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Abstract

Objectives: Droplet digital PCR (ddPCR) has been reported to have a superior validity
over PCR with amplification-refractory mutation system (ARMS-PCR) for detecting
the BRAF V600E mutation in thyroid nodule fine-needle aspiration (FNA) samples
using cytological diagnosis as the reference. However, the added value of ddPCR on
surgical decision-making remains to be illustrated when the technique is combined
with FNA cytology.

Methods: A total of 277 consecutive patients with thyroid nodules were subjected to
FNA cytology and BRAF V600E testing with ARMS-PCR. Within this patient cohort,
90 patients underwent surgical intervention with pathological diagnosis available.
BRAF V600E testing with ddPCR was performed retrospectively using FNA frozen
DNA specimens. The clinical validity and utility of ddPCR in comparison with ARMS-
PCR were compared using surgical pathology as the reference.

Results: Overall, 101 BRAF V600E mutations were detected by ddPCR, including
five ARMS negative patients, four of whom were confirmed to have papillary thyroid
cancer (PTC) by surgical pathology. Of the 90 patients with surgical pathology, which
is considered the gold standard, ddPCR BRAF V600E testing yielded a sensitivity of
91.3% and specificity of 100% for PTC diagnosis, higher than that of ARMS (sensitiv-
ity 83.1%, specificity 100%). However, ddPCR only identified one more candidate
patient for surgical intervention than ARMS when the techniques were combined
with cytology.

Conclusions: This study highlighted the superior performance of ddPCR over ARMS
in BRAF V600E detection from thyroid nodule FNA samples. Further studies are
needed to evaluate the cost-effectiveness of replacing ARMS-PCR with ddPCR for

surgical decision-making.
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1 | INTRODUCTION

Thyroid nodules are common, with an incident rate as high as
50%-70% in the adult population and are especially prevalent in
women. The majority of thyroid nodules are benign, yet a small
proportion become cancerous.! Currently, ultrasound-guided
fine-needle aspirate (FNA) cytopathology is the major method
for the diagnosis of cancerous thyroid nodules.? Unfortunately,
the accuracy of FNA cytopathology remains unsatisfactory, with
one-third of cases categorized as being diagnostic challenging.®
Therefore, many patients undertook unnecessary surgery or ex-
perienced a false-negative diagnosis due to inaccurate cytological
testing.

Papillary thyroid cancer (PTC) accounts for over 80% of all thy-
roid cancers and has shown a dramatic increase in prevalence in
recent years.4'5 The BRAF V600E mutation occurs in 50%-89% of
PTC cases and serves as an important diagnostic and prognostic
biomarker.®*® The incorporation of BRAF V60OE testing has been
shown to substantially improve the diagnostic accuracy of FNA. %12
One of the most widely used methods for BRAF V600E detection
in thyroid nodules is PCR with amplification-refractory mutation
system (ARMS); this is a well-established technique that has been
widely used for rapid detection of nucleic acid mutations in a wide
variety of biological samples. However, ARMS-PCR may not be sen-
sitive enough due to the fact that FNA samples usually have few
mutant cells.®® Therefore, the development of a more sensitive and
accurate detection method is warranted.

Droplet digital PCR (ddPCR) is a novel technology character-
ized by high sensitivity and absolute quantification of nucleic acid
targets.“’14 The superior sensitivity renders ddPCR as a promising
detection technique in samples with trace amounts of nucleic acids,
such as in liquid biopsy.'® The Bio-rad QX200™ ddPCR was shown
to improve diagnostic accuracy for detecting the BRAF V600E mu-
tation by 17% compared to cytopathology alone in thyroid nodules
FNA samples.’? A previous study has also reported the superior
sensitivity of ddPCR over ARMS-PCR in PTC detection using the
FNA cytopathology as the reference.’® However, as aforemen-
tioned, FNA cytological diagnosis is not accurate as surgical pathol-
ogy, which is considered to be the gold standard; it remains unclear
whether ddPCR has a better value than ARMS-PCR on surgical deci-
sion-making when in combination with FNA cytology. Therefore, in
this study, we validated and compared the clinical utility of ddPCR to
ARMS-PCR for the detection of the BRAF V600E mutation in FNA
specimens of thyroid nodules, using pathological diagnosis following
surgery as the gold standard.

2 | MATERIALS AND METHODS
2.1 | Study subjects and FNA samples collection

This is a retrospective cohort study involved consecutive patients
who underwent FNA cytology and BRAF V60O0E testing with ARMS

for thyroid nodules in The Guangzhou First People's Hospital be-
tween October 2018 and July 2019. Based on the thyroid ultrasound
findings, high-risk individuals were referred to ultrasound-guided
FNA biopsy performed by trained physicians according to the rec-
ommended guideline.!® In addition to cytopathological examination,
FNA specimens were also collected for BRAF V600E mutation test-
ing. The pathologists who made the cytopathological diagnosis were
blind to the ARMS-PCR and ddPCR results. The study was approved
by the institutional ethical review board at The Guangzhou First

People's Hospital, and patients gave informed consent.

2.2 | Bethesda classification and surgical
intervention

The Bethesda classification system is used for reporting FNA cytol-
ogy. Based on this scheme, cases were divided into six categories: (1)
nondiagnostic or unsatisfactory; (ll) benign; (Ill) atypia of undeter-
mined significance or follicular lesion of undetermined significance;
(IV) follicular neoplasm or suspicious for a follicular neoplasm; (V)
suspicious for malignancy; and (VI) malignant.t”

ARMS-PCR detection of BRAF V600E is the routine procedure
for thyroid nodule FNA samples in the hospital. Patients with sus-
pected cancer were referred to surgical intervention based on posi-
tive findings on ARMS BRAF V60O0E testing, FNA Bethesda category
V/VI, and clinical consideration by the physicians. In total, surgery
was performed in 90 cases and pathological diagnosis was used as
the gold standard. The ddPCR test was performed retrospectively in
September 2019 using the frozen FNA DNA specimens; therefore,
the ddPCR findings were not used for making treatment decisions
in this study.

2.3 | Nucleic acid extraction from FNA samples

The Tissue DNA Extration Kit (AmoyDx, China) was used for DNA
extraction from thyroid nodule FNA samples. After collection, FNA
specimens were immediately transferred to a 1.5 mL microcentri-
fuge tube with 180 pL lysis buffer and DNA was extracted according
to the manufacture's protocol. OD 260/280 was used to measure

the DNA concentration.

2.4 | Plasmid preparation

The wild-type BRAF plasmid and the V600E mutant plasmid were
first synthesized and then had their sequences confirmed by
Generay Biotech Co., Ltd (Shanghai). Mutant and wild-type plasmids
were prepared as the positive and negative controls. The QlAamp
DNA mini kit (QIAGEN) was used for DNA extraction from plasmids.
Qubit 4.0 (Thermo Fisher) was used to determine the concentration
of plasmid DNA. Mutant plasmid DNA was diluted with wild-type
plasmid DNA in a series of concentrations (0.05%, 0.1%, 0.5%, 1%,
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5%, 10%, and 50%) to determine the sensitivity of ddPCR for BRAF
V600E detection.

2.5 | BRAF V600E mutation detection with ARMS-
PCR and ddPCR

The ARMS-PCR assay was performed on an ABI 7500 Real-time
PCR system (Life Technologist) with a BRAF V600E Diagnostic Kit
(AmoyDx) according to the manufacturer's protocol. The details of
this testing system have been published elsewhere.*®

The MicroDrop-lOOTM ddPCR system (Forevergen), which is
based on water-emulsion droplet technology, was used for the
ddPCR assay. The primers and probes used for BRAF V600E detec-
tion with ddPCR are as follows:

5'-TGTTTTCCTTTACTTACTACACCTCAGA-3' (forward);

5'-TGACAACTGTTCAAACTGATGGGAC-3' (reverse);

FAM-CTAGCTACAGAGAAATC-MGB (mutant probe);

VIC-CTAGCTACAGTGAAATC-MGB (wild-type probe).

The ddPCR assays were carried out in 20 uL reaction mixtures
containing 10 pL ddPCR Supermix for Probes (Forvergen), 2 uL
10 x BRAF V600E Mutant Assay (Forvergen), DNA templates, and
deionized water. Droplets were generated using the MicroDrop-
100A™ Droplet Generator (Forvergen) and then were moved
into 96-well cartridges according to manufacturer's instructions.
Amplifications were performed using the following conditions: 1
cycle of 95°C for 10 minutes, 45 cycles alternating between 95°C for
30 s and 60°C for 1 min, and 1 cycle of 98°C for 10 min before hold-
ing at 16°C. After amplification, the 96-well cartridges were placed
into a MicroDrop-lOOBTM detector (Forevergen) to measure the
fluorescence signals. The mutation abundance for each sample was
calculated with QuantDrop analysis software (Forevergen) following
the principle of the Poisson distribution. The sample was regarded as
a positive BRAF V600OE mutation if there were three or more positive
droplets.

The ARMS-PCR assay and the ddPCR assay were performed sep-
arately by two researchers to avoid mutual influences.

2.6 | Statistical analysis
Analysis was performed using the SPSS 20.0 software (IBM, USA).
We used chi-square tests for comparisons between groups for cat-

egorical variables and two-tailed t tests for continuous variables. A P

value < 0.05 was considered statistically significant.

3 | RESULTS
3.1 | Cytological findings of FNA specimens

A total of 277 patients with both FNA cytology and ARMS-PCR
BRAF V60OE testing available were enrolled in this study. The mean

age (+standard deviation) was 44.9 + 13.2 years (range: 13-80), and
79.1% of the cohort (n = 219) was female. The cytopathology of FNA
indicated that 86 cases (31.0%) were classified as malignant tumor
(category VI) and 18 (6.5%) cases were suspicious for malignancy
(category V), while 18 (6.5%) cases were classified as category IlI/1V
with diagnostic challenge, and 43 (15.5%) cases were nondiagnostic
(category I). The detailed description of the Bethesda classification
is shown in Table 1.

3.2 | The sensitivity of BRAF V600E mutation
testing with ddPCR

To evaluate the sensitivity of ddPCR, the BRAF V600E mutant plas-
mid was diluted with wild-type plasmids to V600E concentrations
of 0.05%, 0.1%, 0.5%, 1%, 5%, 10%, and 50%. As shown in Figure 1,
ddPCR was able to detect the BRAF V600OE mutation at all dilutions
and the calculated lowest copy number of the sample was approxi-
mately 1-2 copies/20 pl (0.05%). Additionally, the ddPCR results
were highly reproducible in various BRAF V600E mutation dilutions:
CVy 1= 9.38%, CV,o, = 5.81%, and CV, ., = 0.99%.

3.3 | ddPCR vs. ARMS-PCR for BRAF V600E
mutation detection

Using ARMS, we detected 96 (34.7%) cases with the BRAF V600E
mutation, including 14 cases classified as Bethesda I-1ll, and 82
cases classified as Bethesda V-VI. Compared to ARMS, ddPCR
detected five more mutant cases, of whom four cases were
subjected to surgical intervention and PTC was confirmed by
surgical pathological diagnosis, suggesting ddPCR has a higher
sensitivity than ARMS on FNA BRAF V600E detection (Tables 2-
3). Additionally, ddPCR detected the absolute quantity of BRAF
V600E copies, which ranged from 6 to 5720 (0.05% to 43.4%) in
the 20ul reaction system.

3.4 | FNA cytopathology, ARMS, and ddPCR vs.
surgical pathology in a subgroup of patients

Of the 277 participants, 90 high-risk cases who had a positive find-
ing on ARMS-PCR BRAF V600E and/or were classified as Bethesda
category V/VI undertook surgical intervention. However, 35 high-
risk cases with positive ARMS findings and/or Bethesda categories
V/VI were lost to follow-up for surgical intervention. Nonetheless,
the demographic and clinical characteristics were similar in the high-
risk patients with or without surgical intervention (Table 1).

We compared the clinical validity of ARMS, ddPCR, and FNA cy-
tology in this subgroup of patients using surgical pathology as the gold
standard. As shown in Table 4, 83 out of 90 patients were diagnosed
with PTC by pathological examination, including four cases diagnosed

as benign (Bethesda Il) by FNA cytopathology. In the subgroup of
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TABLE 1 Clinical and molecular

e ag_
IR RS (= characteristics of participants

with surgery Loss to surgical P
Total (n = 277) (n=90) follow-up (n = 35) value
Age, years 449 +13.2 43.1+12.5 41.8+13.1 597
Sex .688
Male 58(20.9) 21(23.3) 7 (20.0)
Female 219 (79.1) 69 (76.7) 28(80.0)
TI-RADS grading .648
NA 9(3.2) - -
1~2 4(1.4) 1(1.1) 0
3 48 (17.3) 5(5.6) 2(5.9)
4 199 (71.8) 70(77.8) 29 (85.3)
5 12 (4.3) 9(10.0) 3(8.8)
6 5(1.8) 5(5.6) 0
Nodules number
NA 4(1.4) .27
1 6(31.0) 37 (41.1) 9 (26.5)
2 6(13.0) 16 (17.8) 6(17.6)
23 151 (54.5) 37 (41.1) 19 (55.9)
Bethesda classification for FNA cytology 974
I: ND/UNS 3(15.5) 6(6.7) 2(5.7)
II: benign 112 (40.4) 5(5.6) 2(5.7)
I1l: AUS/FLUS 6(5.8) 4(4.4) 1(2.9)
IV: FN/SFN 2(0.7) 1(1.1) 0
V: SM 8(6.5) 12(13.3) 6(17.1)
VI: malignancy 6(31.0) 62 (68.9) 24 (68.6)
BRAF V600E mutation
ARMS-PCR 96 (34.7) 69 (76.7) 27(77.1) 1.00
positive
ddPCR positive 101 (36.5) 73(81.1) 28(80.0) .887

Note: TI-RADS: Thyroid Imaging Reporting and Data System (TI-RADS), 1: normal thyroid gland;
2: benign conditions (0% risk of malignancy); 3: probably benign nodules (<5% malignancy); 4:
suspicious nodules (5%-80% malignancy); 5: probably malignant nodules (>80% malignancy); 6:
biopsy-proven malignancy.

Bethesda classification: I, specimens nondiagnostic/unsatisfactory (ND/UNS); Il, benign; I,
atypia of undetermined significance/follicular lesion of undetermined significance (AUS/FLUS);
IV, follicular neoplasm/suspicious for a follicular neoplasia (FN/SFN); V, suspicious for malignancy
(SM); VI, malignancy.

Abbreviations: FNA, fine-needle aspirate; NA, not available.

@High-risk cases were defined as a patient with Bethesda category V/VI on cytopathology, or
positive BRAF V600E mutation detected by ARMS, or those referred to surgery by the clinical
judgment of physicians.

patients categorized as Bethesda V/VI, FNA cytology showed 86.7% three cases were incorrectly diagnosed, confirming the superior clini-
sensitivity and 71.4% specificity, with positive predictive value (PPV) cal validity of ddPCR in BRAF V600E testing over ARMS.

of 97.3% and negative predictive value (NPV) of 25%. In contrast,

all cases with the BRAF V60OE mutation detected by ARMS and/or

ddPCR were confirmed to have PTCs by pathological diagnosis, yield- 3.5 | The ddPCR BRAF V600E mutation rate by age,
ing a 100% specificity and 100% PPV for PTC diagnosis. Compared sonographic grade, and FNA cytology

to ARMS, ddPCR alone had higher sensitivity and NPV. Additionally,

when ddPCR was used to test patients categorized as Bethesda V/ VI, To evaluate the association of the BRAF V600OE mutation with age,
the sensitivity reached up to 98.8% with 71.4% specificity, and only we determined the V600E mutation rate by age group. Although
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older PTC patients were more likely to have the BRAF V600E muta-
tion, BRAF V600E was more prevalent in younger individuals with
thyroid nodules detected with ddPCR; both correlate significantly
with aging (both P for trend < 0.05) (Figure 2A).

Unsurprisingly, BRAF V600E mutations were more prevalent
in individuals with higher TI-RADS and FNA Bethesda grades.
Nevertheless, even in those with TI-RADS grade 3 or lower in the
ultrasonic examination, there were still five (11%) patients with
the BRAF V600E mutation. Moreover, in patients categorized as
Bethesdall, Il, and Ill, the BRAF V600OE mutation rates were 12%, 4%,
and 31%, respectively. These patients were most likely to experience
false-negative diagnosis if only cytology was used, as was illustrated

in the Venn diagram (Figure 2B-D).

4 | DISCUSSION

The BRAF V600E mutation testing on FNA specimens from thyroid
nodules greatly improves diagnostic accuracy.“‘12 However, detect-
ing trace amounts of DNA molecules in FNA specimens remains
challenging. DdPCR is a cutting-edge technique that enables the
sensitive and accurate detection of molecular markers from sam-
ples with a limited amount of target DNA.*® In this study, we con-
firmed the clinical validity of the MicroDrop-100™ ddPCR system.

It showed a better performance than ARMS-PCR in BRAF V600E
mutation detection on thyroid nodule FNA specimens, which is in
line with a previous study.’®> The combination of ddPCR and FNA
cytology may serve as a better option for the diagnosis of thyroid
nodules.

In this study, ddPCR detected five more mutant specimens than
ARMS-PCR, three of which displayed mutation rates of less than
0.1%, illustrating the ultra-sensitivity of ddPCR. In support of this
finding, four of these patients were confirmed to have PTC by patho-
logical diagnosis following thyroidectomy. It is worth noting that one
of these patients was classified as Bethesda category lll; therefore,
he or she might have been misdiagnosed if the decision was sim-
ply made according to FNA cytopathology and ARMS. Overall, our
findings highlight the superior sensitivity of ddPCR over ARMS in
BRAF V600E detection in thyroid FNA specimens, especially when

TABLE 2 Comparison of ARMS-PCR and ddPCR in BRAF V600OE
detection in thyroid nodule fine-needle aspirate (n = 277)

ddPCR
ARMS-PCR Negative Positive Total P value
Negative 176 5 181 <.0001
Positive 0 96 96
Total 176 101 277
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TABLE 3 The clinical validity of five patients with inconsistent ARMS-PCR and ddPCR findings

Mutation rate (positive ARMS-
Patient ID copies/20pl) ddPCR PCR
23 0.05% (6) + -
48 0.18% (6) I =
104 0.02% (12.6) + -
112 0.06% (10.2) I+ =
117 24.79% (134) + -

Ultrasonic Cytology Bethesda Surgical
TI-RADS grading pathology

4c 11 Papillocarcinoma
4b \% NA

5 VI Papillocarcinoma
4b Vi Papillocarcinoma
4b VI Papillocarcinoma

Abbreviations: NA, not available; TI-RADS, Thyroid imaging reporting and data system.

only trace amounts of DNA molecules are in the sample, which is
consistent with a previous report.13 However, it is also worth noting
that ddPCR only identified one more candidate patient than ARMS
when the technique was used in combination with Bethesda V/VI as
the screening scheme for further surgical intervention. Thus, further
studies with a larger sample size are still warranted to illustrate the
cost-effectiveness of replacing ARMS with ddPCR as a companion
test for FNA cytopathology.

The Bethesda classification system is the most widely used
scheme for reporting FNA cytopathology. According to this
scheme, surgical interventions are usually needed for patients with
category V (suspicious for malignancy) and VI (malignant), due to
the high probability for malignancy in these cases.” Although only
6.5% of the cases in our study were classified as category IlI/1V,
such cases are diagnostically challenging and diagnostic surgery
may be required according the 2017 Bethesda guideline */; how-
ever, less than one-third of these cases were tested BRAF V600E
positive in our study. Since BRAF V600E had 100% specificity for

(A) (B)
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PTC according to the subgroup analysis using surgical pathology
as the gold standard, two-thirds of these patients with category
111/1V might have benign lesions and hence surgeries might not be
necessary. Our findings are consistent with previous studies which
also reported that less than one-third of patients with category I11/
IV were harboring cancer.??* Additionally, in this study, over half
of thyroid nodules were classified in category | (undiagnosed) and
Il (benign) and the BRAF V600OE mutation rates were 12% and 4%,
respectively, with similar malignancy rates reported in previous
studies.?! These malignant cases with category I/1l would probably
be missed if diagnosis was simply based on FNA cytology. Given
the huge number of patients with thyroid nodules, even a small dif-
ference in the misdiagnosis rate might translate into a tremendous
burden on the healthcare system. Therefore, our data warrant the
combination of BRAF V600E mutation testing to improve the diag-
nostic accuracy for the early detection of thyroid cancer.

The current study found a higher BRAF V600OE mutation rate

in younger people, with a significant decreasing trend over aging,

70.6%

FIGURE 2 BRAF V600E mutation

rate measured by ddPCR. A, The ddPCR-
measured BRAF V600OE mutation rate

by different age groups. The blue line
indicates the BRAF V60OE mutation

rate in thyroid nodules, while the red

line indicates the BRAF V60OE mutation
rate in those with surgical pathology-
confirmed thyroid cancer (both P for
trend < 0.05). B &C, The ddPCR-measured
BRAF V600E mutation rate by ultrasonic
TI-RADS grades and Bethesda categories
R + of cytopathology. D,. The Venn diagram
showing the relationship of the BRAF
V600E mutation rate screened by thyroid
ultrasound image TI-RADS grade 3 or
above, Bethesda (V/VI) and ddPCR

da V/VI
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TABLE 4 Diagnostic performance of cytology, ARMS-PCR and ddPCR in patients with pathological diagnosis following surgery (n = 90)

Surgical pathology

Positive
Negative(n=7) (n=83)
Bethesda classification
| 3 3
I 1 4
-1v 1
V-VI 2 72
ARMS-PCR
Negative 7 14
Positive 0 69
ddPCR
Negative 7 10
Positive 0 73
Bethesda V/VI + ARMS-PCR
Negative 5 2
Positive 2 81
Bethesda V/VI + ddPCR
Negative 5 1
Positive 2 82

Sensitivity Specificity PPV NPV

86.7% 71.4% 97.3% 25.0%
83.1% 100% 100% 33.3%
91.3% 100% 100% 41.2%
97.6% 71.4% 97.6% 71.4%
98.8% 71.4% 97.6% 83.3%

Note: Bethesda classification: I, specimens nondiagnostic/unsatisfactory (ND/UNS); Il, benign; lll, atypia of undetermined significance/follicular
lesion of undetermined significance (AUS/FLUS); IV, follicular neoplasm/suspicious for a follicular neoplasia (FN/SFN); V, suspicious for malignancy

(SM); VI, malignancy.

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

in line with the fact that PTCs are most likely to occur in young
women.” In the UK, it has been reported that the incidence rates
of thyroid cancer in women reach a peak at ages 35-39 years and
then decline steadily.® In the United States, the analysis of the
Surveillance, Epidemiology, and End Results-9 (SEER-9) cancer
registry program revealed the highest thyroid cancer incidence
rate at ages 40-59 years.* Nevertheless, the current study iden-
tified the highest BRAF V600E mutation rate in ages around
30 years, suggesting an earlier onset age of thyroid cancer in
Chinese women. Considering that young people constitute the
majority of the workforce, the higher BRAF V600E mutation rate
calls for an immediate initiative to develop more sensitive testing
to improve early diagnosis. Additionally, over 80% of patients with
PTCs were harboring the BRAF V600E mutation in this study, with
a higher mutation rate in older patients, consistent with previous
investigations y.”%2 It remains unclear why older PTC patients
tend to have a higher BRAF V600E mutation rate, although old
people have a significantly lower risk for PTC than young people.
We speculate that PTCs in young people might be more genet-
ically heterogeneous and genetic risk predisposition other than
the BRAF V600OE mutation contributes to the earlier onset of thy-
roid carcinoma in these patients.

There are several major limitations in this study. Firstly, in our

study, only high-risk individuals were referred to FNA biopsy and

surgery; therefore, the diagnostic validity parameters, including
sensitivity and specificity, were probably biased to a better level.
Secondly, we did not perform post-operative testing to confirm
the pre-operative BRAF V600E testing. Thirdly, it is worth not-
ing that samples with low amounts of mutant copies still have a
chance of a false-negative error. Lastly, this is a single center study
with a limited sample size; therefore, the clinical utility of ddPCR

in BRAF V60OE testing should be confirmed in a larger population.

5 | CONCLUSION

In spite of the limitations, this is the first study that compared the
clinical validity of ddPCR to ARMS-PCR in BRAF V600E detection on
FNA specimens from thyroid nodules using the pathological diagnosis
following surgery as the gold standard. The ddPCR technique dem-
onstrated superior performance over ARMS-PCR, particularly in trace
amounts of target DNA specimens. However, it is also worth noting
that compared to ARMS plus cytology, ddPCR plus cytology only iden-
tified one more candidate patient for surgical intervention. Therefore,
further investigations with larger sample sizes and cost-effectiveness
evaluation are needed to find out whether such slight superiority can
be translated into substantial benefit to the healthcare system due to

the extremely high prevalence of thyroid nodules.
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