 132 (47.5) 204 (73.4)

Definite histopathologya

   Malignant 103 (61.3) 42 (72.4) 0.175 74 (66.7) 42 (72.4) 0.588

      PTC 83 34 60 34

      DHGTC - 1 - 1

      FTC 10 5 8 5

      OCA - 2 - 2

      FT-UMP 10 - 6 -

   NIFTP 8 (4.8) 1 (1.7) 6 (5.4) 1 (1.7)

   Benign 57 (33.9) 15 (25.9) 31 (27.9) 15 (25.9)

      FA 36 7 17 7

      OA 6 3 4 3

      FND 15 5 10 5

Values are expressed as number (%) or mean±standard deviation. One-to-one propensity score-matching of sex, age, nodule size, K-TIRADS criteria, 
and Bethesda classification.
SMD, standardized mean difference; K-TIRADS, Korean Thyroid Imaging Reporting and Data System; PTC, papillary thyroid carcinoma; DHGTC, 
differentiated high-grade thyroid carcinoma; FTC, follicular thyroid carcinoma; OCA, oncocytic carcinoma of the thyroid; FT-UMP, follicular tumor of 
uncertain malignant potential; NIFTP, non-invasive follicular thyroid neoplasm with papillary-like nuclear features; FA, follicular adenoma; OA, onco-
cytic adenoma of the thyroid; FND, follicular nodular disease.
aAvailable in 168 patients in the control group and 58 in the panel group before propensity score-matching, and available in 111 patients in the control 
group and 58 in the panel group after propensity score-matching.



Oh MY, et al.

Copyright © 2024 Korean Endocrine Society782 www.e-enm.org

in 19 (6.8%), 87 (31.3%), 115 (41.4%), and 57 (20.5%) nodules, 
respectively. Of the 58 (20.9%) nodules in the panel group with 
available histopathological diagnosis, 42 (72.4%) were malig-
nant, one (1.7%) was NIFTP, and 16 (27.6%) were benign. In 
the control group, consisting of 111 (39.9%) nodules with avail-
able histopathological diagnosis, 66 (59.5%) were malignant, 
five (4.5%) were NIFTP, and 40 (36.0%) were benign (Table 1).

Diagnostic performance of the panel
Table 2 summarizes the diagnostic performance of the 11-gene 
DNA panel in comparison with other available commercial pan-
els. The PCR was 116/278 (41.7%) for all nodules, and 46/115 
(40.0%) for indeterminate (Bethesda III or IV) nodules. The 
BCR was 194/278 (69.8%) for all nodules and 87/115 (75.7%) 
for indeterminate nodules. The sensitivity, specificity, PPV, and 
NPV were 80.0%, 53.3%, 88.1%, and 38.1%, respectively, for 
all nodules in the panel group, and 78.6%, 45.5%, 64.7%, and 
62.5%, respectively, for indeterminate nodules.

Comparing our results to previous reports on the diagnostic 
performance of the commercial multi-gene panels, we found 
our PCR to be consistent with those panels, while the BCR was 
slightly higher in our study. The diagnostic performance of our 
11-gene DNA panel for indeterminate nodules generally dem-
onstrated lower performance compared to other panels. Howev-
er, the specificity of real-world studies of the Afirma GEC, the 
PPV of a validation study for the Afirma GSC, and the NPV of 
both validation and real-world studies of the Afirma GEC were 
comparable to the corresponding values of the 11-gene DNA 
panel (Table 2).

Comparison of resection rate and risk of malignancy
The RR and ROM for each BC are summarized in Table 2. The 
panel group maintained a lower RR (75/278, 27.0%) than the 
control group (146/278, 52.5%) (P<0.001) for all nodules, and 
for the indeterminate Bethesda III–IV group (23.5% vs. 68.2%, 
P<0.001) and the Bethesda V–VI group (70.2% vs. 88.3%, 
P=0.015). The RR was lower in the panel group for Bethesda II 
nodules, but without statistical significance (8.0% vs. 17.0%, 
P=0.073).

The ROM was calculated in 192 (89 indeterminate) nodules, 
including 169 resected and 16 BRAFV600E-positive unresected 
nodules (84 and five in indeterminate nodules, respectively). 
The ROM was significantly different between the two groups 
(81.5% vs. 63.9%, P=0.008) for all nodules, but not signifi-
cantly different for each subgroup (Bethesda II, II–IV indeter-
minate, or V–VI) (Table 3). Ta
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Subsequently, the ROM was evaluated according to the re-
sults from the 11-gene DNA panel and sonographic characteris-
tics. The ROM in indeterminate nodules with mutations was 
higher compared to those without mutations across all K-TI-
RADS categories. The ROM of indeterminate nodules without 
mutations was 11.1%, 2.8%, and 0.0% for K-TIRADS 3, 4, and 
5, while it was 28.6%, 6.7%, or 22.2% in nodules harboring 
mutations, respectively (P=0.184, P=0.159, or P=0.019, re-
spectively) (Fig. 1). The ROM according to K-TIRADS catego-
ry in Bethesda II and Bethesda V–VI nodules is shown in Sup-
plemental Figs. 1, 2, respectively.

Molecular profiles of nodules by 11-gene DNA panel testing
The detected mutations included 45 BRAFV600E, 35 RAS, 12 EZH1, 
11 DICER1, seven EIF1AX, and two PTEN mutations. Four 
nodules had additional TP53 (in addition to BRAFV600E or EZH1) 

or PIK3CA (in addition to BRAFV600E or TERT) mutations, and 
three showed additional mutation in the same gene (BRAF, 
KRAS, and DICER1). The RR was high in the BRAFV600E muta-
tion (62.2%) and double mutation groups (100%), intermediate 
in the RAS mutation group (25.7%), and low in the no mutation 
(18.5%) group. Of the 20 nodules with no mutations that under-
went surgery and had available histopathology results, 12 were 
malignant and eight were benign. Nodules with EZH1, DICER1 
yielded one FA each, and two nodules with EIF1AX mutations 
yielded one FTC and one FA. Of the eight nodules with NRAS 
mutations, four were malignant (two PTCs, one FTC, and one 
NIFTP) and four were benign (one FA, one OA, and one FND). 
One nodule with HRAS mutation was diagnosed as FTC. All 
nodules with BRAFV600E mutations that had available histopa-
thology were found to be malignant (21 PTCs and one DH-
GTC) (Table 4).

Table 3. Resection Rate and Risk of Malignancy of the Nodules

 Groups All II III VI V VI

RR Panel group 75/278 (27.0) 7/87 (8.0) 23/102 (22.5) 4/13 (30.8) 4/9 (44.4) 36/48 (75.0)

Control group 146/278 (52.5) 15/88 (17.0) 69/103 (67.0) 6/7 (85.7) 8/9 (88.9) 45/51 (88.2)

P value <0.001 0.073 <0.001 0.022 0.052 0.090

ROM Panel group 66/81 (81.5) 2/6 (33.3) 11/21 (52.4) 2/4 (50.0) 6/6 (100.0) 37/37 (100.0)

Control group 71/111 (63.9) 4/10 (40.0) 33/58 (56.9) 4/6 (66.7) 3/3 (100.0) 33/33 (100.0)

P value 0.008 0.796 0.723 0.617 >0.999 >0.999

Values are expressed as number/total number (%).
RR, resection rate; ROM, risk of malignancy.

Fig. 1. Rate of malignancy of indeterminate (classification III and IV) nodules by Korean Thyroid Imaging Reporting and Data System (K-
TIRADS) category and mutation characteristics. ROM, risk of malignancy.
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The molecular profiles of the panel group nodules were dif-
ferent according to the Bethesda groups (Fig. 2). Of the Bethes-
da II nodules, 73.6% had no mutations, 13.8% had RAS muta-
tions, 11.5% had NBNR mutations, and 1.1% had BRAFV600E 
mutations. Of the intermediate (Bethesda III–IV) nodules, 60% 
had no mutations, 19% had RAS mutations, 16% had NBNR 
mutations, 4% had BRAFV600E mutations, and 1% had double 
mutations. Of the Bethesda V–VI nodules, 26% had no muta-
tions, 69% had BRAFV600E mutations, and 5% had double muta-
tions (Supplemental Table S2, Supplemental Fig. S3).

Clinical characteristics of molecular groups by the 11-gene 
DNA panel testing
Table 5 summarizes the comparison of clinical characteristics 
between nodules managed with active surveillance or surgery 
for each molecular group. In all mutation subtype groups, pa-
tients who underwent surgery had larger nodules than those un-

der active surveillance, but without statistical significance. No 
significant differences were seen in any of the subtype groups 
for other clinical characteristics, including sex, age, and K-TI-
RADS category.

In four nodules, dual mutations (BRAFV600E/PIK3CA, BRAFV600E/ 
TP53, PIK3CA/TERT, and EZH1/TP53) were detected, and all 
underwent surgery. Three of the nodules were diagnosed as PTC 
with extrathyroidal extension and lymphatic invasion, whereas 
the nodule with EZH1/TP53 mutation was diagnosed as OA 
(Table 6).

DISCUSSION

This study demonstrated that a small 11-gene DNA panel, com-
posed of genes prevalent in indeterminate nodules or associated 
with prognosis, could result in a clinically significant decrease 
in the RR and an increase in active surveillance for low-risk 

Table 4. Molecular Profile and Outcomes of Panel-Tested Thyroid Nodules

Molecular group Mutated gene Pathology of resected nodules

Group Total 
(n=278)

Resected 
(n=75, 
27.0%)

Gene Total 
(n=278)

Resected 
(n=75, 
27.0%)

Malignant 
(n=43, 57.3%)

Benign 
(n=16, 21.3%)

Unknowna 
(n=16, 21.3%)

No mutation 162 (58.3) 30 (18.5) Noneb 162 (58.3) 30 (18.5) 12 (8 PTC, 2 FTC,  
2 OCA)

8 (3 FA, 1 OA,  
4 FND)

10

NBNR 32 (12.6) 4 (12.5) EZH1 12 (4.3) 1 (8.3) - 1 (FA) -

DICERc 11 (4.0) 1 (9.1) - 1 (FA) -

EIF1AX 7 (2.5) 2 (28.6) 1 (FTC) 1 (FA) -

PTEN 2 (0.7) - - - -

RAS 35 (12.6) 9 (25.7) NRAS 24 (8.6) 8 (33.3) 4 (2 PTC, 1 FTC,  
1 NIFTP)

4 (1 FA, 1 OA,  
1 FND)

1

KRASc 7 (2.5) - - - -

HRAS 4 (1.4) 1 (25.0) 1 (FTC) - -

BRAFV600E 45 (16.2) 28 (62.2) BRAFV600Ec 45 (16.2) 28 (62.2) 22 (21 PTC, 1 DHGTC) - 6

Double 4 (1.4) 4 (100.0) BRAFV600E/PIK3CA 1 (0.4) 1 (100.0) 1 (PTC) - -

   mutation BRAFV600E/TP53 1 (0.4) 1 (100.0) 1 (PTC) -

PIK3CA/TERT 1 (0.4) 1 (100.0) 1 (PTC) - -

EZH1/TP53 1 (0.4) 1 (100.0) - 1 (OA)

Values are expressed as number (%), unless otherwise specified.
NBNR, non-BRAF-non-RAS; EZH1, enhancer of zeste 1 polycomb repressive complex 2 subunit; DICER1, dicer 1, ribonuclease III; EIF1AX, eukaryotic 
translation initiation factor 1A X-linked; PTEN, phosphatase and tensin homolog; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit alpha; TP53, tumor protein p53; TERT, telomerase reverse transcriptase; PTC, papillary thyroid carcinoma; FTC, follicular thyroid carcinoma; 
OCA, oncocytic carcinoma of the thyroid; FA, follicular adenoma; OA, oncocytic adenoma of the thyroid; FND, follicular nodular disease; NIFTP, non-
invasive follicular thyroid neoplasm with papillary-like nuclear features; DHGTC, differentiated high-grade thyroid carcinoma.
aUnknown pathology results because surgery was performed at different centers; bCurrently negative by the 11-gene DNA panel test; cOne nodule with 
additional mutation in the same gene: DICER1E1813K/DICER1D1810V (variant allele frequency [VAF] 0.19/0.05) KRASG12V/KRASG12C (VAF 0.22/0.22), 
BRAFV600E/BRAFG469A (VAF 0.19/0.03).
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cancers. Although the diagnostic accuracy of this panel test was 
lower than that of other existing commercial tests with a larger 
number of genetic mutations, it still yielded reasonably good re-
sults.

Our findings demonstrate that the utilization of the small 
DNA panel can significantly reduce the RR of thyroid nodules. 
In particular, the RR of both all nodules and indeterminate nod-
ules was notably lower in the panel group compared to the con-
trol group (27.0% vs. 52.5% and 23.5% vs. 68.2%, respective-
ly). The RR in this study was lower than the PCR rates (41.7% 
and 40.0%, respectively). Most commercial panel tests recom-
mend surgery in cases with positive results, but they suggest 
surveillance as an alternative approach if the molecular results 
suggest a low risk of cancer progression [37]. In this study, only 
25.7% of patients with RAS mutations, 12.5% with NBNR mu-
tations, or 18.5% without mutations in 11 genes of our panel 
underwent surgery, contrasting with 68.2% of control patients 
with indeterminate nodules. After the panel test, in Bethesda III 
nodules, 47.1% of RAS tumors were resected, while only 16.7% 
of NBNR tumors, similar to the 17.7% rate in the no mutation 
group, underwent surgery. This suggests that a larger proportion 
of patients with no or low-risk mutations preferred surveillance 
or delayed surgery instead of immediate surgery in our subjects, 

leading to a 50% (from 52.5% to 27%) reduction in surgery in 
all nodules and a 65% (from 68.2% to 23.5%) reduction in inde-
terminate nodules by 11-gene DNA panel testing. A gene muta-
tion detected by our panel does not automatically categorize the 
nodule as malignant; each mutation’s significance is assessed 
individually. BRAF mutations typically indicate nearly a 100% 
ROM, and double mutations are also associated with a high 
ROM with aggressive behavior [38]. RAS mutations generally 
signify potential malignancy or premalignant lesions, with a 
ROM ranging 44% to 66% [38,39], often favoring surgical in-
tervention in consideration with other clinical factors. Other sin-
gle mutations (NBNR), such as EZH1 mutation, are generally 
considered low-risk mutations more likely associated with ade-
nomas, with a ROM ranging from 6% to 47.6% [39-41]. It is 
crucial to note that despite the improvement in molecular test-
ing, current clinical decision-making for surgical procedures in-
volves a myriad of considerations beyond cytopathological 
findings, including nodule size, growth pattern, ultrasound fea-
tures, patient history, and patient preferences.

There are risks associated with the reduced surgical RR and 
increased reliance on active surveillance, particularly in the con-
text of cancer patients. These risks include the potential progres-
sion of premalignant lesions into cancer, the risk of cancer ad-

Fig. 2. Percentage distribution of detected mutations of nodules by Bethesda classfication. EZH1, enhancer of zeste 1 polycomb repressive 
complex 2 subunit; DICER1, dicer 1, ribonuclease III; EIF1AX, eukaryotic translation initiation factor 1A X-linked; PTEN, phosphatase 
and tensin homolog.
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vancement and metastasis, as well as the potentially increased 
surgical complexity and associated complications. These are 
crucial aspects that deserve careful consideration. However, it is 
noteworthy that the risks associated with active surveillance of 
thyroid nodules or even thyroid cancer without mutations or 
with single mutations, particularly RAS-like or NBNR muta-
tions, may not be extensively significant, as highlighted in pre-
vious studies [42,43]. Nevertheless, our small 11-gene panel 
does not detect copy number alterations common in OAs or 
low-risk fusions found in FAs or FTCs, which are detectable by 
larger commercial panels. Thus, while our panel includes ag-
gressive mutations prevalent in thyroid carcinomas, a broader 
genetic assessment is necessary to fully evaluate the potential 
risks associated with active surveillance of thyroid nodules or 
cancers. Furthermore, gene panel testing results can offer pre-
dictions regarding the ROM, potentially making it easier to ac-
cept the decision to pursue active surveillance for lower-risk pa-
tients. On the other hand, for patients inclined towards surgical 
resection, the typical recommendation is diagnostic lobectomy. 
However, the use of the panel introduces the option of consider-
ing an initial total thyroidectomy instead of lobectomy, depen-
dent on the number and type of mutations identified. Addition-
ally, the genetic information provided by the gene panel can 
guide long-term patient management, allowing for more active 
and careful follow-up for those at higher risk and less intensive 
follow-up for those at lower risk. As a result, the panel emerges 
as a vital clinical tool that may assist in determining the optimal 
surgical extent and guide personalized patient care, and thus, in-
tegrating the panel into routine clinical practice may be benefi-
cial.

Although the ROM was significantly higher in the panel 
group than in the control group for all nodules (81.5% vs. 
63.9%), suggesting that the panel’s molecular information could 
potentially contribute to sparing patients from unnecessary sur-
gery, the difference was not very large, and there were no sig-
nificant differences in the ROM among specific BC cytologies. 
This lack of significance may be attributed to the relatively 
small sample size, but it is also important to consider that RAS 
mutations and some other single gene mutations are not exclu-
sive to carcinomas and can also occur in adenomas [44]. For 
certain genes, such as EZH1, the likelihood of a nodule being an 
adenoma with these mutations is relatively higher [45,46]. Thus, 
if the surgical resection of all nodules with a positive mutation 
of any gene is considered for malignant or premalignant lesions, 
it can heighten the sensitivity in cancer diagnosis. However, this 
lowers the specificity, impacting the ROM associated with nod-

ules containing such mutations. Moreover, in cases where a 
gene mutation is present and the nodule is actually malignant, 
the decision to opt for active surveillance due to it being catego-
rized as low-risk cancer can also impact ROM. Given that the 
ROM is influenced by these paradoxical decisions stemming 
from mutation results, it is imperative to interpret the outcomes 
of molecular tests with caution.

Unlike some other commercial panels, our multi-gene panel 
exhibited lower diagnostic performance, especially in terms of 
sensitivity or NPV, compared with Afirma GSC and ThyroSeq 
v3, which was anticipated due to the smaller number of genes 
covered in our panel. In theory, an increase in the number of 
genes associated with thyroid cancers covered in the panel 
would lead to higher NPV. However, it is important to note that 
this would also result in a greater inclusion of mutations associ-
ated with adenomas, making it challenging for PPV to improve. 
Consequently, even established commercial panels have faced 
difficulties in achieving optimal diagnostic accuracy [13]. Given 
these inherent challenges, our panel was not expected to attain 
perfect accuracy. While our panel exhibited a lower NPV than 
other commercial gene panels, the PPV was similar.

Hence, if we solely evaluate the NPV of our small DNA pan-
el, it may be challenging to regard it as a viable alternative to 
larger commercial panels. Nevertheless, it is crucial to empha-
size that guidelines for thyroid nodule management recommend 
active surveillance, as an alternative to surgery, for low-risk 
PTCs and indeterminate nodules, including follicular neo-
plasms. This consideration depends on various factors such as 
nodular size, growth rate, imaging characteristics, and patient 
preference, in addition to molecular findings. Even when deal-
ing with nodules that could potentially be FTC or follicular 
variant PTC, active surveillance becomes a viable option if they 
are relatively small, exhibit a low TIRADS score, show no sig-
nificant changes on ultrasonography, and notably lack high-risk 
mutations. Although the small multi-gene panel may not cover 
all known mutations associated with thyroid cancers, as demon-
strated by the reduction in RR in this study, it can effectively re-
duce diagnostic surgery and increase active surveillance of thy-
roid cancer with low risk at an economical price, provided that 
it covers prevalent mutations associated with the risk of cancer 
development or progression.

The cost-effectiveness of multi-gene panels remains a subject 
of debate. It has been postulated that molecular testing can help 
avoid unnecessary surgery and reduce costs [47], partially based 
on the fact that, despite the high costs of large-scale molecular 
tests themselves (estimated costs for tests like ThyroSeq v3, 
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Afirma GEC, Afirma GSC, and ThyGeNext/ThyraMIR ranging 
from US$3,000 to over US$6,000) [14], these molecular tests 
are cheaper than cost estimate for a diagnostic lobectomy [48]. 
However, this assertion holds particularly true in countries or re-
gions where surgical expenses are notably high, such as in the 
United States. In contrast, in locations like Korea, an open thy-
roid lobectomy, inclusive of preoperative assessments and im-
mediate postoperative visits, costs approximately US$712 [49], 
and this cost is even lower when a substantial part is covered by 
National Health Insurance in patients diagnosed with cancer. 
Therefore, it is crucial to consider the application of appropriate 
molecular tests, taking into account varying cost-effectiveness 
across different countries. To assess the cost-effectiveness, we 
indirectly compared our 11-gene panel to the established Thyro-
Seq3 commercial panel for thyroid nodules. ThyroSeq3, priced 
at $3,200 [6], demonstrated a reduction in RRs from 54% to 
24% [50]. Given the United States diagnostic lobectomy cost of 
approximately $9,602 [48], the cost per avoided lobectomy was 
approximately –$21,340. In contrast, our 11-gene panel, priced 
at $550, showcased a decline in RRs from 53% to 25%. Consid-
ering the Korean diagnostic lobectomy cost of $712 [49], the 
cost per avoided lobectomy was approximately –$580. A nega-
tive cost per avoided lobectomy suggests cost savings, indicat-
ing our smaller panel may offer a more cost-effective option for 
thyroid nodule evaluation. However, further comprehensive 
studies with larger samples are needed to validate these findings.

Clinicians should carefully evaluate clinical characteristics 
during follow-up, even in mutation-negative nodules, which 
may turn out to be a cancer showing progression [51]. Addition-
ally, proper education on molecular testing is crucial for clini-
cians, considering the lack of specificity in existing guidelines 
regarding the appropriate usage and interpretation of these tests. 
Given the significant added costs and potential challenges in in-
terpretation, clinicians must exercise caution when ordering and 
interpreting molecular tests [12]. Recognizing the inherent limi-
tations of molecular testing and staying updated with evolving 
research are essential for optimizing the application of molecu-
lar markers in clinical settings [52].

Although probing only the surface of underlying tumor biolo-
gy, molecular testing offers accessible prognostic information. 
Multi-gene panels can identify mutations highly specific for 
malignancy, such as BRAFV600E or double mutations with TERT 
or TP53 [53]. Preoperatively identifying these higher-risk muta-
tions empowers clinicians to identify potentially high-risk thy-
roid nodules and tailor management accordingly, including the 
appropriate surgical extent for those undergoing surgery [54]. 

Our study detected four nodules with double mutations, indicat-
ing that the discovery of high-risk mutations is possible even 
with a panel focused on a limited number of essential genes.

This study has some limitations. First, in cases where surgery 
was not performed, we could not definitively determine whether 
the nodules were truly malignant or benign, leading to uncer-
tainty regarding the actual ROM. Second, being conducted by a 
single clinician at a single center increases the risk of bias and 
limits the depth of research compared to multicenter studies. 
However, for our investigation using a small 11-gene panel, we 
deliberately chose a single-center approach to minimize result 
interpretation variations among clinicians, given the panel’s 
novelty and specific focus. Although we acknowledge the 
evolving utility of this 11-gene panel, future research is encour-
aged to leverage more extensive multicenter studies with larger 
sample sizes and a broader spectrum of clinicians for compre-
hensive insights. Third, our findings may not be generalizable 
to other populations or settings. While expensive commercial 
panels may be suitable in countries like the USA, where the 
higher cost is justified by slightly higher diagnostic rates, they 
are not as suitable for Korea. Thus, we developed this 11-gene 
panel originally for the Korean setting, considering the local 
need for a cost-effective and genetically appropriate panel. 
However, with satisfactory results, the 11-gene panel might also 
prove useful in other populations, although further research is 
needed to confirm its effectiveness and cost-efficiency in differ-
ent contexts. Fourth, the decision to conduct molecular testing 
was not performed in all consecutive nodules because of patient 
preferences, introducing a potential selection bias. We anticipat-
ed that some patients might opt out of the study if they were re-
quired to undergo an additional FNA for gene testing after re-
ceiving cytology results. To mitigate this risk, we streamlined 
the process by performing both the cytological analysis and 
multi-gene panel testing during the same FNA procedure, al-
though this approach deviates from the standard clinical prac-
tice. Furthermore, the study periods differed between the pro-
spective panel and retrospective control groups, potentially in-
troducing bias. Given the non-randomized nature, we saw that 
identical time frames would likely introduce more patient selec-
tion bias. To address this, we intentionally set distinct study pe-
riods to minimize unwarranted influence on patient selection 
and outcomes. Specifically, the control group had a minimal 
1-year difference from the prospective panel, chosen strategi-
cally to reduce variations in practices impacting outcomes. Im-
portantly, no significant changes in guidelines, diagnostic pro-
cedures, or surgical practices occurred within the 1 to 2 years of 
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the study period. Lastly, the inherent limitations of the panel it-
self have implications for its diagnostic performance. The panel 
exclusively tests for point mutations in 11 genes from DNA 
samples, lacking the capacity to detect other types of genetic al-
terations such as fusions and copy number variations. Therefore, 
further research is required to develop a multi-gene panel that 
encompasses the most essential mutations for the molecular di-
agnosis of thyroid cancer while remaining cost-effective.

In conclusion, our small 11-gene DNA panel is not only an 
economical test, but it also is capable of aiding in the clinical 
management of thyroid nodules by providing information on 
the ROM or aggressiveness of thyroid cancer based on accom-
panying mutations, complementing standard clinical, radiologi-
cal, and cytological evaluations. This approach holds the poten-
tial to reduce unnecessary surgery, particularly for patients seek-
ing active surveillance for non-aggressive malignant nodules. 
By integrating molecular information into risk assessment and 
management strategies, multi-gene panels contribute to refining 
thyroid nodule management practices and advancing patient 
care. Further research is necessary to identify the optimal diag-
nostic molecular tool for managing indeterminate thyroid nod-
ules, focusing on cost-effective gene panels with an appropriate 
number and combination of genes.
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Supplemental Table S1. Specific Types of Detected Mutations

Group Gene Specific gene mutation

NBNR EZH1 EZH1:p.Q571R

EZH1:p.Y642F

DICER1 DICER1:p.D1709G

DICER1:p.D1810V

DICER1:p.E1705K

DICER1:p.E1813Q

DICER1:p.E1813K/DICER1:p. 
   D1810V

EIF1AX EIF1AX:p.G8E

EIF1AX:p.G9R

EIF1AX:p.G9V

EIF1AX:p.P2R

PTEN PTEN:p.C136R

PTEN:p.R233Ter

RAS NRAS NRAS:p.G13R

NRAS:p.Q61K

NRAS:p.Q61R

NRAS:p.Q61R/NRAS:p.Q61K

KRAS KRAS:p.G12D

KRAS:p.G12V

KRAS:p.Q61R

KRAS:p.G12V/KRAS:p.G12F/ 
   KRAS:p.G12C

HRAS HRAS:p.Q61K

HRAS:p.Q61R

BRAFV600E BRAFV600E BRAF:p.V600E

BRAF:p.V600E/BRAF:p.G469A  
   (BRAF:p.G509A)

Double BRAFV600E/PIK3CA BRAF:p.V600E/PIK3CA:p.E542K

   mutation BRAFV600E/TP53 BRAF:p.V600E/TP53:p.R110P

PIK3CA/TERT PIK3CA:p.K111E/TERT C228T

EZH1/TP53 EZH1:p.Y642F/TP53:p.R248Q

NBNR, non-BRAF-non-RAS; EZH1, enhancer of zeste 1 polycomb re-
pressive complex 2 subunit; DICER1, dicer 1, ribonuclease III; EIF1AX, 
eukaryotic translation initiation factor 1A X-linked; PTEN, phosphatase 
and tensin homolog; PIK3CA, phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit alpha; TP53, tumor protein p53; TERT, telom-
erase reverse transcriptase. 
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Supplemental Table S2. Molecular Profile according to Bethesda Classification

Group Mutated gene All (n=278) II (n=87) III (n=102) IV (n=13) V (n=9) VI (n=48)

None Nonea 162 (58.3) 64 (7.4) 62 (60.8) 7 (53.8) 3 (33.3) 12 (25.0)

NBNR Total 32 (11.5) 10 (11.5) 18 (17.6) 0 0 0 

EZH1 12 (4.3) 4 (4.6) 7 (6.9) - - -

DICER1 11 (4.0) 3 (3.4) 7 (6.9) - - -

EIF1AX 7 (2.5) 3 (3.4) 3 (2.9) - - -

PTEN 2 (0.7) - 1 (1.0) - - -

RAS Total 35 (12.6) 12 (13.8) 17 (16.7) 5 (38.5) 0 0 

NRAS 24 (8.6) 10 (11.5) 10 (9.8) 3 (2.3) - -

KRAS 7 (2.5) 1 (1.1) 5 (4.9) 1 (7.7) - -

HRAS 4 (1.4) 1 (1.1) 2 (2.0) 1 (7.7) - -

BRAFV600E BRAFV600E 45 (16.2) 1 (1.1) 4 (3.9) 1 (7.7) 6 (66.7) 33 (68.8)

Double mutation Total 4 (1.4) 0 1 (1.0) 0 0 3 (6.3)

BRAFV600E/PIK3CA 1 (0.4) - - - - 1 (2.1)

BRAFV600E/TP53 1 (0.4) - - - - 1 (2.1)

PIK3CA/TERT 1 (0.4) - - - - 1 (2.1)

EZH1/TP53 1 (0.4) - 1 (1.0) - - -

Values are expressed as number (%).
NBNR, non-BRAF-non-RAS; EZH1, enhancer of zeste 1 polycomb repressive complex 2 subunit; DICER1, dicer 1, ribonuclease III; EIF1AX, eukaryot-
ic translation initiation factor 1A X-linked; PTEN, phosphatase and tensin homolog; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 
subunit alpha; TP53, tumor protein p53; TERT, telomerase reverse transcriptase.
aCurrently negative by the 11-gene DNA panel test.
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Supplemental Fig. S1. Rate of malignancy of Bethesda classification II nodules by Korean Thyroid Imaging Reporting and Data System 
(K-TIRADS) category and mutation characteristics. ROM, risk of malignancy.
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Supplemental Fig. S2. Rate of malignancy of Bethesda classification V–VI nodules by Korean Thyroid Imaging Reporting and Data Sys-
tem (K-TIRADS) category and mutation characteristics. ROM, risk of malignancy.
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Supplemental Fig. S3. Percentage distribution of detected mutations of nodules by Bethesda classification groups. NBNR, non-BRAF-non-
RAS; EZH1, enhancer of zeste 1 polycomb repressive complex 2 subunit; DICER1, dicer 1, ribonuclease III; EIF1AX, eukaryotic transla-
tion initiation factor 1A X-linked; PTEN, phosphatase and tensin homolog.
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