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Background: The BRAFV600E mutation is highly specific to papillary thyroid carcinoma. A test for this
mutation may increase the diagnostic accuracy of fine-needle aspiration cytology (FNAC), espe-
cially in a BRAFV600E mutation-prevalent population.

Methods: This prospective study enrolled 1074 patients with thyroid nodules who underwent both
FNAC and BRAFV600E mutation analysis by dual-priming oligonucleotide (DPO)-based multiplex
PCR in FNA specimens.

Results: The ancillary test for BRAFV600E significantly improved the sensitivity of FNA procedure, from
67.5% with FNAC alone to 89.6% with FNAC and the DPO-based multiplex PCR analysis combined.
Diagnostic accuracy increased from 90.9 to 96.6%. Nine cases of papillary thyroid carcinoma were
detected only by BRAFV600E mutation analysis. Unexpectedly, the preoperative DPO-based multiplex
PCR produced five false-positive results, which surgery showed to represent benign nodules.

Conclusions: Molecular testing for the BRAFV600E mutation in FNA thyroid nodule specimens in-
creases diagnostic value when applied in a BRAFV600E mutation-prevalent population. However,
when using this potentially powerful technique, we must consider both its strengths and its
weaknesses. (J Clin Endocrinol Metab 95: 3693–3700, 2010)

Palpable thyroid nodules may be found in 4–7% of the
general population, and this prevalence may approach

60% when high-resolution ultrasonography (USG) is used
(1,2).Fine-needleaspirationcytology (FNAC)hasservedfor
more than 30 yr as the initial diagnostic test in the evaluation
of thyroid nodules (3–5). However, indeterminate results,
including suspicious for malignancy and follicular neoplasm
or lesion (6), variability in reporting systems (7), and inade-
quate specimens limit the utility of FNAC and may compli-
cate the management of the thyroid nodules (8, 9).

Molecular tests for genetic alterations and different
gene expressions in thyroid cancer may enhance the diag-
nostic value of FNAC (10). The thymine-to-adenine trans-
version at nucleotide position 1799 in exon 15 of the
BRAF gene results in a valine-to-glutamate substitution at
residue 600 (V600E), which leads to constitutive activa-
tion of MAPK signaling downstream (11, 12). The prev-
alence of BRAFV600E in papillary thyroid carcinoma
(PTC) ranges from 30% to more than 80%, depending on
the geographic area and consumption of iodine (13, 14).
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BRAFV600E is known to be highly specific to PTC and
false-positive tests have been rarely reported (15, 16). In
Korea, where more than 95% of newly diagnosed thyroid
cancer is PTC and up to 83% of PTC cases harbor
BRAFV600E, a test for this mutation in FNAC specimens is
likely to increase diagnostic accuracy (15, 17).

A mutation is best defined by direct sequencing, but as
a test for BRAFV600E, this method lacks the sensitivity to
detect small but significant subpopulations of cells (i.e. less
than 20% of the total) (18). Efforts to enhance sensitivity
have produced methods that can detect BRAFV600E in
populations as small as 1–10% of total cells. These meth-
ods include a colorimetric mutation detection assay (19,
20); allele-specific amplification LightCycler PCR (Roche
Molecular Biochemicals, Mannheim, Germany) with
SYBR green 1 (21); LightCycler PCR with florescent res-
onance energy transfer probes (22, 23); and pyrosequenc-
ing (17). Recently a dual-priming oligonucleotide (DPO)-
based multiplex PCR analysis was developed to detect the
BRAFV600E mutation and is now commercially available.
This assay may detect the mutation in as few as 2% of cells
in an FNA specimen of thyroid nodules (24).

We conducted this large prospective trial to test the
added diagnostic value of BRAFV600E detection in FNA
specimens when combined with conventional FNAC in
evaluation of thyroid nodules in a BRAFV600E-prevalent
population. We also report the cases of false-positive
results caused by too sensitive molecular diagnostic
methods.

Patients and Methods

Patients
For this study, we enrolled 1074 patients with thyroid nod-

ules showing malignant or indeterminate features on USG at the
Thyroid Nodule Clinic of Samsung Medical Center. Criteria for
malignant features on USG included at least one of the following:
1) marked hypoechogenicity (decreased echogenicity compared
with the anterior strap muscle), 2) presence of microcalcifica-
tions or macrocalcifications, 3) irregular or spiculated margins,

and 4) a taller-than-wide shape (when the anteroposterior diameter
of a nodule was longer than the transverse diameter) (25). Nodules
with simple cystic appearance and typical spongiform (or honey-
comb) appearance were classified as typical benign and excluded
from the study. The sonographically indeterminate nodules were
defined as having neither benign nor malignant features. The Insti-
tutional Review Board at Samsung Medical Center approved this
study, and all patients gave informed consent to participate.

Fine-needle aspiration (FNA) procedure
All FNA was performed under USG guidance by three radi-

ologists who specialize in thyroid USG and its interpretation.
Ultrasound scanners (HDI 5000 or IU22; Philips Medical Sys-
tems, Bothell, WA) equipped with a commercially available 7- to
12-MHz linear-array transducer were used. The FNA specimens
were obtained from the nodule in two or three passes with a 22-
or 23-gauge needle attached to a 2-ml syringe. Mild negative
pressure was applied during the procedure. The FNA aspirates
were expressed onto frosted-end glass slides and immediately
fixed in 95% alcohol for both Papanicolaou and May-Grun-
wald-Giemsa staining. The material remaining from the speci-
men after cytological preparation was collected for BRAFV600E

mutation analysis.

Criteria for reporting cytology
Two pathologists experienced in thyroid cytology reviewed

all of the questionable specimens. The criterion for an adequate
smear was the presence of six groups of cells with more than 10
cells per group. Cytological diagnoses consisted of four catego-
ries: malignant, indeterminate, benign, and inadequate. The in-
determinate cytology results were subdivided into suspicious for
malignancy and follicular neoplasm or lesion during the analysis.

DNA isolation
Gene analysis was performed with DNA extracted from FNA

tissue remaining after cytological evaluation. Genomic DNA
was extracted from the aspirated thyroid cells using the QIAamp
DNA minikit (QIAGEN, Chatsworth, CA) according to the
manufacturer’s instructions and was stored at �70 C.

In thyroid nodules with benign histology after surgery, in
which BRAFV600E mutation was detected preoperatively by
DPO-based multiplex PCR analysis for FNA specimen, hema-
toxylin and eosin slide was examined and marked by a pathol-
ogist for subsequent tumor dissection under the light micro-
scope. Paraffin-embedded tissue was manually microdissected
from one to five 5-�m sections, depending on the tumor size, by

scraping the lesions. Genomic DNA was ex-
tracted using the QIAamp DNA minikit
(QIAGEN).

Detection of the BRAFV600E

mutation

DPO-based multiplex PCR analysis
The BRAFV600E mutation was detected

by DPO technology using the Seeplex BRAF
ACE detection system (Seegene, Seoul, Ko-
rea). This DPO-based multiplex PCR anal-
ysis can reportedly detect the presence of
BRAFV600E in as few as 2% of cells in a
wild-type population (24). Although allele-FIG. 1. Patient enrollment and exclusion.
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specific PCR is more sensitive than direct sequencing for detecting
small numbers of mutant cells, it is limited by low specificity in
discriminating single-base point mutations. In DPO technology,
five successive deoxyinosine linkers were used for 3�-end sensitiza-
tion of the primer to enhance the specificity for single-base substi-
tution. The shorter (�10 mer) 3�-portion is linked to the longer
(�18 mer) 5�-portion by five successive deoxyinosine linkers. The
binding energy of the shorter 3�-portion alone is sufficiently low to
distinguish a single-base difference, which enhances the specificity
of allele-specific PCR (24, 26). In accordance with the manufactur-
er’s instructions, each 20-�l PCR assay contained 3 �l of DNA, 4
�l BRAF primer mixture, 3 �l 8-methoxypsoralen solution and 10
�l of Master mix (Seegene, Seoul, Korea). The PCR was carried out
onaGeneAmpPCRSystem9700(AppliedBiosystems,FosterCity,
CA) with an initial denaturation step at 94 C for 15 min followed
by 35 cycles (denaturation at 94 C for 30 sec; annealing at 62 C for
30 sec; and extension at 72 C for 60 sec) and a final extension cycle
at 72 C for 10 min. Amplicon products from the DPO-based mul-
tiplex PCR were visualized and analyzed on the ScreenTape system
(Lab901 Ltd., Edinburgh, UK) (see Fig. 2).

Direct sequencing analysis
Direct sequencing analysis for BRAFV600E mutation was per-

formed only for patients who underwent surgery, using the
stored DNA samples. The DNA template was amplified in exon
15, which contains the T1799A mutation site, using the specific
oligonucleotide primer pairs: 5�-TTCATGAAGACCTCACAG-
TAAAAA-3� (forward) and 5�-CCACAAAATGGATCCA-
GACA-3� (reverse). Cycling conditions were as follows: initial
denaturation (94 C, 15 min) and then 35 cycles (denaturation 94
C for 30 sec; annealing 60 C for 30 sec; extension 72 C for 30 sec),
followed by a final extension of 10 min at 72 C. All PCR products
were visualized by electrophoresis on a 2% agarose gel and pu-
rified using a PCR product presequencing kit (United States Bio-
chemical, Cleveland, OH). Direct sequencing was performed in
an ABI PRISM 3100 sequencer using the BigDye Terminator
cycle sequencing ready reaction kit (Applied Biosystems). DNA
sequences were compared with those of the normal BRAF gene
exon 15 in the GenBank database using sequence assembly soft-
ware (Sequencher 4.8; Gene Codes Corp., Ann Arbor, MI).

Statistical analysis
To evaluate the diagnostic values of FNAC with ancillary de-

tection of the BRAFV600E mutation, we defined the true-positive
(TP), true-negative (TN), false-positive (FP)and false-negative (FN)
resultsas follows.First, in theFNACanalysisof thyroidnodules,TP
denoted malignant cytology and malignant histology; TN, benign
cytology and histology, or benign cytology and no evidence of ma-
lignancy during clinical monitoring; FN, benign cytology, but his-
tologically confirmed malignancy; and FP, malignant cytology but
benign histology. The indeterminate cytological diagnoses were
considered benign cytology when calculating diagnostic values as
described below. Second, in evaluation of the molecular test, TP
denoted detection of the BRAFV600E mutation in malignant nod-
ules on the definitive pathology after surgery; TN, not finding
BRAFV600E on the benign histology; and FN, not finding the mu-
tation in a malignant lesion; FP, detection of BRAFV600E in the
benign lesion on the permanent pathology.

Diagnostic values were calculated as follows: sensitivity �
TP/(TP � FN) � 100; specificity � TN/(TN � FP) � 100; pos-
itive predictive value (PPV) � TP/(TP � FP) � 100; negative TA
B
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predictive value � TN/(TN � FN) � 100; accuracy � (TP �
TN)/(TP � TN � FP � FN) � 100.

Categorical data were summarized using frequencies and per-
cent values. Group comparisons of categorical variables were
performed using the �2 test or, for small cell values, Fisher’s exact
test. P � 0.05 was considered statistically significant.

Results

Patient characteristics
We prospectively enrolled 1074 patients with thyroid

nodules, from whom we could obtain cytology results and
FNA specimens for BRAFV600E mutation analysis. We ex-
cluded 113 patients with inadequate cytology or inade-
quate DNA amplification for mutation analysis. Among
the patients excluded, 65 (of 1074, 6.1%) showed inad-
equate cytology but adequate DNA amplification; 36 (of
1074, 3.4%) showed inadequate DNA amplification but
adequate cytology; and 12 (of 1074, 1.1%) had both in-
adequate cytology and inadequate DNA amplification.

Twelve patients with inadequate cytology but whose
surgical pathology reports were available were not ex-
cluded and were counted in the final analysis. The final
analysis thus included a total of 961 patients (Fig. 1). The
mean age of the patients was 50.6 � 10.8 yr (range 19–83
yr). Of the 961 patients, 773 (80.4%) were female and 188
(19.6%) were male. The mean size of the nodule at the
longest diameter was 1.29 � 0.96 cm (range 0.2–6.3 cm).
The proportion of nodules with maximum diameter less
than 1 cm was 457 (47.8%).

Among 961 patients included in the analysis of diag-
nostic values, 279 underwent surgery (the surgery group).
The remaining 682 patients were observed by either re-
peated FNAC or follow-up with USG after 6 months (the
clinical observation group).

FNAC
Of 961 FNAC analyses performed, 12 (1.2%) were

reported as inadequate. Malignant cytology was reported
in 181 patients (18.8%); 80 patients (8.3%) showed in-
determinate cytology (72, suspicious for malignancy and

eight, follicular neoplasm or lesion); 688 patients (71.6%)
showed benign cytology (Table 1).

The FNAC results for 279 thyroid nodules whose final
histology were available after surgery are listed in Supple-
mental Table 1, published on The Endocrine Society’s
Journals Online web site at http://jcem.endojournals.org.

DPO-based multiplex PCR analysis for the
BRAFV600E mutation

Among 268 nodules histologically confirmed as malig-
nant [including four follicular thyroid carcinoma (FTC)
and one medullary thyroid carcinoma (MTC)], 221
(82.5%) showed positive results for the BRAFV600E mu-
tation by DPO-based multiplex PCR analysis. The posi-
tive rate of BRAFV600E mutation in PTC alone was 84.0%
(221 of 263). The results of BRAFV600E mutation analysis
in relation to FNAC are shown in Table 1 and Supple-
mental Table 1.

Diagnostic value of FNAC and DPO-based
multiplex PCR analysis for BRAFV600E

The analysis of diagnostic value included 961 patients
in the surgical and clinical observation groups combined.
Of these, 279 patients (of 961, 29.0%) underwent surgery
and 268 were found to have malignancy at the nodule. For
these surgeries, we had results of both preoperative FNAC
and BRAFV600E mutation analysis. Among the 268 thy-
roid malignancies were 263 PTCs, four FTC, and one
MTC. Of the 11 surgically proven benign nodules, eight
were nodular hyperplasias and three were follicular ade-
nomas. The remaining 682 patients had thyroid nodules
that were benign by FNAC analysis and negative for the
BRAFV600E mutation. We observed these patients for at
least 6 months by either repeat ultrasound-guided FNAC
or USG follow-up and found no changes to alter the benign
status of the nodules. We therefore included these 682
patients as true negatives in the evaluation of diagnostic
values. The sensitivity of FNAC alone was 67.5% and the
specificity was 100%. Adding the molecular test to FNAC
significantly improved sensitivity, from 67.5 to 89.6%,

TABLE 2. Diagnostic values for FNAC and BRAFV600E analysis in FNA specimens of thyroid nodule in a
BRAFV600E-prevalent population

Diagnostic modality
Sensitivity

(%)
Specificity

(%)
PPV
(%)

NPV
(%)

Accuracy
(%)

FNAC
Malignancy 67.5 100 100 88.8 90.9
Malignancy � indeterminate 95.1 99.1 97.7 98.1 98.0

BRAFV600E alone 82.5 99.3 97.8 93.6 94.6
BRAFV600E � FNAC (malignancy) 89.6 99.3 98.0 96.1 96.6
BRAFV600E � FNAC (malignancy � indeterminate) 98.5 98.6 96.4 99.4 98.5

BRAFV600E, Mutation analysis based on the DPO-based multiplex PCR analysis; PPV, positive predictive value; NPV, negative predictive value.
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and accuracy from 90.9 to 96.6% (Table 2). Thirteen pa-
tients presented nodules with benign or inadequate FNAC
but positive results for BRAFV600E by DPO-based multi-
plex PCR analysis. These patients underwent thyroidec-
tomy and nine showed PTC in the final histology (see
Supplemental Table 2 for clinicopathologic features).

False positive findings with DPO-based multiplex
PCR analysis

Unexpectedly, five patients who underwent surgery be-
cause of a positive result for BRAFV600E by DPO-based
multiplex PCR had benign nodules on final histology (Ta-
ble 3). In these patients, FNAC revealed one follicular
neoplasm, three benign, and one inadequate result. The
sequencing analysis for BRAFV600E mutation, which was
performed on both the stored preoperative FNA speci-
mens and DNA extracted from the same area as the pre-
operative FNA by microdissection on histology slides after
surgery, showed negative results in all five thyroid nodules
(Fig. 2). We considered these results to be FP outcomes of
DPO-based multiplex PCR analysis.

Discussion

Here we report the enhanced diagnostic value of
BRAFV600E mutation analysis with conventional FNAC,
over FNAC alone, in evaluation of thyroid nodules for cancer.
In this relatively large prospective study conducted in a
BRAFV600E-prevalent population, the molecular test increased
the sensitivity of the FNA procedure from 67.5 to 89.6%. Di-
agnostic accuracy also increased from 90.9 to 96.6%.

The greatest increase in sensitivity came from the de-
tection of PTC in the patients with indeterminate FNAC
results. In particular, the PPV of the BRAFV600E mutation
in the suspicious for PTC subgroup of those with inde-
terminate cytology was 100%. Thus, preoperative
BRAFV600E testing clarified the plan for surgery in this
group of patients.

These findings support in part those of Nikiforov et al.
(16), who reported gains in sensitivity (from 44 to 80%)
and accuracy (from 93.3 to 97.4%) by introducing mul-
tiple molecular tests in combination for genetic alterations
such as the BRAFV600E and K601E mutations, RAS (N-,
H-, and K-) mutations, RET/PTC rearrangements and
PAX8/PPAR� rearrangement in FNA specimens. How-
ever, we used only the test for the BRAFV600E mutation
and obtained higher sensitivity and accuracy than in that
previous report. The prevalence of all genetic alterations
combined in the thyroid cancers in the study by Nikiforov
et al. was 63.8%, whereas the prevalence of BRAFV600E

alone in our thyroid cancer patients was 82.5%. These TA
B
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differences originate from the variable prevalence of ge-
netic alterations in thyroid malignancy according to geo-
graphic area, ethnicity, and iodine consumption (27, 28).
In Korea, where iodine consumption is very high, 95% of
thyroid cancers are PTCs and 80% or more of PTCs har-
bor the BRAFV600E mutation (15, 17). In Western coun-
tries, the prevalence of PTC in thyroid cancer (80–90%)
and the prevalence of BRAFV600E mutation in PTC (30–
50%) are much lower than in Korea (13, 14). For optimal
diagnostic value and cost-effectiveness, the use of an an-
cillary test with FNAC for evaluation of thyroid nodule
must be adapted to the characteristics of the population at
risk.

The high PPV (100%) of the molecular test for PTC in
patients with indeterminate FNAC may be of particular
benefit in planning the extent of surgery for this group.
Guidelines of the American Thyroid Association recom-
mend thyroid lobectomy or total thyroidectomy for pa-
tients with indeterminate FNAC to assure safety when
malignancy is uncertain (4). This imposes a dilemma con-
cerning the extent of surgery. A surgeon may decide to
order a frozen biopsy during the operation, which pro-
vides a rapid result but prolongs time in surgery and may
prove inconclusive. If the permanent histology proves the

frozen biopsy incorrect, a completion thyroidectomy may
be required. On the other hand, total thyroidectomy car-
ries an unavoidable complication rate of 1–3% for per-
manent hypoparathyroidism and vocal cord injury. An
accurate preoperative assessment is therefore highly
desirable.

Unexpectedly, the preoperative DPO-based multiplex
PCR analysis diagnosed five thyroid nodules as malignant
that surgery revealed as benign. The final histological find-
ings were benign, and the sequencing analyses for
BRAFV600E, which were performed on both the DNA
stored after preoperative FNA and DNA extracted from
the corresponding microdissected area on the surgical
specimen, showed negative results for all five nodules. To
the best of our knowledge, no nodules reported as benign
tested positive for the BRAFV600E mutation. In examina-
tion of the scanned image and the density of the mutation
bands in the DPO-based multiplex PCR analysis, the band
was scarcely visible and the density was very low. We
therefore conclude that the test produced FP results for the
five nodules as the result of setting the positive cutoffs as
lowaspossible.Theoccurrenceof fiveFP resultsdecreased
the specificity and PPV of combining FNAC and the DPO-
based multiplex PCR technique, which we thought the

FIG. 2. FP results for PTC by DPO-based multiplex PCR analysis for the BRAFV600E mutation. A, DPO-based multiplex PCR analysis on preoperative
FNA specimens and controls. In examination of the density of the mutation band in the DPO-based multiplex PCR analysis, the band was scarcely
visible, and the density was very low. B, Histology of surgical specimens: a, follicular adenoma; b–e, nodular hyperplasia (hematoxylin-eosin stain,
�50). C, Direct sequencing analysis for BRAFV600E mutation performed on microdissected surgical specimens showed negative results.
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trade-off of increasing sensitivity by ancillary molecular
diagnostic testing. We think that this trade-off applies to
not only DPO-based multiplex PCR analysis but also
other complex molecular techniques used to enhance di-
agnostic sensitivity (with the exception of direct sequenc-
ing analysis). For each molecular technique used in con-
junction with FNAC, the strengths and weaknesses of the
test must be weighed against the patient’s risk for cancer,
the USG finding and the FNAC.

This study is limited by the relatively short period of
follow-up to confirm that patients in the clinical observa-
tion group were TN as assumed in the analysis of diag-
nostic values. The rate of FN with FNAC generally aver-
ages less than 5% (7), and this rate has decreased with the
use of USG guidance during FNA procedures (29). In this
study, experienced radiologists performed all FNA pro-
cedures under USG guidance and pathologists experi-
enced in thyroid cytology read all the cytological prepa-
rations. Furthermore, the FNAC analysis missed nine
malignancies (showing two as benign and seven as inad-
equate) that were detected only by molecular testing of
FNA specimens. In the era of conventional FNAC, these
would have been FN cases that are now detected by the
ancillary molecular test. We therefore believe that very few
FN cases remain in the clinical observation group and that
detection of these would not affect the main outcomes of
this study.

In conclusion, testing for the BRAFV600E mutation in
thyroid nodules increases the diagnostic value of conven-
tional FNAC in a BRAFV600E mutation-prevalent popu-
lation. However, when we apply these modern and sen-
sitivemolecular techniques in routine clinical practices,we
must be familiar with the strength and the weakness of
each molecular testing.
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