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Editorial on the Research Topic

Recent advances in papillary thyroid carcinoma: diagnosis and
predictive factors
In this Research Topic, novel strategies are presented to discern genomic and molecular

basis, early and accurate diagnosis of Papillary thyroid carcinoma(PTC), as well as predictive

factors for recurrence, which help in the design of new treatment strategies. Figure 1.

Cell cycle-related lncRNAs (long non -coding protein RNA) signatures (CCLRSig) are

investigated by Li et al., utilizing the TCGA. They identify five signatures (FOXD2-AS1,

LOC100507156, BSG-AS1, EGOT, and TMEM105) which predict the recurrence-free

interval (RFI) in papillary PTC through Kaplan-Meier analyses, Receiver Operating Curve

(ROC), and a Cox multivariate model. Further, a nomogram with clinicopathological

features included gave an area under the curve (AUC) in ROC analyses, of 0.681 at five

years. The higher risk scores determined by the aforementioned signature correlated with

higher immune cell infiltration patterns which suggests a regulatory role from their

findings to the immune processes of the malignancy.

Another paper by He et al., defines, with data extracted from the TCGA - in BRAFV-

600 gene mutated thyroid carcinomas -STRA6 gene upregulation which defines the nature

of the immune system activation and interaction of IL2-STAT5 pathway. Decreased

activation of CD8+ T cells in the tissue harboring these thyroid carcinomas defines a

higher potential for invasion and metastasis development, involving an increase in the

epithelial-mesenchymal transition process, all of which worsens the prognosis of patients

with upregulated STRA6. These facts open a new venue for the development of more

precise therapeutic strategies.

Regarding genetics encoding papillary thyroid carcinoma (PTC), Li et al. analyzed

patients with stages I and IV, comparing different stages of PTC using The Cancer Genome

Atlas(TCGA) with edgeR technology and describe TIMP1, LOX, CD276, IFNA1, TLR2,

and POSTN as key genes involved in the development of the malignancy. As well, the protein-
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protein interaction (PPI) of these genes was evaluated and finally, 47

miRNA and 44 transcription factors were described bound to the

previously described genes. CD276, POSTN, and IFNA1 may be

considered as new potential biomarkers associated with the

prognosis of thyroid cancer. In addition, TF–miRNA–target gene

regulatory is involved in the development of PTC. These findings

explain different clinical courses in patients with similar histology

features and PTC.
Frontiers in Endocrinology 027
Yu et al., through ultrasound images (Radiomics) construct a

nomogram to predict RET rearrangements in sporadic papillary

thyroid carcinoma. Although non-selective determination of RET/

PTC1 and RET/PTC3 is performed, future efforts and studies are

warranted to describe mutations associated with high-risk

characteristics (RET/PTC3) without the need for a gene test.

An article by Fang et al. describes a combination of contrast-

enhanced ultrasound (CEU) characteristics in thyroid nodules, to

increase the diagnostic accuracy of this method in partially cystic

lesions. Briefly, the peak intensity index (P1<1), centrifugal

perfusion, and heterogeneous enhancement were predictors of

malignancy, with better results compared to Kwak´s Ti-Rads

index; however, the cases number is small and the study was

performed by only one individual, which warrants prospective

and larger studies including different operators.

In the same order of ideas, Li et al. describe the usefulness of

CEU combined with primary tumor ultrasound characteristics to

predict the presence of clinical (cN1a) and pathologic central lymph

node metastasis (pN1a). They find tumor size >1cm, multifocality,

and younger age combined with hyperenhancement in areas close

to the primary tumor as indicative of cN1a metastases, which if

validated in larger studies could lead to new paradigms regarding

indications for central lymph node dissection. Regarding pN1a

lesions, these were associated with young age, large size,

and multifocality.

Prediction of BRAF mutations according to elastographic and

gray-scale features of thyroid nodules ultrasound (although not

including benign lesions) is reported by Wang et al. Although

nowadays BRAFv600-mutation associated to high-risk prognosis in

differentiated thyroid cancer is debated (1), the association of the

ultrasonographic features (Radiomics) to the presence of this

mutation is suggested and probably, in future studies, the

association of these characteristics to other mutations like

TERT (telomerase reverse transcriptase) promoter mutations chr-5,

1,295,228 C>T (C228T) and 1,295,250 C>T (C250T)) (2), will help to

design more accurate surgical approaches and adjuvant therapies.

Although containing a small number of cases, the report from

Xue et al. finds a color doppler ultrasound characterized by a

spoked-wheel figure in thyroid nodules to be highly specific to detect

papillary carcinoma, which has a 100% accuracy compared to grey-

scale ultrasound (16%). This paper represents another interesting

contribution to detect non-invasively the presence of thyroid cancer,

and likely high-risk prognostic factors, although the prevalence of

spoke-wheel blood flow is low in thyroid nodules (0.1%).

The use of Computerized Tomography (CT) Radiomics

combined with clinical features of thyroid nodules to predict

extrathyroidal extension (ETE) is described by Yu et al. They

describe age, gender, tumor size, and a Rad-score (CT radiomics)

as associated with ETE with an AUC (area under the curve) greater

than 0.75 in the Receiver Operating Curve (ROC) analyses, which

demonstrates a high efficiency for this nomogram. Larger studies on

this subject are warranted and designed to obtain definitive external

validation and improvement of this nomogram.

Regarding the prognosis of papillarymicrocarcinoma in T1N0M0

Stage, Qian et al. report, with the propensity score-matched (PSM)

analyses, similar prognoses for patients treated with and without
FIGURE 1

Presents a flow chart that displays relevant articles included in this
topic according to different scopes regarding Papillary Thyroid
Carcinoma. lncRNAs, long non-coding protein RNA; RFI, Recurrence
Free Interval; PTC, Papillary Thyroid Carcinoma; CEU, Contrast-
enhanced Ultrasound; CLNM, Central Lymph Node Metastasis;
CNM, Cervical Node Metastases; FNAB, Fine Needle Aspiration
Biopsy; PTMC, Papillary Thyroid Microcarcinoma; ETE, Extrathyroid
Extension; TG, Thyroglobulin; TKI, Thyrosine Kinase Inhibitors.
frontiersin.org

about:blank
https://doi.org/10.3389/fendo.2021.783670
https://doi.org/10.3389/fendo.2021.810630
https://doi.org/10.3389/fendo.2022.872153
https://doi.org/10.3389/fendo.2022.1030143
https://doi.org/10.3389/fendo.2022.874396
https://doi.org/10.3389/fendo.2022.944758
https://doi.org/10.3389/fendo.2023.1283397
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Volpi et al. 10.3389/fendo.2023.1283397
surgery in a series obtained from the SEER database, which adds

support to the active surveillance strategy in these lesions, although the

retrospective nature of the study, the lack of some clinical and

pathological data expected from cases analyzed from the SEER and

the small number of patients which did not have surgery, although

elective candidates, warrant the need to perform larger and

prospective studies.

Another clinical study by Zhao and Gong explores the SEER

database and a PSM analyses the long-term effect of radioactive

iodine (131I) in patients with low and intermediate risk. Although a

retrospective study extracted from the SEER database, a beneficial

effect was demonstrated on the whole with the administration of

I131, specifically in patients >55 years of age, with multifocality and

extrathyroid extension. In microcarcinomas, N0, unifocal and no

extrathyroid extension cases the effect of radioiodine is nil.

ine needle aspiration biopsy (FNAB) of thyroid nodules has

high accuracy; however, in spite of the TIRADs score and Bethesda

system development, the presence of indeterminate and non-

diagnostic categories in significant and cellular punctures, confers

higher relevance to clinical findings as has been reported in previous

studies (3). The paper from Wu et al. brings over again the subject

regarding nodule clinical characteristics during FNAB procedures,

and they find grittiness and hard stiffness as major aids in making

decisions regarding nodules with indeterminate diagnosis. These

facts warrant future large prospective studies to include the

combination of FNAB, clinical, and radiologic factors to increase

the diagnostic accuracy of this test, especially in the aforementioned

Bethesda category.

Zhang et al. describe in a cohort of patients aged ≥65 years a

nomogram that included ten factors: age, gender, marital status,

histologic type, grade, TNM stage, surgery status, and tumor size,

and predicted overall survival (OS) in their cohorts either in

training and in external validation. This nomogram allowed the

development of software that accurately predicted OS in geriatric

patients. Surgery added better OS in high-risk patients. Although

other nomograms (4) have been developed the application

proposed is of major value in this specific population.

Eng et al. reports-with the identification of single nucleotide

variants- progression of BTG (Benign thyroid goiter) to papillary

thyroid carcinoma through FANCD1 (BRCA2) and FANCD2

genes, and hypothesize that papillary thyroid cancer related to goiter

(PCb) and non-related to goiter (PCa) have different pathways of

development. PCb was induced by Jak-STAT and Notch signaling

pathways and PCa by thyroid kinase pathways activation. They

propose independent mechanisms for the development of papillary

thyroid cancer in patients with BTG, stating that PCb is not an

intermediate stage in the development of thyroid cancer.

A very interesting report by Wang et al. performs a multivariate

analysis of clinical factors and ultrasound characteristics to predict

cervical node metastasis (CNM). Age, gender, nodule size,

multifocality, contact extent with thyroid capsule ≥25%, maximal

elastography ≥48.4, and interrupted capsule at CEUS in the

multivariate analyses allowed calculation of CNM in thyroid

carcinoma, with a ROC (Receiver Operating Curve) analyses with
Frontiers in Endocrinology 038
more than 80% predictive capability. Further studies are warranted

for external validation of these results.

A clinical and genetic markers nomogram was created and

validated by Ma et al. where they predict the presence of central

lymph node metastases (CLNM) in papillary carcinoma patients

clinically and ultrasonographically negative for CNM. Gender,

Hashimoto´s thyroiditis, extrathyroidal extension, presence of

TERT promoter, and NRas mutations were found significantly

associated with CLNM. Of note, this study identifies as well the

non-significant association of BRAFV600 mutation to risk factors

and overall prognosis in papillary thyroid carcinoma.

A paper by Cohen et al. describes the prognostic factors of

Papillary thyroid microcarcinoma (PTMC) associated with CNM

and consequently its candidacy for active surveillance. They only

find the location of the tumor either superior or inferior pole lesion

as definers of CNM. Size, irregular margins, closeness to the

capsule of the trachea and thyroiditis were non-associated to

locoregional metastases. As an aside, in their study they consider

microcarcinomas as nodules up to 2.7 cm and 1 cm in ultrasound

and pathology diagnosis, respectively, and propose a definition of

microcarcinomas further for lesions up to 1.5-2 cm by ultrasound.

A study in the same line by Wang et al. constructs a nomogram

for the prediction of CLNM in PTMC. These authors find -using

ultrasound, clinical, and pathological factors -that younger age,

gender, ETE, multifocality and microcalcifications are the most

significant ones associated with the presence of CLNM. Of note,

DFS (disease-free survival) did not show a significant difference

when comparing CLNM+ and CLNM- patients, which gives further

support to the active surveillance policy in PTMC cases.

CT (Computerized Tomography) has not been considered a

major tool for diagnosing CNM. An innovative article by Zhu et al.

uses different contrast enhancements determined by CT in

HU(Hounsfield Units), regarding lymph nodes(ENHU),

esternocleidomastoid muscle(EMHU), and plain lymph node

(PNHU) scans. They find that values of ENHU, ENHU-PNHU,

ENHU-EMHU, and ENHU/EMHU are significantly related to high

accuracy regarding detection of CNM with receiver-operating curve

(ROC) analyses performed with higher than 0.8 area under the

curve. This is one of the few manuscripts yet to exist regarding the

use of CT in early- stage thyroid carcinoma.

Radioactive iodine resistant (RAIR) cases with metastatic disease

are analyzed according to thyroglobulin and TSH change speed in the

manuscript by Meng et al. Although the concept has been raised in

previous reports and is considered by some authors as an important

criterion to determine radioactive iodine-resistant malignancies (5),

they construct a nomogram based on Thyroglobulin stimulated (Ts)

differences at ablation and first recurrence: Ts1-Ts2: DTgs, as well as
Thyroid Stimulant Hormone levels at same periods: TSHs1-TSH2=

DTSHs. A ratio DTgs/DTSHs considering these two differences ≤1.5 as

well as older age predicts rapid progression of the disease for these

patients, which makes closer monitoring imperative, along with

considering early administration of TKI agents.

The study by Yu et al.,—although not including the extrathyroid

extension factor (ETE)—designs a nomogram with two variants
frontiersin.or
g
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including overall ultrasound characteristics (first variant) and seven

precise ultrasonographic signs (aspect transverse ratio, cystic change,

microcalcification, mass hyperecho, echogenicity, lymphatic hilum

structure, and vascularity) which together with Tg and TgAb levels are

associated to residual disease or CLNM. This analysis presents a

worthwhile tool to determine the best ablation radioiodine dose.
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Partially cystic papillary thyroid carcinomas (PCPTCs) are rarely reported papillary thyroid
carcinomas (PTCs) and are usually misdiagnosed as benign nodules. The objective of this
study was to provide the various sonographic characteristics of partially cystic thyroid
nodules for differentiation between malignant and benign nodules, including those for
conventional ultrasound (US) and contrast-enhanced ultrasound (CEUS). Twenty-three
PCPTC patients and 37 nodular goiter patients were enrolled in this study. We evaluated
the size, cystic percentage, solid echogenicity, calcification, vascularity, and CEUS
parameters for each nodule. The final diagnosis of all patients was confirmed via
surgery. Univariate analysis demonstrated that compared with benign nodular goiters,
PCPTCs more frequently presented with calcification, hypoechogenicity of the solid part,
hypoenhancement, heterogeneous enhancement, centrifugal perfusion, peak intensity
index <1, time to peak index ≥1, and area under the curve index <1 on preoperative US
and CEUS. Binary logistic regression analysis demonstrated that heterogeneous
enhancement, centrifugal perfusion, and peak intensity index <1 are independent CEUS
characteristics related to malignant PCPTCs and can be used for their differentiation from
benign nodular goiters (all p < 0.05). Our study indicated that preoperative CEUS
characteristics may serve as a useful tool to distinguish malignant PCPTCs from benign
thyroid nodules.

Keywords: thyroid carcinomas, partially cystic thyroid nodules, thyroid ultrasonography, partially cystic papillary
thyroid carcinomas (PCPTCs), contrast-enhanced ultrasound (CEUS)
INTRODUCTION

Thyroid carcinomas have a mostly solid composition, but those with predominant cystic changes
(>50% of the nodule) can be observed in 2.5%–6.0% of all thyroid carcinoma cases (1, 2). In a
prospective study, 213 partially cystic thyroid nodules in 196 patients who had consecutively
undergone prospective sonographic diagnosis and ultrasonography-guided fine-needle aspiration
biopsy (US-FNAB) were included, and the rate of malignancy for partially cystic thyroid nodules
was 5.2% (3). Thyroid nodules can be classified as cystic or almost completely cystic, spongiform,
mixed cystic and solid, solid, or almost completely solid according to their composition as
n.org December 2021 | Volume 12 | Article 783670110
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ascertained by ultrasonography (4). However, to our knowledge,
there are few studies that have investigated sonographic features
as predictors for the diagnosis of malignant partially cystic
thyroid nodules.

US-FNAB is the preferred method for the preoperative
diagnosis of benign and malignant thyroid lesions. Current
guidelines consider a size ≥1 cm (in nodules with high
suspicion), 1.5–2.0 cm (in nodules with any suspicious US
features), or 2.0 cm (in nodules without any suspicious US
features) as a criterion for US-FNAB, regardless of the cystic
portion (5). However, US-FNAB has a high rate of nondiagnostic
and false-negative results for the diagnosis of partially cystic
thyroid nodules (6).

Contrast-enhanced ultrasound (CEUS), as a relatively novel
ultrasound (US) technique, has great significance value in the
diagnosis of collapsing benign cystic or predominantly cystic
thyroid nodules when combined with clinical history according
to the 2020 Chinese guidelines for ultrasound malignancy risk
stratification of thyroid nodules (7, 8). However, very few
published studies have reported the use of CEUS for
predominant cystic thyroid carcinomas. To our knowledge,
this is the first article describing the CEUS features and
corresponding histopathology of PCPTCs. Hence, the aim of
the present study was to provide CEUS characteristics for
PCPTCs in order to distinguish them from benign nodules.
MATERIALS AND METHODS

Patients
The study was approved by the Ethical Committee of the Second
Xiangya Hospital of Central South University in China and was
performed in accordance with the Declaration of Helsinki for
human studies. The requirement of informed consent from
human subjects is sometimes waived by institutional review
boards (IRBs) for protocols that include a retrospective review
of images acquired for clinical diagnostic purposes. From June
2017 to August 2021, 27 partially cystic thyroid carcinoma
patients who received conventional US and CEUS
examinations were retrospectively enrolled in this case-control
study. The inclusion criteria were as follows: 1) patients with
mixed echoic thyroid nodules that were confirmed as PTCs with
partial cystic degeneration by pathologic examinations after
surgery; 2) no invasive procedure such as thyroid surgery or
FNA was previously performed. Four patients were excluded
because they had different types of thyroid cancers: two
medullary thyroid carcinomas and two follicular carcinomas.
For patients with multifocal PTCs, only the largest was selected.
Finally, 23 patients with 23 PCPTCs were included in this study.
In addition, from August 2017 to August 2021, 37 patients with
37 mixed echoic thyroid nodules who received conventional US
and CEUS examinations were recruited for this study as a control
group. The inclusion criteria were as follows: 1) patients with
mixed echoic thyroid nodules that were confirmed to be nodular
goiters by pathologic examination after surgery; 2) no invasive
procedure such as thyroid surgery or FNA was previously
Frontiers in Endocrinology | www.frontiersin.org 211
performed. For patients with multifocal thyroid nodules, only
the largest was selected. Finally, 37 patients with 37 nodular
goiters were included in this study. Ultimately, 60 mixed echoic
thyroid nodules in 60 patients were enrolled in the study.

Conventional US
A Siemens Acuson S3000 US scanner (Siemens Medical
Solutions, Mountain View, CA, USA) equipped with 9L4 (4–9
MHz) and 18L6 (6–18 MHz) linear array transducers was used
for conventional US, and a 9L4 linear array transducer was used
for CEUS. All examinations were performed by the same
operator with 15 years of experience in thyroid ultrasound
diagnosis and 10 years of experience in performing CEUS to
prevent bias from different operators and to ensure optimized
image quality. All selected thyroid nodules were evaluated by
conventional B-mode US and color-Doppler US for the
following US features: size (the largest diameter), cystic
percentage (≥50% or <50%), solid part echogenicity
(hypoechogenicity or isoechogenicity), calcification (present or
absent), and internal vascularity (present or absent).

The nodules were classified according to the Thyroid Imaging
Reporting and Data System (TI-RADS) proposed by Kwak et al.
(9). According to that classification, five US suspicious features
(solid component, hypoechogenicity or marked hypoechogenicity,
microlobulated or irregular margins, taller-than-wide shape, and
presence of microcalcifications) were applied to categorize the
thyroid nodules: TI-RADS score 3 (no suspicious US features), 4a
(one suspicious US feature), 4b (two suspicious US features), 4c
(three or four suspicious US features), and 5 (five suspicious US
features). In this study, hypoechogenicity was applied for the solid
part of these mixed echoic thyroid nodules.

CEUS and Analysis
CEUS was performed using contrast pulsed sequencing (CPS)
technology [mechanical index (MI) = 0.07]. SonoVue (Bracco,
Italy) was injected intravenously as a bolus of 3.0 ml via a 20-
gauge antecubital vein cannula, followed by a saline flush of 5 ml,
with the timer started simultaneously. Thyroid nodule imaging
lasted at least 60 s. The CEUS videos were digitally recorded and
analyzed with CEUS software (Contrast Dynamics, Mountain
View, CA, USA). Time-intensity curves (TICs) of the thyroid
within selected regions of interest (ROIs) were acquired, and the
contrast enhancement features of thyroid nodules were applied
according to our previous study (10). After comparison with the
surrounding thyroid parenchymal enhancement, the contrast
enhancement features were classified as follows: enhancement
type (hyperenhancement, isoenhancement, hypoenhancement),
perfusion pattern (centripetal perfusion, the perfusion of
microbubbles from the periphery to the center of nodule;
centrifugal perfusion, the perfusion of microbubbles from the
center to the periphery of nodule), enhancement uniformity
(homogeneous, the microbubbles were evenly distributed;
heterogeneous, the microbubbles were unevenly distributed),
peak intensity (PI; expressed as a percentage), time to peak
(TP; expressed in seconds), and area under the curve (AUC;
expressed in percentage by seconds). The PI, TP, and AUC of the
nodules are reported as indices by the ratio of the ROI of the
December 2021 | Volume 12 | Article 783670
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nodules to the ROI of the thyroid parenchymal tissue. PI index
represents the ratio of the quantitative values of peak intensity of
the nodule to the quantitative values of thyroid parenchymal
tissue. If the average quantitative values of nodule were higher or
equal to that of the thyroid parenchymal tissue, the PI index was
expressed as ≥1; if this was not the case, the PI index was
expressed as <1. Similarly, TP index ≥1 meant that the time to
peak of the nodule was slower or equal to that of the thyroid
parenchymal tissue; AUC index ≥1 meant that the area under the
curve of the nodule was higher or equal to that of the thyroid
parenchymal tissue.

Reference Standard
FNA Bethesda cytology (BC) diagnoses were divided into six
categories according to the Bethesda System (5). The
histopathological results after surgery were used as the reference
standard for the final diagnosis of PTCs or nodular goiters.

Statistical Analysis
The statistical analysis was performed with SPSS version 21.0
software (SPSS, Chicago, IL, USA). Continuous data are
presented as the mean and standard deviation (SD) and
compared by the independent t-test. Categorical data were
presented as percentages and analyzed by the chi-square test.
Binary logistic regression was used to assess significant CEUS
features and their independent association with malignant
partially cystic thyroid nodules. The sensitivity, specificity,
accuracy, positive predictive value (PPV), and negative
predictive value (NPV) of TI-RADS for differentiation between
benign and malignant thyroid nodules were calculated. A
statistically significant difference was determined when p < 0.05.
RESULTS

A total of 60 patients with 60 partially cystic thyroid nodules (23
malignant and 37 benign) were included in the analysis. For
malignant thyroid nodules, the FNA cytology diagnoses for 23
nodules were as follows: one (4.3%) nodule was BC 3 (atypia or
follicular lesion of undetermined significance), three (13.1%)
nodules were BC 4 (follicular neoplasm or suspicious for a
follicular neoplasm), seven (30.4%) nodules were BC 5
(suspicious for malignancy), and 12 (52.2%) nodules were BC 6
(malignant). All nodules were confirmed as PTC by pathologic
examinations after surgery. For benign thyroid nodules, 16
patients had malignant-looking thyroid nodules on the other
thyroid lobe, and FNA cytology was carried out for the
Frontiers in Endocrinology | www.frontiersin.org 312
malignant thyroid nodules. Thus, 16 patients with PTCs on the
other thyroid lobe were confirmed by pathologic examinations
after total thyroidectomy; 16 benign thyroid nodules on this
thyroid lobe were also confirmed by histopathology. The FNA
cytology diagnoses for the other 21 nodules were as follows: six
(28.6%) nodules were BC 3, and 15 (71.4%) were BC 2 (benign).

The clinical characteristics of the patients are outlined in
Table 1. The average ages of PCPTC patients and nodular goiter
patients were 41.74 ± 9.99 years (range: 29–63 years) and 51.92 ±
9.55 years (range: 25–68 years), respectively, and PCPTC
patients were younger than nodular goiter patients in this
study (p < 0.05). Male patients constituted 26.1% of PCPTC
patients and 5.4% of nodular goiter patients; thus, female
patients accounted for a larger proportion of nodular goiters
than PCPTCs (p < 0.05). Thirteen (56.5%) PCPTC patients and
31 (83.8%) nodular goiter patients had multifocal thyroid
nodules, and nodular goiter patients had many more thyroid
nodules per patient than PCPTC patients in this study (p < 0.05).

The US characteristics of partially cystic thyroid nodules are
outlined in Table 2. The mean diameters were 29.35 ± 12.21 mm
(range: 9–51 mm) for malignant partially cystic thyroid nodules and
32.97 ± 14.39 mm (range: 10–68 mm) for benign partially cystic
thyroid nodules. In the malignant thyroid nodule group, six (26.1%)
nodules had cystic percentage greater than 50% (Figure 1), 21
(91.3%) nodules had calcifications (Figure 1), 18 (78.3%) nodules
exhibited hypoechogenicity in the solid part of the partially cystic
nodules (Figure 1), and five (21.7%) nodules exhibited
isoechogenicity in the solid part. Seventeen (73.9%) nodules had
internal blood flow. For the CEUS parameters, 10 (43.5%) nodules
exhibited hypoenhancement (Figure 2), and 22 (95.7%) nodules
had heterogeneous enhancement (Figure 2), which meant that the
microbubbles in the majority of the nodules were unevenly
distributed. Twenty (87.0%) nodules had a centrifugal perfusion
pattern, and three nodules (13.0%) had a centripetal perfusion
pattern (Figure 2), indicating that most of the nodules received a
perfusion of microbubbles from the center to the periphery. The
quantitative CEUS parameters showed that 14 (60.1%) nodules had
a PI index <1 (Figure 2), 14 (60.9%) nodules had a TP index ≥1, and
21 (91.3%) nodules had an AUC index <1 (Figure 2). In the benign
thyroid nodule group, 15 (40.5%) nodules had a cystic percentage
greater than 50%, 29 (78.4%) nodules had an absence of
calcification, 15 (40.5%) nodules exhibited hypoechogenicity in
the solid part, and 22 (59.5%) nodules exhibited isoechogenicity
in the solid part. Twenty-three (62.2%) nodules had internal blood
flow. For the CEUS parameters, 31 (83.8%) nodules exhibited
hyperenhancement or isoenhancement, 30 (81.1%) nodules had
uniform enhancement, and 34 (91.9%) nodules had a centripetal
TABLE 1 | Clinical characteristics of the PCPTCs and nodular goiters.

Characteristics PCPTCs (n = 23) Nodular goiter (n = 37) p Value

Age (years) 41.74 ± 9.99 51.92 ± 9.55 0.000*
Male sex 6 (26.1) 2 (5.4) 0.045*
Multifocality 13 (56.5) 31 (83.8) 0.020*
December 2021 | Volume 12 | Article
*p < 0.05 was considered a significant difference.
PTPTC, partially cystic papillary thyroid carcinoma.
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perfusion pattern. The quantitative CEUS parameters showed that
31 (83.8%) nodules had a PI index ≥1, 30 (81.1%) nodules had a TP
index <1, and 28 (75.7%) nodules had an AUC index ≥1. The
univariate analysis indicated that the PCPTCs more frequently
presented with calcification, hypoechogenicity of the solid part,
hypoenhancement, heterogeneous enhancement, centrifugal
perfusion, PI index <1, TP index ≥1, and AUC index <1 for
preoperative US and CEUS compared to benign thyroid nodules
(all p < 0.05).

For evaluation of the value of CEUS parameters in PCPTCs, a
binary logistic regression analysis was performed for all of the
statistically significant CEUS variables (p < 0.05). The results
indicated that enhancement uniformity (B = 4.080, OR = 59.166,
95% CI = 1.928–1,815.846, p = 0.020), centrifugal perfusion (B =
4.502, OR = 90.157, 95% CI = 4.443–1,829.637, p = 0.003), and PI
index <1 (B = 5.515, OR = 248.279, 95% CI = 1.655–37241.707,
p = 0.031) were independent characteristics related to the
PCPTC nodules that could be used to differentiate them from
benign nodular goiters (Table 3).

Heterogeneous enhancement, centrifugal perfusion, and PI
index <1 were independent characteristics related to PCPTCs
that could be used to differentiate them from benign thyroid
nodes; therefore, we chose these CEUS parameters for the
Frontiers in Endocrinology | www.frontiersin.org 413
diagnosis of PCPTCs. If the thyroid nodule had more than 2
(≥2) of the above three CEUS characteristics, the thyroid nodule
was classified as a malignant thyroid nodule; if the thyroid nodule
had less than 2 (<2) of the above three CEUS characteristics, the
thyroid nodule was classified as a benign thyroid nodule. Then, the
combination diagnosis of Kwak TI-RADS classification and CEUS
characteristics was calculated. If the thyroid nodule had a Kwak
TI-RADS 4b score and/or CEUS ≥2, the thyroid nodule was
classified as a malignant thyroid nodule; if the thyroid nodule had
a Kwak TI-RADS 4a score and/or CEUS <2, the thyroid nodule
was classified as a benign thyroid nodule. The diagnostic
performance of the different methods for differentiation between
benign and malignant thyroid nodules is outlined in Table 4. The
Kwak TI-RADS with a cutoff value of 4a/4b score achieved an Az
value of 0.851, with an accuracy of 86.7% (52/60). The CEUS
characteristics with a cutoff value of CEUS ≥2 achieved an Az
value of 0.924, with an accuracy of 91.7% (55/60). The
combination of Kwak TI-RADS and CEUS achieved an Az
value of 0.897, with a cutoff value of 4a/4b or CEUS ≥2, and
had an accuracy of 88.3% (53/60), which was better than that of
Kwak TI-RADS. However, there was no significant difference with
respect to diagnostic accuracy for differentiation between benign
and malignant thyroid nodules among all groups (p > 0.05).
TABLE 2 | Ultrasound characteristics of the PCPTCs and nodular goiters.

Characteristics PCPTCs (n = 23) Nodular goiter (n = 37) p Value

Conventional US parameters
Size (mm) 29.35 ± 12.21 32.97 ± 14.39 0.320
Cystic percentage 0.282
≥50% 6 (26.1) 15 (40.5)
<50% 17 (73.9) 22 (59.5)

Calcification 0.000*
Present 21 (91.3) 8 (21.6)
Absent 2 (8.7) 29 (78.4)

Solid part echogenicity 0.004*
Hypoechogenicity 18 (78.3) 15 (40.5)
Isoechogenicity 5 (21.7) 22 (59.5)

Internal vascularity 0.408
Present 17 (73.9) 23 (62.2)
Absent 6 (26.1) 14 (37.8)

CEUS parameters
Enhancement type
Hypo- 10 (43.5) 6 (16.2) 0.020*
Hyper- or iso- 13 (56.5) 31 (83.8)

Enhancement uniformity 0.000*
Homogeneous 1 (4.3) 30 (81.1)
Heterogeneous 22 (95.7) 7 (18.9)

Perfusion 0.000*
Centripetal 3 (13.0) 34 (91.9)
Centrifugal 20 (87.0) 3 (8.1)

PI index 0.000*
≥1 9 (39.1) 31 (83.8)
<1 14 (60.9) 6 (16.2)

TP index 0.001*
≥1 14 (60.9) 7 (18.9)
<1 9 (39.1) 30 (81.1)

AUC index 0.000*
≥1 2 (8.7) 28 (75.7)
<1 21 (91.3) 9 (24.3)
December 2021 | Volume 12 | Article
*p < 0.05 was considered a significant difference.
PI, peak intensity; TP, time to peak; TP, time to peak time; AUC, area under the curve; PCPTC, partially cystic papillary thyroid carcinoma.
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Of 23 PCPTCs patients, 14 (60.1%) patients had central
cervical lymph node metastasis. Histopathological examination
of samples using hematoxylin and eosin (H&E) staining showed
a predominantly PCPTC with a cystic percentage greater than
90% (Figure 3), revealing the thick cystic wall of the mass (3–6
mm) (Figures 3A, B) and the solid part abutting on the base side
of the cyst wall (Figures 3C, D). Many nipple-like bulges were
seen on both the cyst wall and the solid part. Meanwhile, some
nipple-like bulges (black arrows indicated) were also observed in
the central lymph nodes (Figures 3E, F), which indicated that
those lymph nodes were metastatic for thyroid carcinoma.
DISCUSSION

Partially cystic thyroid nodules are common on ultrasonography
and are considered to be a result of the cystic degeneration of
either neoplastic or non-neoplastic nodules (11). Although
partially cystic thyroid nodules are traditionally interpreted as
having a low risk of malignancy, some studies have reported that
the frequency of malignancy among partially cystic thyroid
nodules varies from 5.2% to 17.6% (3, 6, 12, 13). A study by
Kim et al. (14) compared the disease-free survival of 553 PTCs
with cystic changes according to the percentage of cystic
component (two groups: 25% or 50%) of the thyroid nodules
and found that the proportion of the cystic component in PTCs
did not affect disease-free survival. In this study, 56 patients
(10.1%) were confirmed to have tumor recurrence within the
follow-up period, while the independent predictors of recurrence
were pathologic size, male sex, and lymph node metastasis.
Therefore, it is vital to differentiate malignant thyroid nodules
from benign partially cystic thyroid nodules using preoperative
ultrasonography and/or US-FNAB.
Frontiers in Endocrinology | www.frontiersin.org 514
Some studies have reported the conventional sonographic
features of partially cystic thyroid nodules associated with
malignancy. Lee et al. (12) reported that partially cystic thyroid
nodules with a predominantly solid component (solid portion was
>50%), an eccentrically placed solid component, and the presence
of microcalcifications were all associated with malignancy. Kim
et al. (3) reported that partially cystic thyroid nodules had an
eccentric solid portion with an acute angle, andmicrocalcifications
were significantly associated with malignancy. Park et al. (15)
reported the malignant sonographic features of an entire partially
cystic thyroid nodule and its internal solid portion. A taller-than-
wide shape and spiculated or microlobulated margins were
associated with malignancy in partially cystic thyroid nodules.
Furthermore, an eccentric solid configuration, non-smooth
margin, hypoechogenicity, and microcalcifications of the internal
solid portion were significantly associated with malignancy. In our
study, most PCPTCs had an eccentric solid portion with
microcalcifications, which was consistent with recent reports (3,
12, 15). However, the acute angle of the internal solid portion, the
taller-than-wide shape, and the spiculated or microlobulated
margin of the entire nodule were not shown in our study (15).
In a study by Henrichsen et al. (1), 360 malignant thyroid nodules
that had been surgically removed were analyzed, nine (2.5%) of
which were 51%–100% cystic. Of the nine malignancies (cystic
portion >50%), four (44%) demonstrated increased vascularity
either in a nodule or in thickened walls (1). In our study, some
PCPTCs showed poor blood flow signals in the internal solid
portion of the thyroid nodule, which was similar to the Color
Doppler Flow Imaging (CDFI) findings of solid PTCs reported by
other studies (10, 16). However, there are very few reports regarding
the CEUS findings of malignant partially cystic thyroid nodules.

CEUS, as a novel technique for detecting microvessels of
tissues, has been widely applied in improving the diagnostic
FIGURE 1 | Conventional ultrasonography images of predominantly cystic papillary thyroid carcinoma. (A) Longitudinal gray-scale sonography revealed a predominantly
cystic 4.2 × 2.4 × 2.7 cm3 thyroid nodule with a little solid portion abutted on the side of the cyst wall in the thyroid isthmus, the cystic portion was more than 90% of
the thyroid node. (B) CDFI showed poor blood flow signals in the solid portion of the thyroid nodule. (C) Most portions of this thyroid node were cystic with a lot of
mobile silt-like isoechoic substance. (D) CDFI showed no blood flow signals in the silt-like isoechoic substance.
December 2021 | Volume 12 | Article 783670
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accuracy of thyroid nodules. Deng et al. (17) reported that
hypoenhancement on CEUS correlated highly with a malignant
diagnosis of thyroid nodules (sensitivity: 82.1%, specificity: 84.9%,
accuracy: 84.0%, PPV: 71.9%, and NPV: 91.0%). Ma et al. (18)
found that heterogeneous enhancement on CEUS showed the
best diagnost ic performance for papi l lary thyroid
microcarcinoma, with the highest PPV of 88.0%, an accuracy of
83.7%, and a relatively high specificity of 83.9%. However, mixed
cystic nodules or almost cystic nodules (cystic portion >75%)
were excluded from previous studies due to the demand for
elastography (10, 17, 18). In our study, 43.5% of PCPTCs showed
hypoenhancement, 95.7% of PCPTCs showed heterogeneous
enhancement, and 87% of PCPTCs exhibited centrifugal
perfusion, which is inconsistent with the CEUS enhancement of
solid PTCs reported in previous studies (10, 19, 20). Compared
with benign nodular goiters, PCPTCs more frequently had
hypoenhancement, heterogeneous enhancement, centrifugal
perfusion, PI index <1, TP index ≥1, and AUC index <1 on
preoperative CEUS. Binary logistic regression analysis
demonstrated that heterogeneous enhancement, centrifugal
perfusion, and PI index <1 are independent CEUS
characteristics related to malignant PCPTCs that can be used to
differentiate them from benign nodular goiters (all p < 0.05). This
may be due to increased neovascularization in the malignant
nodules; however, the invasive growth characteristics of
malignant nodules also destroyed the new blood vessels, formed
small tumor thrombi in the necrotic vessels, and led to the
Frontiers in Endocrinology | www.frontiersin.org 615
occlusion of small blood vessels. Therefore, the degree of CEUS
enhancement not only is related to the number of blood vessels
but also depends on the state of internal blood vessel function.
Especially in PCPTCs with cystic percentage greater than 90%,
the solid portion on the cyst wall of the thyroid nodule had few
blood vessels around the papillary protrusion in the cyst wall
based on the H&E histopathological staining results, which was
consistent with the heterogeneous hypoenhancement on CEUS.
These results may be explained by the fact that the inner solid
portion of the malignant nodule was often located at the base of
the papillary protrusion in the cyst wall, and the blood vessels
around the lesion easily invaded outward, resulting in ischemic
necrosis of the inner solid portion near the side of the cystic
portion and continuous cystic degeneration. Furthermore, the
inner solid portion of the malignant nodule was located at the
base of the papillary protrusion in the cyst wall, and the blood
vessels around the lesion easily invaded outward, which may lead
to central cervical lymph node metastasis.

This study had several limitations. First, an unavoidable
selection bias may have existed, and some patients with
suspicious malignancies might not have been enrolled in this
study because they did not have surgery. Second, the nodule sizes
studied for comparison between the two groups ranged from a
few millimeters to tens of millimeters; these size differences
might affect the US characteristics of PCPTCs. Third, all
conventional US and CEUS examinations were performed by a
single experienced operator, which means that the study was not
FIGURE 2 | CEUS images of predominantly cystic papillary thyroid carcinoma. (A) CEUS image showed a slight enhancement from the bottom of the solid portion
at 9 s. (B) The enhancement from the bottom to the periphery of the solid portion at 15 s. (C) All the solid portions of this nodule heterogeneously enhanced and
reached its peak [time to peak (TTP)] at 23 s. (D) TICs displayed the wash-in time of 9 s, TTP of 15 s, PI of 31.9%, and AUC of 554.5% s for the solid portion of this
thyroid nodule, and the cystic portion of the nodule has no enhancement. (E) The parametric color map showed that the solid portion was almost a majority of green
with a little blue, the cystic portion was totally blue, which indicated that the PIs for the center of the solid portion was almost equal to those of the periphery of the
solid portion. (F) The parametric color map showed the solid portion was heterogeneous with a mixture of green, yellow, and red, and the cystic portion was totally
blue, which indicated that the AUC for the center of the solid portion was lower than those of the periphery of the solid portion.
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operator independent. Because subjective interference caused by
other examiners might exist, further studies with more operators
performing each examination are needed. Fourth, this was a
small-scale retrospective study, which may have caused the
inaccurate evaluation of the effect on CEUS parameters by the
different nodule sizes of the two groups. Thus, a large-scale
prospective study is needed to clarify these findings in the future.
CONCLUSION

PCPTCs are extremely rare cystic PTCs, and very few studies
describe their ultrasonographic imaging features and related
Frontiers in Endocrinology | www.frontiersin.org 716
pathologic findings. On preoperative US and CEUS, PCPTCs
more frequently presented with calcification, hypoechogenicity
of the solid part, hypoenhancement, heterogeneous
enhancement, centrifugal perfusion, PI index <1, TP index ≥1,
and AUC index <1 compared with benign nodular goiters.
Binary logistic regression analysis demonstrated that
heterogeneous enhancement, centrifugal perfusion, and PI
index <1 are independent CEUS characteristics related to
malignant PCPTCs that can be used to differentiate them from
benign nodular goiters. Thus, preoperative CEUS characteristics
may serve as a useful tool to distinguish malignant PCPTCs from
benign thyroid nodules and thus effectively supplement
conventional US.
TABLE 3 | Multivariate logistic regression analysis of CEUS characteristics related to PCPTCs distinguishing from nodular goiters.

Characteristics Partial regression coefficient, b Odds ratio 95% Confidence interval p Value

Heterogeneous enhancement 4.080 59.166 1.928–1,815.846 0.020*
Centrifugal perfusion 4.502 90.157 4.443–1,829.637 0.003*
PI index <1 5.515 248.279 1.655–37,241.707 0.031*
December 2021 | Volume 12 | Article
*p < 0.05 was considered a significant difference.
PCPTC, partially cystic papillary thyroid carcinoma.
TABLE 4 | Diagnostic performance for discrimination between PCPTCs and nodular goiters.

Methods Cutoff score Sensitivity, % Specificity, % Accuracy, % PPV, % NPV, % Az (95% CI)

TI-RADS 4a/4b 78.3 91.9 86.7 85.7 87.2 0.851 (0.738–0.963)
CEUS CEUS ≥2 95.7 89.2 91.7 84.6 97.1 0.924 (0.848–1.000)
TI-RADS+CEUS 4a/4b or CEUS ≥2 95.7 83.8 88.3 78.6 96.9 0.897 (0.811–0.984)
TIRADS, Thyroid Imaging Reporting and Data System; CEUS, contrast-enhanced ultrasound; PPV, positive predictive value; NPV, negative predictive value; CI, confidence interval;
PCPTC, partially cystic papillary thyroid carcinoma.
FIGURE 3 | Hematoxylin and eosin (H&E) staining of predominantly cystic papillary thyroid carcinoma and central cervical lymph nodes. The thick cystic wall of the mass
showed a lot of nipple-like bulges: (A) magnification, ×20; (B) magnification, ×100. The solid portion of the mass showed a lot of nipple-like bulges: (C) magnification, ×10;
(D) magnification, ×100. Some nipple-like bulges (black arrows indicated) were shown in two central cervical lymph nodes: (E) magnification, ×25; (F) magnification, ×10.
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Objectives: Lymph node metastases (LNMs) could be stratified into clinical N1 (cN1)
and microscopic pN1 (pathological N1), which bear different biological behavior and
prognosis. Our study aimed to investigate the associations between LNMs and primary
tumor’s US (ultrasound) and CEUS (contrast-enhanced ultrasound) characteristics
based on the stratification of LNMs into cN1 and microscopic pN1 in papillary thyroid
carcinoma (PTC).

Methods: From August 2019 to May 2020, 444 consecutive PTC patients who
underwent preoperative neck US and CEUS evaluation were included. According to
regional lymph node status, the patients were classified into cN1 group versus cN0
(clinical N0) group and microscopic pN1 group versus pN0 (pathological N0) group. For
multiple PTCs, the largest one was selected for the evaluation of US, CEUS and clinical
features. Univariate and multivariate analyses were performed to determine independent
predictors of cN1 and microscopic pN1.

Results: 85 cN1 versus 359 cN0 patients and 117 microscopic pN1 versus 242 pN0
patients were analyzed. Multivariate logistic regression analysis showed that <55-years-
old (OR: 2.56 (1.08–6.04), male [OR: 2.18 (1.22–3.91)], large size [OR: 2.59 (1.71–3.92)],
calcification [OR: 3.88 (1.58–9.51)], and hyper-enhancement [OR: 2.78 (1.22–6.30)] were
independent risk factors of cN1, while <55-years-old [OR: 1.91 (1.04–3.51)], large size
[OR: 1.56 (1.003–2.42)], multifocality [OR: 1.67 (1.04–2.66)] were independent risk factors
of microscopic pN1.

Conclusions: For patients with PTC, young age, male, large size, calcification, and hyper-
enhancement were independent predictors of cN1, while young age, large size and
multifocality were independent predictors of microscopic pN1.

Keywords: ultrasound, contrast-enhanced ultrasound, papillary thyroid carcinoma, lymph node metastasis, cN1,
microscopic pN1
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INTRODUCTION

Papillary thyroid carcinoma (PTC) is the most common thyroid
carcinoma, comprising more than 90% of all thyroid cancers (1).
Most PTC patients have good prognosis. However, cervical
lymph node metastases (LNMs) are common in PTCs and
could increase the recurrence risk and mortality outcomes of
PTCs (2, 3). Central compartment dissection has been performed
for the PTC patients prone to LNMs (4), yet it might increase the
likelihood of morbidity, including hypocalcemia and is
unnecessary for those with low-risk LNMs. In addition,
postoperative radioiodine therapy might be considered for
aggressive PTCs (5). Therefore, it is essential to evaluate the
risk factors of LNMs and establish a procedure to screen
preoperatively for aggressive PTCs, thereby assisting with the
therapeutic planning.

Although ultrasound is the preferred imaging modality for the
assessment of LNMs in PTC patients (4), preceding studies (3, 6)
found that conventional ultrasound missed 33–90% of LNMs in
PTC patients. Instead of direct detection, investigators focused on
the sonographic features of PTCs to predict LNMs, and contrast-
enhanced ultrasound (CEUS) has also been utilized to screen for
aggressive PTCs from indolent ones and predict LNMs.

Some investigations (7–13) have explored the PTC’s US and
CEUS features associated with LNMs and confirmed their values
in predicting LNMs. However, LNMs could be stratified into
clinical N1 (cN1, observed on US) and microscopic pN1
(pathological N1), which might bear different biological
behavior and prognostic values. cN1 PTCs are deemed to be
more aggressive and have worse prognosis than microscopic pN1
PTCs (1, 4, 14–17). Very similar recurrence risks and mortality
outcomes could be seen in patients with pN0 and microscopic
pN1 (1). The differences in biological behavior and prognosis
between cN1 and microscopic pN1 might signify that the
characteristics of US and CEUS of primary tumor could also
be different.

Hence, the present study aimed to investigate the associations
between LNMs and each of the US and CEUS characteristics of
PTCs based on the stratification of LNMs into cN1 and
microscopic pN1.
MATERIALS AND METHODS

Patients
This retrospective study was conducted from August 2019 to
May 2020. The inclusion criteria were as follows: 1. Patients who
underwent open surgery (initial therapy); 2. The definitive
pathological diagnosis was PTC; 3. Both conventional US and
CEUS examinations were carried out within one month before
operation. The following were excluded: 1. Central lymph node
(level VI) dissection was not performed; 2. Patients with other
subtypes of thyroid carcinomas. Thus, a total of 444 patients (331
females and 113 males; mean age, 43.50 ± 11.08 years; range, 18-
69 years) were identified and enrolled. For multifocal PTCs, the
largest one was selected. Ultimately, 444 PTC lesions (median
size, 1.0 (0.7,1.5) cm) were chosen for this study.
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This study was approved by Medical Ethics Committee of
Chinese PLA General Hospital (S2019-178-02) and the written
informed consents were waived because the patients’ data were
assessed retrospectively and anonymously.

Stratification of LNMs
LNMs include cN1 and microscopic pN1. cN1 is defined as
clinically detectable macroscopic LNMs which could be
observed on US. Microscopic pN1 could only be detected by
histopathologic review. For the cN1 unconfirmed by preoperative
cytology, they should be validated by postoperative pathology in
our study. For this purpose, we matched the suspicious LNMs
observed on US to the corresponding lymph nodes on pathology
based on location and size. As long as any of them was
demonstrated by postoperative pathology, the cN1 would be
established in our study.

According to the regional lymph node status, the patients
were classified into cN1 group versus cN0 group [including
microscopic pN1 and pN0 (pathological N0)] and microscopic
pN1 group versus pN0 group.

Conventional US and CEUS Examinations
This investigation was carried out with machines from four
vendors: a Mindray Resona7 (Shenzhen, China) equipped with
a L14-5WU transducer for conventional US and a L11-3U for
CEUS, a Philips iU22 (Bothell, WA, USA) equipped with a L12-5
transducer for conventional US and a L9-4 for CEUS, an
ACUSON Sequoia (Siemens, Germany) equipped with a 18L6
for conventional US and a 10L4 for CEUS as well as an ACUSON
S2000 (Siemens, Germany) equipped with a 9L4 transducer for
conventional US and CEUS. Patients were scanned in supine
position with neck fully exposed. By grayscale ultrasound, the
size, position, composition, echogenicity, shape, margin,
calcification and halo of the nodule were thoroughly examined.
The regional lymph nodes were also meticulously scrutinized.

The largest plane of the tumor was chosen and US machine
was then switched to CEUS mode. And the focus was always
placed deeper than the examined nodule to diminish the
microbubble disruption. The contrast medium was SonoVue
(Bracco Imaging S.p.A, Milan, Italy), which was administered
intravenously through the antecubital vein as a bolus at a dose of
1.8-2.0 mL followed by 5 mL of saline flush. The real-time
microbubble perfusions within the nodules and surrounding
tissues were observed for a minimum of 2 min and recorded in
the hard drive of the system.

Image Interpretation and Analysis
Two sonologists (Y.K.L. and Y.Z.) with more than 10 years of
experience in thyroid ultrasonography, were blinded to the
clinicopathological information and performed a retrospective
review of the US and CEUS sonograms independently.
Discrepancies in the interpretation were resolved by consensus.

Concerning the US features, the following were evaluated for
eachnodule: composition (solid or almost completely solid, others),
echogenicity (hyperechoic or isoechoic, hypoechoic, very
hypoechoic), shape (wider-than-tall, taller-than-wide), margin
(smooth, lobulated or irregular), calcification (absent, present),
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halo (absent, present), suspicious extrathyroidal extension on US
(absent, present). The following characteristics were used to
evaluate the suspicious extrathyroidal extension on US: the
nodule abuts the thyroid capsule, which displays the signs of
interruption (loss of the echogenic capsule line); and the nodule
interrupts the capsule and invades the surrounding tissues (18–20).
With respect to the regional lymphnodes, according to the previous
studies (21–26), US-based detection of highly suspicious LNMwas
based on the following features: 1) microcalcification; 2) cystic
change; 3) hyper-echogenicity; 4) rounded shape with increased
anteroposterior diameter; 5) peripheral vascularization; 6) irregular
margin and loss of hilum. The suspicious lymph nodes onUS were
routinely recommended for fine needle biopsy in our institution.

The thyroid nodules were assessed on CEUS relative to the
surrounding thyroid parenchyma. Compared to that of the
surrounding thyroid tissue, the peak intensity of the nodule
was classified into (1): hypo-enhancement (2), iso-enhancement
(3), hyper-enhancement. According to the preceding studies (27,
28), the presence of tumor-adjacent hyper-enhancement area(s)
was indicative of high invasiveness of tumors. This feature was
defined as the hyper-enhancement area(s) abutting on tumor.
The ring, band-like or patchy enhancement area(s) could be
observed in this feature. As to the hyper-enhancement nodules,
this feature presented the extension of enhancement region.

Histological Analysis
All specimens were classified in accordance with the WHO
Classification of Tumors of Endocrine Organs (4th edition) by
experienced pathologists who were blinded to the medical
history and sonographic findings. Pathological diagnosis was
considered as the gold standard for the study.

Statistical Analysis
The statistical software used in this study was SPSS, version 21.0
(SPSS Inc, Chicago, IL). P value of <0.05 was considered
statistically significant. The patients were categorized as cN1
group versus cN0 group and microscopic pN1 group versus pN0
group. Continuous variables with normal distribution were
summarized as mean ± standard deviation, otherwise they
were presented as median (lower quartile, upper quartile).
Categorical variables were summarized as frequencies and
percentages. Continuous variables were assessed using the
unpaired Student t test or Mann Whitney U test. Categorical
variables were evaluated by Pearson’s chi-square or Fisher’s exact
test. Variables, that were significant in the univariate analysis or
were clinically relevant, were selected into a binary logistic
regression model using an enter method to further identify the
independent risk factors associated with cN1 and microscopic
pN1 separately and establish the prediction models. Odds ratios
(ORs) with 95% confidence intervals (CIs) were calculated. The
receiver operating characteristic (ROC) curves obtained by
MedCalc were used to determine the best cut-off values for the
continuous variables (tumor size) and to assess the models’
diagnostic performance. The corresponding area under the
ROC curve (AUC), sensitivity, and specificity were calculated
at the optimal cut-off values.
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RESULTS

Histological Findings
444 PTCs included 5 aggressive variants (only tall cell variant)
and 439 non-aggressive variants, including classical, follicular,
oncocytic and warthin-like variants. LNMs were found in 202
patients (45.50%). Among them, 85 patients were found cN1 and
117 were found microscopic pN1. In 85 cN1 patients, at least one
involved lymph node could be observed on US. 44 of 85 cN1
patients were confirmed by preoperative cytology and the rest
were demonstrated by postoperative pathology based on the size
and location. Extra-nodal extension occurred in 15 of 85 cN1
patients, which was documented in the operative report.

Thus, 85 cN1 patients versus 359 cN0 patients (including 117
microscopic pN1 patients and 242 pN0 patients) and 117
microscopic pN1 patients versus 242 pN0 patients were
analyzed in our study (Figure 1).

Comparison of PTC’s US and CEUS
Features Between cN1 Patients and
cN0 Patients
The age, gender, size, multifocality, extrathyroidal extension on
US, calcification and enhancement intensity differed significantly
between patients with cN1 and cN0 (p<0.05) (Table 1).
However, there were no significant differences in composition,
echogenicity, shape, margin, halo as well as tumor-adjacent
hyper-enhancement area(s) (p>0.05) (Table 1).

Multivariate Logistic Regression Analysis
for cN1
Multivariate logistic regression analysis was performed for all
significant variables identified in the univariate analysis. Among
them, size was added to the multivariate model as a continuous
variable. Additionally, given that the PTCs with halo
(encapsulated tumors) tend to present rich blood supply but
highly favorable prognosis (29), this feature was also added to the
multivariate model to check for possible confounding effects.

The predictive factors for cN1 were <55-years-old (OR: 2.56
(1.08–6.04), p: 0.032), male (OR: 2.18 (1.22–3.91), p: 0.009), size
(OR: 2.59 (1.71–3.92), p<0.0001), calcification (OR: 3.88 (1.58–
9.51), p: 0.003), and hyper-enhancement (OR: 2.78 (1.22–6.30),
p: 0.015) (Figure 2), whereas the others were dependent on cN1
(p>0.05). The AUC was 0.557 for age (95% CI: 0.510–0.604),
0.612 for gender (95% CI: 0.565–0.657), 0.749 for size (95% CI:
0.706–0.789), 0.630 for calcification (95% CI: 0.584–0.675), and
0.658 for enhancement intensity (95% CI: 0.612–0.702),
respectively. The best cut-off value of tumor size was >1.4 cm.

An equation was established with the significant predictive
factors: logit (p) = -5.289 + 0.902 × age + 0.736 × gender + 0.919 ×
size + 0.575 × iso-enhancement + 0.876 × hyper-enhancement.
The AUC of 0.802 (95% CI: 0.762–0.838) for equation suggested a
significant difference compared with the single factors (p<0.05 for
all) (Figure 3). The calcification showed the highest sensitivity
(92.94%) in predicting cN1, while enhancement intensity
indicated the highest specificity (83.84%). The diagnostic
accuracy of size was the highest (76.80%) (Table 2).
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FIGURE 1 | The status of regional lymph nodes in papillary thyroid carcinoma. LNMs include cN1 and microscopic pN1, and cN0 are comprised of microscopic
pN1 and pN0. LNMs, lymph node metastases; cN1, clinical N1; Microscopic pN1, microscopic pathological N1; cN0, clinical N0; pN0, pathological N0.
TABLE 1 | Clinical and sonographic characteristics of cN1 PTCs and cN0 PTCs.

Characteristics cN1 PTCs
(n = 85)

cN0 PTCs
(n=359)

P value

Age, y 38.71 ± 10.87 44.63 ± 10.84 <0.0001*
<55 77 (90.59) 284 (79.11) 0.015*

Gender <0.0001*
Male 37 (43.53) 76 (21.17)

Size (Maximum diameters, cm) 1.50 (1.00,2.45) 1.00 (0.60,1.20) <0.0001*
Multifocality 51 (60.00) 152 (42.34) 0.003*
Suspicious extrathyroidal extension on US <0.001*
Absent 14 (16.47) 130 (36.21)
Present 71 (83.53) 229 (63.79)

Composition 0.877
Solid or almost completely solid 83 (97.65) 354 (98.61)
Others 2 (2.35) 5 (1.39)

Echogenicity 0.083
Hyperechoic or isoechoic 2 (2.35) 1 (0.28)
Hypoechoic 74 (87.06) 303 (84.40)
Very hypoechoic 9 (10.59) 55 (15.32)

Shape 0.311
Wider-than-tall 38 (44.71) 139 (38.72)
Taller-than-wide 47 (55.29) 220 (61.28)

Margin 0.935
Smooth 3 (3.53) 16 (4.46)
Lobulated or irregular 82 (96.47) 343 (95.54)
Presence of calcification 79 (92.94) 240 (66.85) <0.0001*

Presence of halo 14 (16.47) 38 (10.58) 0.129
Enhancement intensity <0.0001*
Hypo-enhancement 14 (16.47) 129 (35.93)
Iso-enhancement 37 (43.53) 172 (47.91)
Hyper-enhancement 34 (40.00) 58 (16.16)

Presence of tumor-adjacent hyper-enhancement area (s) 18 (21.18) 91 (25.35) 0.422
Frontiers in Endocrinology | www.frontiersin.org
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cN1, clinical N1; cN0, clinical N0; PTC, papillary thyroid carcinoma.
Data were presented in mean ± standard deviation, median (lower quartile, upper quartile) and number (percent).
*These p values are of <0.05.
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Comparison of PTC’s US and CEUS
Features Between Microscopic pN1
Patients and pN0 Patients
Statistically significant differences were found in age, size,
multifocality and calcification between microscopic pN1 patients
and pN0 patients (p<0.05) (Table 3). But there were no significant
differences in gender, extrathyroidal extension onUS, composition,
echogenicity, shape, margin, halo, enhancement intensity as well as
tumor-adjacent hyper-enhancement area(s) (p>0.05) (Table 3).

Multivariate Logistic Regression Analysis
for Microscopic pN1
To controlmore confounders, the variables added to themultivariate
analysis were identical to those added to the multivariate analysis of
cN1. The predictive factors for microscopic pN1 were <55-years-old
(OR: 1.91 (1.04–3.51), p: 0.036), size (OR: 1.56 (1.003–2.42), p: 0.049),
multifocality (OR: 1.67 (1.04–2.66), p: 0.033). TheAUCwas 0.541 for
Frontiers in Endocrinology | www.frontiersin.org 523
age (95%CI: 0.488–0.593), 0.601 for size (95%CI: 0.548–0.652), and
0.566 for multifocality (95% CI: 0.513–0.618), respectively. The best
cut-off value of tumor size was >1.0 cm.

An equation was also created using the significant predictive
factors: logit (p) = -1.853 + 0.609 × age + 0.391 × size + 0.502 ×
multifocality. The AUC of the predictive equation was 0.639
(95% CI: 0.586–0.688), higher than the single factors (p<0.05 for
age and multifocality, but not for size) (Figure 4). The age had
the highest sensitivity (84.62%) in predicting microscopic pN1,
whereas the size indicated the highest specificity (70.25%). The
size also achieved the highest accuracy (63.23%) (Table 4).

DISCUSSION

LNMscanbeclassified into cN1andmicroscopicpN1,whichmight
vary in biological behavior and prognosis. cN1 is defined as
clinically detectable macroscopic LNMs which could be observed
FIGURE 2 | A 35-year-old male with cN1 PTC. (A) Sonogram of the largest metastatic lymph node (arrow) in level IV indicates irregular margin, loss of hilum,
calcification, hyper-echogenicity, and cystic change in the node. (B) CDFI shows non-hilar vascularization. (C) CEUS indicates heterogeneous hyper-
enhancement and perfusion defect in the node. (D) Sonogram of the PTC lesion shows a solid hypo-echogenic nodule with irregular margin and a taller than
wide shape, measuring 1.2*1.4*1.9cm. (E) CDFI indicates abundant blood flow signals. (F) CEUS shows that the PTC lesion presents pervasive hyper-
enhancement. PTC, papillary thyroid carcinoma; cN1, clinical N1; CDFI, color doppler flow imaging; CEUS, contrast-enhanced ultrasound.
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on US. Microscopic pN1 could only be found by histopathology.
Microscopic pN1 carries a smaller recurrence risk than cN1 but
possesses similar recurrence risks andmortality outcomeswithpN0
(1, 4, 14–17). Microscopic pN1might have little impact on the risk
of structural recurrence and disease specific survival (1).
Consequently, it could be hypothesized that primary tumor’s US
andCEUS features associatedwithcN1andmicroscopicpN1might
differ. Our study explored the connections between LNMs and
primary tumor’s US and CEUS characteristics based on the
stratification of LNMs into cN1 and microscopic pN1 and
confirmed this hypothesis.
Frontiers in Endocrinology | www.frontiersin.org 624
We discovered that independent risk factors for cN1 were <55-
years-old, male, large size, calcification and hyper-enhancement,
while those for microscopic pN1 were <55-years-old, large size and
multifocality. CEUS, a pure blood pool imaging technique, could be
used to assess the blood perfusion of tumors (30). As the
angiogenesis is essential in the occurrence, development,
invasion, and metastasis of PTCs, it could be speculated that
PTCs with hyper-enhancement (rich blood supply) possessed
high invasiveness and an increased probability of LNMs, which
could further develop into clinically detectable LNMs (cN1). In our
study, hyper-enhancement on CEUS was correlated with cN1
FIGURE 3 | ROC curves of PTC age (AUC=0.557), gender (AUC=0.612), size (AUC=0.749), calcification (AUC=0.630), enhancement intensity on CEUS (AUC=0.658)
and Equation (AUC=0.802) for the prediction of cN1. ROC, receiver operating characteristic; PTC, papillary thyroid carcinoma; AUC, area under the curve;
CEUS, contrast-enhanced ultrasound; cN1, clinical N1.
TABLE 2 | ROC analysis for predicting cN1 in PTCs.

Characteristics AUC 95% CI Sensitivity Specificity Accuracy

Age 0.557 0.510–0.604 90.59% 20.89% 34.23%
Gender 0.612 0.565–0.657 43.53% 78.83% 72.07%
Size* 0.749 0.706–0.789 58.82% 81.06% 76.80%
Calcification 0.630 0.584–0.675 92.94% 33.15% 44.59%
Enhancement intensity 0.658 0.612–0.702 40.00% 83.84% 75.45%
Predictive equation 0.802 0.762–0.838 82.35% 64.35% 67.79%
Jan
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ROC, receiver operating characteristic; cN1, clinical N1; PTC, papillary thyroid carcinoma; AUC, area under the curve; CI, confidence interval.
*The best cut-off value of tumor size was >1.4 cm.
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rather than with microscopic pN1. The similar conclusion was
drawn by other studies (7, 10) that hyper-enhancement on CEUS
suggested a high risk of LNMs. In these studies, the LNMs included
both cN1 and microscopic pN1. It has been reported that
calcification was an independent predictor of LNMs for patients
with PTC (31–33). In our study, calcification was associated with
cN1, but not withmicroscopic pN1.Male is associatedwith a worse
prognosis, constituting a non-independent adverse prognostic
factor (34, 35). Some studies (36, 37) have reported that male was
an independent predictor of LNMs in patients with PTC. In our
study, male was connected with cN1 rather than microscopic pN1.
Size is an independent prognostic factor of PTCs and has been
demonstrated tobeassociatedwithLNMsbymany studies (7–9, 11,
12). This conclusionwas validated in our study. The optimal cut-off
value of size for the prediction of cN1 was 1.4cm, whereas that for
the prediction ofmicroscopic pN1was 1.0cm. Previous studies (31,
32, 37) found that young age was connected with LNMs. This
conclusion was demonstrated in our study, although Jianming Li
et al. (36) reported that old age was a risk factor of LNMs.
Multifocality has been reported to be associated with an increased
risk of LNMs (8, 32, 37, 38) and it was identified to be an
independent risk factor of microscopic pN1 in our study.

The eighth edition of the American Joint Committee on Cancer
(AJCC) Manual mentions that the current challenge for clinical
staging is that the conventional US cannot confidently classify the
Frontiers in Endocrinology | www.frontiersin.org 725
lymph nodes as clinically negative lymph nodes (cN0) or clinically
positive lymph nodes (cN1) before Surgery (1). According to our
study, for PTCs with the predictive factors of cN1, very careful
scrutiny of neck ultrasound was needed to screen for the potential
macroscopic LNMs. If suspicious or indeterminate lymph nodes
were found, lymphatic or intravenous CEUS should be
recommended (21, 22, 39), thereby increasing the confidence in
diagnosis and biopsy, and improving the detection rate of LNMs,
especially for junior sonologists. For cN0 patients with PTC, the
predictive factors (young age, large size and multifocality) were
suggestive of an increased probability of microscopic LNMs. It
might be better that prophylactic central compartment dissection
was performed for patients with these factors.

A more demolitive surgery is accompanied by a risk of
increased postoperative complications, such as neck hematoma,
hypoparathyroidism, and recurrent laryngeal nerve injury (40–
42). Therefore, it is of great significance to accurately identify
LNMs before surgery, which could impact on the extent of
surgery. Our findings could serve as preoperative supplementary
markers for determining the status of LNMs, thereby enhancing
the accuracy and detection rate of LNMs and assisting the
surgeons in determining the optimal extent of surgery.

Our study had some limitations. First, this is a retrospective,
single-center study. Second, our institution is a tertiary referral
hospital. Additionally, many patients with papillary thyroid
TABLE 3 | Clinical and sonographic characteristics of microscopic pN1 PTCs and pN0 PTCs.

Characteristics Microscopic pN1 PTCs
(n = 117)

pN0 PTCs
(n = 242)

P value

Age, y 42.75 ± 11.11 45.54 ± 10.61 0.022*
<55 99 (84.62) 185 (76.45) 0.074

Gender 0.243
Male 29 (24.79) 47 (19.42)

Size (Maximum diameters, cm) 1.00 (0.70,1.45) 0.80 (0.60,1.20) 0.002*
Multifocality 60 (51.28) 92 (38.02) 0.017*
Suspicious extrathyroidal extension on US 0.430
Absent 39 (33.33) 91 (37.60)
Present 78 (66.67) 151 (62.40)

Composition 1.000
Solid or almost completely solid 115 (98.29) 239 (98.76)
Others 2 (1.71) 3 (1.24)

Echogenicity 0.470
Hyperechoic or isoechoic 0 (0) 1 (0.41)
Hypoechoic 103 (88.03) 200 (82.65)
Very hypoechoic 14 (11.97) 41 (16.94)

Shape 0.277
Wider-than-tall 50 (42.74) 89 (36.78)
Taller-than-wide 67 (57.26) 153 (63.22)

Margin 0.907
Smooth 5 (4.27) 11 (4.55)
Lobulated or irregular 112 (95.73) 231 (95.45)

Presence of calcification 88 (75.21) 152 (62.81) 0.019*
Presence of halo 11 (9.40) 27 (11.16) 0.612
Enhancement intensity 0.264
Hypo-enhancement 48 (41.03) 81 (33.47)
Iso-enhancement 49 (41.88) 123 (50.83)
Hyper-enhancement 20 (17.09) 38 (15.70)

Presence of tumor-adjacent hyper-enhancement area (s) 28 (23.93) 63 (26.03) 0.668
January 2022 | Volume 12 | Article
Microscopic pN1, microscopic pathological N1; pN0, pathological N0; PTC, papillary thyroid carcinoma.
Data were presented in mean ± standard deviation, median (lower quartile-upper quartile) and number (percent).
*These p values are of <0.05.
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microcarcinoma were subjected to active surveillance or thermal
ablation therapy rather than surgery. Therefore, surgery patients in
ourhospitalmight have thehigher staging and sample selectionbias
might exist. A multi-center study was needed to solve these
problems. Third, our study cohort lacked postoperative follow-up
data. Future studies should investigate postoperative follow-up
sonography in our institution and compare recurrence and
survival rates.

In conclusion, PTCs with the risk factors, including <55-
years-old, male, large size, calcification and hyper-enhancement,
have an increased probability of cN1. Cervical lymph nodes
should be carefully scrutinized. For cN0 patients with PTC,
young age, large size and multifocality were associated with an
increased likelihood of microscopic pN1. Prophylactic central
compartment dissection might be appropriate for these patients.
Frontiers in Endocrinology | www.frontiersin.org 826
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FIGURE 4 | ROC curves of PTC age (AUC=0.541), size (AUC=0.601), multifocality (AUC=0.566), and Equation (AUC=0.639) for the prediction of microscopic pN1.
ROC, receiver operating characteristic; PTC, papillary thyroid carcinoma; AUC, area under the curve; Microscopic pN1, microscopic pathological N1.
TABLE 4 | ROC analysis for predicting microscopic pN1 in PTCs.

AUC 95% CI Sensitivity Specificity Accuracy

Age 0.541 0.488–0.593 84.62% 23.55% 43.45%
Size* 0.601 0.548–0.652 48.72% 70.25% 63.23%
Multifocality 0.566 0.513–0.618 51.28% 61.98% 58.50%
Predictive equation 0.639 0.586–0.688 67.52% 59.50% 62.12%
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ROC, receiver operating characteristic; Microscopic pN1, microscopic pathological N1; PTC, papillary thyroid carcinoma; AUC, area under the curve; CI, confidence interval.
*The best cut-off value of tumor size was >1.0 cm.
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Value of Elasticity and Grayscale
Ultrasound Diagnoses for Predicting
BRAFV600E Mutations in Papillary
Thyroid Carcinoma
Yu-guo Wang1†, Fei-ju Xu2†, Enock Adjei Agyekum2†, Hong Xiang3, Yuan-dong Wang4,
Jin Zhang2, Hui Sun5, Guo-liang Zhang6, Xiang-shu Bo2, Wen-zhi Lv7, Xian Wang2*,
Shu-dong Hu8* and Xiao-qin Qian2*

1 Department of Ultrasound, Jiangsu Hospital of Integrated Traditional Chinese and Western Medicine, Nanjing, China,
2 Department of Ultrasound, Affiliated People’s Hospital of Jiangsu University, Zhenjiang, China, 3 Department of Pediatrics,
Affiliated Hospital of Jiangsu University, Zhenjiang, China, 4 Department of Radiotherapy, Affiliated People’s Hospital of Jiangsu
University, Zhenjiang, China, 5 Department of Pathology, Affiliated People’s Hospital of Jiangsu University, Zhenjiang, China,
6 Department of General Surgery, Affiliated People’s Hospital of Jiangsu University, Zhenjiang, China, 7 Department of Artificial
Intelligence, Julei Technology, Company, Wuhan, China, 8 Department of Radiology, Affiliated Hospital of Jiangnan University,
Wuxi, China

BRAFV600E is the most common mutated gene in thyroid cancer and is most closely
related to papillary thyroid carcinoma(PTC). We investigated the value of elasticity and
grayscale ultrasonography for predicting BRAFV600E mutations in PTC.

Methods: 138 patients with PTC who underwent preoperative ultrasound between
January 2014 and 2021 were retrospectively examined. Patients were divided into
BRAFV600E mutation-free group (n=75) and BRAFV600E mutation group (n=63). Patients
were randomly divided into training (n=96) and test (n=42) groups. A total of 479 radiomic
features were extracted from the grayscale and elasticity ultra-sonograms. Regression
analysis was done to select the features that provided the most information. Then, 10-fold
cross-validation was used to compare the performance of different classification
algorithms. Logistic regression was used to predict BRAFV600E mutations.

Results: Eight radiomics features were extracted from the grayscale ultrasonogram, and
five radiomics features were extracted from the elasticity ultrasonogram. Three models
were developed using these radiomic features. The models were derived from elasticity
ultrasound, grayscale ultrasound, and a combination of grayscale and elasticity ultrasound,
with areas under the curve (AUC) 0.952 [95% confidence interval (CI), 0.914−0.990], AUC
0.792 [95% CI, 0.703−0.882], and AUC 0.985 [95% CI, 0.965−1.000] in the training
dataset, AUC 0.931 [95% CI, 0.841−1.000], AUC 0. 725 [95% CI, 0.569−0.880], and AUC
0.938 [95% CI, 0.851−1.000] in the test dataset, respectively.
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Conclusion: The radiomic model based on grayscale and elasticity ultrasound had a
good predictive value for BRAFV600E gene mutations in patients with PTC.
Keywords: ultrasonic examination, radiomic, papillary thyroid carcinoma, BRAF-V600E, model
INTRODUCTION

Papillary thyroid carcinoma (PTC) is the most common type of
pathological thyroid cancer, accounting for approximately 80–
90% of all thyroid cancers and with an annually increasing
incidence (1, 2). Most patients have a low death rate, with a 10-
year survival rate of > 90%; however, some histological subtypes
are prone to extraglandular thyroid invasion, vascular invasion, a
high postoperative recurrence rate, and distant metastasis rate.
The BRAFV600E gene encodes a protein-dependent kinase, an
essential component of the mitogen-activated protein kinase
pathway that plays a crucial role in the regulation of cell
proliferation, differentiation, and apoptosis (3, 4). The
BRAFV600E gene has the highest mutation rate in thyroid cancer
and is closely associated with PTC. The mutation of BRAFV600E is
an important factor in the PTC phenotype, which contributes to
the diagnosis and differential diagnoses of PTC; additionally, the
detection rate of PTC is 30–84% (4, 5). The BRAFV600Emutation is
closely related to PTC extrathyroid extension invasion and cervical
lymph node metastasis, suggesting an invasion of patients with
PTC (6, 7). The BRAFV600E mutation was also included in the risk
stratification of PTC in the 2015 American Thyroid Association
Guidelines; therefore, the preoperative diagnosis of the BRAFV600E

mutation is closely related to the development of an appropriate
surgical treatment plan to prevent the recurrence of PTC.

While recent studies have shown that grayscale ultrasound can
predict the mutation of BRAFV600E in PTC, the results are highly
controversial (8, 9). Kabaker et al. reported that vertical and horizontal
diameter ratios>1, anunclearboundary, lowecho, calcification, andno
halo were all associated with the BRAFV600E mutation on ultrasound
examination (10). Similarly, Hahn et al. reported that vertical and
horizontal diameter ratios >1 were associated with BRAFV600E gene
mutations (11); however, some related scholars simultaneously
reported that there were no ultrasonic characteristics related to the
BRAFV600Emutation (12, 13).Ultrasound radiomics (USR) is a branch
of radiomics that is based on ultrasound examination, combined with
genetic and clinical data, and employs artificial intelligence as a tool for
high-throughput extraction and analysis of relevant tumor
information, from structure to molecular cell function analysis,
identify tissue and cell level characteristics that cannot be detected by
visual reading or conventional quantitative technology, and provide
auxiliary decision support for clinical diagnosis and prognosis (14, 15).
Withhigh throughput, it can transform the imagedata fromthe region
of interest (ROI) of lesions into quantitative data with feature space,
performing precise quantitative analysis. Previous studies have shown
that ultrasonic histogram and texture analysis can help distinguish
betweenbenignandmalignant thyroidnodules (15,16);however, there
are few reports regarding the ultrasonic image features of the
BRAFV600E mutation in PTC using the USR method (8, 9), and there
is no further application of multimodal USR.
n.org 230
In this study, the USR features of PTC were analyzed based on
grayscale and elasticity ultrasound to predict the risk of the
BRAFV600E mutation.
MATERIALS AND METHODS

Clinical Data
This study was approved by the Ethics Committee of Jiangsu
University Affiliated People’s Hospital, and all patients provided
written informed consent. PTC patients who underwent a
preoperative thyroid ultrasound examination, BRAFV600E

mutation detection, and surgery at Jiangsu University Affiliated
People’s Hospital between January 2014 and 2021, were
retrospectively examined. Figure 1 shows the enrolment
procedure. The inclusion criteria were having undergone
preoperative grayscale and elasticity ultrasound examination of
the thyroid, with related ultrasound images and diagnostic results
obtained; a maximum nodule diameter > 5 mm; a maximum
nodule diameter > 5 mm, < 5 cm; postoperative pathology-
confirmed PTC; and unilateral and single focal lesion. The
exclusion criteria were unclear ultrasound images of nodules
owing to artifacts and a maximum nodule diameter > 5 cm.
Finally, 138 PTCs of 138 patients (mean age, 41.63 ± 11.36 [range,
25–65] years) were analyzed in this study. One hundred thirty-
eight patients were divided into BRAFV600E mutation-free group
(n=75) and BRAFV600E mutation group (n=63). The clinical
information of the enrolled patients, including age, sex, nodule
diameter, nodule location, nodule echo, nodule boundary, nodule
internal and peripheral blood flow, nodule elastic grading,
calcification, cervical lymph node metastasis, and BRAFV600E

mutation results were recorded.
Ultrasound and Elastic
Ultrasound Examination
The Philips Q5 (both Healthcare, Eindhoven, Netherlands) and
the GE LOGIC E20 (GE Medical Systems, American General)
ultrasonic instrument (L12-5 linear array probe, frequency: 10–
14 MHz) were used. The patients were placed in the supine
position, and longitudinal and transverse continuous scanning
were performed to obtain longitudinal and transverse images of
the thyroid nodules. A coexisting diagram including the nodule
diameter, nodule location, nodule echo, nodule boundary, blood
flow in and around the nodule, elastic grading of the nodule,
calcification, and cervical lymph node metastasis was observed.
The elastic imaging mode was enabled, and the position and size
of the sampling frame were adjusted on the cross-sectional
image. The nodules were positioned at the center of the elastic
April 2022 | Volume 13 | Article 872153
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imaging region, with the ROI more than four times the size of the
nodules. The probe was perpendicular to the nodule, and
pressure was applied in a steady manner (range 1–2 mm, 1–2
times/s). When the linear strain hint graph (green spring)
indicated stability, the freeze key was pressed to obtain an
elastic image; the color change in the ROI was observed (green
indicated soft; red indicated hard), and the hardness of the
nodule was scored based on elasticity. The grading standard of
the elastic image was as follows: 1 point, nodules, and
surrounding tissues were completely green; 2 points, nodules
were red and green (mostly green); 3 points, mixed red and green
distribution (mainly red); 4 points, nodules were completely red;
and 5 points, the red coverage was greater than that of
the nodule.
Frontiers in Endocrinology | www.frontiersin.org 331
ROI Segmentation and Normalization
Thyroid ultrasound examinations were performed within one week
before surgery. Two radiologists (with 9 and 10 years of experience
in the diagnosis of thyroid diseases, respectively) blinded to the
pathological and surgical records, completed the manual ultrasonic
image segmentation independently. The ROIs were placed on the
tumor mass without the surrounding tissue, the ROIs were
manually sketched on each image using the ITK-SNAP software
(http://www.itksnap.org). The tumor regions in the elasticity
ultrasound images were sketched according to the grayscale
images. Following the manual ROI segmentation, the z-score
normalization method was used to standardize the grayscale and
elasticity ultrasound images to obtain a standard normal
distribution of image intensities.
FIGURE 1 | Schematic diagram of the patient selection. PTC, papillary thyroid carcinoma.
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Radiomic Feature Extraction
and Feature Selection
The PyRadiomics platform from themedical image data was used to
extract the standardized set of radiology characteristics (https://
github.com/Radiomics/pyradiomics). In total, 479 radiomics
features were extracted from the ultrasound images of each ROI.
The grayscale features were extracted from the ROI of the grayscale
images, and elastic features were extracted from the ROI of the
elastic images. The interclass correlation coefficient (ICC) was used
to evaluate the inter-observer and intra-observer consistency of
feature extraction. ICC > 0.80 was considered excellent. Spearman’s
correlation analysis was used to select radiometric that were highly
correlated with BRAFV600E mutations. The redundant features
identified by Spearman’s correlation coefficient ≥0.8 were
eliminated; the minimum redundancy maximum relevance
(mRMR) algorithm was subsequently used to select the top 10
features with high relevance and low redundancy for the following
analyses. After mRMR, the least absolute shrinkage and selection
operator (LASSO) logistic regression method, using 10-fold cross-
validation, was used to select the most useful BRAFV600E mutation-
related predictive features in the training dataset (Figure 2).

According to the result of the LASSO regression analysis, the
mathematical expression of the BMUS and ES radiomic signatures are
given as follows:

BMUSRadiomicsignature

= 0:271 − 0:384� wavelet : LH_ glrlm _RanVariance + 0:224

� wavelet :HH_ glcm _ Imc1 + 0:118

� wavelet :HL_ glcm _ InverseVariance + 0:086

� wavelet : LH_ glszm _ SmallAreaEmphasis+0:058

� wavelet : LL _ glcm _MCC + 0:055

� wavelet :HH_ glszm _ SmallAreaLowGrayLevelEmphasis

+ 0:51� wavelet : LH_ firstorder _Median + 0:025

� wavelet : LH_ glcm _ Imc1

ESRadiomic   signature  

= 0:307 + 0:521� wavelet :HL_ glszm _ SmallAreaEmphasis

− 0:426� original _ firstorder _Minimum + 0:424

� wavelet :HL_ glcm _MCC + 0:384

� wavelet :HL_ glrlm _HighGrayLevelRunEmphasis − 0:073

� original _ glszm _GrayLevelNonUniformityNormalized
Radiomic Model Construction and Validation
A single radiomics model using grayscale and elasticity
ultrasound was generated using a linear combination of the
selected features, weighted by the LASSO algorithm with
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non-zero coefficients. The combined grayscale and elasticity
radiomics model was built based on multivariate analysis of the
training dataset. Differences in the radiomics model between
patients with and without the BRAFV600E mutation were
compared using the Mann–Whitney U test. The predictive
performance of the radiomics model was evaluated using a
receiver operating characteristic (ROC) curve, and the area
under the curve (AUC), sensitivity, and specificity were
calculated for both the training and test datasets.
Detection Method of BRAF Gene
More than two needles were used to puncture tissue, and DNA
was extracted using the QIAamp Human Genome DNA
Extraction Kit (QIAGEN). The NanoDrop 1000 (Thermo
Fisher, USA) was used to measure DNA concentrations, which
were ≥50ng/l. The PCR reaction system was set up in accordance
with the PCR kit’s specifications, which included a special probe,
reaction solution, and pure water. The processed nucleic acid to
be tested, as well as the positive and negative quality controls,
were then added to the reaction system, centrifuged at 2000 rpm
for 15 seconds to the bottom of the tube, and the PCR
amplification reaction was carried out. The reaction conditions
were set in accordance with the kit’s specifications. Following the
completion of the reaction, the negative quality control should
have no S-type amplification curve and the positive quality
control should have an S-type amplification curve and a Ct
value of 30. The results of the BRAF gene to be tested are finally
read after the above two conditions are met.
Statistical Analysis
Statistical analyses were performed using R software (version
3.6.1, https://www.r-project.org) and SPSS 20.0 software (SPSS,
Inc., Chicago,IL). Descriptive statistics of continuous variables
were expressed as mean ± standard deviation, and the age
difference between the two groups was tested using the
Student’s t-test. The c2 test showed that the gender difference
between the two groups was statistically significant (P<0.05). To
evaluate the best predictive models, AUCs in the ROC analysis
were calculated.
RESULTS

Clinical Characteristics
In 138 patients with PTC, 78 cases were classical type, 49 cases
were follicular type, and 6 cases were diffuse sclerosis type. The
mutation rate of BRAF gene was 45.6% (63/138), 62.8% (49/78)
and 16.3% (8/49). The mutation rate of diffuse sclerosing type was
33.3% (2/6) and that of hypercellular subtype was 80% (4/5). A
total of 138 PTC patients, including 87 women (mean age, 41.81 ±
11.23 [range, 25–57] years) and 51 men (mean age, 43.82 ± 12.18
[range, 28–65] years). All patients were randomly divided into
either the training group (n=96) or the test group (n=42) using a
stratified sampling method, and the mutation and non-mutation
groups were randomly divided at 7:3, respectively. A comparison
April 2022 | Volume 13 | Article 872153
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of the clinical data and imaging comparisons of the 138 patients
between the training and test groups is shown in Table 1. There
were no significant differences in clinical characteristics between
the two groups, including age and sex (P>0.05). There were also no
significant differences in the mean nodule size (BRAFV600E mutant
group: 24.12 ± 8.6 mm; without BRAFV600E mutant group: 23.98 ±
11.01 mm, P=0.928) or cervical lymph node metastasis (P=0.102)
between the two groups. The relationship between the BRAFV600E

mutation and ultrasonic imaging characteristics is shown
in Table 2.

Feature Selection
In total, 479 radiomic features were extracted from the grayscale
and elasticity ultra-sonograms of each patient. The grayscale
features were reduced to eight BRAFV600E mutation-related
features after Spearman’s correlation analysis, mRMR, and
LASSO algorithms were applied in the training cohort
(Figure 3). Likewise, the elasticity features were reduced to five
risk predictors in the training cohort (Figure 3). Favorable inter-
and intra-observer reproducibility of feature extraction was
achieved, with intra-observer ICCs of 0.487–0.965 and inter-
observer ICCs of 0.543–0.982.

Model Construction and Validation
According to the grayscale and elastic ultrasound images in the
training dataset, logistic regression values were the best classifier.
First, we evaluated the performances of the three models in the
training dataset and then validated them in the test dataset. The
AUCs of the grayscale, elasticity, grayscale, and elasticity
combination prediction model in the training dataset was 0.792
(95% CI, 0.703−0.882), 0.952 (95% CI, 0.914−0.990), and 0.985
(95% CI, 0.965−1.000), respectively. In the test dataset, the AUCs
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were 0.725 (95% CI, 0.569−0.880), 0.931 (95% CI, 0.841−1.000),
and 0.938 (95% CI, 0.851−1.000), respectively. The results showed
that the elastic prediction model or the combination of the
grayscale and elastic prediction model was better than the
grayscale prediction model. The AUC, accuracy, sensitivity, and
specificity of the three models are shown in Table 3. The ROC
curves of the three models are shown in Figure 4. The decision
curve analysis (DCA) was applied in determining the clinical
usefulness of the radiomic by calculating the net benefits at
different threshold values in the combined training and
validation cohort. The DCA showed that radiometric provided a
higher overall net benefit than the all or no treatment
strategy (Figure 5).
DISCUSSION

At present, mutations in the BRAFV600E gene positively correlate
with high-risk clinicopathological factors of PTC such as
extraglandular invasion, cervical lymph node metastasis, and
tumor stage III-IV, suggesting that the BRAFV600E mutation may
reflect the degree of malignancy of PTC (17, 18). It plays a key
role in the development and evolution of PTC and can be used as
an important indicator to objectively judge the invasiveness of
PTC. We thus believe that by detecting BRAFV600E mutations
and expanding the scope of surgical resection for cases with
BRAFV600E mutation, active treatment can be optimized thereby
enabling a better prognosis. Because of its strong association with
aggressive clinic pathological outcomes and serious molecular
derangements in PTC, the BRAF mutation has emerged as a
unique and valuable molecular marker in the management of
PTC. The preoperative prediction of BRAFV600E mutations in
A B

FIGURE 2 | Ultrasound image feature selection using the least absolute shrinkage and selection operator (LASSO) logistic regression model in the training dataset.
(A) The 10-fold cross-validation and the minimal criteria process were used to generate the optimal penalization coefficient lambda in the LASSO model. (B) LASSO
coefficient profiles of the BMUS and ES features. The dotted vertical line was drawn at the value selected by 10-fold cross-validation when the optimal l resulted in
eight (BMUS) and five (ES) nonzero coefficients, respectively.
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patients with PTC is therefore of great significance for guiding
their clinical treatment.

Liu et al. predicted the BRAFV600E mutation in patients with
PTC using gray-scale ultrasound radiomics, demonstrating the
feasibility of using the USR method for analysis (15). When
compared with a single ultrasound imaging mode, USR can delve
into details behind PTC ultrasound images to determine the
temporal and spatial heterogeneity of PTC, indicating the
relationship between image features and BRAFV600E mutations.
USR can therefore be used as a noninvasive imaging method for
the preoperative evaluation of BRAFV600E mutations in patients
with PTC. In our study, we developed a preoperative, radiomic
ultrasound model to improve the prediction of the BRAFV600E

mutation in patients with PTC. The AUC of gray-scale radiomic
sequence model, elastic radiomic sequence model, and multi-
sequence (grayscale combined with elastic ultrasound) radiomic
model in the training dataset was 0.792, 0.952, 0.985 respectively,
and in the test dataset were 0.725, 0.931, 0.938, respectively. Our
study shows that both the elastic radiomic sequence model and
the multi-sequence (grayscale combined with elastic ultrasound)
sequence model can well predict the BRAFV600E mutation in the
Frontiers in Endocrinology | www.frontiersin.org 634
training dataset and test dataset. Elasticity ultrasound can
estimate the corresponding conditions inside PTC tissues via
an ultrasonic imaging method combined with digital image
processing or digital signal processing technology.
Elastography reflects the relative hardness of the lesion and its
surrounding tissues, while the hardness of PTC tissues is closely
related to its internal pathological structure; therefore, real-time
tissue elastography can evaluate the anatomical structure and
biological characteristics of PTC.

Bojunga et al. showed that elasticity ultrasound can effectively
distinguish between benign and malignant thyroid nodules (19),
while Moon et al. found that PTC elastography findings with a
degree of high hardness were associated with extrathyroidal
invasion (20). These studies provide a new perspective for the
ultrasound diagnosis of BRAFV600E mutation-positive and
negative PTC. Recent studies have shown that owing to the
different arrangement and composition of cells, elasticity indices
of parts of tissues are different (21, 22); the higher the malignancy
of PTC, the greater the hardness on elasticity ultrasound
imaging. There were significant differences in the elastic
modulus or hardness between patients with and without
TABLE 1 | Clinical characteristics of the patients in the training and test cohorts.

Characteristic Training cohort (n=96) test cohort (n=42) P-value

Age, mean ± SD (years) 41.78 ± 10.99 44.33 ± 12.81 0.152
Age (years)
>45 48.63 ± 5.23 49.90 ± 5.89 0.218
≤45 34.61 ± 5.17 34.76 ± 7.87 0.670

Sex
Male 36 15 0.851
Female 60 27

Tumor size(mm), mean ± SD 26.04 ± 8.51 26.63 ± 8.55 0.074
Primary site
Right lobe 28 15 0.318
Left lobe 30 16
Isthmus 38 11

Tumor location
Upper pole 31 18 0.325
Lower pole 27 13
Middle 38 11

Composition
Solid 56 19 0.269
Predominantly solid 40 23

Elastic classification
1 13 5 0.375
2 22 15
3 15 7
4 26 7
5 20 8

Cystic change
With cystic change 52 20 0.579
Without cystic change 44 22

Calcification
Microcalcification 37 11 0.143
Macrocalcification 41 17
Rim calcification 18 14

Tumor border
Clear 37 13 0.510
Less clear 31 18
Fuzzy 28 11

Cervical lymph node metastasis 61 31 0.327
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BRAFV600E mutations based on the ultrasound images. Elasticity
could directly and quantitatively reflect the absolute hardness of
BRAFV600E mutation-positive and negative PTC and better
reflect the pathological characteristics of tissues. Therefore,
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multimodal USR was used in this study to predict the
BRAFV600E mutation in patients with PTC. A significant
association was revealed between ultrasound radiomic features
and the BRAFV600E mutation in PTC; thus, our analysis provides
TABLE 2 | Relationship between BRAF mutations and US imaging characteristics through visual assessment of papillary thyroid carcinomas.

BRAF mutation (n=63) No BRAF mutation (n=75) P-value

Age, mean ± SD, years 38.03 ± 10.41 36.68 ± 10.05 0.377
Sex
Male 22 29 0.724
Female 41 46

Tumor size, mean ± SD 24.12 ± 8.6 23.98 ± 11.01 0.928
Composition
Solid 33 42 0.733
Predominantly solid 30 33

Solid part Echogenicity
Markedly hypoechoic 41 20 0.000
Hypoechoic 10 21
Isoechoic 9 14
Hyperechoic 3 20

Shape
Irregular 32 43 0.443
Round to oval 31 32

Vertical and horizontal diameter ratio
≥1 41 27 0.001
<1 22 48

Margin
Spiculated/microlobulated 30 25 0.183
Ill-defined 21 28
Smooth 12 22

Calcification
Microcalcification 26 22 0.127
Macrocalcification 27 31
Rim calcification 10 22

Final C-TIRADS category
Low suspicion 16 31 0.058
Intermediate suspicion 17 23
High suspicion 30 22

Cervical lymph node metastasis 47 45 0.102
April 2022 | Volume 13 | Article
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FIGURE 3 | (A) Grayscale features were reduced to eight BRAFV600E mutation-related features in the training cohort. (B) The elasticity features were reduced to five
risk predictors in the training cohort.
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TABLE 3 | Performance of the sequences models.

Cohort Model AUCa SENb (%) SPEc (%) PPVd NPVe ACCf (%) Cutoff value

dataset grayscale 0.792 (0.703–0.882) 69.1 78.0 80.9 65.3 72.9 0.372
elasticity 0.952 (0.914–0.990) 85.5 97.6 97.9 83.3 90.6 0.469
grayscale + elasticity 0.985 (0.965–1.000) 96.4 97.6 98.1 95.2 96.9 0.628

Test dataset grayscale 0.725 (0.569–0.880) 54.2 83.3 81.2 57.7 66.7 0.372
elasticity 0.931 (0.841–1.000) 83.3 94.4 95.2 81.0 88.1 0.469
grayscale + elasticity 0.938 (0.851–1.000) 83.3 1.0 1.0 81.8 90.5 0.628
Frontiers in Endocri
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aAUC, area under the receiver operating characteristic curve.
bSEN, sensitivity.
cSPE, specificity.
dPPV, positive predictive value.
eNPV, negative predictive value.
fACC, balanced accuracy.
A B

FIGURE 4 | The ROC curves of the three models. ROC, receiver operating characteristic. (A) Training cohort (B) Test cohort.
A B

FIGURE 5 | Decision curve analysis (DCA) of each model in predicting BRAFV600E Mutations for papillary thyroid carcinoma (PTC). The vertical axis measures
standardized net benefit. The horizontal axis shows the corresponding risk threshold. The DCA showed using the risk_two radiomics (red curve) derived in the
present study to predict BRAFV600E Mutations provided the greatest benefit. (A) DCA in training cohort (B) DCA in the test cohort.
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an alternative method that is noninvasive and convenient for the
assessment of the BRAFV600E mutation in patients. Using LASSO
feature selection, 958 quantitative imaging features were reduced
to 13 potential features (8 from grayscale and 5 from elasticity
ultrasound) suitable for radiomic features analysis of the
ultrasound datasets. Most of the selected imaging features were
microscopic structural features of the tumor, including
cellularity, and compression of the normal thyroid tissues by
the tumor. We analyzed the relationship between radiomic
features and the BRAFV600E mutation and found 11 wavelet
features, 1 first-order feature, and 1 texture feature that were
significantly correlated with the BRAFV600E mutation. According
to the definitions of these texture features, these radiomic
features can serve as a new tool for preoperative prediction of
BRAFV600E mutations in PTC patients.

There are some limitations to our study. First, this was a small
sample retrospective study conducted at two institutions; thus, a
selection bias may exist. In the future, we aim to conduct a
multicenter study with a larger sample size. Second, only two
ultrasound machines with similar parameters were used in this
study to avoid the influence of equipment; however, parameter
characteristics and patient-related factors may still affect the
pixel intensity of the ultrasound images. Future studies should
investigate several different types of ultrasonic instruments.
Third, we focused on assessing the BRAFV600E mutation in
patients with PTC and did not study the gene in healthy
individuals, which may have led to a selection bias. Finally, the
lack of external validation data is a limitation of this study.
CONCLUSIONS

Our preliminary study suggests that elasticity ultrasound,
combined with gray-scale ultrasound imaging, has significant
clinical value for predicting BRAFV600E mutation in patients with
PTC. This can provide clinicians with a more accurate and
noninvasive diagnosis of the BRAFV600E mutation before
surgery thereby optimizing treatment outcomes.
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of Papillary Thyroid Cancer With
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Radiomics Nomogram:
A Multicenter Study
Pengyi Yu1,2†, Xinxin Wu1,2†, Jingjing Li1,2†, Ning Mao3,4, Haicheng Zhang3,
Guibin Zheng5, Xiao Han1,2, Luchao Dong1,2,6, Kaili Che4, Qinglin Wang4, Guan Li4,
Yakui Mou1,2* and Xicheng Song1,2*

1 Department of Otorhinolaryngology, Head and Neck Surgery, Yantai Yuhuangding Hospital, Qingdao University,
Yantai, China, 2 Shandong Provincial Clinical Research Center for Otorhinolaryngologic Diseases, Yantai, China, 3 Big data
and Artificial Intelligence Laboratory, Yantai Yuhuangding Hospital, Qingdao University, Yantai, China, 4 Department of
Radiology, Yantai Yuhuangding Hospital, Qingdao University, Yantai, China, 5 Department of Thyroid Surgery, Yantai
Yuhuangding Hospital, Qingdao University, Yantai, China, 6 Second Clinical Medicine College, Binzhou Medical University,
Yantai, Shandong, China

Objectives: To develop and validate a Computed Tomography (CT) based radiomics
nomogram for preoperative predicting of extrathyroidal extension (ETE) in papillary thyroid
cancer (PTC) patients

Methods: A total of 153 patients were randomly assigned to training and internal test sets
(7:3). 46 patients were recruited to serve as an external test set. A radiologist with 8 years
of experience segmented the images. Radiomics features were extracted from each
image and Delta-radiomics features were calculated. Features were selected by using one
way analysis of variance and the least absolute shrinkage and selection operator in the
training set. K-nearest neighbor, logistic regression, decision tree, linear-support vector
machine (linear -SVM), gaussian-SVM, and polynomial-SVM were used to build 6
radiomics models. Next, a radiomics signature score (Rad-score) was constructed by
using the linear combination of selected features weighted by their corresponding
coefficients. Finally, a nomogram was constructed combining the clinical risk factors
with Rad-scores. Receiver operating characteristic (ROC) curve, decision curve analysis
(DCA), and calibration curve were performed on the three sets to evaluate the
nomogram’s performance.

Results: 4 radiomics features were selected. The six models showed the certain value of
radiomics, with area under the curves (AUCs) from 0.642 to 0.701. The nomogram
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combining the Rad-score and clinical risk factors (radiologists’ interpretation) showed
good performance (internal test set: AUC 0.750; external test set: AUC 0.797). Calibration
curve and DCA demonstrated good performance of the nomogram.

Conclusion: Our radiomics nomogram incorporating the radiomics and radiologists’
interpretation has utility in the identification of ETE in PTC patients.
Keywords: papillary thyroid cancer, extrathyroidal extension (ETE), radiomics, contrast-enhanced CT, nomogram
HIGHLIGHTS

• Radiomics features were extracted from non-contrast and
contrast-enhanced CT images, and Delta-radiomics features
were calculated.

• 6 classifiers (KNN, LR, DT, linear-SVM, gaussian-SVM, and
polynomial-SVM) were used to construct radiomics models
and showed favorable discriminatory abilities.

• The nomogram model combining the radiomics and
radiologists’ interpretation showed good predictive
performance.
INTRODUCTION

While thyroid cancer is one of the most common cancers
worldwide, it has a very low mortality rate (1). Papillary
thyroid cancer (PTC) is the most common histologic subtype
of thyroid cancer (2, 3). In the 8th edition of AJCC (American
Joint Committee on Cancer) (4), extrathyroidal extension (ETE),
which was subdivided into gross ETE and microscopic ETE,
refers to the primary tumor invades the surrounding structures
including the strap muscles, trachea, vasculature, larynx,
esophagus, and recurrent laryngeal nerve. Furthermore, ETE is
an independent risk factor associated with lymph node
metastasis and directly affects the clinical outcomes of PTC
patients (5, 6). The 15-year survival rate of PTC patients with
ETE is significantly lower than that of patients without ETE.
Therefore, the diagnosis of ETE is essential for the treatment
decision of PTC.

Ultrasound (US), magnetic resonance imaging (MRI), and
Computed Tomography (CT) are common non-invasive
imaging modality for preoperative ETE diagnosis. US has a
high degree of accuracy and sensitivity for identifying ETE (~
70%), but low specificity (27.2%-68.9%) leads to a high risk of
false positive results (7, 8), and US relying on the experience level
mittee on Cancer; ANOVA, analysis
CE-CT, contrast-Enhanced computed
omputed Tomography; DCA, decision
rathyroidal extension; ICCs, intra- and
, k-nearest neighbor; LASSO, least
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of the operator is subjective. MRI is slightly inferior to US but
similar to CT with regards to accuracy (9). Young Lan Seo et al.
(10), found that CT could accurately identify most types of ETE
(i.e., esophageal invasion). Furthermore, contrast-enhanced
computed tomography (CE-CT) offers an additional phase
(venous phase) and three-dimensional images. However, it is
difficult to accurately predict ETE based only on traditional
images, and obtain the guidance needed for preoperative
planning, because interpretation of the images depends on the
experience level of the radiologist or surgeon. Besides,
histopathological examination, which is the gold standard for
diagnosing ETE, is an invasive method, and usually used to verify
a preoperative assessment of ETE obtained by using non-invasive
tools. Thus, a novel non-invasive tool is needed to help surgeons
predict ETE and make clinical decisions prior to performing
an operation.

In recent years, Radiomics, the high-throughput extraction of
large amounts of image features from radiographic images, can
be used to build a mineable high-dimensional database of
original material obtained by machine learning (11). Radiomics
can also be used to identify the underlying heterogeneity of
images that can be difficult to detect with human eyes. Combined
with Machine leaning, radiomics are generally used by
researchers to predict the prognosis of patients with tumors
and assess the impact of various diseases (12, 13). Until now, no
study has built a predictive model of ETE using a CT radiomics
nomogram adding to time sequential features and then validated
the model in a multicenter study. We have achieved that goal.

In this study, we established an effective radiomics nomogram
capable of predicting the ETE of PTC based on CT images.
METHODS

Patients
This was a retrospective, multicenter, and diagnostic study. From
January 2019 to December 2019, 153 patients, which were
collected consecutively from Yantai Yuhuangding Hospital,
were randomly assigned to a training set or an internal test set
at a ratio of 7:3 (Figure 1A). Additionally, 46 consecutive
patients at Qilu Hospital of Shandong University were
recruited to serve as an external test set from June 2019 to
December 2019 (Figure 1B). The inclusion and exclusion criteria
can be found in Appendices.

The protocol for this retrospective study was approved by the
Institutional Review Board of The Affiliated Yantai Yuhuangding
June 2022 | Volume 13 | Article 874396
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Hospital of Qingdao University. The requirement for obtaining
written informed consent from the patients was waived by the
review board. A study work flow diagram is shown in Figure 1C.

Radiologists’ Interpretation of ETE
CT assessments of ETE were performed by two experienced
radiologists, one with 15 years of experience and another with 5
years of experience. Both radiologists were blinded to
histopathological results. Any disagreement was resolved by
discussion or consultation with a third radiologist who had 20
years of experience. ETE was reported on CT images when at
Frontiers in Endocrinology | www.frontiersin.org 341
least one of the following CT criteria was fulfilled: 1) tumor in
contact with 180° or more of the tracheal, esophageal, muscle or
vascular circumference; 2) loss of normal structure; 3) a clinical
symptom (e.g., ipsilateral vocal cord palsy) was present that
could be explained by the CT images; 4) tumor showed poorly
defined margin with heterogeneous signal intensity in adjacent
soft tissue; 5) focal bulging out or disruption of the thyroid
capsule by tumor; 6) more than 25% of perimeter of the tumor
was abutting the thyroid capsule (10). Kendall’s coefficient of
concordance W (Kendall’s W) was used to evaluate inter-
radiologist agreement. W scores range between 0 and 1, which
FIGURE 1 | Flow chart of patients’ enrolment in (A) training, internal test set and (B) external test set. (C) Flow chart of study work. (D, E) Examples of regions of
interest (ROIs) segmentation on contrast-enhanced computed tomography (CE-CT) images.
June 2022 | Volume 13 | Article 874396
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was graded as very good (0.80 to 1.00), good (0.60 to 0.80), fair
(0.40 to 0.60), moderate (0.20 to 0.40) or poor (<0.20) (14).

Image Segmentation
The Image Acquisition protocol is shown in Appendices. After
that, a radiologist with 8 years of experience manually delineated
the PTC regions of interest (ROI) (15) on non-contrast and
venous phase CT images by using an ITK-SNAP (version 3.8.0;
www.itksnap.org). Based on their traits, ROIs were manually
delineated along the tumor contour on each transverse section
and the ROIs in each slice constituted a volume of interest (VOI).
A sample of segmentation process is shown in Figures 1D, E.
Three months later, another two radiologists segmented the
images of 30 patients who were randomly selected to assess the
intra- and inter-observer reproducibility of radiomics features by
intra- and inter-class correlation coefficients (ICCs). An ICC >
0.8 indicated an excellent agreement of radiomics features.

Feature Extraction
Before feature extraction, VOIs were prepossessed included
gray value standardization, gray level discretization, and image
resampling. A total of 2818 radiomics features were originally
extracted from each VOI by using PyRadiomics (16) on Python
(version 3.7). A total of 1409 sequential features based on time
series were calculated as Delta (radiomics feature), which was
defined as the difference between features seen on the venous
phase and non-contrast CT images. Delta (radiomics feature) was
calculated as follows:

Delta(radiomics feature) = Feature(venous phase) − Feature(non-contrast phase)

A total of 4227 features (containing radiomics features and
sequential features) were identified for each patient containing 19
types of first order statistics, 13 types of Shape features, 28 types
of Gray-Level Co-occurrence Matrix (GLCM) features, 16 types of
Gray-Level Run-Length Matrix (GLRLM) features, 16 types of Gray
Level SizeZone Matrix (GLSZM) features, and 56 types of
sequential features.

Features Selection
The values of the extracted features were standardized with z
scores by using mean and standard deviation values. Next a two-
step procedure for dimensionality reduction and feature
selection was devised. First, an analysis of variance (ANOVA)
was performed to screen out discriminative features in the
training set, with only features having a P < 0.05 being
selected. Next, the least absolute shrinkage and selection
operator (LASSO) method was used to reduce the dimensions
of features, identify the most significant features (17), and make a
second selection.

Radiomics Models Construction
and Evaluation
K-Nearest Neighbor (KNN), Logistics Regression (LR), Decision
Tree (DT), Linear-support vector machine (Linear-SVM),
Gaussian-SVM, and Polynomial-SVM methods were used to
Frontiers in Endocrinology | www.frontiersin.org 442
construct radiomics models, respectively. Area under the curve
(AUC) was regarded as a performance indicator and used to
evaluate the performance of the radiomics-based models built by
using each classifier. Finally, a radiomics signature (Rad-score)
was calculated by using a linear combination of selected features
weighted by the corresponding LASSO coefficients.

Clinical Risk Factors Selection and
Nomogram Construction
In the training set, one-way ANOVA and multivariate logistic
regression analysis were used to screen clinical risk factors
including sex, age, primary site, tumor diameter, and
radiologist interpretation to identify the clinical risk factors for
ETE. To quantify the roles of the Rad-score and clinical risk
factors in predicting ETE, both of those risk factors were
included in a multivariate logistic regression analysis that was
conducted using a backward-stepwise approach, where
collinearity was considered and risk factors with a variance
inflation factor (VIF) > 10 and a P > 0.05 were excluded.
When the minimum Akaike information criterion was reached,
the Akaike information was taken as the criterion, the stepwise
procedure was stopped, and the final multivariate logistic
regression constituted the nomogram.

Nomogram Validation
The nomogram’s predictive performance was evaluated in the
training set, internal test set, and external test set, respectively.
The nomogram’s performance was evaluated in terms of the
receiver operating characteristic (ROC) curve. In particular, the
comparison between the nomogram and radiologists’
interpretation was illustrated in the same ROC curve. A
decision curve analysis (DCA) was plotted for the entire set
and applied in a clinical usefulness evaluation of the nomogram
by calculating the net benefits at different threshold values in the
training and test sets. In addition, a calibration (agreement
between observations and prediction of ETE) curve was used
to evaluate the agreement between actual status and ETE
probabilities as predicted by the nomogram, accompanied by
the Hosmer-Lemeshow test.

Statistical Analysis
All statistical analyses were performed using Python (version 3.6,
https://www.python.org), R software (version 4.0.3, https://www.r-
project.org), and SPSS (version 26.0, IBM Corp.). Scikit-Learn, a
Python library, was used for selecting radiomics features and
constructing a radiomics model. The modules of “feature-
selection,” “linear-model,” “svm,” “neighbors,” “tree,” and
“metrics” were used for the entire procedure. The “rms” package
in R software was used to select clinical risk factors, build the
nomogram, and plot calibration curves. The “rmda” package was
used to perform DCA. SPSS software was used to compare
categorical variables (i.e., sex, T stage, primary site, radiologists’
interpretation, and lymph node metastasis) by using the c2 test or
Fisher’s exact test. Continuous variables were compared by using
the student’s t test or Mann-Whitney U test, when appropriate.
Statistical significance was two-sided, and a P < 0.05 was
considered to be statistically significant.
June 2022 | Volume 13 | Article 874396
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RESULTS

Clinical Characteristics
The numbers of enrolled patients in the training set, internal test
set, and external test set were 107, 46, and 46, respectively. There
were no significant differences in sex, age, diameter, Thyroid
Stimulating Hormone (TSH), Free Thyroxine (FT4), Free
Triiodothyronine (FT3), and Primary site in each data set, but
there was a significant difference in T stage. Details of clinical
characteristics in the 3 sets are shown in Table 1. Radiologist A
and radiologist B reported all CT imaging results with good
inter-radiologist agreement (Kendall’s W, 0.823).

Radiomics Features and
Prediction Performance of the
Radiomics-Based Models
A total of 4227 radiomics features were extracted from each
patient’s images. The intra-observer and inter-observer ICCs
were 0.867 and 0.915, respectively, indicating an excellent
agreement on radiomics features. Four radiomics features
(Small Area Low Gray Level Emphasis, Gray Level Variance,
Difference Entropy, and Busyness) in the training set were finally
selected (Figure 2; Table 2).

Predictive models built by using KNN, LR, DT, Linear-SVM,
Gaussian-SVM, and Polynomial-SVM, showed favorable
discriminatory abilities for radiomics parameters with AUCs of
0.841 (95% Confidence Interval [CI], 0.769-0.900), 0.774 (95%
CI, 0.683-0.853), 0.841 (95% CI, 0.772-0.897), 0.774 (95% CI,
0.680-0.854), 0.805 (95% CI, 0.710-0.879), and 0.815 (0.708-
0.888), respectively, in the training set (Figure 3 A). In the
internal test set, the six radiomics models also showed good
performance with AUCs of 0.669 (95% Confidence Interval [CI],
0.394-0.568), 0.701 (95% CI, 0.480-0.767), 0.680 (95% CI, 0.516-
0.795), 0.694 (95% CI, 0.508-0.788), 0.642 (95% CI, 0.454-0.600),
and 0.681 (0.466-0.700), respectively (Figure 3B). Interestingly,
in terms of AUC, the LR, which was later used to build the
nomogram, demonstrated the best performance of the 6 models.

Development and Validation of the
Radiomics Nomogram
The 4 features mentioned above were selected and their
coefficients were plugged into a formula for calculating Rad-
score as described below:

 Rad − score = Small Area Low Gray Level Emphasis ∗
0:0426553682266122 + Gray Level Variance ∗−
0:0238497391861649 + Difference Entropy ∗
0:0146833132887633 + Busyness ∗−0:00717595762541243

The ANOVA and multivariate logistic regression analysis only
identified radiologists’ interpretation as being an independent ETE
predictor (Table 3). The values of Rad-score and radiologists’
interpretation for predicting the presence of ETE in PTC patients
were quantified in our nomogram (score for each factor is shown in
Figure 4). The radiomics nomogram showed a good prognostic
capability, with AUCs of 0.860 (95% CI, 0.790-0.931), 0.750 (95%
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CI, 0.579-0.921), and 0.797 (95% CI, 0.665-0.926) in the training,
internal test, and external test sets, respectively (Figures 3C–E;
Table 4). Furthermore, the radiomics nomogram had a more
powerful predictive efficiency than the interpretation of
radiologists with 5 and 10 years of experience, whose AUC in the
training, internal test, and external test sets were 0.762 (95% CI,
0.667-0.858), 0.718 (95% CI, 0.560-0.876), and 0.733 (95% CI,
0.615-0.841), respectively (Figures 3C–E). In the external test set,
the nomogram’s accuracy (0.848 vs. 0.717) and specificity (0.909 vs,
0.697) were higher than those of radiologist’s interpretation,
reflecting a better prognostic performance of the radiomics
nomogram; however, the sensitivity of the nomogram (0.692, 95%
CI 0.389-0.896) was similar with that of radiologists’ interpretation
(0.769, 95% CI 0.460-0.938) (Table 4). We tested this nomogram to
distinguish minimal and grossly ETE in internal and external test
set, and achieved relatively good performance with AUC of 0.800
(0.578-1.000) and 0.722(0.390-1.000), sensitivity of 0.800 (0.299-
0.989) and 0.500(0.092-0.908), specificity of 0.667 (0.412-0.856) and
0.889(0.507-0.994), and accuracy of 0.696 (0.471-0.868) and 0.769
(0.462-0.950) respectively. (Figure 3F). The DCA showed that
radiomics nomogram could add more benefit than treat patients
as all-ETE or non-ETE when the threshold probability ranged from
0.10 to 0.50 in internal test set and 0.12 to 0.75 in the external test set
(Figures 5A, B). The calibration curve for the radiomics
nomogram, when assessed by the Hosmer-Lemeshow test, yielded
P of 0.48, 0.88, and 0.34 in the training set, internal test set, and
Frontiers in Endocrinology | www.frontiersin.org 644
external test set, respectively (Figures 5C, D), demonstrated good
agreement between actual status and ETE probabilities as predicted
by the nomogram in all three sets.
DISCUSSION

Most patients with PTC have a favorable long-term survival
prognosis (18); however, ETE remains an independent risk factor
affecting overall survival and clinical decision making (19).
Therefore, it is crucial to create a powerful predictive tool that
can help surgeons and inexperienced radiologists evaluate
possible ETE and make a clinical decision regarding treatment.
In this retrospective multicenter study, six predictive models
were established for verifying that radiomics could be used to
predict ETE. Furthermore, a nomogram was constructed based
on radiomics information and clinical risk factors, and displayed
an excellent ability to predict ETE, with AUCs of 0.750 and 0.797
in an internal test set and external test set, respectively. Those
results indicated that the radiomics nomogram could serve as an
independent medical decision-making tool, and satisfy the
requirements of precision medicine.

Unlike previous studies (20–24), the present study
investigated the value of radiomics with six classifiers. This
result showed that radiomics could play a crucial role in ETE
prediction. Nomograms based on radiomics have been widely
A B

FIGURE 2 | Least absolute shrinkage and selection operator (LASSO) algorithm for radiomics features selection. (A) LASSO coefficient profiles of the 4 features. The
y-axis represents coefficient of each feature. (B) Mean square error path.
TABLE 2 | LASSO coefficient profiles of the 4 features.

Radiomics features Phase Feature type Coefficient

Small Area Low Gray Level Emphasis Non-contrast GLSZM 0.0426553
Gray Level Variance Non-contrast GLSZM -0.023849
Difference Entropy Non-contrast GLSZM 0.014683
Busyness Non-contrast GLSZM -0.007175
June 2022 | Volume 13 | Ar
LASSO, least absolute shrinkage and selection operator; GLSZM, gray-level size zone matrix.
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used to predict medical prognoses (25) and clinical outcomes by
combining a Rad-score and clinical risk factors (26). The
nomogram constructed in this study demonstrated an ability
to generate individualized predictions that were useful for
identifying and stratifying patients with PTC.

Some previous studies have been conducted on this topic (27,
28). Bin Chen et al. (27) and Xian Wang et al. (28) constructed
radiomics nomograms for ETE prediction based on CT images and
US images, respectively. Nevertheless, their studies lacked an
external test set. Furthermore, those investigators only used a
single classifier (logistic regression analysis) to evaluate the
radiomics approach and build a nomogram. Their results showed
that the nomogram had a discrimination ability (AUCs of 0.772 and
A B

D

E F

C

FIGURE 3 | Receiver operating characteristic (ROC) curves of different models in training and test sets. Receiver operating characteristic (ROC) curves of K-Nearest
Neighbor (KNN), Logistics Regression (LR), Decision Tree (DT), Linear-support vector machine (Linear-SVM), Gaussian-SVM, and Polynomial-SVM models in the
training (A) and internal test (B) set. ROC curves of nomogram, radiomics signature, and radiologists’ interpretation in the training (C), internal test (D), external test
(E) set. ROC curves of nomogram for division of minimal and gross extrathyroidal extension (ETE) in the internal test and external test set (F).
TABLE 3 | The selection of clinical risk factors for ETE by ANOVA and univariate
LR analysis.

Variables ANOVA Univariate LR Analysis

F Value P OR P

Sex 2.642 0.107 NA NA
Age 0.752 0.388 NA NA
Primary Site 0.612 0.436 NA NA
Tumor Diameter 0.065 0.799 NA NA
Radiologist’s Interpretation 33.412 <0.01* 1.506 <0.01*
ETE, extrathyroidal extension; ANOVA, analysis of variance; LR, logistic regression; OR,
odds ratio; NA, not available.
*P < 0.05
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0.824, respectively, in an internal test set) for ETE classification that
was similar to that of our nomogram (AUC = 0.750 in internal test
set). When comparing the two nomograms, the nomogram
developed in our multicenter study has notable advantages. First,
the use of an external test set improved the reliability of our
radiomics nomogram and proved that it had relatively good
repeatability and generalization ability. This is the first study to
use a CT radiomics nomogram adding to time sequential features
which greatly enhanced a variety of features to predict ETE.
However, no single feature was proven to be statistically
significant, which means the time change of CT images may play
a minor role in ETE prediction. Finally, the ability of this radiomics
nomogram to predict ETE approximated that of experienced
radiologists’ interpretation, showing that the nomogram could be
used to help surgeons make clinical decisions prior to performing
surgery, and satisfy the requirements of precision medicine.

In addition, 4 selected features were all from non-contrast CT
images, suggesting that there was no obvious advantage of
features extracted from CE-CT images in ETE diagnosis.
However, CE-CT is useful in ETE interpretation.

The limitations of this study are as follows: (1) PTCs with a
diameter < 1 cm were included in the study, and may have been
difficult todistinguishonCTimages; thismayhave led to samplebias.
To address this problem, any doubt was resolved by discussion or
Frontiers in Endocrinology | www.frontiersin.org 846
consultation with a third radiologist who had 20 years of experience.
(2) The study’s retrospective design may have led to selection bias.
Prospective studies are needed to control for confounding variables.
(3) A manual segmentation approach is time-consuming and may
affect the precision of feature extraction in some cases; however, the
ICCs for intra- and inter-observer agreement ranged from 0.809 to
0.923. Previous studies showed that the automatic segmentation
method may facilitate the use of radiomics in busy clinical practice
and lead to high degrees of intra- and inter-observer reproducibility
(29–32). A further studywill use automatic segmentation to draw the
ROIs. (4) CE-CT leads to higher total radiation doses, longer
examination times, and use of contrast medium, limiting its broad
use in clinical practice. (5) Only the machine learning method was
used, and previous studies have shown that deep learning methods
have a certain value for predicting lymph node metastases and
classifying PTC (33, 34); however, no study has ever constructed an
ETE-prediction model by using deep learning methods. In light of
this, we will focus on that in a subsequent study.
CONCLUSION

In this study, a non-invasive nomogram combined the Rad-
score and radiologists ’ interpretation showing good
FIGURE 4 | Radiomics nomogram with radiomics signature (rad-score) and radiologists’ interpretation incorporated.
TABLE 4 | Efficacies of the models predicting ETE in patients with PTC.

AUC Sensitivity Specificity Accuracy

Training Set
Rad-score 0.774 (0.677-0.871) 0.722 (0.671-0.861) 0.750 (0.571-0.893) 0.757 (0.665-0.835)
Radiologists’ interpretation 0.762 (0.667-0.858) 0.810 (0.712-0.886) 0.714 (0.536-0.857) 0.785 (0.695-0.859)
Nomogram 0.860 (0.790-0.931) 0.734 (0.633-0.853) 0.786 (0.643-0.929) 0.710 (0.615-0.794)
Internal Test Set
Rad-score 0.701 (0.545-0.857) 0.706 (0.588-0.882) 0.583 (0.333-0.833) 0.674 (0.520-0.805)
Radiologists’ interpretation 0.718 (0.560-0.876) 0.853 (0.706-0.971) 0.583 (0.333-0.833) 0.783 (0.636-0.891)
Nomogram 0.750 (0.579-0.921) 0.765 (0.584-0.886) 0.583 (0.333-0.833) 0.717 (0.565-0.840)
External Test Set
Rad-score 0.606 (0.469-0.748) 0.692 (0.389-0.896) 0.485 (0.312-0.661) 0.543 (0.390-0.691)
Radiologists’ interpretation 0.733 (0.615-0.841) 0.769 (0.460-0.938) 0.697 (0.511-0.838) 0.717 (0.565-0.840)
Nomogram 0.797 (0.665-0.926) 0.692 (0.389-0.896) 0.909 (0.745-0.976) 0.848 (0.711-0.937)
June 2022 | Volume
ETE, extrathyroidal extension; PTC, Papillary thyroid cancer; Rad-score, radiomics signature score; AUC, area under curves.
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repeatability and generalization ability for predicting ETE. This
radiomics nomogram may also facilitate clinical decision-
making; however, additional studies with larger sample sizes
and more centers should be performed to improve the
nomogram’s efficiency.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board of The Affiliated
Frontiers in Endocrinology | www.frontiersin.org 947
Yantai Yuhuangding Hospital of Qingdao University. Written
informed consent for participation was not required for this
study in accordance with the national legislation and the
institutional requirements.
AUTHOR CONTRIBUTIONS

PY, XW, and JL implemented the literature searching and
manuscript writing. KC, QW, and NM implemented the ETE
interpretation. GL implemented ROI segmentation. HZ
contributed to data analysis, figure making, and algorithm
development. YM, GZ, XH, and LD identified the radiological
characteristics of PTC and estimated and adjusted the accuracy
of ROIs. XS, YM, and NM conducted the design, quality
control, and data interpretation of this study. All authors
A B

DC

FIGURE 5 | (A, B) Decision curve analysis (DCA) for the prediction models in the internal and external test set. The y-axis represents the net benefits, while the x-
axis represents the threshold probability. The blue line represents the radiomics nomogram. The red line represents the radiologists’ interpretation model. The gray
line represents the assumption that no patients were diagnosed as ETE. The horizontal black line represents the assumption that all patients were diagnosed as ETE.
Calibration curves of radiomics nomogram in the training (C), internal test (C), and external test (D) sets. The diagonal line represents the perfect prediction of the
radiomics nomogram.
June 2022 | Volume 13 | Article 874396

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Yu et al. Radiomics Nomogram of ETE Prediction
analyzed the data and their significance and were involved in
the final editing and approval of the submitted article. All
authors contributed to the article and approved the
submitted version.
FUNDING

This work was supported by the Taishan Scholars Project
(No. ts20190991).
Frontiers in Endocrinology | www.frontiersin.org 1048
ACKNOWLEDGMENTS
We thank professor Dexin Yu of Qilu Hospital of Shandong
University provided CT images and clinical information of
external test set in this study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2022.
874396/full#supplementary-material
REFERENCES
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global

Cancer Statistics 2018: Globocan Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68
(6):394–424. doi: 10.3322/caac.21492

2. Cancer Stat Facts: Thyroid Cancer (2020). Available at: https://seer.cancer.
gov/statfacts/html/thyro.html.

3. Seib CD, Sosa JA. Evolving Understanding of the Epidemiology of Thyroid
Cancer. Endocrinol Metab Clin North Am (2019) 48(1):23–35. doi: 10.1016/
j.ecl.2018.10.002

4. Amin MB, Edge SB, Greene FL, Byrd DR, Brookland Rk, Washington MK,
et al. (2017) AJCC Cancer Staging Manual. Chicago: American College of
Surgeons press.

5. Park SY, Kim HI, Kim JH, Kim JS, Oh YL, Kim SW, et al. Prognostic
Significance of Gross Extrathyroidal Extension Invading Only Strap Muscles
in Differentiated Thyroid Carcinoma. Br J Surg (2018) 105(9):1155–62.
doi: 10.1002/bjs.10830

6. Sapuppo G, Tavarelli M, Russo M, Malandrino P, Belfiore A, Vigneri R, et al.
Lymph Node Location Is a Risk Factor for Papillary Thyroid Cancer-Related
Death. J Endocrinol Invest (2018) 41(11):1349–53. doi: 10.1007/s40618-018-0865-5

7. Lee CY, Kim SJ, Ko KR, Chung KW, Lee JH. Predictive Factors for Extrathyroidal
Extension of Papillary Thyroid Carcinoma Based on Preoperative Sonography. J
Ultras Med (2014) 33(2):231–8. doi: 10.7863/ultra.33.2.231

8. Gweon HM, Son EJ, Youk JH, Kim JA, Park CS. Preoperative Assessment of
Extrathyroidal Extension of Papillary Thyroid Carcinoma: Comparison of 2-
and 3-Dimensional Sonography. J Ultras Med (2014) 33(5):819–25.
doi: 10.7863/ultra.33.5.819

9. Kim H, Kim JA, Son EJ, Youk JH, Chung TS, Park CS, et al. Preoperative
Prediction of the Extrathyroidal Extension of Papillary Thyroid Carcinoma
With Ultrasonography Versus Mri: A Retrospective Cohort Study. Int J Surg
(2014) 12(5):544–8. doi: 10.1016/j.ijsu.2014.03.003

10. Seo YL, Yoon DY, Lim KJ, Cha JH, Yun EJ, Choi CS, et al. Locally Advanced
Thyroid Cancer: Can Ct Help in Prediction of Extrathyroidal Invasion to
Adjacent Structures? AJR Am J Roentgenol (2010) 195(3):W240–4.
doi: 10.2214/ajr.09.3965

11. Gillies RJ, Kinahan PE, Hricak H. Radiomics: Images Are More Than Pictures,
They Are Data. Radiology (2016) 278(2):563–77. doi: 10.1148/radiol.2015151169

12. Bi WL, Hosny A, Schabath MB, Giger ML, Birkbak NJ, Mehrtash A, et al.
Artificial Intelligence in Cancer Imaging: Clinical Challenges and
Applications. CA Cancer J Clin (2019) 69(2):127–57. doi: 10.3322/caac.21552

13. Geras KJ, Mann RM, Moy L. Artificial Intelligence for Mammography and
Digital Breast Tomosynthesis: Current Concepts and Future Perspectives.
Radiology (2019) 293(2):246–59. doi: 10.1148/radiol.2019182627

14. Gisev N, Bell JS, Chen TF. Interrater Agreement and Interrater Reliability: Key
Concepts, Approaches, and Applications. Res Soc Adm Pharm (2013) 9
(3):330–8. doi: 10.1016/j.sapharm.2012.04.004

15. Beurnier A, Jutant EM, Jevnikar M, Boucly A, Pichon J, Preda M, et al.
Characteristics and Outcomes of Asthmatic Patients With Covid-19
Pneumonia Who Require Hospitalisation. Eur Respir J (2020) 56
(5):2001875. doi: 10.1183/13993003.01875-2020
16. Zwanenburg A, Vallières M, Abdalah MA, Aerts H, Andrearczyk V, Apte A,
et al. The Image Biomarker Standardization Initiative: Standardized
Quantitative Radiomics for High-Throughput Image-Based Phenotyping.
Radiology (2020) 295(2):328–38. doi: 10.1148/radiol.2020191145

17. Sauerbrei W, Royston P, Binder H. Selection of Important Variables and
Determination of Functional Form for Continuous Predictors in
Multivariable Model Building. Stat Med (2007) 26(30):5512–28.
doi: 10.1002/sim.3148

18. Roman BR, Morris LG, Davies L. The Thyroid Cancer Epidemic, 2017
Perspective. Curr Opin Endocrinol Diabetes Obes (2017) 24(5):332–6.
doi: 10.1097/med.0000000000000359

19. Perrier ND, Brierley JD, Tuttle RM. Differentiated and Anaplastic Thyroid
Carcinoma: Major Changes in the American Joint Committee on Cancer
Eighth Edition Cancer Staging Manual. CA Cancer J Clin (2018) 68(1):55–63.
doi: 10.3322/caac.21439

20. Limkin EJ, Sun R, Dercle L, Zacharaki EI, Robert C, Reuzé S, et al. Promises
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Comparison of
clinicopathological features and
prognosis of papillary thyroid
carcinoma and microcarcinoma:
A population-based propensity
score matching analysis

Bei Qian †, Longqing Hu †, Shoupeng Zhang, Junlin Zhu,
Li Mei*, Tao Huang and Xincai Qu*

Department of Thyroid and Breast Surgery, Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology, Wuhan, China
Background: Overtreatment of papillary thyroid microcarcinoma (PTMC) has

become a common concern. This study aimed to compare clinicopathological

features between PTMC and papillary thyroid carcinoma (PTC) and to explore

whether surgery can confer significant survival benefits in all patients with PTC

or PTMC.

Methods: Data of 145,951 patients with PTC registered in Surveillance,

Epidemiology, and End Results (SEER) database and 8,751 patients with PTC

in our institution were retrospectively collected. Patients with tumors less than

10 mm in diameter were classified as PTMC cohort and the rest as PTC cohort.

Clinicopathological features between PTMC and PTC were compared on the

basis of SEER cohort and validated with institutional data. Survival analysis was

conducted to explore the effect of surgery on the prognosis of patients. To

minimize potential confounders and selection bias, we performed propensity

score matching (PSM) analysis to match more comparable cohorts.

Results: Compared with PTC, PTMC exhibited the following characteristics:

more common in women and whites, older age at diagnosis, lower proportion

of follicular variants, intraglandular dissemination, extraglandular and capsular

invasion, higher proportion of multifocality, fewer lymph node and distant

metastases, and higher cancer-specific survival (CSS) and overall survival (OS)

(all p-value < 0.05). Regarding treatment, patients with PTMC received a lower

proportion of radiotherapy, chemotherapy, and total thyroidectomy but a

higher proportion of lobectomy and/or isthmectomy. There was no

significant difference in CSS for patients with PTMC at stage T1N0M0 with or

without surgery (P = 0.36).

Conclusion: Generally, PTMC showed higher biological indolence than PTC,

which meant a higher survival rate for patients in both OS and CSS. For patients
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with PTMC at staged T1N0M0, active surveillance (AS) may be a potentially

feasible management strategy. However, the maintenance of good medical

compliance and the management of psychological burden cannot be ignored

for patients included in AS.
KEYWORDS

papillary thyroid carcinoma (PTC), papillary thyroid microcarcinoma, (PTMC),
propensity score matching (PSM), clinicopathological features, active
surveillance (AS)
Background

Thyroid cancer (THCA) is the most common endocrine

malignancy, increasing at incidence rate of at least 4.5% per year

(1). It has been estimated that THCA will become the top four

most common malignancy by 2030 (2). Papillary thyroid

carcinoma (PTC) is the most common subtype of THCA,

comprising 80% of all cases (3). Papil lary thyroid

microcarcinoma (PTMC) is PTC with a maximum tumor

diameter of less than 10 mm (4), which is considered to

significantly contribute to the increasing incidence of THCA

(5). The current management standard for PTC is immediate

surgical treatment, including total thyroidectomy with bilateral

central lymph node dissection (CLND), unilateral thyroid

lobectomy with CLND, or total thyroidectomy with bilateral

CLND and lateral cervical LN dissection of the affected side.

However, despite the incidence of PTC increasing, its mortality

rate has remained relatively stable (6, 7). It was reported that,

due to the indolence of PTC, most PTMC would either not

progress or progress so slowly that it never leads to clinically

meaningful disease over the patient’s lifetime (8). In addition,

the prevalence of occult PTC at autopsy in the general

population was high, at 35.6% (9). Therefore, considering the

very low disease-specific mortality and recurrence rates of

PTMC and risk of surgical complications, the traditional

management approach of immediate thyroid surgery for

PTMC is being reconsidered (10). Currently, several studies

have focused on the clinicopathological differences between PTC

and PTMC and whether surgery is the preferred treatment by all

patients with PTC. Although active surveillance (AS) was

included in clinical guidelines in Japan in 2010 (11) and the

United States in 2015 (12) as an alternative management strategy

for low-risk PTMC, this strategy is still questioned by many

thyroid doctors and patients due to the limited data

available (13).

Propensity score matching (PSM) is a statistical method to

ensure an even distribution of confounders and biases between

treatment and control cohorts, improving comparability
02
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between cohorts (14). It has emerged as the preferred method

of matching exposed and nonexposed patients in observational

cohort studies, yielding estimates of effects similar to the results

of randomized control trials (15). Therefore, using PSM, this

study aimed to compare clinicopathological features between

PTMC and PTC and explore whether surgery can confer

significant survival benefits in all patients with PTC or PTMC.
Patients and methods

Data source and patient selection

Data of patients with PTCwere extracted from 18 population-

based cancer registries of the SEER database (https://seer.cancer.

gov/) from 2000 through 2018 using the SEER*Stat program

(version 8.3.9). The SEER database was a cancer incidence registry

including about 30% of the US population. The extraction criteria

were as follows: “Primary Site = C73.9-Thyroid gland” and

“Behavior code ICD-0-3 = Malignant”. The exclusion criteria

were as follows: (1) nonpathological diagnosis; (2) non-papillary

carcinoma as the histologic type; (3) unknown survival time; (4)

unknown tumor size; (5) unknown surgery approach; and (6)

unknown if surgery underwent. The variables extracted from

eligible cases included the following: patient ID, age at

diagnosis, sex, race/ethnicity, year of diagnosis, follicular variant,

multifocality, laterality, tumor size, T stage, N stage, M stage,

surgery of primary site, radiotherapy recode, chemotherapy

recode, distant metastases record, number of lesions, follow-up

months, number of metastatic lymph node (LN), distant

metastasis record, SEER cause-specific death classification, and

vital status recode (study cutoff used). In addition, data of patients

with PTC diagnosed and treated in our institution from 2009 to

2020 were collected. Inclusion criteria were as follows: (1)

pathological diagnosis was PTC; (2) clinicopathological

information was complete and available; (3) surgery was

underwent; and (4) informed consent was signed. The

parameters collected included the following: patient ID, sex, age,
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year of diagnosis, surgery approach, laterality, follicular subtype,

multifocality, intraglandular dissemination, extraglandular

invasion, capsular invasion, T stage, N stage, and M stage. The

demographic and clinicopathological data of all eligible cases were

retrospectively analyzed.
Cohort definition and variable recode

All eligible patients with PTC were divided into PTMC and

PTC cohort according to whether tumor diameter ≤10 mm and

then matched with propensity scores to obtain more comparable

cohorts. In addition, patients with PTC or PTMC were divided

into two cohorts according to whether they underwent surgery

or not to explore the effect of surgery on prognosis of patients.

The variables analyzed included all factors, age (≤55 or >55), sex

(female or male), race (black, white, or other), follicular variant

(yes or no), multifocality (yes or no), T stage, N stage, M stage,

radiotherapy (yes or no), chemotherapy (yes or no), and surgery

approach. The cutoff point for continuous variables such as age

was generated by the “surv_cutpoint” function of the

“Survminer” package in R. The primary outcomes investigated

were cancer-specific survival (CSS) and overall survival (OS).

CSS was classified on the basis of available death certificate

information using SEER-defined variables. OS was defined as the

time from diagnosis until death or last follow-up.
Study design

First, after initial screening, patients with PTC and PTMC

were classified by year of diagnosis to roughly estimate incidence

trends of PTC and PTMC over time. Second, statistical

differences in clinicopathological parameters of the PTC and

PTMC cohorts from the SEER database were compared before

and after PSM and validated with our institution’s cohort. Third,

survival analysis was performed to compare the prognosis (both

CSS and OS) between patients with PTC and those with PTMC,

and between patients who underwent and those who did not

perform surgery. Finally, the cohort of to whom surgery was

recommended but not underwent was further selected and then

matched with the cohort that underwent surgery using PSM. In

addition, and survival analysis was applied to evaluate the

difference in prognosis. This work has been reported following

the STROCSS criteria (16).
Propensity score matching analysis

PSM analysis was used to match patients with PTC and

those with PTMC. This method was also used to match patients

who underwent surgery and those who were recommended but

did not, to balance the potential baseline confounding factor
Frontiers in Endocrinology 03
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(17). The “Matchit” package in R studio (http://www.r-project.

org) was used to match the propensity score between cohorts,

and the matching approach was set as the nearest neighbor

algorithm with a matching ratio of 1:1 and a caliper value of 0.01

(18). The variables balanced using PSM included age, sex, race,

year of diagnosis, laterality, multifocality, and follicular variant.

The “Cobalt” package of R studio was applied to estimate kernel

density and analyze standardized difference of means and to

evaluate the covariate balance before and after matching (19).

An absolute value of the mean difference less than 0.05 was

considered as qualified matching.
Statistical analysis

Continuous variables with normal distribution were

expressed as mean and standard deviation (SD) and as median

and interquartile range (IQR) for nonnormally distributed

variables. The Student’s t-test (normally distributed) or Mann-

Whitney U-test (nonnormally distributed) was used to compare

continuous variables. Categorical variables were presented as

frequencies and percentages (%) and analyzed using Fisher’s

exact test or Pearson c2 test. A two-sided P-value <0.05 was

considered statistically significant. R studio version 4.0.3

software (http://www.r-project.org) was used to perform all

statistical analyses and visualization.
Ethics statement

This study was exempt from the approval processes of the

Institutional Review Boards because no personal information

about patients was sought and their identities will not be

revealed in any publication. Informed consent was obtained

from all patients for additional personal data.
Results

Demographic and clinicopathological
characteristics of patients

A total of 145,951 patients registered in the SEER database

from 2004 to 2018 and 8,751 patients treated at our center from

2009 to 2020 were included in this study. The detailed flow

diagram showing the patient inclusion and exclusion criteria

process in the SEER database is shown in Figure 1. The number

of diagnosed cases per year is shown in Figure 2, indicating that

the incidence of both PTC and PTMC was increased year by

year. The mean age at diagnosis was 48.3 years (SD = 16.0) and

51.2 years (SD = 14.1) for PTC and PTMC, respectively. The

median follow-up time was 66 months for PTC cohort (IQR: 29–

111) and 70 months (IQR: 34–112) for PTC cohort. Compared
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with PTC, PTMC exhibited the following characteristics: more

common in women (81.1% vs. 74.1%) and whites (82.2% vs.

80.1%), lower proportion of follicular variants (27.9% vs. 31.0%),

higher proportion of multifocality (19.9% vs. 16.8%), and higher
Frontiers in Endocrinology 04
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CSS (99.7% vs. 98.3%) and OS (94.3% vs. 92.7%) (all p-

value <0.001).

Validation data from our institution also confirmed that,

compared with PTC, PTMC was more common in women
FIGURE 2

The number of PTC and PTMC cases diagnosed annually recorded in the SEER database consisting of 18 population-based cancer registries.
PTC, papillary thyroid carcinoma; PTMC, papillary thyroid microcarcinoma.
FIGURE 1

Flow diagram presenting the screening process in the SEER database.
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(80.6% vs. 74.5%) and had older age at diagnosis (44.79 vs.

42.87), higher proportion of bilateral lesions (28.1% vs. 22.3%),

lower proportion of follicular subtype (0.7% vs. 1.7%), and

higher proportion of lobectomy and/or isthmectomy (21.3%

vs. 14.7%) but lower proportion of total thyroidectomy (78%

vs. 83%) (all the p-value<0.001). Detailed data are presented

in Table 2.
PSM adjustment of patient characteristics

Patients with PTMC and PTC were 1:1 propensity matched

with a caliper value of 0.01 to yield 58,879 matched pairs of

patients. The clinicopathological comparison between the two

cohorts is presented in Table 1 and Supplementary Table 1. After

minimizing potential bias using PSM analysis, PTMC still

showed consistently lower T, N, and M stages and fewer LN

(11.9% vs. 30.8%) and distant metastases (0.3% vs. 1.5%)

compared with PTC. In addition, the difference between

PTMC and PTC in OS (94.3% vs. 91.9%) and CSS (99.7% vs.

98.1%) was more significant (all p-value <0.001). Meanwhile, as

shown in Supplementary Table 1, compared with PTMC, PTC

had more lung (0.7% vs. 0.1%), bone (0.3% vs. 0.1%), and distant

LN (0.1% vs. 0) metastases. Together, these results meant that

PTMC had a higher biological indolence than PTC. Regarding

treatment, patients with PTMC had a lower proportion of

radiotherapy (24.3% vs. 59.5%), chemotherapy (0.1% vs. 0.6%),

and total thyroidectomy (72.2% vs. 87.3%) but a higher

proportion of lobectomy and/or isthmectomy (21.5% vs. 7%)

compared with patients with PTC (all p-value <0.001).

Validation data from our center also verified that, after PSM,

PTC showed stably higher T staging and N staging and higher

proportion of intraglandular dissemination (4.7% vs. 2.8%),

extraglandular invasion (5.8% vs. 1.1%), and capsular invasion

(55.9% vs. 42.1%) (all p-value <0.001), which supported the

results of SEER data analysis. Detailed data are presented in

Table 2. In addition, the comparison of clinicopathological

features between the cohorts (patients who underwent surgery

and those who were recommended but did not undergo surgery)

is presented in Supplementary Table 2.
Assessment of covariate balance in
matched groups

Assessment of the covariate balance in the matched cohorts

was an important step to diagnose the quality of matched

samples (20). In present study, the balance was defined as

similarity in the empirical distributions of the full set of

covariates between matched PTMC and PTC cohorts. As

shown in Figures 3A, C analysis of standardized mean
Frontiers in Endocrinology 05
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difference suggested that almost all covariates were less than

5%, far less than the 10% reported in the literature (21, 22),

suggesting a good match. In addition, Kernel density estimation

in Figures 3B, D indicated that, compared with the unmatched

sample, the matched sample showed almost complete overlap,

suggesting better comparability between the two cohorts.

Therefore, our results jointly confirmed that the confounders

and bias between the cohorts were well balanced, and the

comparison was reliable.
Survival analysis outcomes in patients
with PTC vs. those with PTMC

The survival analysis in Figure 4 suggested that the 5-year

OS and 10-year OS of PTC were about 94% and 88%,

respectively, and that of PTMC were about 96% and 91%,

respectively. In addition, the 5-year CSS and 10-year CSS of

PTC were about 98% and 97%, respectively, whereas the 5-year

and 10-year CSS of PTMC were above 99%. Detailed data are

presented in Table 3. In addition, PTMC showed a better

prognosis than PTC for both OS and CSS under similar

clinicopathological parameters such as age, sex, race, follicular

variant, multifocality, and TNM staging (all p-value < 0.01).
Survival analysis outcomes in patients
with and without surgery

Survival analysis in Figure 5 showed that the 5-year OS, 5-

year CSS, 10-year OS, and 10-year CSS were about 95%, 99%,

90%, and 98%, respectively, in patients with PTC who

underwent surgery, compared with about 62%, 86%, 50% and

82%, respectively, in patients with PTC without surgery.

Similarly, the 5-year OS and 10-year OS of PMTC patients

who underwent surgery were about 97% and 92%, respectively,

whereas both the 5-year and 10-year CSS were above 99%.

However, the 5-year OS and 10-year OS of patients with

PTMC who did not undergo surgery were about 76% and

67%, respectively, whereas both the 5-year and 10-year CSS

were about 98%. Detailed results are presented in Table 3.

In addition, analysis of patients at different TNM stages

suggested that surgery improved CSS and OS in almost all

patients (all p-value < 0.05), except patients with PTMC at

stage T1N0M0. Figure 5O indicated that there was no significant

difference in CSS for patients with PTMC at stage T1N0M0 with

and without surgery (p = 0.36), although OS was statistically

significant for this group of patients (p < 0.0001). As shown in

Figure 6D, further survival analysis of patients underwent

surgery and those who were recommended but did not

undergo surgery also showed no statistical difference in CSS
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TABLE 1 Clinicopathological characteristics and statistical results of patients with PTC or PTMC recorded in SEER database before and after
propensity score matching.

Characteristic Level Pre–Propensity Score Matching Post–Propensity Score Matching

Overall PTC PTMC P Overall PTC PTMC P

N 145,951 86,666 59,285 117,758 58,879 58,879

Age, mean (SD) 49.4 (15.34) 48.3 (16.0) 51.2 (14.1) <0.001 51.3 (14.5) 51.4 (14.9) 51.1 (14.1) <0.001

Age group, n (%) ≤55 years 94,141 (64.5) 57,925
(66.8)

36,216
(61.1)

<0.001 71,811 (61.0) 35,670
(60.6)

36,141
(61.4)

0.005

>55 years 51,810 (35.5) 28,741
(33.2)

23,069
(38.9)

45,947 (39.0) 23,209
(39.4)

22,738
(38.6)

Sex, n (%) Female 112,296
(76.9)

64,204
(74.1)

48,092
(81.1)

<0.001 95,215 (80.9) 47,516
(80.7)

47,699
(81.0)

0.178

Male 33,655 (23.1) 22,462
(25.9)

11,193
(18.9)

22,543 (19.1) 11,363
(19.3)

11,180
(19.0)

Race, n (%) Black 9,224 (6.3) 5,207 (6.0) 4,017 (6.8) <0.001 7,566 (6.4) 3,579 (6.1) 3,987 (6.8) <0.001

Other 18,595 (12.7) 12,077
(13.9)

6,518 (11.0) 13,134 (11.2) 6,621 (11.2) 6,513 (11.1)

White 118,132
(80.9)

69,382
(80.1)

48,750
(82.2)

97,058 (82.4) 48,679
(82.7)

48,379
(82.2)

Follicular variant, n (%) No 102,505
(70.2)

59,762
(69.0)

42,743
(72.1)

<0.001 84,431 (71.7) 42,031
(71.4)

42,400
(72.0)

0.017

Yes 43,446 (29.8) 26,904
(31.0)

16,542
(27.9)

33,327 (28.3) 16,848
(28.6)

16,479
(28.0)

Multifocality, n (%) No 119,604
(81.9)

72,130
(83.2)

47,474
(80.1)

<0.001 94,681 (80.4) 47,566
(80.8)

47,115
(80.0)

0.001

Yes 26,347 (18.1) 14,536
(16.8)

11,811
(19.9)

23,077 (19.6) 11,313
(19.2)

11,764
(20.0)

Laterality (%) A 144,908
(99.3)

85,948
(99.2)

58,960
(99.5)

<0.001 117,184
(99.5)

58,630
(99.6)

58,554
(99.4)

0.002

B 1,043 (0.7) 718 (0.8) 325 (0.5) 574 (0.5) 249 (0.4) 325 (0.6)

T stage, n (%) T1 92,877 (63.6) 36,504
(42.1)

56,373
(95.1)

<0.001 81,569 (69.3) 25,582
(43.4)

55,987
(95.1)

<0.001

T2 25,082 (17.2) 25,082
(28.9)

0 (0.0) 16,321 (13.9) 16,321
(27.7)

0 (0.0)

T3&T4 27,805 (19.1) 24,893
(28.7)

2,912 (4.9) 19,747 (16.8) 16,855
(28.6)

2,892 (4.9)

Tx 187 (0.1) 187 (0.2) 0 (0.0) 121 (0.1) 121 (0.2) 0 (0.0)

N stage, n (%) N0 99,385 (68.1) 52,560
(60.6)

46,825
(79.0)

<0.001 83,103 (70.6) 36,631
(62.2)

46,472
(78.9)

<0.001

N1 34,964 (24.0) 27,923
(32.2)

7,041 (11.9) 25,145 (21.4) 18,133
(30.8)

7,012 (11.9)

Nx 11,602 (7.9) 6,183 (7.1) 5,419 (9.1) 9,510 (8.1) 4,115 (7.0) 5,395 (9.2)

M stage, n (%) M0 143,072
(98.0)

84,367
(97.3)

58,705
(99.0)

<0.001 115,676
(98.2)

57,374
(97.4)

58,302
(99.0)

<0.001

M1 1,513 (1.0) 1,340 (1.5) 173 (0.3) 1,057 (0.9) 885 (1.5) 172 (0.3)

Mx 1,366 (0.9) 959 (1.1) 407 (0.7) 1,025 (0.9) 620 (1.1) 405 (0.7)

Radiotherapy, n (%) Yes 65,823 (45.1) 51,436
(59.3)

14,387
(24.3)

<0.001 49,365 (41.9) 35,055
(59.5)

14,310
(24.3)

<0.001

No 80,128 (54.9) 35,230
(40.7)

44,898
(75.7)

68,393 (58.1) 23,824
(40.5)

44,569
(75.7)

Surgery approach, n (%) No surgery or surgery, NOS 2,705 (1.9) 2,125 (2.5) 580 (1.0) <0.001 2,092 (1.8) 1,523 (2.6) 569 (1.0) <0.001

Local tumor resection 1,033 (0.7) 396 (0.5) 637 (1.1) 880 (0.7) 252 (0.4) 628 (1.1)

Lobectomy and/or
isthmectomy

19,181 (13.1) 6,450 (7.4) 12,731
(21.5)

16,756 (14.2) 4,103 (7.0) 12,653
(21.5)

Near total thyroidectomy 4,912 (3.4) 2,381 (2.7) 2,531 (4.3) 4,091 (3.5) 1,576 (2.7) 2,515 (4.3)

(Continued)
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TABLE 1 Continued

Characteristic Level Pre–Propensity Score Matching Post–Propensity Score Matching

Overall PTC PTMC P Overall PTC PTMC P

Total thyroidectomy 118,120
(80.9)

75,314
(86.9)

42,806
(72.2)

93,939 (79.8) 51,425
(87.3)

42,514
(72.2)

Chemotherapy, n(%) Yes 513 (0.4) 430 (0.5) 83 (0.1) <0.001 408 (0.3) 325 (0.6) 83 (0.1) <0.001

No 145,438
(99.6)

86,236
(99.5)

59,202
(99.9)

117,350
(99.7)

58,554
(99.4)

58,796
(99.9)

Cancer-specific death, n
(%)

Yes 1,643 (1.1) 1,490 (1.7) 153 (0.3) <0.001 1,299 (1.1) 1,146 (1.9) 153 (0.3) <0.001

No 144,308
(98.9)

85,176
(98.3)

59,132
(99.7)

116,459
(98.9)

57,733
(98.1)

58,726
(99.7)

Status, n(%) Dead 9,711 (6.7) 6,312 (7.3) 3,399 (5.7) <0.001 8,134 (6.9) 4,764 (8.1) 3,370 (5.7) <0.001

Alive 136,240
(93.3)

80,354
(92.7)

55,886
(94.3)

109,624
(93.1)

54,115
(91.9)

55,509
(94.3)
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PTC, papillary thyroid carcinoma; PTMC, papillary thyroid microcarcinoma; N/n, number; SD, standard deviation; NOS, not otherwise specified.
TABLE 2 Clinicopathological characteristics and statistical results of patients with PTC or PTMC recorded in our institution before and after
propensity score matching.

Characteristic Level Pre–Propensity Score Matching Post–Propensity Score Matching

Overall PTC PTMC P Overall PTC PTMC P

N 8,751 4,456 4,295 6,998 3,499 3,499

Age, mean (SD) 43.81
(11.31)

42.87
(11.93)

44.79
(10.54)

<0.001 43.92
(10.96)

43.98
(11.49)

43.87
(10.39)

0.689

Age group, n (%) ≤55 year 7,474 (85.4) 3,816 (85.6) 3,658 (85.2) 0.555 6,000 (85.7) 2,954 (84.4) 3,046 (87.1) 0.002

>55 year 1,277 (14.6) 640 (14.4) 637 (14.8) 998 (14.3) 545 (15.6) 453 (12.9)

Sex, n (%) Male 1,968 (22.5) 1,135 (25.5) 833 (19.4) <0.001 1,530 (21.9) 765 (21.9) 765 (21.9) 1

Female 6,783 (77.5) 3,321 (74.5) 3,462 (80.6) 5,468 (78.1) 2,734 (78.1) 2,734 (78.1)

Laterality, n (%) Unilateral 6,550 (74.8) 3,464 (77.7) 3,086 (71.9) <0.001 5,186 (74.1) 2,636 (75.3) 2,550 (72.9) 0.02

Bilateral 2,201 (25.2) 992 (22.3) 1,209 (28.1) 1,812 (25.9) 863 (24.7) 949 (27.1)

Surgery approach, n (%) Surgery, NOS 69 (0.8) 64 (1.4) 5 (0.1) <0.001 55 (0.8) 52 (1.5) 3 (0.1) <0.001

Local tumor resection 8 (0.1) 8 (0.2) 0 (0.0) 6 (0.1) 6 (0.2) 0 (0.0)

Lobectomy and/or
isthmectomy

1,569 (17.9) 654 (14.7) 915 (21.3) 1,260 (18.0) 490 (14.0) 770 (22.0)

Near total thyroidectomy 55 (0.6) 30 (0.7) 25 (0.6) 41 (0.6) 22 (0.6) 19 (0.5)

Total thyroidectomy 7,050 (80.6) 3,700 (83.0) 3,350 (78.0) 5,636 (80.5) 2,929 (83.7) 2,707 (77.4)

T stage, n (%) T1 7,231 (82.6) 3,352 (75.2) 3,879 (90.3) <0.001 5,773 (82.5) 2,611 (74.6) 3,162 (90.4) <0.001

T2 385 (4.4) 382 (8.6) 3 (0.1) 290 (4.1) 288 (8.2) 2 (0.1)

T3 579 (6.6) 383 (8.6) 196 (4.6) 457 (6.5) 319 (9.1) 138 (3.9)

T4 556 (6.4) 339 (7.6) 217 (5.1) 478 (6.8) 281 (8.0) 197 (5.6)

N stage, n (%) N0 4,446 (50.8) 1,727 (38.8) 2,719 (63.3) <0.001 3,563 (50.9) 1,397 (39.9) 2,166 (61.9) <0.001

N1 4,305 (49.2) 2,729 (61.2) 1,576 (36.7) 3,435 (49.1) 2,102 (60.1) 1,333 (38.1)

M stage, n (%) M0 8,722 (99.7) 4,442 (99.7) 4,280 (99.7) 0.921 6,980 (99.7) 3,491 (99.8) 3,489 (99.7) 0.813

M1 29 (0.3) 14 (0.3) 15 (0.3) 18 (0.3) 8 (0.2) 10 (0.3)

Follicular subtype, n (%) No 8,645 (98.8) 4,381 (98.3) 4,264 (99.3) <0.001 6,953 (99.4) 3,478 (99.4) 3,475 (99.3) 0.765

Yes 106 (1.2) 75 (1.7) 31 (0.7) 45 (0.6) 21 (0.6) 24 (0.7)

Multifocality, n (%) No 5,432 (62.1) 2,771 (62.2) 2,661 (62.0) 0.842 4,317 (61.7) 2,138 (61.1) 2,179 (62.3) 0.325

Yes 3,319 (37.9) 1,685 (37.8) 1,634 (38.0) 2,681 (38.3) 1,361 (38.9) 1,320 (37.7)

Intraglandular dissemination, n
(%)

No 2,969 (33.9) 1,826 (41.0) 1,143 (26.6) <0.001 2,332 (33.3) 1,343 (38.4) 989 (28.3) <0.001

(Continued)
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for patients with PTMC (p = 1), and no patients died due to

PTMC in both cohorts. Therefore, for patients with PTMC at

stage T1N0M0, AS with good medical compliance may be a

potentially feasible management strategy. However, for PTC

patients, the differences were significant for both OS and CSS

(Figures 6A, C).
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Discussion

In recent years, with the increasing incidence of THCA but

stable mortality (7), overtreatment of PTC has become a major

concern. Consequently, an increasing number of studies are

exploring the feasibility of AS in PTC treatment. In this study,
TABLE 2 Continued

Characteristic Level Pre–Propensity Score Matching Post–Propensity Score Matching

Overall PTC PTMC P Overall PTC PTMC P

Unknown 5,434 (62.1) 2,402 (53.9) 3,032 (70.6) 4,402 (62.9) 1,990 (56.9) 2,412 (68.9)

Yes 348 (4.0) 228 (5.1) 120 (2.8) 264 (3.8) 166 (4.7) 98 (2.8)

Extratglandular invasion, n (%) No 7,913 (90.4) 3,801 (85.3) 4,112 (95.7) <0.001 6,312 (90.2) 2,972 (84.9) 3,340 (95.5) <0.001

Unknown 547 (6.3) 408 (9.2) 139 (3.2) 445 (6.4) 325 (9.3) 120 (3.4)

Yes 291 (3.3) 247 (5.5) 44 (1.0) 241 (3.4) 202 (5.8) 39 (1.1)

Capsular invasion, n (%) No 3,900 (44.6) 1,557 (34.9) 2,343 (54.6) <0.001 3,123 (44.6) 1,217 (34.8) 1,906 (54.5) <0.001

Unknown 547 (6.3) 408 (9.2) 139 (3.2) 445 (6.4) 325 (9.3) 120 (3.4)

Yes 4,304 (49.2) 2,491 (55.9) 1,813 (42.2) 3,430 (49.0) 1,957 (55.9) 1,473 (42.1)
frontiers
PTC, papillary thyroid carcinoma; PTMC, papillary thyroid microcarcinoma; N/n, number; SD, standard deviation.
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FIGURE 3

The assessment of sample distribution and covariate balance before and after propensity score matching. (A, B) For the data from SEER
database and (C, D) for the data from our institution. (A, C) Mean standardized difference analysis showed that all matched covariates were less
than 10%, indicating good matching effect. (B, D) Kernel density estimation indicated that, compared with the unmatched sample, the matched
sample showed almost complete overlap, suggesting better comparability between the two cohorts.
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using PSM, we elucidated clinicopathological differences

between PTC and PTMC based on data of 145,951 patients

with PTC from the SEER database and validated them with data

of 8,751 patients with PTC in our institution. It was concluded

that PTMC generally presented higher biological indolence than

PTC, which meant a higher OS and CSS rate for patients. In

addition, survival analysis suggests no significant difference in
Frontiers in Endocrinology 09
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CSS between patients with PTMC at stage T1N0M0 with and

without surgery (p = 0.36). This meant that surgery could not

confer significant survival benefits for these patients, and AS

may be a potentially more viable alternative management

strategy than surgery. Taken together, the results of this

population-based PSM analysis confirm differences in the

biological behavior and prognosis of PTC and PTMC
B C

D E F

G H I

J K L

M N O

P Q R

A

FIGURE 4

Survival analysis of OS and CSS for patients with PTC and PTMC at different stages or with different characteristics. (A–I) OS analysis and (J–R)
CSS analysis. (A, J) All factors; (B, K) age; (C, L) sex; (D, M) race; (E, N) follicular variant; (F, O) multifocality; (G, P) T stage; (H, Q) N stage; (I, R)
M stage. OS, overall survival; CSS, cancer-specific survival; PTC, papillary thyroid carcinoma; PTMC, papillary thyroid microcarcinoma.
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and provide evidence for AS in patients with PTMC at

stage T1N0M0.

Although both PTMC and PTC are considered indolent

malignancy (23), they receive uniform immediate surgical
Frontiers in Endocrinology 10
59
treatment with no differences in management strategies. Hence,

identifying clinicopathological differences between the two could

improve management of PTC. This study suggested that PTMCwas

diagnosed at an older age and had a lower proportion of follicular
B C D

E F G H

I J K L

M N O P

A

FIGURE 5

Survival analysis of patients with PTC and PTMC with or without surgery at different stages. (A–D) OS for patients with PTC; (E–H) CSS for
patients with PTC; (I–L) OS for patients with PTMC; (M–P): CSS for patients with PTMC. (A, E, I, M) All factors; (B, F, J, N) T stage; (C, G, K, O) N
stage; (D, H, L, P) M stage. OS, overall survival; CSS, cancer-specific survival; PTC, papillary thyroid carcinoma; PTMC, papillary thyroid
microcarcinoma.
TABLE 3 An overall estimation of prognosis for different types of patients based on survival analysis.

Categories OS CSS

5-year 10-year 5-year 10-year

PTC 94% 88% 98% 97%

PTMC 96% 91% >99% >99%

Patients with PTC with surgery 95% 90% 99% 98%

Patients with PTC without surgery 62% 50% 86% 82%

Patients with PTMC with surgery 97% 92% >99% >99%

Patients with PTMC without surgery 76% 67% 98% 98%
front
PTC, papillary thyroid carcinoma; PTMC, papillary thyroid microcarcinoma; OS, overall survival; CSS, cancer-specific survival.
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variants, intraglandular dissemination, extraglandular invasion, and

capsular invasion than PTC (Tables 1, 2). Previous studies have

identified younger age (≤45 years) at diagnosis, extraglandular

invasion and capsular invasion as risk factors for PTC recurrence

(24) and LN metastases (19, 25, 26). Ito et al. concluded that PTMC

may be more progressive in young patients than in older patients

(27). In addition, a previous report confirmed that PTC displays a

distinct gene expression pattern from PTC (28). Thus, these

clinicopathological features may partly elucidate the higher

biological indolence of PTMC, OS, and CSS compared with PTC.

In addition, as the tumor was at an earlier stage and the risk was

lower, patients with PTMC received a lower proportion of

radiotherapy, chemotherapy, and total thyroidectomy but a higher

proportion of lobectomy and/or isthmectomy than PTC patients. In

addition, both data from the SEER database and our institution

suggested that PTMC exhibited higher proportion of multifocality

compared with PTC, consistent with the highmultifocality of PTMC

reported in the literature (29). Research suggested that even patients

with multiple PTMC were good candidates for AS (30).

Although AS for low-risk PTMC was introduced into the

management guidelines of THCA in Japan and the United States

in 2010 and 2015, respectively, long-term follow-up data for

patients included in AS are still limited. As a result, some

clinicians or patients are reluctant to perform it. This study
Frontiers in Endocrinology 11
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retrospectively analyzed long-term follow-up results of patients

with or without surgery, providing an evidence for clinical

management of PTC and PTMC. As shown in Figure 5O, CSS

was not significant different between patients with PTMC at stage

T1N0M0 with and without surgery. This result was consistent with

the Consensus Statements from the Japan Association of Endocrine

Surgery Task Force on Management for Papillary Thyroid

Microcarcinoma (31). As shown in Figure 6D, further survival

analysis showed no statistical difference in CSS between patients

who underwent surgery and those who were recommended but did

not undergo surgery for patients with PTMC (p = 1). Further, no

patients died of PTMC in both cohorts. Similarly, in a prospective

study of 230 patients with asymptomatic PTMC, 90% of PTMC

remained stable during the 17-year observation period, and no

patient developed distant metastasis or died due to PTMC (32).

Moreover, a study of quality of life of patients with low-risk PTMC

reported that patients in the immediate surgery group had more

complaints and were more anxious and depressed than those in the

AS group (33). In a cohort of patients with PTMC observed for

more than 50 years, only three patients (0.3%) died of PTMC,

compared with 29% of patients dying of other causes (34).

Consistently, patients with PTMC at stage T1N0M0 who did not

undergo surgery had significantly lower OS than those who

underwent it (Figures 5K, 6B). This may be partly due to
B

C D

A

FIGURE 6

Survival analysis of patients with PTC and PTMC who underwent surgery and those who were recommended but did not undergo surgery.
(A) OS for PTC patients; (B) OS for patients with PTMC; (C) CSS for PTC patients; (D) CSS for patients with PTMC; OS, overall survival; CSS,
cancer-specific survival; PTC, papillary thyroid carcinoma; PTMC, papillary thyroid microcarcinoma.
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excessive psychological stress and poor medical compliance.

Therefore, it was necessary to eliminate the psychological burden

of patients with PTMC under AS, urge them to carry out

standardized AS and maintain good medical compliance, and

minimize the effect of comorbidities. Appropriate medical

education of the patients may reduce cancer and surveillance-

related stress in patients, facilitate patient compliance with AS

protocols, and improve follow-up (10). In conclusion, for patients

with PTMC at stage T1N0M0, AS may be a potentially feasible

management strategy.

AS is defined in literature as the life-long application of

meticulous diagnostic modalities to monitor changes in the

status of a disease without immediate therapeutic measures until

the progression of the disease is evident, through regular testing

and assessment of cancer progression (35). It has been successfully

applied to the prostate cancer, which is also considered low risk

(36). Ito et al. proposed the following strategy of AS for low-risk

PTMC: Patients enrolled in AS were required to revisit hospital

after 6 months, and if no signs of progression such as enlargement

(increase by more than 3mm) or LN metastases were detected,

then their next visit was scheduled 1 year later (4). Otherwise AS

would be terminated, and immediate surgery would be performed.

In addition, if the patient felt overwhelmed with the psychological

burden of not undergoing treatment or changed preferences, then

he or she should be switched to surgery therapy. By comparison,

several suggestions for AS have been proposed in literature (10,

31): (1) accurately identify and exclude aggressive tumors at the

beginning and during AS; (2) develop a standardized thyroid

ultrasound examination and recording system; (3) provide

appropriate education of patients and clinicians to fully

understand follow-up protocols; (4) evaluate factors affecting

patient compliance with follow-up; and (5) provide necessary

psychological support to ensure a good quality of life.

This study has limitations that must be acknowledged. First, as

a retrospective study, there were inherent biases and uncontrollable

confounding factors. Second, the validation cohort from our center

lacked follow-up data to validate prognostic differences concluded

by SEER data under different clinicopathological parameters.

Finally, the number of patients who were recommended but did

not undergo surgery was low, resulting in loss of large amounts of

data from the matched cohorts during PSM analysis, which may

weaken our conclusions. Therefore, more prospective randomized

controlled trials with large samples are warranted to further confirm

these findings.
Conclusion

Generally, PTMC showed higher biological indolence than

PTC, which meant higher OS and CSS for patients. For patients

with PTMC at stage T1N0M0, AS may be a potentially feasible

management strategy. However, the maintenance of good medical
Frontiers in Endocrinology 12
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compliance and the management of psychological burden should

be prioritized for the patients included in AS.
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Radioactive iodine in low- to
intermediate-risk papillary
thyroid cancer

Hengqiang Zhao* and Yiping Gong*

Department of Breast and Thyroid Surgery, Renmin Hospital of Wuhan University, Wuhan, China
It remains controversial whether papillary thyroid cancer (PTC) patients with low-

to intermediate-risk disease should receive radioactive iodine (RAI) after total

thyroidectomy (TT). We aim to identify those who might benefit from RAI

treatment in PTC patients with cervical nodal metastasis after TT. Patients were

divided into TT and TT+RAI groups from the Surveillance, Epidemiology, and End

Results (SEER) database (2004–2018). Overall survival (OS) and cancer-specific

survival (CSS) were compared, and propensity score matching (PSM) was

performed between groups. A total of 15,179 patients were enrolled, including

3,387 (22.3%) who underwent TT and 11,792 (77.7%) who received TT+RAI. The

following characteristics were more likely to present in the TT+RAI group:

multifocality, capsular extension, T3, N1b, and more metastatic cervical lymph

nodes. RAI was associated with better OS in low- to intermediate-risk PTC

patients in themultivariate Cox regressionmodel. The subgroup analysis showed

that RAI predicted better OS in patients ≥55 years, American Joint Committee on

Cancer (AJCC) stage II, and capsular extension with a hazard ratio (HR) (95% CI)

of 0.57 (0.45–0.72), 0.57 (0.45–0.72), and 0.68 (0.51–0.91), respectively.

However, RAI failed to improve the prognoses of patients with age <55 years,

AJCC stage I, PTC ≤1 cm, and capsular invasion. In the PSM cohort with 3,385

paired patients, TT+RAI treatment predicted better OS compared with TT alone.

In addition, TT+RAI predicted better OS in patients with metastatic cervical

lymph nodes ≥2, multifocality, extracapsular extension, and American Thyroid

Association (ATA) intermediate risk. In conclusion, RAI was associated with better

OS in low- to intermediate-risk PTC patients with age ≥55 years, multifocality,

extrathyroidal extension, and ATA intermediate risk. However, the survival benefit

from RAI may be limited in patients with AJCC stage I, PTC ≤1 cm, unifocality,

capsular invasion, and ATA low-risk diseases; these patients even showed

pathological cervical lymph node metastasis.

KEYWORDS

papillary thyroid carcinoma, total thyroidectomy, radioactive iodine, prognosis,

propensity score matching
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Introduction

The incidence of papillary thyroid carcinoma (PTC) has

increased substantially in recent decades (1). PTC is the most

frequent subtype of thyroid cancer, accounting for more than

90% of all thyroid cancers. The standard treatment toward PTC

includes thyroid surgery, thyrotropin inhibition, and radioactive

iodine (RAI) (2). Thyroidectomy and thyroid hormone therapy

are routinely performed on PTC patients. However, the

administration of RAI is mainly based on postoperative

risk stratification.

RAI is routinely recommended for high-risk PTC patients

after total thyroidectomy (TT), while RAI is not recommended

for papillary thyroid microcarcinoma (PTMC) patients in the

absence of other adverse features according to the American

Thyroid Association (ATA) guidelines (3). More specifically,

patients with gross extrathyroidal extension and distant

metastases were recommended for RAI, while patients with

PTMC in the absence of cervical lymph node and distant

metastases were not recommended for RAI therapy (3).

However, PTC patients with low to intermediate risk are not

routinely recommended for RAI for conflicting observational

evidence, and thus more research is needed to uncover the

therapeutic efficacy in various subgroups of patients in the ATA

low- to intermediate-risk category (3, 4). In the present study, we

aimed to investigate the effect of RAI on the prognosis of PTC

patients with cervical lymph node metastasis after TT. We

collected the data from the largest public database and

balanced the variables between groups using propensity score

matching (PSM) method. The present study provided new

evidence for better treatment of PTC.
Patients and methods

Ethics statement

Patients were obtained from the Surveillance, Epidemiology,

and End Results (SEER) database from 2004 to 2018 (SEERStat

user name: 21208-Nov2020). The SEER database collected

patients with deidentified information; thus, this study was

granted exempt status by our institutional review board.
Study population

The SEER*Stat Database named “Incidence-SEER Research

Plus Data, 18 Registries, Nov 2020 Sub (2000–2018)” was

selected for the following research. The exclusion criteria

were as follows: patients with multiple (≥2) primary tumors,

age <18 years, non-positive histology, chemotherapy, and

distant metastasis. All patients underwent TT and cervical
Frontiers in Endocrinology 02
64
lymph node dissection. Patients with T4 were excluded. In

the present study, tumor extrathyroidal extension represents

those with minimal extrathyroidal extension including strap

muscles and pericapsular soft tissue. Only patients with

cervical lymph node metastasis were included, and cervical

lymph node metastases were categorized into N1a (central

compartment lymph node metastases), N1b (lateral neck

lymph node metastases), and N1NOS. Patients with

unknown or indefinite information on the included variables

such as tumor number, capsular extension, tumor stage, T/N

stage, RAI therapy, cause-specific death, lymph node

examined, and positive lymph nodes were excluded. Patients

with International Classification of Diseases for Oncology

(third edition) codes of 8050, 8260, 8340, 8341, 8342, 8343,

8344, and 8350 were enrolled. Tumor stage was based on the

American Joint Committee on Cancer (AJCC) eighth edition.

Patients were divided into three races: White, Black, and

Other (Asian or Pacific Islander and American Indian/

Alaska Native).
Statistical analysis

The chi-square test, Mann–Whitney U test, and Student’s t-

test were used to analyze the category variables, data with skewed

distribution (age and year of diagnosis), and the number of

lymph nodes between groups, respectively. Kaplan–Meier curves

of cancer-specific survival (CSS) and overall survival (OS) were

analyzed using log-rank test. Risk factors for CSS and OS were

estimated by Cox proportional hazards model with hazard ratio

(HR) and a 95% confidence interval (CI).

PSM analysis was performed between groups to balance the

statistical differences of the clinicopathologic features such as

year of diagnosis, multifocality, capsular extension, T/N stage,

and positive regional lymph nodes between TT and TT+RAI

groups. PSM of 1:1 matching with a caliper of 0.1 was selected

using R software (ver. 3.3.3) as we previously described (5). Two-

sided P < 0.05 was considered statistically significant.
Results

Patient characteristics

The flowchart of the selection process was shown in Figure 1.

Finally, a total of 15,179 patients were enrolled, including 3,387

(22.3%) with TT alone and 11,792 (77.7%) receiving additional

RAI therapy (Table 1). The following characteristics of patients

were more likely to present in the TT+RAI group compared with

the TT group: multifocality, extracapsular extension, T3, N1b,

more cervical lymph node examined, and more metastatic

cervical lymph nodes (Table 1).
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Predictors for cancer-specific survival
and overall survival of patients with
papillary thyroid microcarcinoma

After adjustment for patient age, year of diagnosis, sex, race,

capsular extension, multifocality, T/N stage, cervical lymph node

examined, and positive cervical lymph nodes in the multivariate

Cox regression model, RAI treatment was associated with better

OS with an HR (95% CI) of 0.66 (0.54–0.80), while RAI failed to

improve CSS with an HR (95% CI) of 0.89 (0.62–1.27) compared

with TT treatment alone (Table 2).
Subgroup analysis

The subgroup analyses stratified by the clinicopathologic

characteristics were performed to assess the robustness of the

results. TT+RAI treatment was associated with better OS in most

subgroups (Table 3). However, RAI use was not associated with

better OS in patients with age <55 years, black patients, AJCC

stage I, PTMC, and capsular invasion with HRs (95% CI) of 0.88

(0.62–1.26), 0.95 (0.30–2.97), 0.88 (0.62–1.26), 0.79 (0.49–1.25),

and 0.97 (0.42–2.24), respectively, compared with TT alone. In

addition, RAI was not associated with better CSS in the subgroup

analyses. We further found that PTMC patients failed to gain

better CSS and OS with the addition of RAI treatment. Patients

were divided into low-risk and intermediate-risk subgroups

according to ATA risk stratification. Compared with TT alone,

TT+RAI treatment was associated with better OS in ATA low-
Frontiers in Endocrinology 03
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risk and intermediate-risk subgroups with HRs (95% CI) of 0.71

(0.51–0.97) and 0.63 (0.49–0.80), respectively (Table 3).
Kaplan–Meier curves before and after
propensity score matching

Kaplan–Meier curves showed that RAI therapy was

associated with better OS with an HR (95% CI) of 1.52 (1.23–

1.88) before PSM (Figure 2A). We further divided patients into

N1a and N1b subsets. Similarly, RAI was associated with better

OS in patients with N1a with an HR (95% CI) of 1.39 (1.03-1.87)

(Figure 2B), and in patients with N1b with an HR (95% CI) of

1.76 (1.23–2.53) (Figure 2C).

To increase the between-group comparability, we performed

PSM analysis to balance the clinicopathologic characteristics

between TT and TT+RAI groups. The PSM process yielded

3,385 paired patients. After PSM, the differences of baseline

characteristics between the two groups were obviously reduced

(Supplementary Table S1). After PSM, RAI was associated with

better OS with an HR (95% CI) of 1.47 (1.15–1.88) (Figure 3A).

Consistently, RAI was associated with better OS in N1a patients

with an HR (95% CI) of 1.48 (1.03–2.12) and in N1b patients

with an HR (95% CI) of 1.49 (1.01–2.20) (Figures 3B, C).

In the PSM cohort, we further stratified patients into one

metastatic lymph node vs. ≥2 metastatic lymph nodes, unifocality

vs. multifocality, extracapsular extension vs. intrathyroidal and

capsular invasion tumor. There were no significant statistical

differences in OS between TT+RAI and TT groups in patients
FIGURE 1

Flowchart of the selection process of the patients who underwent TT and additional RAI treatment from the Surveillance, Epidemiology, and
End Results database. TT, total thyroidectomy; RAI, radioactive iodine.
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with one metastatic lymph node, unifocality, and intrathyroidal and

capsular invasion tumor (Figures 4A, C, E). Compared with TT

+RAI, TT alone was associated with poorer OS in patients with ≥2

metastatic lymph nodes, multifocality, and extracapsular extension

with HRs (95% CI) of 1.51 (1.11–2.05), 1.70 (1.22–2.37), and 1.54

(1.06–2.25), respectively (Figures 4B, D, F). We further divided

patients into ATA low-risk vs. ATA intermediate-risk subgroups. In

the ATA low-risk patients, there was no significant difference in OS

between patients with TT and TT+RAI with an HR (95% CI) of

1.43 (0.96–2.13) (Figure 5A). In the ATA intermediate-risk

subgroup, TT was associated with poorer OS compared with TT
Frontiers in Endocrinology 04
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+RAI treatment with an HR (95% CI) of 1.52 (1.11–

2.07) (Figure 5B).
Discussion

In this study, we examined the effect of RAI treatment on the

prognoses of PTC patients who underwent TT and cervical

lymph node dissection. All of the enrolled patients showed

cervical lymph node metastasis and were not diseases of T4

and/or distant metastasis. We found that RAI+TT treatment was

associated with better OS compared with TT alone before and

after PSM in the low- to intermediate-risk PTC patients. The

subgroup analyses showed that RAI was associated with better

OS in patients with age ≥55 years, AJCC stage II, and

extracapsular extension. However, RAI failed to improve

prognoses in patients with age <55 years, AJCC stage I, and

capsular invasion compared with the TT group. In the PSM

cohort, Kaplan–Meier curves showed that RAI treatment was

associated with better OS in patients with ≥2 metastatic lymph

nodes, multifocality, extracapsular extension, and ATA

intermediate risk.

The difficulty in performing RAI is to identify patients who

are most likely to benefit from RAI therapy while avoiding

unnecessary exposure to ionizing radiation in the majority of

low- to intermediate-risk thyroid cancer patients (6). Except for

the strong recommendation for RAI treatment in patients with

gross tumor extension and distant metastases and non-

recommendation for RAI in PTMC patients without risk

clinicopathologic features, RAI use remains controversial in

most cases (7). Consistent with the ATA recommendation, our

study found that PTMC patients did not benefit from RAI

administration, while patients with extrathyroidal extension

had better OS with the addition of RAI. A previous study

showed that differentiated thyroid cancer ≤2 cm without risk

factors such as multifocality, extrathyroidal extension, lymph

node, and/or distant metastasis may exempt from RAI and

receive less extensive surgery (8).

In our study, about 80% of patients were AJCC stage I

(eighth edition), and these patients failed to benefit from RAI

administration. Of note, these patients were those <55 years for

the enrollment of patients with nodal metastasis in our study. On

the contrary, patients with older age (≥55 years) benefited from

RAI therapy with the improvement of OS, which may reflect the

survival benefit from RAI in patients with AJCC stage II. One

important finding in our study was that both patients with N1a

and N1b benefited from RAI therapy. In clinical practice, the

proportion of N1b subtype was about 13.5% in PTC patients (9),

and about 50% of PTC patients present with pathological N1a

disease (10). Increasing metastatic lymph nodes were associated

with compromised survival in PTC patients (11). Therefore, we

can expect that a change point of the number of metastatic

lymph nodes in the central compartment may exist, and patients
TABLE 1 Characteristics of the study population (n = 15,179).

Variables TT
(n = 3,387

TT+RAI
(n = 11,792)

P-value

Age 41 (32–52) 41 (32–52) 0.426

<55 years 2,698 (79.7) 9,475 (80.4) 0.372

≥55 years 689 (20.3) 2,317 (19.6)

Year of diagnosis 2011 (2008–2013) 2011 (2008–2013) 0.036

Sex

Men 924 (27.3) 3,400 (28.8) 0.078

Women 2,463 (72.7) 8,392 (71.2)

Race

White 2,832 (83.6) 9,795 (83.1) 0.410

Black 104 (3.1) 334 (2.8)

Other 451 (13.3) 1,663 (14.1)

Multifocality

No 1,541 (45.5) 5,017 (42.5) 0.002

Yes 1,846 (54.5) 6,775 (57.5)

Capsular extension

Intrathyroidal tumor 2,161 (63.8) 6,670 (56.6) <0.001

Capsular invasion 272 (8.0) 905 (7.7)

Extracapsular extension 954 (28.2) 4,217 (35.8)

AJCC stage eighth

I 2,698 (79.7) 9,475 (80.4) 0.372

II 689 (20.3) 2,317 (19.6)

T stage

T1 1,589 (46.9) 4,836 (41.0) <0.001

T2 654 (19.3) 2,187 (18.5)

T3 1,144 (33.8) 4,769 (40.4)

N stage

N1a 2,055 (60.7) 6,821 (57.8) <0.001

N1b 937 (27.7) 3,886 (33.0)

N1NOS 395 (11.7) 1,085 (9.2)

CLN examined 13.5 ± 16.9 14.9 ± 17.9 <0.001

CLN positive 4.7 ± 6.0 5.4 ± 6.2 <0.001

Number of deaths

CSS 40 126 –

OS 149 345 –
Age and year of diagnosis were expressed as median with interquartile range; other
variables were expressed as n (%).
TT, total thyroidectomy; RAI, radioactive iodine; CLN, cervical lymph node; CSS, cancer-
specific survival; OS, overall survival.
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with more metastatic lymph nodes were more likely to benefit

from RAI treatment. In the PSM cohort, the mean and median

number of metastatic lymph nodes were 5.2 and 3.0,

respectively. We found that PTC patients with ≥2 metastatic

lymph nodes can benefit from RAI use, while patients with only

one metastatic lymph node failed to benefit from RAI treatment.

This should be validated in the following studies. A recent study

by Sun et al. (12) found that RAI therapy predicted better OS in

both N1a and N1b subtypes in the multivariate Cox regression

model, which was consistent with our results. However, they did

not examine the robustness of results stratified by N1a and N1b

subsets in a PSM cohort (12). Wang et al. (13) found that there

was no difference in the 5-year central compartment nodal

recurrence-free survival between PTC patients treated with

RAI and those without RAI treatment. However, the 104

patients and the median follow-up of 53 months may be
Frontiers in Endocrinology 05
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limited in the evaluation of the recurrence risk of PTC (13). A

recent study showed that the recurrence-free survival curve of

the intermediate-risk PTC patients who received postoperative

RAI therapy (n = 208) did not differ significantly from that of the

patients who did not receive it (n = 141), especially for patients

with negative extranodal spread and low number (<5) of

metastatic lymph nodes (14). However, they did not focus on

OS of PTC patients.

New evidence showed that RAI utilization declined from

61.0% in 2004 to 43.9% in 2016, especially in patients with T1a

(tumor ≤1 cm in diameter), N0/X, M0 PTC without

extrathyroidal extension (34.8% in 2004 to 9.5% in 2015) in

the United States (15). Similarly, a recent study showed that the

declining use of RAI represented the most pronounced change in

the management of PTCs <4 cm (44%–18% during the period

2006–2018), including PTMC (26%–6% during the period 2007–
TABLE 2 Multivariate Cox regression analysis for cancer-specific survival and overall survival of PTC patients.

Category Cancer-specific survival Overall survival

HR (95% CI) P-value HR (95% CI) P-value

Age 1.11 (1.10–1.12) <0.001 1.10 (1.09–1.10) <0.001

Year of diagnosis 0.94 (0.89–0.99) 0.030 0.96 (0.93–0.99) 0.012

Sex

Men Ref Ref

Women 0.84 (0.61–1.16) 0.286 0.58 (0.48–0.69) <0.001

Race

White Ref Ref

Black 2.07 (0.96–4.47) 0.063 1.83 (1.18–2.85) 0.007

Other 0.99 (0.64–1.53) 0.950 0.78 (0.58–1.04) 0.090

Multifocality

No Ref Ref

Yes 0.78 (0.57–1.06) 0.108 0.97 (0.81–1.16) 0.748

Capsular extension

Intrathyroidal tumor Ref Ref

Capsular invasion 1.22 (0.62–2.41) 0.566 1.03 (0.71–1.49) 0.870

Extracapsular extension 0.66 (0.38–1.14) 0.132 0.85 (0.57–1.27) 0.431

T stage

T1 Ref Ref

T2 2.60 (1.45–4.65) 0.001 1.05 (0.79–1.39) 0.757

T3 6.25 (3.26–11.97) <0.001 1.67 (1.12–2.51) 0.013

N stage

N1a Ref Ref

N1b 1.62 (1.11–2.37) 0.013 1.10 (0.89–1.37) 0.371

N1NOS 1.86 (1.15–3.00) 0.011 1.16 (0.86–1.55) 0.332

RAI

No Ref Ref

Yes 0.89 (0.62–1.27) 0.524 0.66 (0.54–0.80) <0.001

CLN examined 1.00 (0.99–1.01) 0.752 1.00 (0.99–1.01) 0.907

CLN positive 1.05 (1.02–1.08) <0.001 1.04 (1.02–1.06) <0.001
front
PTC, papillary thyroid cancer; HR (95% CI), hazard ratio (95% confidence interval); RAI, radioactive iodine; CLN, cervical lymph node.
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TABLE 3 Subgroup analysis for cancer-specific survival and overall survival of TT with RAI vs. TT alone by multivariate Cox regression analysis.

Category Cancer-specific survival Overall survival

HR (95% CI) P-value HR (95% CI) P-value

Age

<55 years 1.37 (0.57–3.29) 0.478 0.88 (0.62–1.26) 0.493

≥55 years 0.72 (0.48–1.07) 0.102 0.57 (0.45–0.72) <0.001

Sex

Men 0.78 (0.46–1.32) 0.354 0.60 (0.46–0.79) <0.001

Women 0.98 (0.60–1.62) 0.946 0.71 (0.54–0.95) 0.018

Race

White 0.87 (0.58–1.29) 0.481 0.64 (0.52–0.78) <0.001

Black 0.74 (0.07–7.74) 0.802 0.95 (0.30–2.97) 0.927

Multifocality

No 0.95 (0.56–1.64) 0.864 0.67 (0.49–0.91) 0.009

Yes 0.85 (0.52–1.38) 0.508 0.65 (0.50–0.84) 0.001

Capsular extension

Intrathyroidal tumor 0.81 (0.43–1.53) 0.523 0.61 (0.46–0.81) 0.001

Capsular invasion 3.21 (0.37–27.85) 0.290 0.97 (0.42–2.24) 0.949

Extracapsular extension 0.81 (0.51–1.27) 0.353 0.68 (0.51–0.91) 0.009

AJCC stage eighth

I 1.37 (0.57–3.29) 0.478 0.88 (0.62–1.26) 0.493

II 0.72 (0.48–1.07) 0.102 0.57 (0.45–0.72) <0.001

T stage

PTMC 1.44 (0.41–5.10) 0.568 0.79 (0.49–1.25) 0.307

T1 1.07 (0.39–2.92) 0.890 0.71 (0.51–0.99) 0.045

T2 0.89 (0.32–2.48) 0.829 0.53 (0.32–0.88) 0.015

T3 0.82 (0.54-1.25) 0.351 0.67 (0.51–0.88) 0.004

N stage

N1a 1.47 (0.74–2.93) 0.270 0.72 (0.54–0.95) 0.021

N1b 0.64 (0.39–1.04) 0.072 0.59 (0.43–0.81) 0.001

ATA risk stratification

ATA low risk 1.83 (0.71–4.78) 0.212 0.71 (0.51–0.97) 0.032

ATA intermediate risk 0.75 (0.51–1.11) 0.148 0.63 (0.49–0.80) <0.001
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HRs were adjusted for age, year of diagnosis, sex, race, multifocality, capsular extension, T/N stage, RAI, and number of metastatic lymph nodes.
RAI, radioactive iodine; TT, total thyroidectomy; PTC, papillary thyroid cancer; HR (95% CI), hazard ratio (95% confidence interval); PTMC, papillary thyroid microcarcinoma; ATA,
American Thyroid Association.
A B C

FIGURE 2

Kaplan–Meier curves of OS in PTC patients who underwent TT vs. TT+RAI before PSM in total patients (A), N1a patients (B), and N1b patients
(C). OS, overall survival; PTC, papillary thyroid carcinoma; TT, total thyroidectomy; RAI, radioactive iodine; PSM, propensity score matching.
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A B C

FIGURE 3

Kaplan–Meier curves of OS in PTC patients who underwent TT vs. TT+RAI after PSM in total patients (A), N1a patients (B), and N1b patients
(C). OS, overall survival; PTC, papillary thyroid carcinoma; TT, total thyroidectomy; RAI, radioactive iodine; PSM, propensity score matching.
A B

D

E F

C

FIGURE 4

Kaplan–Meier curves of OS in PTC patients who underwent TT vs. TT+RAI after PSM stratified by the number of metastatic lymph nodes (A, B),
tumor number (C, D), and tumor extension (E, F). OS, overall survival; PTC, papillary thyroid carcinoma; TT, total thyroidectomy; RAI, radioactive
iodine; PSM, propensity score matching.
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2018). For pediatric patients (<20 years), use of RAI peaked in

2009 (59%), then decreased markedly to 11% (2018) (16). A

recent survey showed that more than half of the patients (55.8%)

feel that they did not have an RAI choice, while the majority

of patients (75.9%) received RAI, suggesting a need for more

shared decision-making to reduce overtreatment (17). Nearly

25% of low-risk PTC patients (defined T1 without metastasis)

received RAI. Predictors of overtreatment with RAI included

age <45 years, age 45–64 years, male sex, Hispanic and Asian

race, and extensive lymphadenectomy (18). Efforts to reduce

the overuse of RAI in low-risk thyroid cancer should include

interventions targeted toward physicians (19). It seems apparent

that RAI administration changes with the implementation and

dissemination of evidence-based guidelines toward PTC with

RAI use, and prudent use of RAI should be considered in low-

risk patients (20).

Our study has several advantages compared with previous

studies. Firstly, we used the largest database with more

pathological variables included such as tumor multifocality,

extrathyroidal extension, and metastatic lymph nodes, and

variables with unknown information were excluded compared

with previous studies with the same topic (12, 21). In addition,

we adopted the updated AJCC stage to assess the therapeutic

effect of RAI use for the first time. We further validated the

limited survival benefit in PTMC patients, which might reduce

the potentially unnecessary RAI use in the majority of PTMC

patients. We also demonstrated that patients with minimal

extrathyroidal extension gained better OS after RAI use.

Additionally, we used the PSM analysis to balance the

clinicopathologic differences between groups; this procedure

improved the comparability and reliability of the results.
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However, some limitations must be acknowledged. The

retrospective design prevented proving causality between RAI

use and the better prognosis of PTC patients. However, the

population-based nature may reflect the “real-world”

management outcomes found outside of the well-controlled

trials. In addition, the SEER database cannot evaluate patients’

comorbidities and disease recurrence. Additionally, the dosages

of RAI were not recorded in the SEER database. We therefore

cannot determine the optimal dosages of RAI that will benefit

PTC patients most. Last but not least, TT+RAI treatment was

not associated with better CSS compared with TT alone in this

study. This may be caused by the excellent prognosis of PTC and

limited follow-up period. RAI treatment should be narrowed

down to only those cases that will truly benefit from RAI

treatment. Nowadays, the usual medical practice is to conduct

a genetic search for drug therapy and decide whether to treat the

patient according to the results of the companion diagnosis. The

amount of sodium/iodide symporter (NIS) expression in tumor

tissue and the presence or absence of genetic abnormalities that

could alter NIS expression should be used as indicators to

determine future indications for RAI treatment (22). Apart

from postoperative risk assessment, radioactive iodine

imaging, preferences of local disease management, assessment

of potential side effect, and patients’ preferences are additional

key elements that must be considered when deciding whether an

individual patient could benefit from RAI treatment (23).

In conclusion, this PSM-based study suggested that RAI

treatment predicted better OS in low- to intermediate-risk PTC

patients, especially in those with advanced diseases like AJCC

stage II, age ≥55 years, multifocality, extracapsular extension,

and ATA intermediate-risk, while RAI may not bring survival
A B

FIGURE 5

Kaplan–Meier curves of OS in PTC patients underwent TT vs. TT+RAI after PSM in low-risk (A) and intermediate-risk (B) patients stratified by the
ATA risk stratification. OS, overall survival; PTC, papillary thyroid carcinoma; TT, total thyroidectomy; RAI, radioactive iodine; PSM, propensity
score matching; ATA, American Thyroid Association.
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benefit in patients with age <55 years, AJCC stage I, capsular

invasion, PTMC, and ATA low-risk diseases. A large cohort

study with a longer follow-up period is warranted to confirm the

present findings.
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Identifying key genes of classic
papillary thyroid cancer in
women aged more than 55
years old using
bioinformatics analysis

Chang-Chun Li1, Muhammad Hasnain Ehsan Ullah1, Xiao Lin2,
Su-Kang Shan1, Bei Guo1, Ming-Hui Zheng1, Yi Wang1,
Fuxingzi Li1 and Ling-Qing Yuan1*

1National Clinical Research Center for Metabolic Diseases, Department of Metabolism and
Endocrinology, The Second Xiangya Hospital, Central South University, Changsha, China,
2Department of Radiology, The Second Xiangya Hospital, Central South University,
Changsha, China
Background: The incidence rate of thyroid carcinoma (THCA) markedly

increased in the recent few decades and has been likely over-diagnosed,

especially papillary thyroid cancer (PTC) in women. However, the incidence

of advanced-stage papillary thyroid cancer is also rising. According to earlier

studies, tumors with identical pathologymight have different clinical outcomes,

which implies some variances in papillary thyroid cancer. Although the

mortality of thyroid cancer has remained stable or declined, there is still an

important problem in estimating whether it is benign or needs surgery for

patients with papillary thyroid cancer.

Methods: After obtaining data from The Cancer Genome Atlas (TCGA) Project-

THCA database by R package TCGA bio links, 18 samples (11 at stage IV as high-

risk group and 7 at stage I as low-risk group) were obtained using survival

package and edgeR to ensure differential expression; ClusterProfiler package

was used to carry on gene set enrichment analysis and searched the possible

pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

STRING and Cytoscape were used to construct andmodify the protein–protein

interaction (PPI) network to get hub genes of differentially expressed genes.

Next, the pROC package was used to get the receiver operating characteristic

(ROC) curves of hub genes’ disease-free survival (DFS). Then, transcription

factors (TFs) and miRNAs of key genes were predicted by ENCORI and

AnimalTFDB. In the end, TF–target genes–miRNA regulatory network was

also constructed by Cytoscape.

Results: Our research obtained the top 9 candidate genes from the whole

network (IFNA1, MRC1, LGALS3, LOX, POSTN, TIMP1, CD276, SDC4, and TLR2).

According to the ROC results, TIMP1, LOX, CD276, IFNA1, TLR2, and POSTN

were considered to play a more critical role in malignant papillary thyroid
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cancer or immature cancer of papillary thyroid cancer. Our analysis concludes

that TIMP1, LOX, CD276, IFNA1, TLR2, and POSTN are identified as thyroid

cancer biomarkers, which lead to the different clinical courses of a woman

older than 55 years old with papillary thyroid cancer. Especially CD276, POSTN,

and IFNA1may be considered as new biomarkers associated with the prognosis

of thyroid cancer.

Conclusions: TIMP1, LOX, CD276, IFNA1, TLR2, and POSTN have different

expressions in PTCs, which lead to the various clinical courses of a woman

older than 55 years old with papillary thyroid cancer. Especially CD276, POSTN,

and IFNA1 may be considered as new potential biomarkers associated with the

prognosis of thyroid cancer. In addition, TF–miRNA–target gene regulatory

network may help further reach for PTC.
KEYWORDS

thyroid carcinoma, R package, gene ontology, Kyoto Encyclopedia of Genes and
Genomes, protein–protein interaction, biomarkers, prognosis thyroid
carcinoma, prognosis
Introduction

The incidence rate of thyroid carcinoma (THCA) markedly

increased in the recent few decades (1) and has been likely over-

diagnosed because ultrasonography or other modern diagnostic

techniques have been widely used to discover previously

undetectable thyroid nodules (2). Differentiated thyroid cancer

is the most common thyroid cancer, particularly the category of

papillary thyroid cancer (PTC) in women diagnosed by methods

such as fine-needle aspiration (FNA) after imaging tests.

However, the incidence of advanced-stage PTC (large tumors

and locally advanced and/or metastatic) rises (3). The fact that

tumors with identical pathologies might have distinct clinical

outcomes suggests some variances in PTC, according to previous

studies (4, 5). Although the mortality of THCA has remained

stable or declined, there is still an important problem in

estimating if it is benign or needs surgery for patients with PTC.

Controversial issues in thyroid cancer management mainly

focus on treatment options for different thyroid cancers (DTCs)

(6). Recently, detecting genetic changes in thyroid cancer has

been generally stressed and applied as an essential means to

guide treatment (7). DNA sequencing technology has been

frequently used to detect a different group of diagnoses.

Bioinformatics technology has also been employed to identify

those different gene expressions (DEGs). The BRAF and RAS

family’s mutations are usually found in THCA and mitogen-

activated protein kinase (MAPK) cellular signaling pathway and

PI3K/AKT/mTOR pathway (8, 9). Those findings have greatly

improved our understanding of studying THCA with different

clinical outcomes.
02
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This research performed many analyses through a wide-

ranging bioinformatics study to classify the critical hub gene in

thyroid cancer with a poor prognosis. A total of 994 genes

upregulated in the high-risk group were obtained from TCGA-

THCA data by edgeR (10, 11). Then, GO and KEGG pathway

enrichment and the construction of protein–protein interaction

(PPI) network and survival analysis were performed in these

differentially expressed genes (DEGs) (12–14). Finally, key

genes, transcription factors, and miRNA relations that might

be important in THCA with poor prognosis were identified.
Methods

Datasets selection and
DEGs identification

The Cancer Genome Atlas (TCGA) research network has

collected many public clinical and molecular profiling of more

than 10,000 tumor patients across 33 different tumor types. We

obtained the clinical and transcriptome profiling of THCA from the

TCGA-THCA database by TCGA-biolinks packages, which

provide several useful functions to search, download, and prepare

TCGA samples for data analysis (15), using the following criteria:

(A) PTC-classic/usual, (B) female, (C) age ≥55 years old, (D)

datasets including stage I and IV samples, and (E) replicated

samples value being saved with unique bcr patient barcode. Next,

Cox proportional hazards model was performed by survival

packages of R for those data, and the result was presented by

forest plot packages (16, 17). Furthermore, the edgeR packages were
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used to distinguish the DEGs in each sample in R (Version 4.1.2)

(10, 11). The standard for DEGs has been considered a false

discovery rate of <0.05. The groups’ criteria were |log2FC (fold

change) | ≥ 1.
GO and KEGG enrichment analyses
of DEGs

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) were performed to reveal the functional

enrichment analysis of DEGs. BiomaRt packages that include

over 800 different biological datasets spanning were used to

convert gene ID from other types (18, 19). ClusterProfiler

packages that automate enrichment analysis of gene clusters

were used to progress GO enrichment analyses, which include

cellular component (CC), biological process (BP), and molecular

function (MF), and KEGG pathways analysis (20, 21). Finally,

GOplot and ggplot2 packages were used to make figures of those

results (22, 23).
PPI network construction

STRING (https://string-db.org/), an online database, was

used to establish the protein–protein interaction (PPI) network

of the candidate genes, which evaluates the interacting units with

protein-coding gene loci (represented by their main, canonical

protein isoform) (24), and the minimum required score was set

as the medium confidence (0.400). Moreover, Cytoscape

(Version 3.9.1) was used to visualize, model, and analyze

molecular and genetic interaction networks (25). Next, the

analysis network of Cytoscape tool, Molecular Complex

Detection (MCODE), was applied to screen modules of the

PPI network with a degree cutoff = 2, node score cutoff = 0.2, k-

core = 2, and max. depth = 100.
Survival analysis

The receiver operating characteristic (ROC) curve is a

commonly used graphical summary to evaluate the predictive

value of biomarkers (26). To verify the prognosis results of hub

genes, disease-free survival (DFS) data obtained from TCGA and

pROC package were used to make the ROC curve figure (27).
TF and miRNA regulatory
network construction

After the reference sequence (RefSeq) of the key genes were

obtained from National Center for Biotechnology Information

(NCBI) RefSeq database (https://www.ncbi.nlm.nih.gov/),
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transcription factors were predicted by AnimalTFDB (http://

bioinfo.life.hust.edu.cn/AnimalTFDB/#!/) and selected by score

>20 (28, 29). ENCORI (https://rna.sysu.edu.cn/encori/index.php)

was used to predict miRNAs that bind to hub genes and apply

standards including CLIP-Data ≥3, pan-cancer ≥1, and miRNA,

with the least intersections in three databases selected (30).
Results

Patient characteristics

The clinical characteristics of 359 cases of classic PTC were

obtained from the TCGA-THCA project, including days to the

last follow-up, days to death, disease-free status, age at diagnosis,

TNM classification, and tumor stage. After Cox analysis, age at

diagnosis and tumor stage were significant for disease-free status

(Figure 1A). Compared to age <55 years, the order indicated a

poor prognosis that corresponds with previous research. At the

same time, ages between 55 and 65 still have no noticeable

difference with age <55 years old, suggesting that there might

some of the patients with a preferable prognosis. Consequently,

with age more than 55 years, 7 cases of stage I as a low-risk group

and 11 cases of stage IV as a high-risk group were finally

obtained after filtering the following criteria. The different

expressions between the two groups were analyzed by edgeR

and shown in the volcano plot (Figure 1B).
Function annotation of DEGs

GO enrichment analysis was completed to explore the

biological functions of all DEGs of the upregulated gene

obtained after edgeR. The GO term biological process analysis

corroborated that the DEGs were enriched in external

encapsulating structure organization, extracellular matrix

organization, and extracellular structure organization. The GO

term cellular component was enriched in the collagen-

containing extracellular matrix, cornified envelope, and

endoplasmic reticulum lumen. Apart from that, the molecular

function classification of GO was enriched in extracellular

matrix structural constituent, integrin binding, and cytokine

activity (Figure 2).

The enrichment analysis of the KEGG pathway

demonstrated that DEGs were correlated with proteoglycans in

cancer, PI3K-Akt signaling pathway, and p53 signaling

pathway (Figure 3).
Construction of PPI network

The STRING database identified the interaction of

these upregulated DEGs. The combined score >0.4
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(medium confidence score) was considered statistically significant.

Then, a PPI network was made with Cytoscape. A total of

905 nodes and 4,941 edges were included in that PPI network.

Additionally, the modules in the PPI network were analyzed by

MCODE, and >8 was set as cutoff criteria with the default

parameters (degree cutoff, 2; node score cutoff, 2; K-score, 2; and

max depth = 100) (Figure 4). Next, the top 3 genes of every cluster

(IFNA1, MRC1, LGALS3, LOX, POSTN, TIMP1, CD276, SDC4,

and TLR2) were obtained as hub genes after being ranked by

MCODE score.
Frontiers in Endocrinology 04
76
Survival analysis

pROC packages made the receiver operating characteristic

(ROC) curve to explore the patient’s prognosis with high-

expression hub genes. According to the results of the ROC

curve, TIMP1, LOX, CD276, IFNA1, TLR2, and POSTN as key

genes are more relevant to THCA (Figure 5). The heatmap of

key gene expression in sample patients was made after

normalization. Compared to IFNA1, high expressions of other

genes are more common in the high-risk group (Figure 6).
A B

FIGURE 1

Clinical characteristics of classic PTC and volcano plot of DEGs. (A) Age, stage, and tumor size are significant. The reference of age is <55 years
old. The reference of stage is stage I, and references of TNM are T1, N0, and M0. (B) Volcano plot of DEGs. Those blue dots represent
downregulation in high-risk group thyroid carcinoma compared with low-risk group samples; red represents upregulation, and gray dots show
no significant difference in the two groups.
FIGURE 2

Gene Ontology analyses of differentially expressed genes. Biological process (BP) was enriched in the external encapsulating structure
organization, extracellular matrix organization, and extracellular structure organization. The cellular component (CC) was enriched in the
collagen-containing extracellular matrix, cornified envelope, and endoplasmic reticulum lumen. Molecular function (MF) was enriched in
extracellular matrix structural constituent, integrin binding, and cytokine activity.
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TF and miRNA regulatory network

A total of 47 miRNAs and 44 transcription factors that

could be bound to key genes are predicted. TF, miRNA, and

target gene relations were revealed in the regulatory

network (Figure 7).
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Discussion

In recent years, thyroid carcinoma has had a worldwide and

dramatic incidence, especially in women. However, thyroid

cancer treatment options are limited, and they mostly need to

have surgery and supply of thyroxine for the whole of their later

life. The high-intensity treatment for most tumor diameters over

1 cm, especially patients with differentiated thyroid cancer or

papillary thyroid cancer, has also been controversial after PTC

prognosis is more remarkable than that of other tumors. The fact

that advanced thyroid cancer is found with the increase in

cardinality estimate also promotes more research to

distinguish the difference from PTC so that more suitable and

precise therapeutics could be suggested to each of the patients.

For the above target, it is critical to know the prognosis of

carcinoma, especially for PTC, which has a high risk of incidence

and is likely over-diagnosed. Many studies have utilized

bioinformatics technology to uncover biomarkers in THCA or

PTC. However, the majority of them compared carcinoma and

normal samples. According to the 8th American Joint

Committee on Cancer (AJCC) and other experts, there may be

distinct influencing factors for varying clinical outcomes in

patients with PTC who are over 55 years old (31–34). In the

current study, based on the hypothesis of difference in PTC, we

explore the potential difference between PTC classification in

women over 55 years old who have the worst prognosis and

those with favorable forecasts based on data from TCGA.

In the present study, 994 upregulated genes were obtained

from TCGA-THCA data using the edgeR package. GO was

enriched in cell connection and extracellular matrix

organization. KEGG pathway enrichment analysis of those

DEGs could be linked to thyroid cancer growth and metastasis
FIGURE 3

KEGG pathways of differentially expressed genes. The KEGG
pathway could find proteoglycans in cancer, PI3K-Akt signaling
pathway, and p53 signaling pathway related to thyroid
carcinoma.
A B

C

FIGURE 4

MCODE cluster. Cluster calculated by MCODE after protein–protein interaction network constructed, and different sizes and colors represent
different MCODE scores. (A) Cluster 1 (score, 10.1). (B) Cluster 2 (score, 9.8). (C) Cluster 3 (score, 8.5).
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pathways such as proteoglycans in cancer, PI3K-Akt signaling

pathway, and p53 signaling pathway. After using MCODE and

Cytoscape network analysis tools of Cytoscape, nine hub genes

with greater degrees were finally obtained (IFNA1, MRC1,

LGALS3, LOX, POSTN, TIMP1, CD276, SDC4, and TLR2),

which were considerably overexpressed in PTC with a poor
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prognosis compared to those with a better prognosis. In

comparison to the survival analysis of nine hub genes, TIMP1,

LOX, CD276, IFNA1, TLR2, and POSTN as key genes are more

relevant to THCA.

Tissue inhibitor of metalloproteinase 1 (TIMP1) belongs to

the TIMP gene family, and its encoded protein can promote cell

proliferation. TIMP1 was found to be overexpressed in classic

and follicular variants of PTC in different age and gender groups

and in the BRAF-MUT group compared to that in BRAF-WT

patients in previous research (35, 36). It binds CD63 on the cell

surface membrane and activates AKT signaling pathway to make

antiapoptotic activity and predict aggressive behaviors (37, 38).

Lysyl oxidase (LOX) was found to be overexpressed in aggressive

cancers and related to MMPs and TIMPs by regulating SNA12

expression (39). In addition, LOX upregulation is also associated

with anaplastic thyroid cancer progression and aggressive tall cell

variant of PTC (TC-PTC) compared with the differentiated

thyroid cancers [classic PTC (cPTC) and follicular variant of

PTC (FV-PTC)] that may respond to BRAF activation (40–42).

Toll-like receptor 2 (TLR2) is a member of the Toll-like receptor

(TLR) family; it was found to be mediated by Akt

phosphorylation by GT1b (trisialoganglioside 1b) and activated

PI3K/Akt signaling pathway (43). POSTN-encoded protein binds

to integrins to support adhesion, migration of epithelial cells, and

participation in cancer stem cell maintenance and metastasis.

Previous research once found a wide variability of POSTN

expression in a different histological subtype of PTC, and high

stromal POSTN expression is associated with aggressive tumor

behavior (44). Compared to TIMP1 and LOX, the relation

between TLR2 and thyroid carcinoma was unclear, especially in

PTC. However, previous research indicated that overexpression

of TLR2 was associated with a high risk of colorectal cancer,
FIGURE 5

Receiver operating characteristic (ROC) curve. Receiver
operating characteristic (ROC) curve made by pROC. TIMP1,
LOX, CD276, IFNA1, TLR2, and POSTN as key genes are more
relevant to THCA.
FIGURE 6

Heatmap of key genes. Heatmap made by pheatmap package and normalized by scale function. Different expression of genes in the high- and
low-risk groups.
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cervical cancer, and oral cancer (45–48). CD276, also known as

B7-H3, has upregulated expression in many cancer cells and

related with tumor cells by pathological angiogenesis (49). CD276

has been found to have an upregulated expression at the protein

and mRNA levels in different types of thyroid cancer, and its

effect on thyroid carcinoma has also been researched recently.

CD276 was overexpressed in advanced thyroid carcinoma such as

ATC, which is consistent with our results; its high expression

indicates a poor prognosis of different PTCs (50, 51). We found

that in the classic PTC, the upregulated CD276 is also related to a

poor prognosis. Periostin (POSTN) encoded a secreted

extracellular matrix protein and is found to exhibit stromal

deposition in invasive portions and cytoplasmic expression of

undifferentiated thyroid carcinoma cells (52). Periostin has

different expressions in different kinds of PTCs, and

upregulated periostin could also be found in PTC compared to

non-neoplastic tissues. Upregulation of periostin-introduced

invasion and lymph node metastasis may be due to loss of

cellular polarity/cohesiveness and epithelial–mesenchymal

transition (EMT) (53). This research also was consistent with

the above results and found that in classic PTC of female patients

aged more than 55 years, POSTN still has a different expression

and upregulated POSTN still indicated a poor prognosis.

Interferon alpha 1 (IFNA1) could encode a member of the type

I interferon, and expression of IFNA1 is associated with HPV-

positive head and neck cancers (54). Interferon alpha 1 could be

found in normal thyroid cells and differentiated thyroid cancer

and also used in some diseases, but long-term interferon (IFN)

therapy is frequently associated with side effects on the thyroid
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gland (55). Although its effect is considered antiproliferative,

interferon alpha is also found to influence malignant thyroid

cancer by the microenvironment or affect other factors, such as

tumor necrosis factor (TNF) or epidermal growth factor (EGF)

(56, 57). According to our research, IFNA affects high-risk group

PTC with an upregulated expression. More facts about its effect

on PTC also need to be explored by further research. Above all, in

our results, TIMP1, LOX, and POSTEN had different expressions

no matter what type of thyroid cancer and papillary thyroid

cancer; even in pure classic PTC, high expression of those genes

also predicted a poor prognosis. Although CD276, TLR2, and

IFNA1 were not found to have complex functions in thyroid

cancer, they all participate in different carcinomas. These results

indicate that further study is needed to reveal their roles in

thyroid carcinoma.
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Background: Papillary thyroid carcinoma (PTC) is the most common type of

thyroid cancer. Grayscale ultrasound (US) is the main method used to diagnose

benign and malignant thyroid nodules, While color doppler blood flow imaging

(CDFI) is not widely recognized when diagnosing thyroid cancer.

Methods: This study used a retrospective analysis. The study included 36

spoked wheel blood flow nodules detected by CDFI in 37,372 patients in five

hospitals from January 2020 to June 2021. All thyroid nodules were examined

histologically after ultrasound-guided fine needle biopsy or following surgical

resection. The value of color doppler in diagnosing papillary thyroid carcinoma

was evaluated based on pathological results.

Results: Among 36 thyroid nodules, only 6 were highly suspected of being

malignant on grayscale ultrasound (classified as 5, according to ACR TI-RADS).

However, these 36 thyroid nodules showed spoke wheel blood flow signal

distribution on CDFI. If the spoke wheel blood flow signal is used to diagnose

papillary thyroid cancer, then the diagnostic accuracy of this group of papillary

thyroid cancers can reach 100%, which is significantly higher than the accuracy

of grayscale ultrasound diagnosis, and the difference is statistically significant

(p<0.05).

Conclusions: The results of this study found that spoke wheel blood flow sign

on CDFI can be used to diagnose PTC. PTC with spoke wheel blood flow have

benign characteristics on gray-scale ultrasound, which is easy to be

misdiagnosed.
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Introduction

Thyroid nodules are considered to be the most common

manifestation of endocrine disease in clinical practice. The

incidence of thyroid cancer has rapidly increased throughout

the past few decades (1). The increase in the detection of

malignant thyroid tumors may be related to the widespread

use of high-frequency ultrasound, which is the most preferred

diagnostic method for thyroid nodules (2).

Color Doppler blood flow imaging (CDFI) is an imaging

technique that exploits the shift in the frequency of US waves

when waves are reflected by moving blood (the Doppler effect)

(3). In CDFI, the Doppler effect can detect the movement of red

blood cells in blood vessels. Therefore, CDFI can provide

information on the vascularity of thyroid lesions and is widely

used in daily clinical practice to evaluate diffuse thyroid diseases,

such as hyperthyroidism. However, CDFI is not valuable in

assessing benign and malignant thyroid nodules (4). CDFI

information is not considered in the standards of various

versions of thyroid classification (including ACR, Korean

quark classification, Chinese version classification, etc.) (5–8),

which also proves that CDFI is of no value in the differentiating

benign and malignant thyroid nodules. Ultrasonographic

findings related to malignant tumors included hypoechoicity,

solid and irregular edges, taller-than-wide and calcification.

In reviewing cases of misdiagnosed thyroid tumors, the

authors found that papillary thyroid carcinomas with spoke

wheel blood flow were easily misdiagnosed as benign nodules.

To the best of our knowledge, there are no reports in the

literature regarding the use of CDFI spoke wheel blood flow

distribution to distinguish benign and malignant thyroid

nodules. Therefore, we conducted a study that evaluated the

value of spoke wheel blood flow distribution in the diagnosis of

papillary thyroid carcinoma.
Material and methods

Study population

The study was approved by the ethics committee of our

hospital(NO.2022RS042). Individual consent for this

retrospective analysis was waived.

From January 2020 to June 2021, among 37,372 thyroid

nodules in five hospitals, 38 nodules with spoke wheel blood flow

detected by color Doppler ultrasonography were included in the

study. The selection criteria were as follows: all patients

underwent grayscale ultrasound and color Doppler ultrasound

examinations, and pathological results were obtained. Among

the 38 patients, 2 patients with thyroid nodules did not obtain

pathological results, and the remaining 36 patients (20 males and

16 females, age range, 17–65 years; mean age, 36.5 ± 12.2 years)
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were included in this study. The patients with thyroid nodules

with spoke wheel blood flow were all single. The mean diameter

of the thyroid nodules was 2.1 ± 1.1 cm (range, 0.6–4.6 cm). All

thyroid nodules were examined histologically after ultrasound-

guided fine needle biopsy or following surgical resection.
Ultrasound examinations

All patients in the study underwent grayscale ultrasound and

color Doppler ultrasound. When a thyroid nodule was detected,

the position, size, echogenicity, composition, margin, shape,

echogenic foci and blood flow of the nodule (spoke wheel

blood flow distribution and non-spoke wheel blood flow

distribution) were recorded. According to the American

College of Radiology (ACR) Thyroid Imaging Reporting and

Data System (TI-RADS) classification. An ultrasound machine

(including Toshiba, GE, Mindray, Philips, Hitachi) with high

frequency (7-14 MHz) line array transducers was used in all

imaging procedures.

Ultrasound imaging was performed by the same radiologist,

who had more than five years of experience in thyroid

ultrasound, in each hospital. All images were recorded and

transferred to the research staff database. Then, the images

were evaluated by two radiologists who had 10 years of

experience in thyroid imaging. If there was any disagreement,

a third senior radiologist, who had more than 15 years of

experience in thyroid ultrasonography, was consulted until a

consensus was reached. None of the three radiologists knew the

pathological diagnosis of the thyroid nodules.

First, thyroid nodules were diagnosed based on grayscale

ultrasound findings, and then thyroid papillary carcinoma was

diagnosed based on the color Doppler spoke wheel blood flow

distribution. The value of color Doppler in diagnosing papillary

thyroid carcinoma was evaluated based on pathological results.

Color Doppler spoke wheel blood flow distribution was

determined based on the observance of at least three blood

vessels in different directions from the center of the nodule to the

periphery (Figure 1).
Pathological examination

After the ultrasound examination was completed in all the

patients, ultrasound-guided fine-needle aspiration or surgical

resection was performed within two weeks to obtain

pathological results.
Statistical analysis

The chi-squared test or Fisher’s exact test was applied to

categorical variables. The statistical analysis was performed, and
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histopathology results were considered the diagnostic gold

standard. P values <0.05 were considered to be statistically

significant. Data analysis was performed using the SPSS

version 20.0 software package.
Results

A total of 37,372 thyroid nodules were examined, of which 38

with spoke wheel blood flow signals were detected. Two of the

patients were refused further examination, thus, no pathological

results were obtained. The remaining 36 patients underwent fine-

needle aspiration biopsy or surgical resection, and the pathological

results confirmed that each patient had papillary carcinoma.

Although the incidence of spoke wheel blood flow signals in

thyroid nodules is very low (0.1%), it can directly diagnose

papillary thyroid carcinoma (specificity as high as 100.0%).

We analyzed and summarized the ultrasound imaging

characteristics of these 36 patients with papillary thyroid

carcinoma (Table 1). Thirty-six thyroid nodules were

identified and no cervical lymph node metastasis was found

before ultrasonography. Among the 36 thyroid nodules, only 6

were highly suspected of being malignant on grayscale

ultrasound (classified as 5, according to ACR TI-RADS), 15

nodules were identified as indeterminate benign and malignant

(classified as 4, according to ACR TI-RADS), and the remaining

15 were determined to be benign (classified as Class 3, according

to ACR TI-RADS). However, these 36 thyroid nodules showed

spoke wheel blood flow signal distribution on color Doppler

blood flow imaging (Figures 2, 3). The spoke wheel blood flow

signal was not present in benign thyroid nodules. Therefore, the

spoke wheel blood flow signal can be used as a specific

ultrasound manifestation of papillary thyroid carcinoma.

If the spoke wheel blood flow signal is used to diagnose

patients with papillary thyroid cancer, the diagnostic accuracy of

this group of papillary thyroid cancers can reach 100.0%. This

was significantly higher than the accuracy of grayscale

ultrasound diagnosis (16.7%), and the difference was
Frontiers in Endocrinology 03
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statistically significant (p<0.05). Regardless of the gray-scale

ultrasonic characteristics, as long as the thyroid nodule has a

spoke like blood flow, it can be divided into ACR TI-RADS 5.
Discussion

Papillary thyroid carcinoma (PTC) is the most common type of

thyroid cancer (9, 10). Grayscale ultrasound (US) is the main

method for diagnosing benign and malignant thyroid nodules.

The main ultrasound features that suggest PTC are hypoechoic or

very hypoechoic, solid component, lobulated or irregular margins

or extra-thyroidal extension, taller-than-wide shape, and

calcifications. As greater numbers of the above ultrasound

features are observed, the probability of malignancy increases.
TABLE 1 Ultrasonic image features of 36 cases of papillary thyroid
carcinoma with spoke wheel blood flow.

Characteristics Number

Gender Female
Male

16
20

Age (year) 36.50 ±
12.15

Location Right lobe
Left lobe

21
15

Maximum diameter of lesion
(cm)

2.05 ± 1.09

Echogenicity Hypoechoic
Isoechoic

13
23

Composition Mixed cystic and solid
Solid or almost completely
solid

3
33

Margin Smooth
Lobulated or irregular

33
3

Shape Taller-than-wide
Wider-than-all

0
36

Echogenic foci Punctate echogenic foci
Macrocalcifications
None

10
5
21

Color doppler flow imaging Spoke wheel blood flow 36
fro
FIGURE 1

Schematic diagram of spoke wheel blood flow. Red: blood flow towards the probe, blue: blood flow away from the probe.
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These ultrasound features are used for risk classification of thyroid

imaging reports and data systems. Clearly, color Doppler blood flow

imaging is not recognized in various versions of the thyroid risk

classification. This suggests that color Doppler blood flow

information is not used for the diagnosis of thyroid cancer. Both

benign and malignant thyroid nodules can present with or without

abundant blood flow.

This study found that the CDFI spoke wheel blood flow

signal distribution can be used as a highly specific sign of

papillary thyroid carcinoma. Retrospective analysis of the

characteristics of this type of papillary thyroid carcinoma was

performed. Incidence rates were not significantly different

regarding sex and location. Similar to the reported papillary

thyroid gland in the literature, the age of onset is approximately

36 years (11–14). The maximum diameter of the mass in this

group of patients was approximately 2 cm, which is larger than

that reported in the literature on papillary thyroid carcinoma

(12–14). This group of papillary carcinomas are speculated to
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have a rich blood supply and are easier to grow up. However, we

did not follow up on its growth rate. The grayscale ultrasound

features of this group of PTCs are mainly characterized by

nodules that are isoechoic, solid, smooth margin, with a wider

than tall, no calcifications and no halo. Except for the solid

component, there are few other malignant indicators

(hypoechoic or very hypoechoic, solid component, lobulated

or irregular margins or extra-thyroidal extension, taller-than-

wide shape, and calcifications), so grayscale ultrasound findings

can easily suggest that the nodules are benign. In this study, the

misdiagnosis rate of gray-scale ultrasound in 36 cases of

papillary thyroid carcinoma was significantly higher than that

of papillary thyroid carcinoma reported in the literature (15). If

the spoke wheel blood flow signal is used to diagnose papillary

thyroid cancer, the diagnostic accuracy of this group of papillary

thyroid cancers can reach 100%. CDFI can significantly improve

the diagnostic accuracy of this type of PTC. The spoke wheel

blood flow mainly appears in the larger PTC. PTC papillary
FIGURE 3

Grayscale ultrasonography shows a solid, hypoechoic nodule in the right lobe of the thyroid with wider-than-tall and smooth margin. It was
classified as an ACR TI-RADS 4 lesion with moderate suspicion of cancer requiring biopsy. Color Doppler ultrasonography showed the
distribution of spoke wheel blood flow signals, which was determined to be papillary thyroid carcinoma. Postoperative pathology confirmed
papillary thyroid carcinoma.
FIGURE 2

Grayscale ultrasonography shows a solid, isoechoic nodule in the right lobe of the thyroid with wider-than-tall and smooth margin and is
considered to be a benign nodule on grayscale ultrasonography. Color Doppler ultrasonography showed the distribution of spoke wheel blood
flow signals, which was determined to be papillary thyroid carcinoma. Postoperative pathology confirmed papillary thyroid carcinoma.
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structure has fiber vascular axis. Large fiber vessels will branch

out. If the branch vessels originate from the center of the mass

and the vessels are large enough, they can be detected by CDFI.

This study had several limitations. First, the case samples were

limited, and large samples are needed for further research and

confirmation. Second, we did not follow up patients for a long time

to observe their outcomes. Third, limited by the retrospective study,

there is a unified standard for image acquisition of spoke wheel

blood flow, which may affect its incidence.
Conclusions

The results of this study found that CDFI can be used to

diagnose papillary thyroid cancer that have characteristics of spoke

wheel blood flow distribution and using grayscale ultrasound for

these cases of PTC often show benign features and is

easily misdiagnosed.
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Clinical value of FNA puncture
feeling in the diagnosis of non-
diagnostic and indeterminate
thyroid nodules

Jintao Wu1, Yingying Li2 and Mingbo Zhang2*

1Department of Ultrasound, Linzi District Maternity and Child Health Care Hospital, Zibo, China,
2Department of Ultrasound, Chinese PLA General Hospital, Beijing, China
Objective: The aim of this study was to explore the clinical diagnostic value of

puncture feeling during fine-needle aspiration (FNA) for non-diagnostic and

indeterminate thyroid nodules.

Methods: A retrospective analysis was performed on 176 patients (196 nodules)

diagnosed with Bethesda I or III by FNA cytology at the ultrasound department

of our hospital between January 2017 and January 2020. Comparisons were

made on the differences in puncture feeling (including stiffness and grittiness)

between benign and malignant thyroid nodules, and their diagnostic

performance was analyzed.

Results: There were significant differences between benign and malignant

nodules with respect to the puncture stiffness and puncture grittiness (P <

0.001). The presence of a hard stiffness and grittiness demonstrated comparable

levels of diagnostic performance for malignant thyroid nodules, with sensitivities,

specificities, accuracies, positive predictive values, and negative predicative values

of 55.56% and 63.89%, 87.10% and 78.22%, 75.51% and 72.96%, 71.43% and 63.01%,

and 77.14% and 78.86%, respectively. The diagnostic performance was most

optimal in the presence of at least one puncture feeling (area under the receiver

operating characteristic curve: 0.771), exhibiting a sensitivity, specificity, accuracy,

positive predictive value, and negative predictive value of 79.17%, 75.00%, 76.53%,

64.77, and 86.11%%, respectively.

Conclusions: Puncture feeling adds clinical value in the diagnosis of thyroid

nodules with indeterminate FNA findings.
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Fine needle aspiration (FNA), thyroid nodules, thyroid cancer, puncture feeling, ultrasound
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Introduction

There has been a significantly gradual rise in the incidence of

thyroid cancer over the past few years (1). Fine-needle aspiration

(FNA) is a cytopathological technique that plays a crucial role in

the diagnosis of thyroid cancer (2, 3). The diagnosis through

FNA cytology is reliant on the Bethesda System for Reporting

Thyroid Cytopathology (4). However, there are ambiguities in its

criteria for cytological diagnosis, and 10-15% false negatives has

been reported (5, 6). In particular, Bethesda category I and III

nodules are non-diagnostic and indeterminate thyroid nodules

prone to misdiagnosis, which inevitably cause repeat aspiration

or diagnostic operation.

Molecular pathology including gene mutational panel and

comprehensive multigene next-generation sequencing panel can

be used to diagnosis thyroid cancer (7). However, the cost is

expensive and not universally available. Repeat FNA of non-

diagnostic and indeterminate thyroid nodules had a positive

impact. However, some cases may remain indeterminate even

after repeat aspiration of the nodule (8).During the process of

FNA, the operator may detect different sensations as the needle

enters the nodule (i.e., puncture feeling), such as stiffness,

grittiness, etc. The different sensations indicate different

internal composition of the nodules, which may contribute to

differential diagnosis. Due to the presence of calcifications and

psammoma bodies in papillary thyroid carcinomas, the friction

may contribute to the sensation of grittiness during the puncture

process (9). In addition, most thyroid cancers appear as hard

nodules on elastography (10). At present, research on the

significance of puncture feeling to the diagnostic performance

of thyroid nodule biopsy is relatively scarce, and it remains

unclear which types of puncture feeling can better facilitate the

diagnosis of thyroid nodules.

In order to further improve diagnostic accuracy on the basis

of cytopathological diagnosis and to provide evidence for

decision-making by clinicians and interventional sonographers,

this study explored the clinical diagnostic value of puncture

feeling during FNA biopsy for non-diagnostic and indeterminate

nodules and compared the diagnostic performances of different

commonly observed puncture feelings.
Materials and methods

Patients

176 patients (196 nodules) diagnosed with Bethesda category

I or III nodules by thyroid nodule FNA cytology at the

ultrasound department of Qidu Hospital between January

2017 and January 2020 were enrolled in this retrospective study.

The inclusion criteria were as follows (1): patients with well-

defined single or multiple thyroid nodules that were suspicious
Frontiers in Endocrinology 02
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for malignancy and indicated for FNA biopsy; (2) patients who

underwent ultrasound-guided FNA at our department; (3)

cytopathological findings indicating Bethesda category I or III

nodules; (4) patients who underwent repeat aspiration or

surgical treatment after FNA. The exclusion criteria: patients

with unclear secondary aspiration or postoperative

pathological findings.
Instruments and methods

Thyroid examination was performed using the Mindray

Resona 7 (Mindray, Shenzhen, Guangdong, China) color

Doppler ultrasound system equipped with an L14-5 probe,

and the settings were adjusted for thyroid examination

(frequency: 5–14 MHz). In accordance with the classification

criteria of the American College of Radiology (ACR) Thyroid

Imaging, Reporting and Data System (TI-RADS) (2), the thyroid

nodules that met the ACR criteria or 2012 Chinese Medical

Association Guidelines (11) were recommended for FNA. Prior

to the biopsy, informed consent was obtained in writing from the

patients and their family members. FNA was performed using

25G × 50 mm biopsy needles (Hakko Co., Ltd., Chikum-Shi,

Nagano, Japan).

All FNA procedures were performed by a sonographer with

more than 10 years of interventional experience. During the

procedure, patients were placed in a supine position, and the

puncture site was covered with fenestrated drapes after

undergoing disinfection. The sonographer sat at the patient’s

cranial end. Using the freehand FNA technique, the needle was

inserted at the midpoint on the side of the probe. Under

ultrasound guidance, the needle tip entered the nodule without

negative pressure, and 10–20 needle passes were made in

multiple directions. The assistant observed whether bleeding

occurred at the end of the needle and prompted the sonographer

to stop if bleeding occurred to prevent excessive blood in the

biopsy specimen. The puncture feeling was dictated and

documented by the operator. Grittiness was defined as a

sensation of sandpaper-like friction during the needle

insertion, and its presence or absence was recorded. In

addition, the stiffness encountered when the needle tip entered

the nodule was compared with that entering normal thyroid

parenchyma. Nodules with a higher stiffness than normal

thyroid parenchyma were defined as hard. Otherwise, they

were defined as soft. Once FNA was completed, rapid smear

preparation was performed with the cooperation of the assistant,

and the specimens were fixed using 95% alcohol for 20 s. The

operator then selected 2–3 smears based on visual judgement of

the specimen quality for cytopathological examination in the

pathology department. The pathological findings were classified

according to the Bethesda System for Reporting Thyroid

Cytopathology (12). Patients with nodules classified as
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category I or category III were recommended for repeat

aspiration or surgical treatment, as appropriate.

The medical records of patients with thyroid nodules stored

in the ultrasound department were reviewed. Screening was

performed using the clinical data and pathological records to

select the patients with Bethesda category I or III nodules. The

patients’ parameters were recorded, which included sex, age,

maximum nodule diameter, nodule volume (superior-inferior

diameter × left-right diameter × anterior-posterior diameter ×

0.52), initial FNA findings and final pathological findings.

Comparisons were performed to determine whether the

presence/absence of grittiness and nodule puncture texture

was associated with the final pathological findings (benign vs.

malignant). In addition, we evaluated the clinical value of

applying the two types of puncture feelings alone or combined

in the diagnosis of thyroid nodules.
Statistical methods

All statistical analyses were performed using SPSS (version

26.0). Measurement data are expressed as the mean ± standard

deviation, whereas the count data are expressed as the number of

cases and percentage. Comparisons of differences were

performed using the chi-squared test or Fisher’s exact test. The

diagnostic performance of puncture feeling for thyroid nodules
Frontiers in Endocrinology 03
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was evaluated using its sensitivity, specificity, accuracy, positive

predictive value (PPV), negative predictive value (NPV), receiver

operating characteristic (ROC) curve and area under the ROC

curve (AUROC) . P < 0 .05 was used to ind ica t e

statistical significance.
Results

Clinical and pathological data

A total of 176 patients with 196 nodules were enrolled,

including 21 males (11.9%) and 155 females (88.1%), and the

patients had a mean age of 43.48 ± 11.39 years (20–72 years).

The maximum nodule diameter was 2.42 ± 1.59 cm (0.5–6.6

cm), and the nodule volume was 7.78 ± 2.01 (0.065–66.25 cm3).

The initial FNA findings indicated that 115 (58.7%) were

Bethesda category III nodules and 81(41.3%) were category I

nodules. The final pathological confirmation indicated that 124

were benign nodules, including 61 (49.2%) nodular goiter, 5

(4.0%) subacute thyroiditis, 40 (32.3%) thyroid adenoma and 18

(14.5%) localized Hashimoto’s thyroiditis; whereas 72 were

malignant nodules, including 70 (97.2%) papillary thyroid

carcinoma and 2 (2.8%) follicular thyroid carcinoma. Of all

the nodules enrolled in our study, their tumor size, location and

ultrasound characteristics were displayed in Table 1.
TABLE 1 Imaging features of the thyroid nodules.

Parameter Result Pathology

Malignant Benign

Diameter (cm) 1.49±1.08 2.95±1.59

Location Left lobe 30 (41.67) 57 (45.97)

Right lobe 35 (48.61) 58 (46.77)

Isthmus 7 (9.72) 9 (7.26)

echogenicity Hypoechogenicity 59 (81.94) 75 (60.48)

Isoechogenicity 2 (2.78) 4 (3.23)

Hyperechogenicity 1 (1.39) 2 (1.61)

Mixed echogenicity 10 (13.89) 43 (34.68)

Composition Mixed cystic and solid 11 (15.28) 37 (29.84)

Solid or almost solid 61 (84.72) 87 (70.16)

Shape Wider-than-tall 40 (55.56) 109 (87.90)

Taller-than-wide 32 (44.44) 15 (12.10)

Echogenic foci Microcalcification 14 (19.44) 21 (16.94)

Macrocalcification 29 (40.28) 23 (18.55)

Peripheral calcification 19 (26.39) 4 (3.23)

None 10 (13.89) 76 (61.29)

Vascular pattern intratumoral 22 (30.56) 79 (63.71)

Periphtumoral 37 (51.39) 14 (11.29)

Both 13 (18.06) 31 (25.00)

Total 72 124
fron
Values are presented as number and percentage (parenthesis).
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Of all the 72 malignant nodules, 9 of them (12.5%) were

presence with psamoma on histology. And tumor variant results

showed 2(2.8%) medullary carcinoma, 3(4.2%) follicular

papillary carcinoma, 15(20.8%) micro-carcinoma and 52

(72.2%) classical papillary carcinoma. 64(88.9%) received

surgery and 8(11.1%) received ultrasound guided thermal

ablation. Of the 64 patients who underwent surgery, the

results of the T-staging showed 59(92.2%) T1, three (4.7%) T2

and two (3.1%) T4. Their N-staging showed 27(42.2%) N1 and

37(57.8%) N0. Occult cancers were detected in 12(18.8%) cases.

The 8 patients who underwent ablation were all confirmed as

classical papillary carcinoma by CNB before ablation, and the

ablation was successfully completed, with more than 1 year’s

follow-up. No tumor recurrence and lymph node metastasis

were detected in the 8 ablation cases.
Diagnostic performance of puncture
feeling in thyroid nodules with
indeterminate FNA findings

As shown in Table 2, there were significant differences

between benign and malignant nodules with respect to the

nodule texture (hard vs. soft) (P < 0.001) and presence of

grittiness (P < 0.001) during the puncture.

As shown in Table 3, the puncture stiffness exhibited a

diagnostic sensitivity of 55.56%, specificity of 87.10%, accuracy

of 75.51%, PPV of 71.43%, and NPV of 77.14% in the diagnosis

of benign and malignant thyroid nodules; while the puncture

grittiness exhibited a diagnostic sensitivity of 63.89%, specificity

of 78.22%, accuracy of 72.96%, PPV of 63.01%, and NPV of

78.86% in the differential diagnosis of benign and malignant

thyroid nodules.

In the differential diagnosis of benign and malignant thyroid

nodules with indeterminate FNA findings, the presence of

stiffness produced an AUROC of 0.713, while the presence of

grittiness produced an AUROC of 0.711. When at least one of

the both feelings were present, we can get the highest sensitivity,
Frontiers in Endocrinology 04
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accuracy, NPC and AUROC of 0.778, 0.811, 0.853 and 0.764;

when both hard texture and grittiness were present, the AUROC

was 0.653 with the highest specificity of 90.32%. The diagnostic

ROC curves are shown in Figure 1.

Due to the inflammatory processes can affect the feeling of

stiffness and grittiness, we perform an analysis between the

inflammatory lesion and malignant thyroid nodules. The

puncture stiffness exhibited a diagnostic sensitivity of 55.56%,

specificity of 86.96%, accuracy of 63.16%, PPV of 93.02%, and

NPV of 38.46%; while the puncture grittiness exhibited a

diagnostic sensitivity of 63.89%, specificity of 78.26%, accuracy

of 67.37%, PPV of 90.20%, and NPV of 41.86% in the differential

diagnosis of inflammatory and malignant thyroid nodules.
Discussion

FNA is one of the most reliable techniques for the diagnosis

of thyroid malignancies and selection of treatment methods and

has been recommended by numerous guidelines published in

China and abroad (2, 13, 14). However, due to the ambiguities in

the FNA findings, nodules with indeterminate pathological

reports will often require patients to undergo repeat biopsy. In

this study, we demonstrated that puncture feeling had some

value in assisting the diagnosis of thyroid nodules with

indeterminate pathological findings. Thus, reporting the

puncture feeling can provide clinicians with auxiliary

d iagnos t i c ev idence in case s wi th inde te rmina te

pathological diagnosis.

Our findings revealed that the sensations of nodule texture

perceived during puncture can serve as an auxiliary diagnostic

method. Previous studies have demonstrated that malignant

tumors exhibited a loss of normal orderly arrangement and an

increase in density (15). Furthermore, the presence of

proliferative stromal fibrosis in thyroid cancer tissues

contributes to tumor hardening. In addition, the presence of

calcifications, especially macrocalcifications, in malignant

thyroid tumors can also increase their stiffness. Studies using
TABLE 2 Differences in the puncture feeling of thyroid nodules with indeterminate FNA findings.

Parameter Result Pathology c2 P value

Malignant Benign

Puncture texture Hard 40 16 40.61 <0.001

Soft 32 108

Grittiness Present 46 27 34.57 <0.001

Absent 26 97

Number of puncture feelings Both 29 12 25.78 <0.001

Either 28 19 13.88 <0.001

At least one 57 31 54.02 <0.001

None 15 93 54.02 <0.001
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ultrasound elastography have demonstrated that malignant

thyroid tumors exhibit a significant higher stiffness than

benign tumors (16). However, sonoelastography is more

operator-dependent and may be subjected to some interfering

factors (17). Moreover, the instrumentation requirements of this

technique are not conducive to its widespread promotion in

primary care settings. Despite the lack of an objective indicator

for evaluating nodule stiffness in this study, the use of puncture

feeling to determine the nodule stiffness was more direct.

Therefore, this indicator can exclude patients with benign

tumors more effectively, which in favor of reducing

unnecessary repeat aspirations and diagnostic operation.

Our findings also indicate that puncture grittiness has clinical

significance in aiding the diagnosis. The feeling of grittiness

encountered during puncture may result from the friction
Frontiers in Endocrinology 05
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between the nodule calcifications and the needle tip, while

nodule microcalcifications are one of the distinct manifestations

of malignant thyroid tumors, especially papillary thyroid

carcinomas (18). According to histopathological studies,

microcalcifications chiefly manifest as psammoma bodies.

Psammoma bodies are currently defined as round concentric

lamellar calcifications observed in the stroma of papillary

carcinomas, and the exact mechanisms underlying their

pathogenesis are poorly understood (19). However, they are

detected in more than 50% of all papillary thyroid carcinomas

(20). Owing to its unique nature, the puncture feeling of grittiness

obtained good agreement among experienced operators (8), which

also served as a basis for its reliability. In addition, compared with

puncture texture, grittiness demonstrated a higher sensitivity,

which enabled the more-effective screening of suspicious
FIGURE 1

ROC curves for puncture feeling in the differential diagnosis of benign and malignant thyroid nodules with indeterminate FNA findings.
TABLE 3 Diagnostic performance of puncture feeling for thyroid nodules with indeterminate FNA findings.

Parameter Sensitivity Specificity Accuracy PPV NPV AUROC 95%CI

Stiffness 55.56% 87.10% 75.51% 71.43% 77.14% 0.713±0.040 0.634~0.793

Grittiness 63.89% 78.22% 72.96% 63.01% 78.86% 0.711±0.040 0.633~0.788

Presence of both 40.28% 90.32% 71.94% 70.73% 72.26% 0.653±0.043 0.569~0.737

Presence of either 38.89% 84.68% 67.86% 59.57% 70.47% 0.618±0.043 0.534~0.702

At least one feeling 79.17% 75.00% 76.53% 64.77% 86.11% 0.771±0.036 0.701~0.841

Absence of both 20.83% 25.00% 13.89% 35.23% 23.47% 0.229±0.036 0.159~0.299
fro
PPV, positive predictive value; NPV, negative predictive value; AUROC, area under the receiver operating characteristic curve; CI, confidential interval.
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patients, thereby reducing a missed diagnosis in cases of an

indeterminate pathological diagnosis.

Furthermore, our findings suggest that, for nodules with

heterogenous texture, the lesion sites were often located in areas

with hard texture and grittiness. Hence, focusing the biopsy to

such areas can also improve the accuracy of FNA. In addition,

providing timely remarks on the puncture feeling or suspicions

in ultrasound diagnosis can also facilitate a targeted cytological

diagnosis by pathologists, thereby reducing the risk

of misdiagnosis.

The diagnostic performance of combining the two types of

puncture feelings was also validated in this study. In the presence

of both puncture feelings, the diagnostic specificity was 90.32%,

which essentially reduced erroneous diagnosis of thyroid cancer,

and reduced the pain and medical expenses caused by repeat

aspiration. In the presence of at least one puncture feeling, the

sensitivity was 79.17%, which reduced misdiagnosis and can

serve as an indication for clinicians to arrange for a repeat

aspiration promptly or switch to histological biopsy. Li has

reported FNA combined with puncture feeling in the diagnosis

of thyroid nodules (21). The result showed that the puncture

feeling had a good PPV and NPV, which was similar to our

result. However, their study included nodules with all Bethesda

categories. 74% of them were classified as category V and VI and

only 14% of them were classified as category I and III. In

contrast, only non-diagnostic and indeterminate thyroid

nodules were included in our study. Therefore, the results of

our study are more valuable for the diagnosis of such nodules.

There are several limitations to this study. First, the

subjectivity of the evaluation indicator (puncture feeling) may

lead to significant disparities among different operators. We did

not evaluate the concordance among physicians with different

puncture experiences, which can be further explored in

subsequent studies. Second, the puncture feeling produced in

this study cannot be confirmed using objective indicators at

present. Finally, this was a single-center retrospective study with

a relatively small sample size, and it also did not include rare

malignancies (e.g., undifferentiated carcinoma, metastatic

carcinoma, etc.). Thus, the sample size should be further

increased and prospective studies should be performed in

the future.

In conclusion, puncture feeling during FNA may assist the

diagnosis of thyroid nodules with indeterminate cytopathological

findings, thereby providing the basis for reducing unnecessary

repeat aspirations or preventing missed diagnoses. Hence, it has

potential value in clinical application.
Frontiers in Endocrinology 06
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A visualized dynamic prediction
model for survival of patients
with geriatric thyroid cancer:
A population-based study

Ting-ting Zhang1†, Jing Zeng1†, Yan Yang1†, Jin-jing Wang1,
Yao-jie Kang1, Dong-he Zhang2, Xiao-zhu Liu3, Kang Chen4*,
Xuan Wang1* and Yi Fang1*

1Department of Endocrinology, The Fifth Medical Center of Chinese PLA General Hospital,
Beijing, China, 2Department of Day Clinic, The Fifth Medical Center of Chinese People's Liberation
Army (PLA) General Hospital, Beijing, China, 3Department of Cardiology, The Second Affiliated
Hospital of Chongqing Medical University, Chongqing, China, 4Department of Endocrinology, The
First Medical Center of Chinese People's Liberation Army (PLA) General Hospital, Beijing, China
Objective: Thyroid cancer (TC) is a commonmalignancy with a poor prognosis

with aging. However, no accurate predictive survival model exists for patients

with geriatric TC.We aimed to establish prediction models of prognosis in

elderly TC.

Methods: We retrospectively reviewed the clinicopathology characteristics of

patients with geriatric TC in the Surveillance, Epidemiology, and End Results

database (SEER) from 2004 to 2018. The risk predictors used to build the

nomograms were derived from the Cox proportional risk regression. These

nomograms were used to predict 1-, 3-, and 5-year overall survival and cancer-

specific survival in elderly patients with TC. The accuracy and discriminability of

the new model were evaluated by the consistency index (C-index) and

calibration curve. The clinical applicability value of the model was assessed

using the decision curve analysis.

Results:We used the SEER database to include 16475 patients with geriatric TC

diagnosed from 2004 to 2018. The patients from 2004 to 2015 were randomly

sorted out on a scale of 7:3. They were classified into a training group (n = 8623)

and a validation group (n = 3669). Patients with TC diagnosed in 2016–2018

were classified into external validation groups (n = 4183). The overall survival

nomogram consisted of 10 variables (age, gender, marital status, histologic

type, grade, TNM stage, surgery status, and tumor size). A cancer-specific

survival nomogram consisted of eight factors (age, tumor size, grade, histologic

type, surgery, and TNM stage). The C-index values for the training, validation,

and external validation groups were 0.775 (95% confidence interval [CI] 0.785–

0.765), 0.776 (95% CI 0.792–0.760), and 0.895(95% CI 0.873–0.917),

respectively. The overall survival was consistent with a nomogram based on

the calibration curve. Besides, the decision curve analysis showed excellent

clinical application value of the nomogram. Additionally, we found that surgery
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could improve the prognosis of patients with geriatric at high-risk (P < 0.001)

but not those at low-risk (P = 0.069).

Conclusion: This was the first study to construct predictive survival

nomograms for patients with geriatric TC. The well-established nomograms

and the actual results could guide follow-up management strategies.
KEYWORDS

thyroid cancer, geriatric patient, nomogram, prediction model, SEER
Introduction

Undoubtedly one of the most common endocrine cancers is

thyroid carcinoma (TC) (1). Despite its steady disease-specific

mortality (0.5/100,000) (2), the TC incidence rate over the past

20 years has increased by approximately 2.5 times (5.57/100,000-

13.98/100,000) (3). By 2030, TC is anticipated to be the fourth

most prevalent cancer in the USA (4). However, the South

Korean experience indicates that they will need to discourage

early thyroid cancer discovery if they wish to stop their own

“epidemic”.Vital statistics and cancer registry data for South

Korea illustrate the effect of thyroid-cancer screening since 1999.

Thyroid-cancer incidence increased rapidly after the turn of the

century In 2011, the rate of thyroid-cancer diagnoses was 15

times that observed in 1993. This entire increase can be

attributed to the detection of papillary thyroid cancer.

Furthermore, despite the dramatic increase in incidence,

mortality from thyroid cancer remains stable — a combination

that is pathognomonic for over diagnosis (5).

With the continuously improved cancer prevention and

treatment, the population aged ≥65 years will rise from 15% to

21% by 2030 in USA (6). In 2000, Americans aged ≥80 years

represented approximately 3.3% of the population, which is

expected to show a 2-fold increase by 2050 (7). Given the

advanced age of patients with TC, we must consider the

challenges that may arise as a direct result. In the 2015 Korean

Central Cancer Registry, thyroid cancer was reported to be the

fourth most common cancer in women aged 65 years or older

(8).Recent literature shows that particularly poor prognosis is

associated with age greater than 60 years (9, 10).Additionally,

older individuals typically have more advanced-stage, aggressive,

and widespread TC (11). Elderly individuals with TC often have

follicular histology, vascular invasion, and extrathyroidal

extension (12).In fact, Anaplastic thyroid cancer (ATC) is

relatively more common with advanced age (13–16).. In

several studies, older patients have had large volume tumor,

lymph node metastasis, and distant metastasis at diagnosis and

recurrence (17, 18). The survival rate was independently
02
95
associated with a poorer prognosis starting at 60 years; elderly

patients >70 years had the worst prognosis (12)..

TC has a satisfying good prognosis, with an average survival

rate of 10 years for 90% of patients (19, 20). The median age of

death for patients with TC is 73 years, and >70% of the deaths

occur when patients are aged ≥65 years (21). A risk stratification

technique that can enhance outcomes is required to predict

overall survival (OS) for older patients with TC due to the limits

of available treatment choices. Within this context, TNM staging

can be used to determine the clinical staging of patients with

cancer. However, the TNM classification is still insufficient in

covering tumor biology and predicting all TC outcomes and

treatment decisions made by elderly patients.

Nomograms have proved superior to the TNM staging

system in different cancer studies (22, 23). A nomogram is a

simple, user-friendly statistical prediction tool used to predict

and quantify individual patient outcomes (24, 25). Population-

based statistics show that, nevertheless, no study has created a

nomogram of elderly TC persons. With the support of the

Surveillance, Epidemiology, and End Results database (SEER)

(26), we aimed to construct and verify a web-based survival

prediction model for geriatric patients with TC. This model may

be useful for individualized therapy, prognostic prediction, and

follow-up strategy.
Materials and methods

Patient and screening criteria

The data of geriatric patients with TC were obtained using

the SEER∗ Stat software (version 8.3.8). The timeframe for data

collection was from 2004 to 2018.

The inclusion criteria were as follows: (1) patients aged ≥65

years; (2) positive histological diagnosis of TCby the 3rd Edition of

the International Classification of Diseases for Oncology (ICD-O-

3)without an autopsy or death certificate; (3) AJCC stage I–III with

a histological grade I–III; (4) a positive follow-up.
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The following exclusion criteria were used: (1) patients who

had a second primary malignancy, (2) patients who missed

follow-ups, and (3) patients who had non-complete clinical

data (marital status, cause of death, survival month, tumor

size, staging, and follow-up months). Patients were randomly

distributed to a training or internal validation group and an

external validation group. The study required no local ethical

approvals or statements, as all data in the research were selected

out of the SEER database.
Variables and outcomes

Based on 14 clinical variables, we examined the age at

diagnosis, race (Black, White and other, which including

American Indian/Alaska Native and Asian/Pacific Islander),

sex (female and male), marital status, years of diagnosis

(2004–2009, 2009–2015, and 2016–2018), grade (I–III),

histological subtype (papillary, follicular, medullary, or

anaplastic), T stage (T1–T4), M stage (M0 or M1), N stage

(N0–N1), tumor size, surgery, radiotherapy, and chemotherapy

conditions. Patients who were widowed, divorced, separated, or

bachelor (with a domestic partner or unmarried) were classified

as unmarried. Regarding grading, grade I represented a highly

differentiated cancer, grade II represented a moderately

differentiated cancer, and grade III represented a poorly

differentiated cancer. grade IV represented Undifferentiated

cancer. Tumor diameters (0–10, 11–20, 21–40, and >40 mm)

were translated into classification variables to test the linear

hypothesis. There was no detailed information about

radiotherapy regimens and chemotherapy drugs in the SEER

database; therefore, these variables could not be further

evaluated and controlled in this study. Finally, these TC’s

variables (radiotherapy and chemotherapy) are used as

dichotomous variables. The primary outcomes were OS and

cancer-specific survival (CSS).The total survival time from TC

diagnosis to TC-related or other causes of death as OS, whereas

diagnosis to death or censoring as a result of TC was defined as

CSS. For TNM staging, the 6-8th edition of the AJCC clinical

staging guidelines was used for the study, which used the data

from 2004-2018.
Statistical analysis

The training cohort was used to construct the nomograms

and develop the predictive model and risk stratification system.

In contrast, the validation cohort was used to test the predictive

model and risk stratification system. All eligible cases were

randomized into the training and internal validation cohort

(split 7:3) from 2004 to 2015. All eligible patients from 2016 to

2018 were used as the external validation group.
Frontiers in Endocrinology 03
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Cox Proportional Hazards Regression Models for each

putative prognostic variable were used to calculate the

associated 95% CIs and hazard ratios (HRs). Multivariate

analysis included the relevant factors from a univariate

analysis (P < 0.05). Besides, the statistical studies contributed

to using the program SPSS 24 (SPSS, Chicago, IL). Based on the

results of the multivariable analysis, the well-constructed

nomogram may provide graphical risk predictions using the

RMS and survival packages of R 4.0.2. The nomograms were

validated both internally and externally. Nomograms were built

as an intuitive scoring plot based on the traditional Cox

proportional risk regression model. We combined the

predictive power of conventional regression models with user-

friendly and easy-to-use performance to construct a nomogram

to predict patient survival. The TNM stage system and the net

clinical advantages of the prediction model were further

evaluated using a decision curve analysis (DCA).

Meanwhile, a risk categorization system was established

based on each patient’s total nomogram score. The X-Tile

program determined the best cut-off value for each patient’s

total score (Robert L. Camp, Yale University, New Haven,

Connecticut, USA). The patients were then divided into two

prognostic categories based on the best cut-off value: the low-risk

and high-risk groups. The Kaplan–Meier curves and log-rank

test were also used to depict and compare the OS and CSS of

patients with geriatric in various risk groups.
Results

General clinicopathological features

Between 2004 and 2018, 16475 registered geriatric patients

with TC were included from the SEER database according to the

eligibility criteria. Figure 1 illustrates the flowchart of the patient

selection process. There were no significant differences in

demographic information, tumor type, or treatment between

the training and validation groups (Table 1), including the

training group (n = 8623, diagnosed between 2004 and 2015),

and the validation sample comprised 3,669 patients (n = 3669,

diagnosed between 2004 and 2015). Table S1 demonstrates the

patients (n = 4183, diagnosed between 2016 and 2018) in the

external validation group.

In the whole study cohort, the average age was 72.6 (SD:

6.32) years; 8262 (67.2%) patients were female, and 4030 (32.8%)

were male. Among all patients, the average age was 72.6 (SD:

6.34) in the training group and 72.6 (SD: 6.27) in the internal

validation group. Most tumors (62.8%) were ≥1.0 cm in size. A

total of 76.4% of patients received thyroidectomy, and 44.1% of

patients received radioactive iodine. Additionally, 53.1% (6,524

out of 12,292), 13.8% (1,695 out of 12,292), 22.3% (2,741 out of

12,292), and 10.8% (1,332 out of 12,292) of patients had T1, T2,
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FIGURE 1

The flowchart of including and dividing patients.
TABLE 1 Clinicopathological characteristics of elderly patients with thyroid cancer.

ALL Training cohort Validation cohort
N = 12292 1 N = 8623 2 N = 3669 p

Age 72.6 (6.32) 72.6 (6.34) 72.6 (6.27) 0.714

Race 0.986

white 10259 (83.5%) 7195 (83.4%) 3064 (83.5%)

black 690 (5.61%) 486 (5.64%) 204 (5.56%)

other 1343 (10.9%) 942 (10.9%) 401 (10.9%)

Sex 0.322

Male 4030 (32.8%) 2803 (32.5%) 1227 (33.4%)

Female 8262 (67.2%) 5820 (67.5%) 2442 (66.6%)

Marital 0.694

No 5127 (41.7%) 3607 (41.8%) 1520 (41.4%)

Married 7165 (58.3%) 5016 (58.2%) 2149 (58.6%)

Year of diagnosis 0.418

2004-2009 4799 (39.0%) 3346 (38.8%) 1453 (39.6%)

2010-2015 7493 (61.0%) 5277 (61.2%) 2216 (60.4%)

Histologic type 0.753

Papillary 10251 (83.4%) 7211 (83.6%) 3040 (82.9%)

Follicular 1034 (8.41%) 717 (8.31%) 317 (8.64%)

Medullary 626 (5.09%) 434 (5.03%) 192 (5.23%)

Anaplastic 381 (3.10%) 261 (3.03%) 120 (3.27%)

Grade 0.285

I 1721 (14.0%) 1195 (13.9%) 526 (14.3%)

II 470 (3.82%) 311 (3.61%) 159 (4.33%)

III 224 (1.82%) 158 (1.83%) 66 (1.80%)

IV 479 (3.90%) 330 (3.83%) 149 (4.06%)

Unknown 9398 (76.5%) 6629 (76.9%) 2769 (75.5%)

(Continued)
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T3, and T4 tumors, respectively. Furthermore, 78.8% (9,684 of

12,292) of the patients were in the negative N stage, and 21.2%

(4,129 of 12,292) were in the positive N stage. The average

follow-up duration in the study cohort was 76.5 months (SD:

42.9). Moreover, 85.6% (83.8%–87.4%), 80.6% (79.1%–82.1%),

and 78.7% (77.4%–80.1%) represented the 1-, 3-, and 5-year OS

rates in the training group, respectively. The 1-, 3-, and 5-year

OS rates in the validation group were 87.8% (85.4%–90.2%),

81.5% (79.3%–83.7%), and 78.8% (76.8%–80.8%), respectively.
Univariate and multivariate analyses

In the training group, age, race, sex, marital status, years of

diagnosis, histologic type, pathological grade, TNM stage, tumor

size, surgery, radiation, and chemotherapy were all determined

using the univariate Cox regression analysis with P < 0.05. Next,
Frontiers in Endocrinology 05
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these characteristics were then examined in a multivariate Cox

regressionmodel (Table 2), which showed that the clinical features

associated with survival included age (HR 1.076, 95% CI 1.07–

1.082), sex (HR 0.685, 95% CI 0.63–0.745), marital status (HR

0.779, 95% CI 0.718–0.845), histologic type (papillary as a

reference; medullary: HR 1.361, 95% CI 1.167–1.589; anaplastic:

HR 1.671, 95% CI 1.243–2.245), tumor grade (grade I as a

reference; grade III: HR 1.566, 95% CI 1.234–1.989; grade IV:

HR 3.223, 95% CI 2.392–4.344), T stage (T1 as a reference; T4: HR

1.53, 95% CI 1.28–1.83), N stage (N0 as a reference; N1a: HR

1.174, 95% CI 1.032–1.335; N1b: HR 1.469, 95% CI 1.311–1.646),

M stage (M0 as a reference; M1: HR 2.848, 95% CI 2.488–3.26),

tumor size (0–10 mm as a reference; 21–40 mm: HR 1.481, 95%

CI 1.143–1.669; >40 mm: HR1.639, 95% CI 1.369–1.963), and

surgery procedure (no surgery as a reference; lobectomy. HR

0.441, 95% CI 0.378–0.516; subtotal or near total thyroidectomy:

HR 0.524, 95% CI 0.42–0.653; total thyroidectomy: HR 0.403, 95%
TABLE 1 Continued

ALL Training cohort Validation cohort
N = 12292 1 N = 8623 2 N = 3669 p

T 0.197

T1 6524 (53.1%) 4628 (53.7%) 1896 (51.7%)

T2 1695 (13.8%) 1172 (13.6%) 523 (14.3%)

T3 2741 (22.3%) 1910 (22.2%) 831 (22.6%)

T4 1332 (10.8%) 913 (10.6%) 419 (11.4%)

N 0.142

N0 9684 (78.8%) 6796 (78.8%) 2888 (78.7%)

N1a 1259 (10.2%) 905 (10.5%) 354 (9.65%)

N1b 1349 (11.0%) 922 (10.7%) 427 (11.6%)

M 1.000

M0 11723 (95.4%) 8224 (95.4%) 3499 (95.4%)

M1 569 (4.63%) 399 (4.63%) 170 (4.63%)

Tumor.size 0.360

0-10mm 4568 (37.2%) 3232 (37.5%) 1336 (36.4%)

11-20mm 3114 (25.3%) 2201 (25.5%) 913 (24.9%)

21-40mm 2828 (23.0%) 1958 (22.7%) 870 (23.7%)

>40mm 1782 (14.5%) 1232 (14.3%) 550 (15.0%)

Surgery 0.410

No 701 (5.70%) 474 (5.50%) 227 (6.19%)

Lobectomy 1777 (14.5%) 1241 (14.4%) 536 (14.6%)

Subtotal or near total thyroidectomy 428 (3.48%) 307 (3.56%) 121 (3.30%)

Total thyroidectomy 9386 (76.4%) 6601 (76.6%) 2785 (75.9%)

Chemotherapy 1.000

No/Unknown 12015 (97.7%) 8429 (97.8%) 3586 (97.7%)

Yes 277 (2.25%) 194 (2.25%) 83 (2.26%)

Radiation 0.490

No/Unknown 6871 (55.9%) 4838 (56.1%) 2033 (55.4%)

Yes 5421 (44.1%) 3785 (43.9%) 1636 (44.6%)

Survival months 76.5 (42.9) 76.6 (42.9) 76.0 (42.8) 0.474
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TABLE 2 Univariate and multivariate analyses of OS in training set.

Univariate Multivariate

HR 95%CI P HR 95%CI P

Age 1.1 1.09-1.1 <0.001 1.076 1.07-1.082 <0.001

Sex

Male

Female 0.67 0.62-0.73 <0.001 0.685 0.63-0.745 <0.001

Race

white

black 1.18 1.01-1.37 0.04

other 0.9 0.79-1.03 0.116

Year of diagnosis

2004-2009

2010-2015 1 0.92-1.09 0.993

Marital

No

Married 0.71 0.66-0.77 <0.001 0.779 0.718-0.845 <0.001

Histologic type

Papillary

Follicular 1.28 1.12-1.46 <0.001 0.957 0.83-1.102 0.54

Medullary 1.67 1.44-1.94 <0.001 1.361 1.167-1.589 <0.001

Anaplastic 18.5 16.1-21.26 <0.001 1.671 1.243-2.245 0.001

Grade

I

II 1.24 0.98-1.58 0.075 0.98 0.771-1.246 0.869

III 3.85 3.06-4.85 <0.001 1.566 1.234-1.989 <0.001

IV 15.69 13.3-18.51 <0.001 3.223 2.392-4.344 <0.001

Unknown 1.13 0.99-1.28 0.062 0.966 0.851-1.096 0.588

T

T1

T2 1.5 1.34-1.69 <0.001 0.914 0.742-1.126 0.397

T3 1.61 1.46-1.78 <0.001 0.961 0.821-1.126 0.622

T4 5.37 4.87-5.93 <0.001 1.53 1.28-1.83 <0.001

N

N0

N1a 1.38 1.22-1.56 <0.001 1.174 1.032-1.335 0.015

N1b 2.78 2.52-3.08 <0.001 1.469 1.311-1.646 <0.001

M

M0

M1 6.53 5.79-7.36 <0.001 2.848 2.488-3.26 <0.001

Tumor size

0-10mm

11-20mm 1.27 1.14-1.42 <0.001 1.107 0.987-1.243 0.083

21-40mm 1.93 1.74-2.14 <0.001 1.381 1.143-1.669 0.001

>40mm 3.77 3.39-4.19 <0.001 1.639 1.369-1.963 <0.001

Surgery

No

Lobectomy 0.18 0.16-0.21 <0.001 0.441 0.378-0.516 <0.001

Subtotal or near total thyroidectomy 0.21 0.17-0.26 <0.001 0.524 0.42-0.653 <0.001

Total thyroidectomy 0.17 0.15-0.19 <0.001 0.403 0.354-0.459 <0.001

(Continued)
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CI 0.354–0.459). These clinical prognostic variables were included

in the constructed OS nomogram for further analysis. We also

performed a competitive risk multiple analysis on patients who

died from cancer (Table 3).
Frontiers in Endocrinology 07
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Nomogram development and validation

This study discovered 10 independent predictive factors

based on the multivariate Cox regression results and generated
TABLE 2 Continued

Univariate Multivariate

HR 95%CI P HR 95%CI P

Radiation

No/Unknown

Yes 1 0.92-1.07 0.911

Chemotherapy

No/Unknown

Yes 7.5 6.38-8.81 <0.001
frontiers
TABLE 3 Multivariate Cox regression models predict cancer-specific mortality in elderly patients with thyroid cancer.

CSM

HR 95%CI P

Age 1.038 1.02 - 1.05 <0.001

Sex

Male

Female 0.990 0.83 - 1.18 0.91

Race

white

black 0.909 0.65 - 1.26 0.57

other 1.135 0.9 - 1.43 0.28

Year of diagnosis

2004-2009

2010-2015 0.806 0.68 - 0.96 0.013

Marital

No

Married 0.851 0.72 - 1.01 0.066

Histologic type

Papillary

Follicular 1.119 0.85 - 1.48 0.4

Medullary 2.320 1.8 - 2.98 <0.001

Anaplastic 1.381 0.94 - 2.03 0.099

Grade

I

II 1.347 0.83 - 2.17 0.22

III 2.762 1.87 - 4.07 <0.001

IV 5.185 3.3 - 8.14 <0.001

Unknown 1.068 0.79 - 1.45 0.67

T

T1

T2 1.166 0.75 - 1.81 0.5

T3 1.894 1.35 - 2.67 <0.001

(Continued)
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a predictive OS nomogram. Age, sex, marital status, histologic

type, tumor grade, T stage, N stage, M stage, tumor size, and

operation are all shown in Figure 2A. Each clinical feature was

assigned a score. The estimated 1-, 3-, and 5-year OS

probabilities were easily calculated by adding the scores for all

10 clinical features and drawing a vertical line between the total

score and the survival probability axis. Tumor grade and M stage

were found to substantially impact prognosis, followed by

surgical type, histologic type, T stage, tumor size, N stage, sex,

race, and marital status on the nomogram. The training and

validation groups had C-indices of 0.775 (95% CI: 0.785–0.765)

and 0.776 (95% CI: 0.792–0.760), respectively.

According to Figure 3, the training group’s 1-, 3-, and 5-year

areas under the curve (AUCs) were 0.856, 0.806, and 0.787,

respectively. On the other hand, the validation group’s 1-, 3-,

and 5-year AUCs were, respectively, 0.878, 0.815, and 0.787.

These findings demonstrated that the model prediction accuracy

was high. Calibration curves of the training and validation

groups used 1,000 bootstraps, suggesting high agreement

between anticipated and actual outcomes (Figure 4). TNM

staging was compared with the DCA curve of the training

group to assess the clinical viability of the nomogram.
Frontiers in Endocrinology 08
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According to the results, the nomogram was more vital in

predicting 1-, 3-, and 5-year OS in patients with geriatric TC

compared to TNM staging (Figure 5).

Additionally, we constructed a competitive risk model to

predict patients’ CSS (Figure 2B). The 1-, 3-, and 5-year C-

indexes of the training group were 93.9, 92.1, and 90.5,

respectively. The 1-, 3-, and 5-year C-indexes of the validation

group were 95.5, 93.9, and 91.2, respectively. The 1- and 3-year

C-indexes of the external validation group were 95.1 and 95.2,

respectively. The calibration curve of the competitive risk model

also showed that the predicted value is highly consistent with the

actual observed value, suggesting that the model has good

accuracy (Figures 6A, B). The calibration curve of external

va l ida t ion a l so showed that the mode l has good

accuracy (Figure 6C).
Risk stratification analysis

Following the optimal cut-off value, patients were divided

into two prognostic groups: the low-risk group (total score ≤

24.9) and the high-risk group (total score > 24.9) (Figures 7A, B).
TABLE 3 Continued

CSM

HR 95%CI P

T4 4.675 3.21 - 6.8 <0.001

N

N0

N1a 1.606 1.29 - 2 <0.001

N1b 1.447 1.16 - 1.8 <0.001

M

M0 3.896 3.1 - 4.89 <0.001

M1

Tumor size

0-10mm

11-20mm 1.392 1.01 - 1.92 0.046

21-40mm 1.910 1.28 - 2.84 <0.001

>40mm 2.461 1.68 - 3.61 <0.001

Surgery

No

Lobectomy 0.586 0.42 - 0.81 <0.001

Subtotal or near total thyroidectomy 0.816 0.54 - 1.23 0.33

Total thyroidectomy 0.561 0.43 - 0.74 <0.001

Radiation

No/Unknown

Yes 0.978 0.81 - 1.18 0.82

Chemotherapy

No/Unknown

Yes 1.210 0.9 - 1.62 0.2
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According to the Kaplan–Meier curve, the risk stratification

system could accurately recognize the training and validation

cohorts from the OS. The high-risk patients had 1-, 3-, and 5-

year OS rates of 91.8%, 84.1%, and 76.9%, respectively. On the

other hand, the low-risk patients had 1-, 3-, and 5-year OS rates

of 99.3%, 97.2%, and 79.50%, respectively.
Effects of surgery on survival in
different stratifications

Kaplan–Meier curves were created for the low-risk and high-

risk groups to further analyze the benefit of surgery in terms of

survival (Figures 8A, B).In addition, the impact of different
Frontiers in Endocrinology 09
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surgical methods on the survival probability of patients in the

low-, and high-risk groups was summarized. In the low-risk

group, almost everyone has undergone surgery (Figure 8A). A

subset of patients in the high-risk group did not undergo

s u r g e r y ; t h a t g r o u p h a d t h e l o w e s t s u r v i v a l

probability (Figure 8B).
Construction of a web app for easy
nomogram access

The online app may be found at https://zhangtingting.

shinyapps.io/DynNomapp/ and is designed to help researchers

and physicians determine patient survival probabilities.
A B

FIGURE 2

Nomograms for 1-, 3-, and 5-year OS (A) and CSS (B) of patients with TC. ***, a highly significant variable.
A B

FIGURE 3

The AUC for OS of 1-, 3- and 5-year of training cohort (A) and validation cohort (B).
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Discussion

In this study, 16475 individuals with geriatric TCwere included.

Thehistologic type, tumorgrade,TNMstage, tumor size, and surgery
Frontiers in Endocrinology 10
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were determined by the univariate and multivariate Cox analyses.

The C-index and calibration charts were used to test the model and

revealed gooddifferentiation and calibration.According toDCA, our

OS nomogram had a superior clinical net and a more excellent
A B

C D

E F

FIGURE 4

Calibration curves of nomogram. (A–C) For 1-, 3-, and 5-year OS in training cohort; (D–F) For 1-, 3-, and 5-year OS in validation cohort.
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A B C

FIGURE 5

Decision curves of the nomogram predicting OS in training cohort (A), validation cohort (B) and external validation cohort (C). The y-axis
represents the net benefit, and the x-axis represents the threshold probability. When the threshold probability is between 20% and 60%, the net
benefit of the model exceeds all deaths or no deaths.
A B C

FIGURE 6

Calibration curves of nomogram. (A) For 1-, 3-, and 5-year CSS in training cohort; (B) For 1-, 3-, and 5-year CSS in validation cohort; (C) For 1-,
3-year CSS in external validation cohort.
A B

FIGURE 7

Kaplan–Meier curves of OS for patients in the low-, and high-risk groups in the training Cohort (A) and validation Cohort (B).
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threshold probability range in predicting 1-, 3-, and 5-year OS in the

training and validation groups than the usual TNM stage system.

Meanwhile, the CSS nomogram was constructed using eight

independent parameters: age, tumor size, grade, histologic type,

surgery, T stage, N stage, and M stage. Although the prognosis of

thyroid cancer varies considerably by histological type, inspired by

previous studies (27), we included elderly patients with thyroid

cancer of various tissue types and included tissue type as a variable

in the regression analysis. Histologic type was included as an

important variable in the prediction model’s construction with

poorer survival for more aggressive histologic subtypes compared

to papillary (Table 2, medullary: HR 1.361, 95%CI 1.167–1.589 and

anaplastic: HR 1.671, 95% CI 1.243–2.245). In the online APP based

on the model construction, clinicians can enter the patient’s tissue

type. The survival prediction of patients with thyroid cancer

including MTC is obtained.

Many scoring systems are used for predictive purposes.

Despite a more simplified utilization in the clinic, only a

stratified population risk assessment could be conducted for each

patient (28). Nomograms are helpful tools for evaluating patient

survival outcomes. Statistical modeling and risk quantification are

used to handle the difficulty of balancing multiple factors. Their

methodical methodology also eliminates the influence of individual

physicians’ biases or aberrant clinical factors. Nomograms are

more accurate than typical stage score methods (29–31). They

may also be the most beneficial when the prospective advantages of

additional therapy are unknown (32, 33). They are also great for

personalized risk assessment and assisting clinicians with clinical

care management when there are no definite guidelines.

To the best of our knowledge, this is the first study to describe

the development and validation of a nomogram to forecast 5-year

OS and CSS in TC-affected elderly individuals. Our nomograms

exhibited good calibration and discrimination. The nomograms

surpassed the accuracy of the TNM stagingmechanism, as seen by
Frontiers in Endocrinology 12
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the receiver operating characteristic curve. Our nomogram

models are straightforward therapeutic aids that can support

patient counseling and treatment individualization.

Our nomograms found several independent variables

potentially impacting the outcome in elderly patients with TC.

First, age is a significant factor forCSS in patientswithTC(34). As a

separate risk factor, patients with geriatric thyroid cancer have a

reduced chance of surviving (35–37). Patients with geriatric TC

have unique psychological features compared to younger patients

including more comorbidities and shorter life expectancy. Less life

expectancy, more comorbidities, and a shorter life expectancy are

among these factors. The previous version of the AJCC staging

system divided people by 45 years, but the 8th version utilizes 55

years for the same purpose. Age is recognized as a significant

prognostic factor independent of the cut-off number.

The gender disparity in TC prevalence has also been

thoroughly documented (38). Women are more likely to develop

TC than men, although men have worse clinical outcomes (39).

The findings of our patients with geriatric were similar to those in

prior investigations. In addition to the above-mentioned

characteristics, marital status, histologic type, tumor grade, T

stage, N stage, M stage, tumor size, and surgery were significant

prognostic indicators. However, we discovered that neither gender

nor marital status was a risk factor for the 1-, 3-, or 5-year CSS.

The association of marital status and survival was explored

in many tumors, including breast cancer, rectal cancer, and non-

small cell lung cancer (40–42).We identified that marital status

was an independent prognostic factor in the univariate analysis,

with married patients having a decreased chance of mortality

(43). After adjusting for demographic and clinical

characteristics, married patients were shown to have a lower

mortality risk than unmarried patients. In a prior study

concentrating on differentiated patients with TC, Shi et al.

have discovered that single individuals had a higher risk of
A B

FIGURE 8

OS prediction of patients with different surgery in low- (A) and high-risk (B) group.
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tumor death (44). In a study of breast cancer patients aged ≥70

years, marriage has been found to provide higher protection

from poorer prognosis (45). According to a study that analyzed

more than a million patients diagnosed with various diseases,

unmarried individuals have had a greater chance of metastatic

cancer and death from cancer (46). Consistent with the findings

of the above researches, our results found that marriage was a

factor associated with superior survival. There are two

possibilities that could explain why married patients live

longer than unmarried patients. On the one hand, these

married patients were overseen by their spouses for frequent

physical checkups before being diagnosed, which helps detect

TC early. Meanwhile spouses may also provide more economic

support for subsequent treatments. On the other hand, cancer

patients are more than four times more likely to suffer from

psychological disorders (47). After being diagnosed with cancer,

married persons had reduced despair and psychological

suffering, which may be attributed to the encouragement and

support from their spouses (43, 48).

Our prediction model may be used in clinical practice to

estimate patient survival by alerting doctors about the predicted

advantages of various therapies. In this study, we found that for

elderly patients with TC, almost all patients in the low-risk group

undergo thyroidectomy. Regardless of surgical method, patients

undergoing surgery have better overall survival. Most high-risk

patients did not undergo surgery.

Patients with TC have a variety of risk variables, including

age, grade, TNM stage, and tumor size. Elderly patients are more

likely to have comorbidities and therefore surgery could reduce

the OS rate of patients. However, for the first time, our study

found that surgery is advantageous to cancer-specific higher-risk

senior individuals with TC (P < 0.0001) but not to low-risk

groups (P = 0.069), providing doctors with suggestions for

extending their patients’ lives.

This study had some limitations. First, the nomograms were

created using historical data. As a result, there was a possibility of

selection bias. Second, the SEER does not cover all factors; hence,

only 14 variables were included in our analysis. Some critical factors

were not included, such as the degree of surgery, radioiodine dose,

thyrotropin suppression, etc. Third, as a retrospective cohort

research, selection bias might have existed because only patients

with comprehensive information on essential characteristics were

included. Fourth, the majority of the participants in this study were

Americans. As a result, prospective clinical pilot studies are needed to

see if the findings can be generalized to different groups.
Conclusion

Based on this study, the first applicable nomograms were

created, along with an online application that predicts the

personalized long-term OS and CSS of geriatric TC patients.

The nomogram performed effectively and had great accuracy
Frontiers in Endocrinology 13
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and dependability. It is the first nomogram based on a large

number of patients with external validation.
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A model based on clinical data
and multi-modal ultrasound for
predicting cervical lymph node
metastasis in patients with
thyroid papillary carcinoma

Bin Wang1†, Qing Cao1†, Xin-Wu Cui2*, Christoph F. Dietrich3

and Ai-jiao Yi1*

1Department of Medical Ultrasound, Yueyang Central Hospital, Yueyang, China, 2Department of
Medical Ultrasound, Tongji Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China, 3Department Allgemeine Innere Medizin, Kliniken Hirslanden Beau Site,
Salem und Permanence, Bern, Switzerland
Objective: The aim of this study was to explore diagnostic performance based

on clinical characteristics, conventional ultrasound, Angio PLUS (AP), shear

wave elastography (SWE), and contrast-enhanced ultrasound (CEUS) for the

preoperative evaluation of cervical lymph node metastasis (CLNM) in patients

with papillary thyroid carcinoma (PTC) and to find a reliable predictive model

for evaluating CLNM.

Materials and methods: A total of 206 thyroid nodules in 206 patients were

included. AP, SWE, and CEUS were performed for all thyroid nodules. Univariate

analysis and multivariate logistic regression analysis were performed to

ascertain the independent risk factors. The sensitivity, specificity, and the

area under the curve (AUC) of independent risk factors and the diagnostic

model were compared.

Results: Sex, age, nodule size, multifocality, contact extent with adjacent

thyroid capsule, Emax, and capsule integrity at CEUS were independent risk

predictors for CLNM in patients with PTC. A predictive model was established

based on the following multivariate logistic regression: Logit (p) = −2.382 +

1.452 × Sex − 1.064 × Age + 1.338 × Size + 1.663 × multifocality + 1.606 ×

contact extent with adjacent thyroid capsule + 1.717 × Emax + 1.409 × capsule

integrity at CEUS. The AUC of the predictive model was 0.887 (95% CI: 0.841–

0.933), which was significantly higher than using independent risk predictors

alone.

Conclusion:Our study found that male presence, age < 45 years, size ≥ 10mm,

multifocality, contact extent with adjacent thyroid capsule > 25%, Emax ≥ 48.4,

and interrupted capsule at CEUS were independent risk predictors for CLNM in
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patients with PTC. We developed a diagnostic model for predicting CLNM,

which could be a potentially useful and accurate method for clinicians; it might

be beneficial to surgical decision-making and patient management and for

improving prognosis.
KEYWORDS

contrast-enhanced ultrasound, shear wave elastography, thyroid papillary carcinoma,
lymph node metastasis, predictive model
Introduction

Papillary thyroid carcinoma (PTC) is the most common

thyroid cancer, with 30%–80% of patients experiencing

metastasis to the cervical lymph node (1). Cervical lymph

node metastasis (CLNM) can affect surgical options and

extent, and it is related to thyroid cancer recurrence and

patients’ prognosis (2, 3). Therefore, accurate preoperative

evaluation of CLNM is extremely important.

Ultrasound is the first-line imaging modality for

preoperative CLNM assessment in patients with suspicious

malignant nodules (2). Preoperative ultrasound can find

suspicious cervical lymphadenopathy in 20%–31% of patients,

which might potentially alter the surgical approach (2, 4, 5).

However, ultrasound has a low sensitivity in the diagnosis of

central lymph node metastasis (10.5%–61%) (6), and metastases

are most likely to occur in central lymph nodes. Therefore, it is

important to find a method to accurately assess CLNM.

The Angio PLUS microvascular Doppler ultrasound technique

(AP) is a novel Doppler technique in the supersonic imaging

system. It has been used in other organs such as breast or

parathyroid (7, 8) and could detect more low-speed microvessels

compared with color Doppler flow imaging. Thus, we expected AP

to provide more microvessel information for predicting CLNM.

Shear wave elastography (SWE) can quantitatively assess tissue

hardness by obtaining Young’s modulus, along with a color-coded

elasticity map. Recently, SWE has been widely used in the

diagnosis of thyroid nodules, which can be a potential indicator

in the diagnosis of thyroid nodules and provide additional

information for clinical decision-making (9). However, there

were a few studies (6, 10) on the clinical utility of quantitative

SWE in predicting CLNM, which found that a high index of

thyroid nodules was independently related to CLNM (6), but the

optimal cutoff values of Young’s modulus were controversial;

therefore, it is insufficient to use SWE alone to evaluate CLNM.

Contrast-enhanced ultrasound (CEUS) can present the

macro- and micro-vascularization of tumor compared with the

surrounding tissues. Recently, CEUS has been widely used in

differentiating between benign and malignant thyroid nodules

and is a promising noninvasive method in the diagnosis of
02
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thyroid nodules (11). Several studies have reported that CEUS is

useful for the evaluation of biological behavior and CLNM (12–

14), but the enhancement patterns in different studies were

inconsistent; thus, it is important to conduct further studies.

CLNM was difficult to evaluate before surgery, especially for

central lymph nodes. Clinical characteristics, conventional

ultrasound, AP, SWE, and CEUS could provide information

for thyroid nodules, which may be useful for the preoperative

evaluation of CLNM. To the best of our knowledge, combining

the use of clinical characteristics, conventional ultrasound, AP,

SWE, and CEUS for the preoperative evaluation of CLNM has

rarely been reported. The purpose of this study was to explore

the diagnostic performance based on clinical characteristics,

conventional ultrasound, AP, SWE, and CEUS for the

preoperative evaluation of CLNM and to find a reliable

predictive model for CLNM, which would be beneficial to

surgical decision-making and for improving patient prognosis.
Materials and methods

This prospective study was approved by the ethics committee

of Yueyang Central Hospital, and all patients signed informed

consent before CEUS examination and surgery.
Patients

From March 2020 to May 2022, a total of 582 patients with

582 thyroid nodules were evaluated initially. Of these, 206

thyroid nodules in 206 patients were finally enrolled. The

inclusion criteria were as follows: (a) the pathology of thyroid

nodule in each patient was confirmed as PTC via surgery, (b)

surgery was conducted within 1 month after SWE and CEUS

examination, and (c) age 18 years or older. The exclusion criteria

were as follows: (a) had a previous needle biopsy, (b) had

previous radiofrequency ablation (RFA), and (c) had a

contraindication of CEUS: history of hypersensitivity reactions

to sulfur hexafluoride (SonoVue®, Bracco International, Milan,

Italy) or to any of the inactive ingredients in SonoVue.
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Ultrasound examination

Conventional ultrasound, AP, SWE, and CEUS examinations

were conducted using an Aixplorer ultrasound system (Supersonic

imaging, France) equipped with an L15-4 linear array transducer

for conventional ultrasound or AP and an L10-5 linear array

transducer for SWE or CEUS by the same investigator.

Conventional ultrasound examination: The conventional

ultrasound was performed with an L15-4 linear array

transducer, and the conventional ultrasound images were

obtained by scanning the suspicious target thyroid nodules and

all regions of cervical lymph nodes, and then the general

characteristics were recorded, including location, size,

multifocality, composition, echogenicity, shape, margin,

echogenic foci (15), and the extent of contact between thyroid

nodules and adjacent thyroid capsule (16). All suspicious thyroid

nodules were classified as ACR TI-RADS 3 (mildly suspicious),

ACR TI-RADS 4 (moderately suspicious), or ACR TI-RADS 5

(highly suspicious) (15), and these nodules were recommended

for CEUS and SWE examinations. If there was more than one

suspicious thyroid nodule, we chose the highest suspicious thyroid

nodule. Multifocality is defined as more than one suspicious

thyroid nodule in conventional ultrasound and more than one

confirmed malignant nodule by surgical pathology.

AP examination: AP vascularization of nodules was classified

into three grades (17): Grade 0, no blood flow in the nodule; Grade

I: a few spots of blood flow or one long vessel penetrating into the

nodule; Grade II: abundant blood flow with five or more punctate

blood flows or two long vessels inside nodules.

SWE examination: After AP examination, the system was

changed to SWE mode with an L10-5 linear array transducer. In

general, to decrease the effect of artery pulsation on SWE

measurement, longitudinal section is usually selected to

conduct SWE imaging. Patients should hold their breath for

several seconds while the SWE was conducted. The stiffness

range of the color map was from blue to red (0–180 kPa). The

elasticity characteristics were measured using the quantification

box (Q-box), which should contain the whole nodules, excluding

the surrounding tissues, and then the system automatically

calculated elasticity parameters, including Emin, Emean, and

Emax. The median of five measurements was taken.

CEUS examination: After SWE examination, CEUS was

performed with the same linear array transducer. The patients

should breathe quietly without swallowing, coughing, and talking.

To display suspicious target nodules clearly, the double-contrast

mode was used. Sulfur hexafluoride was used in this study. A total

of 25 mg of sulfur hexafluoride, diluted in 5 ml of 0.9% sodium

chloride, was administered to each patient as a 2.4-ml intravenous

bolus, followed by a 5-ml saline flush. Then, CEUS imaging was

continuously recorded for 90 s in the machine’s hard disk.

According to previous studies (14, 18, 19) and our clinical

experience, the enhancement patterns of thyroid nodules were
Frontiers in Endocrinology 03
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evaluated with the following features: peak enhancement intensity

(hyper-enhancement, iso-enhancement, or hypo-enhancement);

ring enhancement was classified as present or absent;

homogeneity of enhancement (homogeneous or heterogeneous);

contrast agent arrival time (synchronous with, earlier than, or later

than adjacent thyroid tissue); enhancement direction (scattered,

centripetal, or centrifugal); enhancement area (equal to, greater

than, or less than that on conventional ultrasound); nodule

composition at CEUS (nonsolid or solid); enhancement border

(the border between the nodule and the surrounding parenchyma

at the peak intensity) was classified as well-defined or ill-defined;

and capsule integrity at CEUS (the membrane was defined as

continuous if the thyroid capsule showed a line-like intact

structure) was classified as continuous and interrupted.

Imaging analysis: The same investigator, who had more than

5 years of experience in thyroid conventional ultrasound and 3

years of experience in AP, SWE, and CEUS, carried out all

ultrasound examinations. General clinical data, conventional

ultrasound, AP, SWE, and CEUS imaging were recorded.

According to the pathology after surgery, enrolled patients

were divided into the cervical lymph node non-metastasis

group and the metastasis group.
Statistical analysis

SPSS 23.0 and MedCalc 19.0 were used for all statistical

analysis. A receiver operating characteristic (ROC) curve

differentiating the non-metastasis group from the metastasis

group was drawn based on Young’s modulus for each nodule.

The optimal cutoff value and area under the curve (AUC) were

calculated. The count data of clinical characteristics, AP, SWE,

and the enhancement patterns of CEUS were compared with

Kappa analysis or Fisher’s exact test. p < 0.05 was regarded as the

threshold for statistical significance. In order to identify the

independent risk factors, variables that show univariate

significance for CLNM were added to a multivariate logistic

regression analysis. The diagnostic performance of independent

risk factors and the diagnostic model was calculated with ROC,

and the sensitivity, specificity, and the AUC of independent risk

factors and the diagnostic model were compared.
Results

General clinical data and conventional
ultrasound features between the non-
metastasis group and the
metastasis group

We chose the highest suspicious thyroid nodule for patients

with more than one suspicious thyroid nodule, which was
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confirmed PTC by surgical pathology. Neck dissection was

performed in all 206 enrolled patients. In the end, the

surgically pathological results showed that 123 nodules were

PTC without CLNM and 83 nodules were PTC with CLNM
Frontiers in Endocrinology 04
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(Figure 1). The rate of CLNM was 40.29% in this study. All the

nodules were classified into either the non-metastasis group or

the metastasis group. General clinical characteristics and

conventional ultrasound features are summarized in Table 1.
FIGURE 1

The flowchart of selection of thyroid carcinoma patients.
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Sex, age, size, multifocality, margin, calcification, and contact

extent with adjacent thyroid capsule were statistically different

between the non-metastasis group and the metastasis group.
AP, SWE, and CEUS features between the
non-metastasis group and the
metastasis group

AP, SWE, and CEUS features between the non-metastasis

group and the metastasis group are summarized in Table 2. AP

vascularization was statistically different between the non-

metastasis group and the metastasis group. The CLNM rate of

Grade 0–I and Grade II were 34.5% and 52.2%, respectively.

An ROC curve was drawn based on Emin, Emean, and Emax

to calculate the optimal cutoff value for discriminating the non-

metastasis from the metastasis group. The optimal cutoff value

was 26.45 kPa for Emin, 36.05 kPa for Emean, and 48.4 kPa

for Emax.
Frontiers in Endocrinology 05
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There were significant differences in capsule integrity at

CEUS and enhancement border at CEUS between the non-

metastasis group and the metastasis group. There were no

significant differences in peak enhancement intensity, ring

enhancement, homogeneity of enhancement, contrast agent

arrival time, enhancement direction, enhancement area, and

nodule composition at CEUS.
Univariate and multivariate analysis on
the predictors of cervical lymph
node metastasis

A summary of the binary logistic regression analysis of

clinical data, conventional ultrasound, AP, SWE, and CEUS

features is shown in Table 3. Sex, age, nodule size, multifocality,

contract extent with adjacent capsule, Emax, and capsule

integrity at CEUS were independent risk predictors for CLNM

in patients with PTC. A predictive model was established
TABLE 1 Clinical data and conventional ultrasound features between the non-metastasis and metastasis group.

Conventional and
clinical features

Non-metastatic
group

Metastatic
group

c2 p-
value

n = 123 n = 83

Sex Female 107 59 8.015 0.005

Male 16 24

Age <45 31 36 7.456 0.006

≥45 92 47

Location Upper 21 20 1.549 0.461

Middle 54 32

Lower 43 29

Multifocality No 98 47 12.631 0.000

Yes 25 36

Composition Mixed cystic and solid 2 2 0.16 0.689

Solid or almost completely solid 121 81

Echogenicity Isoechoic/hyperechoic 5 4 0.067 0.795

Hypoechoic/very hypoechoic 118 79

Shape Wider than tall 19 21 3.705 0.079

Taller than wide 104 62

Margin Smooth 67 36 5.274 0.022

Ill-defined/lobulated or irregular 56 57

Calcification None or large comet-tail artifacts 53 14 15.527 0.000

Macrocalcifications or peripheral calcifications or punctate
echogenic foci

70 69

Size <10 mm 109 35 50.822 0.000

≥10 mm 14 48

Contract with the adjacent thyroid
capsule

≤25% 86 15 52.763 0.000

>25% 37 68

HT No 77 52 0.000 0.994

Yes 46 31
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TABLE 2 AP, SWE, and CEUS features between the non-metastasis and metastasis group.

Non-metastatic group Metastatic group c2 p-value
n = 123 n = 83

AP 0 12 9 6.604 0.037

I 79 39

II 32 35

SWE Emin <26.45 84 42 6.529 0.011

Emin ≥26.45 39 41

Emean <36.05 80 32 14.014 0.000

Emean ≥36.05 43 51

Emax <48.4 84 26 27.216 0.000

Emax ≥48.4 39 57

CEUS

Ring enhancement Present 2 3 — 0.394

Absent 121 80

Peak intensity Hyper-enhancement/iso-enhancement 19 9 0.894 0.344

Hypo-enhancement 104 74

Homogeneity Homogeneous 18 5 3.704 0.054

Heterogeneous 105 78

Enhancement direction Scattered 15 11 0.050 0.823

Centripetal or centrifugal 108 72

Contrast agent arrival time Synchronous with normal thyroid tissue 28 19 0.000 0.983

Earlier or later than normal thyroid tissue 95 64

Enhancement area Equal to conventional ultrasound 62 41 0.020 0.887

Smaller or greater than conventional ultrasound 61 42

Nodule composition at CEUS Nonsolid 1 2 — 0.566

Solid 122 81

Capsule integrity at CEUS Continuous 104 27 57.93 0.000

Interrupted 19 56

Enhancement border Clear 48 55 14.71 0.000

Unclear 75 28
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TABLE 3 Multivariate logistic regression analysis of clinical data, conventional ultrasound, AP, SWE, and CEUS.

Variables B p OR 95% CI for OR

Sex 1.452 0.010 4.270 1.423 12.817

Age −1.064 0.023 0.345 0.138 0.866

Size 1.338 0.020 3.811 1.229 11.814

Multifocality 1.663 0.001 5.274 2.014 13.809

Margin 0.715 0.121 2.044 0.827 5.050

Calcification 0.698 0.192 2.009 0.704 5.735

Contact extent 1.606 0.001 4.980 2.009 12.346

AP −0.797 0.060 0.451 0.196 1.034

Emin −0.169 0.797 0.845 0.234 3.056

Emean −1.150 0.184 0.317 0.058 1.730

Emax 1.717 0.021 5.570 1.296 23.942

CEUS border at CEUS −0.398 0.397 0.672 0.268 1.685

Capsule integrity at CEUS 1.409 0.004 4.092 1.583 10.576

Constant −2.328 0.002 0.097
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according to the multivariate logistic regression: Logit

(p) = −2.382 + 1.452 × Sex − 1.064 × Age + 1.338 × Size +

1.663 × multi-focality + 1.606 × contact extent with adjacent

thyroid capsule + 1.717 × Emax + 1.409 × capsule integrity

at CEUS.
Comparing the diagnostic performance
of independent risk predictors and the
predictive model

ROC analysis of the predictive model for evaluating CLNM

was performed (Figure 2). The AUC of the predictive model was

0.887 (95% CI: 0.841–0.933), which was significantly higher than

using independent risk predictor alone (Table 4). The predictive

model also had the best sensitivity and specificity, compared

with using independent risk factor alone; the sensitivity and

specificity of the predictive model were 69.88% and

93.50%, respectively.
Discussion

In this study, we analyzed clinical data, conventional

ultrasound feature, AP, SWE, and CEUS enhancement

patterns of thyroid nodules in PTC patients to explore their

predictive values for CLNM. We found that male presence, age <

45 years, size ≥ 10 mm, multifocality, contact extent with

adjacent thyroid capsule > 25%, Emax ≥ 48.4, and interrupted

capsule at CEUS were independent risk predictors for CLNM in

patients with PTC. A predictive model based on multivariate

logistic regression analysis showed better diagnostic

performance for CLNM with an AUC of 0.887, compared with

using independent risk predictor alone.

Several studies (14, 20) had reported that clinical data of

patients including sex or age had predictive values for the

aggressiveness of PTC. In this study, we found male and age <

45 years were independent risk factors for predicting CLNM in

patients with PTC, which was consistent with previous studies.
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The CLNM rate of female patients (35.5%) was significantly

lower than that of male patients (60.0%) in this study, and the

CLNM rate of patients ≥ 45 years (35.5%) was lower than that of

patients < 45 years (50%). Thus, one should practice caution in

the surgery decision-making regarding and the preoperative

evaluation of young male patients.

The size of malignant thyroid nodules ≥10 mm was an

independent risk factor for predicting CLNM in patients with

PTC, which was consistent with previous studies (21, 22). In

general, the characteristics of thyroid nodules might be

determined already during the initial formation, and the size

of nodules was related to uncontrolled cell division and

proliferation. Thus, the larger the PTC nodule was, the faster

it grows and the higher the degree of nodule infiltration; hence, it

is more prone to CLNM.

Multifocality presents a reported incidence of about 18%–

27% in patients with PTC (22), which is related to lymph node
FIGURE 2

The ROC of the predictive model.
TABLE 4 The AUC of independent risk factors and predictive model.

Sensitivity Specificity AUC 95% Confidence Interval

Sex 28.90% 87.00% 0.580 0.499–0.661

Age 43.40% 74.80% 0.591 0.511–0.671

Size 57.80% 88.60% 0.732 0.658–0.806

Multifocality 43.45% 79.70% 0.615 0.536–0.695

Contact extent with adjacent thyroid capsule 68.70% 54.50% 0.685 0.610–0.760

Emax 68.70% 68.30% 0.685 0.610–0.760

Capsule integrity at CEUS 67.50% 84.60% 0.760 0.690–0.831

Predictive model 69.88% 93.50% 0.887 0.841–0.933
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metastasis, recurrence, and prognosis (23). In this study, we

defined multifocality as more than one suspicious thyroid

nodule in conventional ultrasound and more than one

confirmed malignant nodule by surgical pathology. However,

microscopic PTC is still difficult to detect prior to surgery. In this

study, multifocality was an independent risk factor for predicting

CLNM in PTC patients (p = 0.001), which is consistent with a

previous study. The OR value of multifocality (OR = 5.274) in

this study was significantly higher than previous studies (OR =

1.297–3.235) (14, 18, 24).

The ill-defined, lobulated, or irregular margin of thyroid

nodules is generally associated with the irregular growth of the

fibrous stroma surrounding the PTC nodules or carcinoma

invasion of the surrounding thyroid parenchyma. However,

margin was not an independent risk factor for predicting

CLNM in patients with PTC in this study, which was

consistent with most previous studies (14, 18, 22).

Whether calcification can predict CLNM of PTC is still

controversial; some studies (22, 25) reported that micro-

calcification could reflect the rapid growth in carcinoma

tissues, and ≥5-mm micro-calcifications was an independent

risk factor for predicting CLNM in patients with PTC, while

several studies (12, 14) did not have the same results. In this

study, we found that calcifications were significantly different

between the non-metastasis and metastasis group, but it was not

an independent risk factor for predicting CLNM according to

multivariate logistic regression analysis. Thus, the correlation

between calcifications and CLNM in PTC needs to be explored

in a multi-center large-sample study in the future.

Previous studies (16) have found that contact extent with

adjacent thyroid capsule >25% was the most accurate predictive

feature for extra-thyroidal extension in this study, and we found

that contact extent with adjacent thyroid capsule >25% was an

important independent factor for CLNM. It may be because

extra-thyroidal extension breaks the thyroid capsule, and the

thyroid gland has a rich lymphatic network, which could easily

cause CLNM.

HT is a common autoimmune thyroid disease, and the

correlation between HT and PTC has been widely debated and

remains controversial (26). Moreover, the enlarged lymph node

in the central region caused by thyroiditis is always easily

confused with lymph node metastasis. Li (10) found that HT

has no significant difference for predicting CLNM in patients

with PTC, which is consistent with our study.

A previous study reported that the characteristics of superb

microvascular imaging (SMI) in PTC nodules (Grade II) were

independent risk predictors for CLNM in patients with PTC,

suggesting that the degree of rich and disorderly blood flow in

PTC nodules might be helpful to predict CLNM (22). In this

study, we found that AP vascularization in PTC nodules was

significantly different between the non-metastasis and metastasis

group, which was consistent with a previous study (22); the
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CLNM rate of Grade 0–I and Grade II was 34.5% and 52.2%,

respectively. However, we did not obtain the same result by

multivariate logistic regression analysis, and the p-value (0.06)

was slightly higher than 0.05, which could be affected by the

sample size.

SWE has been widely used to quantitatively assess the

thyroid nodules. Few studies (6, 10, 27) have explored the

values of SWE for predicting CLNM in patients with PTC.

Park et al. (6) found that higher elasticity values of PTC were

related to CLNM. Another study (27) found that the elasticity

characteristics of PTC nodules did not have a significant

difference between the non-metastasis and metastasis group. Li

et al. (10) reported that Emax was an independent risk factor for

CLNM, and the best cutoff value of Emax was >59.0 kPa.

Similarly, Emax was an independent risk factor for predicting

CLNM based on multivariate logistic regression analysis in this

study, which was consistent with a previous study; using Emax >

48.4 kPa, our OR (OR = 5.57) was significantly higher than the

OR of previous studies (OR = 1.005–4.934) (6, 10). Thus, the

higher the Emax was, the more careful we should be in

clinical work.

Several studies have reported that the enhancement patterns

of CEUS were useful for predicting CLNM. Zhan et al. (12)

found that peak enhancement intensity and homogeneity were

significant features in predicting CLNM in PTC patients. Hong

et al. (28) reported that hyper-enhancement or iso-enhancement

could be an independent risk factor for predicting CLNM in

PTC patients. Xue et al. (14) found that hyper-enhancement was

not an independent predictor for predicting CLNM. In this

study, we found that there was no statistical difference on peak

enhancement intensity, ring enhancement, homogeneity of

enhancement, contrast agent arrival time, enhancement

direction, enhancement area, and nodule composition at

CEUS between the non-metastasis and metastasis group,

which was different with the previous studies; it may be

because the qualitative enhancement patterns of CEUS could

be controversial in different observers and ultrasound systems.

The interrupted capsule at CEUS was an independent risk factor

for predicting CLNM in patients with PTC, which is related to

extra-thyroidal extension. Thus, the rate could be higher due to

the rich lymphatic network in the gland network. When using

the interrupted capsule at CEUS alone for predicting CLNM, the

specificity was 84.60%, which showed that the rate of CLNMwas

low with the continuous capsule at CEUS.

Based on the multivariate logistic regression analysis of

clinical characteristics, conventional ultrasound, AP, SWE, and

CEUS, we developed a predictive model for predicting CLNM in

PTC patients (Figures 3, 4); the model had the best AUC (0.887,

95% CI: 0.841–0.933) compared with using the independent

factor alone. Moreover, this predictive model in this study was

simple, convenient, and accurate, which could be widely used in

clinical work.
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There are several limitations in this study. First, it was a

single-center study with a small sample. Second, quantitative

CEUS features were not included in this study. Third, we did not

compare inter-observer and intra-observer variation.
Conclusion

Based on the multivariate logistic regression analysis of

clinical characteristics, conventional ultrasound, SWE, and

CEUS, we found that male presence, age < 45 years, size ≥

10 mm, multifocality, contact extent with adjacent thyroid

capsule > 25%, Emax ≥ 48.4, and interrupted capsule at CEUS

were independent risk predictors for CLNM in patients with

PTC. We developed a diagnostic model for predicting CLNM,

which could be a potentially useful and accurate method for

clinicians; it would be beneficial to surgical decision-making and

patient management and for improving prognosis.
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Ultrasound images-based deep
learning radiomics nomogram
for preoperative prediction of
RET rearrangement in papillary
thyroid carcinoma

Jialong Yu1, Yihan Zhang2, Jian Zheng1, Meng Jia1*

and Xiubo Lu1*

1Department of Thyroid Surgery, The First Affiliated Hospital of Zhengzhou University,
Henan, China, 2Department of Ophthalmology, The First Affiliated Hospital of Zhengzhou
University, Henan, China
Purpose: To create an ultrasound -based deep learning radiomics nomogram

(DLRN) for preoperatively predicting the presence of RET rearrangement

among patients with papillary thyroid carcinoma (PTC).

Methods: We retrospectively enrolled 650 patients with PTC. Patients were

divided into the RET/PTC rearrangement group (n = 103) and the non-RET/PTC

rearrangement group (n = 547). Radiomics features were extracted based on

hand-crafted features from the ultrasound images, and deep learning networks

were used to extract deep transfer learning features. The least absolute

shrinkage and selection operator regression was applied to select the

features of nonzero coefficients from radiomics and deep transfer learning

features; then, we established the deep learning radiomics signature. DLRNwas

constructed using a logistic regression algorithm by combining clinical and

deep learning radiomics signatures. The prediction performance was evaluated

using the receiver operating characteristic curve, calibration curve, and

decision curve analysis.

Results: Comparing the effectiveness of the models by linking the area under

the receiver operating characteristic curve of each model, we found that the

area under the curve of DLRN could reach 0.9545 (95% confidence interval:

0.9133–0.9558) in the test cohort and 0.9396 (95% confidence interval:

0.9185–0.9607) in the training cohort, indicating that the model has an

excellent performance in predicting RET rearrangement in PTC. The decision

curve analysis demonstrated that the combined model was clinically useful.
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Conclusion: The novel ultrasonic-based DLRN has an important clinical value

for predicting RET rearrangement in PTC. It can provide physicians with a

preoperative non-invasive primary screening method for RET rearrangement

diagnosis, thus facilitating targeted patients with purposeful molecular

sequencing to avoid unnecessary medical investment and improve treatment

outcomes.
KEYWORDS

papillary thyroid carcinoma, radiomics, deep learning, nomogram, RET
rearrangement, prediction
1 Introduction

Thyroid cancer is the most common endocrine tumor;

papillary thyroid carcinoma (PTC) is the most common type

of pathological cancer, accounting for approximately 80%–90%

of all thyroid cancers (1). Yasuhiro et al. studied 5897 patients

with PTC and reported that PTC is inert cancer with a low

mortality rate and >90% overall survival rate (2). However, some

histological subtypes of PTC show aggressive behavior, have a

high recurrence and distant metastasis, or lead to death (3, 4).

Therefore, early discrimination against these PTCs that require

aggressive medical intervention is important.

Several genetic alterations have been used as a tool for

diagnosing diseases and predicting prognosis owing to the

advancement in molecular genetics (5, 6). On a molecular

basis, some genetic alterations are closely associated with the

clinicopathological features of PTC. Fusco et al. first reported the

RET chromosomal rearrangement was in PTC. RET is a proto-

oncogene that encodes a plasma membrane-bound RET tyrosine

kinase receptor for ligands of the glial-derived neurotrophic

factor family (7). Chromosomal rearrangements cause RET/

PTC-related carcinogenesis (8).

Thus far, at least 13 different forms of RET/PTC

rearrangements have been found; these rearrangements are

a lmost exc lus ive ly found in PTC (9) . Among al l

rearrangement forms, RET/PTC3 and RET/PTC1 are the most

common, accounting for >90% of all rearrangements. The

prognostic role of RET rearrangements has been confirmed in

other studies as the presence of RET/PTC3 rearrangements and

both large tumors size and advanced tumor stage at the time of

diagnosis are positively associated; these studies highlight that

RET/PTC3 has a significant role in metastatic spread (10–13).

However, RET/PTC1 rearrangement is more prevalent than

RET/PTC3 in less aggressive classical variants (14, 15).

Ultrasound is the primary imaging technique for the

evaluation of thyroid nodules. Predicting molecular alterations

in PTC by analyzing conventional ultrasound features is

controversial, mainly due to the limitation of conventional

ultrasound images and high interobserver variability (16).
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122
Radiomics can automatically extract innumerable high-

dimensional features from images; however, these features

cannot be assessed visually. Radiomics has recently shown

clinical importance in the thyroid (17). Radiomics based on

ultrasound images has been used to predict molecular properties

in thyroid cancer (18–20).

Machine learning is the scientific technique that emphasizes

how computers learn from data. It can be found at the

intersection of statistics and computer science (21). Deep

transfer learning (DTL) is a new type of machine learning

method developed via the advancement of artificial neural

networks. DTL depends on a network of computational units

that gradually extract higher-lever features from the input data

(22). DTL is widely used in medicine, including in the field of the

thyroid (23, 24).

To our knowledge, there are no published studies aimed at

identifying the presence of RET rearrangement in PTC using

ultrasound radiomics combined with DTL. Therefore, we

evaluated the association between RET rearrangement and

ultrasound radiomics DTL and established a deep learning

radiomics nomogram (DLRN) to predict RET rearrangement

in PTC.
2 Materials and methods

2.1 Ethics statement

This study was approved by the Ethics Committee of the

First Affiliated Hospital of Zhengzhou University (Number:

2022-KY-1002-002).
2.2 Clinical data

Between June 2020 and June 2022, we enrolled consecutive

patients from the Department of Thyroid Surgery of the First

Affiliated Hospital of Zhengzhou University; informed consent

from patients was exempted. The inclusion criteria were as
frontiersin.org
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follows: (1) patients who were treated for the first time; (2)

patients who preoperatively underwent ultrasound examination

within 2 weeks; (3) patients who had pathologically confirmed

PTC; and (4) patients with well-preserved clinical data, imaging

data, and pathological specimens. The exclusion criteria were as

follows: (1) patients who underwent preoperative radiotherapy,

chemotherapy, or radiofrequency ablation; (2) patients who

presented with other head and neck tumor diseases; (3)

patients with multifocal or bilateral PTC; and (4) patients with

poor quality ultrasound images. Figure 1 shows the patient

recruitment pathway. The patients were divided into training

and test cohorts using a 5-fold cross-validation method.
2.3 Ultrasound examination and
image acquisition

All enrolled patients underwent a preoperative neck

ultrasound examination. The ultrasound machines included

HITACHI HI VISION Ascendus (Japan), TOSHIBA aplio500

(Japan), SAMSUNG LA3-16A (Korea), and PHILIPS RPIQ5

(Netherlands). The ultrasound examinations were performed

with a 5–12 MHz transducer by radiologists with 5–10 years of

experience in thyroid ultrasound evaluation. After placing the

patients in the supine position, longitudinal and transverse

continuous scanning were performed to obtain longitudinal
Frontiers in Endocrinology 03
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and transverse images of the thyroid nodules. All selected

thyroid nodules were evaluated for the following ultrasound

feature composition (mixed cystic and solid, cystic, or solid),

echogenicity (hypoechoic, isoechoic, or hyperechoic), tumor

margin (irregular, ill-defined, or smooth), vertical and

horizontal diameter ratio (<1 or ≥1), shape (irregular, ill-

defined, or regular), and calcification (macrocalcification,

microcalcification, non-calcification, or cluster calcification);

the American College of Radiology Thyroid Imaging

Reporting and Data System (ACR-TI-RADS) score of each

nodule was calculated by the same radiologists. Supplement

Tables 1, 2 show the detailed process of calculating the ACR-

TI-RADS score and category.
2.4 Region of interest segmentation

Two radiologists with >3 years of experience who were

blinded to the pathological results reviewed the ultrasound

images of the enrolled patients using Picture Archiving and

Communication Systems, selected appropriate images, stored

the selected images in BMP format, and then converted them to

NII format. The open-source software 3D Slicer (version

4.1.13.0, available at https://www.slicer.org/) was used for

texture analysis. The region of interest of the target nodule

was manually segmented using a 3D Slicer. The interobserver
FIGURE 1

The patient recruitment pathway.
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and intraobserver agreements were measured using random 130

nodules delineated by a radiologist twice within 2 weeks. The

interclass correlation coefficient was used to evaluate the

interobserver and intraobserver agreement of the feature

extraction. An interclass correlation coefficient larger than 0.75

was considered a satisfactory agreement.
2.5 Features extraction and
signature building

All handcrafted features were extracted using an in-house

feature analysis program implemented in Pyradiomics (http://

pyradiomics.readthedocs.io); 1477 handcrafted features were

extracted from each ultrasound image. After the least absolute

shrinkage and selection operator (LASSO) feature screening, we

input the final features into the machine learning models such as

LR, SVM, random forest, XGBoost, and so on for prediction

model construction.

Deep learning features were extracted from pre-trained

convolutional neural networks via transfer learning. In this

study, resnet50 was chosen as the pre-trained convolutional

neural network model18. The resnet50 model was trained on the

ILSVRC-2012 dataset. The image that had the largest tumor area

was selected to represent each patient; the gray values were

normalized to the range [−1, 1] using min-max transformation.

Then, each cropped subregion image was resized to 224 × 224

with the nearest interpolation. The obtained images were used as

the model input. Since the dimension of deep migration features

was 2048, we used the principal component analysis to reduce

the dimension of deep migration features and ensure the balance

between features. We reduced the dimension of deep learning to

128 dimensions for improving the generalization ability of the

model and reducing the risk of overfitting. After compressing the

deep learning feature by principal component analysis, all

compressed features were standardized using the Z-score

method, and the mean and variance (standard deviation) of

each column of features were calculated. Each column of features

was subtracted from the mean, divided by variance, and

transformed into a standard normal distribution. We used the

least absolute shrinkage and selection operator (LASSO) to filter

out features whose coefficients were not 0, selected and reduced

the dimension of fusion features, and obtained the optimal

subset of fusion features.

Based on the selected radiomics features and 128

compressed DTL features, we aimed to create a deep learning

radiomics (DLR) signature. We followed the same path as the

radiomics signature or DTL signature. After LASSO feature

screening, we input the final features into the machine

learning models for predictive model construction to obtain

the final DLR signature.
Frontiers in Endocrinology 04
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2.6 Construction of DLRN and
predictive performance

We referred to clinical data with the conventional

ultrasound features commonly referred to as clinical features.

First, the features used for building clinical signatures were

selected by baseline statistics with a p-value of <0.05. We also

used the same machine learning model in the radiomics

signature-building process.

DLRN was prepared in combination with clinical and DLR

signatures. The diagnostic efficacy of the nomogram was tested

in the test cohort; the receiver operating characteristic curves

were drawn to assess the diagnostic efficacy of the nomogram.

The calibration efficiency of the nomogram was estimated by

drawing calibration curves; the Hosmer–Lemeshow analytical fit

was used to evaluate the calibration ability of the nomogram.

Decision curve analysis (DCA) was mapped to evaluate the

clinical utility of predictive models. Figure 2 shows the whole

process of model building.
2.7 Detection of RET/PTC
rearrangements

Genomic DNA was extracted from postoperative specimens

using AmoyDX provided by Amoy Diagnostics Co., Ltd.

(Xiamen, China). RET rearrangements were analyzed using the

next-generation sequencing method. Amplification and analysis

were conducted on an ABI 7500 Real-Time PCR System

(Applied Biosystem, CA, USA). Next, we performed a real-

time fluorescence amplification refractory mutation system-

polymerase chain reaction. Each rearrangement was further

confirmed by direct Sanger sequencing; the results of RET

rearrangement to be tested were finally read.
2.8 Statistical analysis

Descriptive statistics of continuous variables were expressed

as mean ± standard deviation; categorical variables were

presented as median (interquartile range) and frequency (%).

The independent sample t-test was used for continuous factors

with normal distribution; the Mann–Whitney U test was used

for continuous factors without normal distribution. The

categorical variables were compared using the c2 test or Fisher
exact test. The Delong’s test was used to compare the area under

the curve (AUC). The Hosmer–Lemeshow test was used to

assess whether the expected and actual probabilities were

calculated with the prediction model. P < 0.05 was considered

statistically significant.
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3 Results

3.1 Features statistics

We enrolled 650 patients with PTC: 103 patients had RET/

PTC rearrangement and 547 had non-RET/PTC rearrangement.

Table 1 shows the clinical features of all patients. Significant
Frontiers in Endocrinology 05
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differences were noted in the clinical characteristics between the

two cohorts, including age, tumor size, sex, TPOAb, TGAb,

echogenicity, vertical and horizontal diameter ratio, calcification,

and ACR-TI-RADS score.

In radiomics, 1477 handcrafted features were extracted,

including 306 first-order features, 14 shape features, and the

last texture features. In DTL, we compared and visualized the
FIGURE 2

The process of model building.
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TABLE 1 The clinical features of all enrolled patients.

Feature name All RET/PTC rearrangement p-value
No Yes

Age, mean ± SD (years) 42.8 ± 11.2 43.7 ± 11.0 37.9 ± 11.2 <0.001

Tumor size, mean ± SD (mm) 9.3 ± 6.9 8.5 ± 6.4 13.6 ± 7.9 <0.001

Sex

Female 505 (77.7) 417 (76.2) 88 (85.4) 0.0396

Male 145 (22.3) 130 (23.8) 15 (14.6)

TPOAb

Normal 520 (80.0) 472 (86.3) 48 (46.6) <0.001

Abnormal 130 (20.0) 75 (13.7) 55 (53.4)

TGAb

Normal 513 (78.9) 459 (83.9) 54 (52.4) <0.001

Abnormal 137 (21.1) 88 (16.1) 49 (47.6)

Primary site

Right lobe 334 (51.4) 290 (53.0) 44 (42.7) 0.1446

Isthmus 22 (3.4) 14 (2.6) 8 (7.8)

Left lobe 294 (45.2) 243 (44.4) 51 (49.5)

Tumor location

Upper pole 162 (24.9) 140 (25.6) 22 (21.4) 0.2072

Lower pole 221 (34.0) 188 (34.4) 33 (32.0)

Middle 267 (41.1) 219 (40.0) 48 (46.6)

Composition

Mixed cystic and solid 23 (3.5) 19 (3.5) 4 (3.9) 0.8384

Cystic 1 (0.2) 1 (0.2) 0 (0)

Solid 626 (96.3) 527 (96.3) 99 (96.1)

Echogenicity

Hypoechoic 610 (93.9) 526 (96.2) 84 (81.6) <0.001

Isoechoic 30 (4.6) 20 (3.7) 10 (9.7)

Hyperechoic 10 (1.5) 1 (0.1) 9 (8.7)

Tumor margin

Irregular 319 (49.1) 278 (50.8) 41 (39.8) 0.4145

Ill-defined 269 (41.4) 215 (39.3) 54 (52.4)

Smooth 62 (9.5) 54 (9.9) 8 (7.8)

The vertical and horizontal diameter ratio

<1 300 (46.2) 219 (40.0) 81 (78.6) <0.001

≥1 350 (53.8) 328 (60.0) 22 (21.4)

Shape

Irregular 220 (33.9) 173 (31.6) 47 (45.6) 0.2833

(Continued)
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correlation coefficients of the deep learning features. We

established that the collinearity between the features was weak,

indicating that deep learning stil l further captured

the differences.

For investigating the interpretability of the DLR, we

visualized the network by applying the gradient-weighted class

activation mapping, which could provide a rough localization

map highlighting the import regions for the classification target.

The last convolutional layer of the last res-block was made

transparent (Figure 3).

Next, 19 features of nonzero coefficients were selected from

radiomics features and deep learning features to obtain the DLR-

score with a LASSO logistic regression model in the training

cohort. Coefficients, mean standard error of 10 folds validation,

and the value of the coefficients in the final selected none zero

features are shown in Figure 4. The DLR score is shown below:

DLR_score = 0.15893069804681456–− 0.000667 ×

exponential_gldm_SmallDependenceLowGrayLevelEmphasis +

0.010403 × gradient_firstorder_Range + 0.005532 ×

lbp_3D_m2_glszm_GrayLevelNonUniformity − 0.039521 ×

original_shape_Elongation + 0.002556 × square_gldm_

GrayLevelNonUniformity + 0.005940 × squareroot_firstorder_

90Percentile + 0.003671 × wavelet_HHH_firstorder_Mean −

0.013805 × wavelet_HHH_glszm_ZonePercentage − 0.032163 ×

wavelet_HLL_firstorder_Mean + 0.016144 × wavelet_HLL_

glcm_JointAverage + 0.005555 × wavelet_LLH_firstorder_

RobustMeanAbsoluteDeviation + 0.007702 × wavelet_LLL_

glcm_DifferenceVariance + 0.019646 × wavelet_LLL_glszm_

GrayLevelVariance − 0.053602 × DL-0 − 0.050075 × DL-1 −

0.057482 × DL-2 − 0.030163 × DL-4 + 0.025809 × DL-9 −

0.008247 × DL-16
Frontiers in Endocrinology 07
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3.2 Signature efficiency comparison

A 5-fold cross-validation method was used; we divided all

patients into the training and test cohorts, and the test cohort

was to be fixed for a fair comparison. To compare the efficiency

of each signature, we further selected the best model from each

signature-building process.

The optimal model was obtained using radiomics features

compared with an LR, SVM, KNN, Decision Tree, Random

Forest, Extra Trees, XGBoost, and LightGBM classifier. The

features of other categories were similarly related and

modeled. LR performs almost the best performance in each

model of the RET/PTC rearrangement respectively. Figure 5

shows the receiver operating characteristic analysis of different

models on the test cohort.
3.3 Establishment and validation of
the Nomogram

In the training cohort, with both clinical signature AUC =

0.8442 [95% confidence interval (CI): 0.8009–0.8874] and

radiomics signature AUC = 0.8638 (95% CI: 0.8262–0.9014),

DLR is combined radiomics and DTL features achieved AUC =

0.9335 (95% CI: 0.9119–0.9551). In the test cohort, with both

clinical signature AUC = 0.8959 (95% CI: 0.8141–0.9777) and

radiomics signature AUC = 0.8991 (95% CI: 0.8325–0.9656),

DLR was also the best model between radiomics signature and

DLR signature [(DLR: 0.9150) vs. (Rad: 0.8991, DTL: 0.8709)].

DLRN using the logistic regression algorithm was performed to

combine the clinical signature and DLR signature, which shows
TABLE 1 Continued

Feature name All RET/PTC rearrangement p-value
No Yes

Ill-defined 283 (43.5) 255 (46.6) 28 (27.2)

Regular 147 (22.6) 119 (21.8) 28 (27.2)

Calcification

Macrocalcification 62 (9.5) 54 (9.9) 8 (7.8) <0.001

Microcalcification 209 (32.2) 170 (31.1) 39 (37.9)

Non-calcification 235 (36.2) 227 (41.5) 8 (7.7)

Cluster calcification 144 (22.1) 96 (17.5) 48 (46.6)

ACR-TI-RADS category

3 (Mildly suspicious) 18 (2.8) 13 (2.4) 5 (4.9) <0.001

4 (Moderately suspicious) 367 (56.4) 330 (60.3) 37 (35.9)

5 (Highly suspicious) 265 (40.8) 204 (37.3) 61 (59.2)

PTC, papillary thyroid carcinoma; TGAb, thyroglobulin antibody; TPOAb, thyroid peroxidase antibody; ACR-TI-RADS, American College of Radiology Thyroid Imaging Reporting
and Data System.
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that the best performance AUC was 0.9545 (95% CI 0.9133–

0.9958). Table 2 shows all models that we used to predict the

RET/PTC rearrangement. Figure 6 shows the AUC in both the

training and test cohorts. To compare the clinical signature, DTL

signature, DLR signature, radiomics signature, and Nomogram,

the Delong test was used (Table 3).

The Nomogram calibration curves showed good agreement

between the predicted and observed RET/PTC rearrangement in

the training and test cohorts. The p-values of the Hosmer–

Lemeshow test were 0.5655, 0.4756, 0.3451, 0.9988, and 0.2142

inspections of clinical signature, radiomics signature, DTL

signature, DLR signature, and Nomogram (Table 4). This
Frontiers in Endocrinology 08
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shows that Nomogram perfectly fits in both the training and

test cohorts. Figure 7 shows the calibration curves in the training

and test cohorts.

We also evaluated each model through DCA. DCA for the

clinical signature, radiomics signature, DTL signature, DLR

signature, and Nomogram is presented in Figure 8. The

preoperative prediction of RET/PTC rearrangement using a

radiomics nomogram has been shown to have better

clinical benefits.

Based on the clinical signature and DLR signature, we

established the nomogram to predict the RET/PTC

rearrangement (Figure 9).
FIGURE 3

Grad-CAM visualization. Grad-CAM, gradient-weighted class activation mapping.
frontiersin.org

https://doi.org/10.3389/fendo.2022.1062571
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yu et al. 10.3389/fendo.2022.1062571
4 Discussion

Most patients with PTC have an excellent prognosis for

long-term survival; however, some subtypes of PTC have an

aggressive tumor process wherein RET rearrangements are

positively associated with high-risk pathological factors for

PTC, such as early occurrence, large tumor, rapid growth, and

high metastatic capacity (12). RET rearrangements play an

important role in the occurrence and development of PTC and

can be used as a significant indicator for the diagnosis of PTC.

The RET/PTC3 rearrangement is more aggressive than the RET/

PTC1 rearrangement, among the most common subtypes of

RET rearrangements (14) . Therefore , preoperat ive

determination of RET rearrangement will successfully assist in

making more aggressive treatment strategies for patients with

high-risk PTC. However, due to the low incidence of RET

rearrangement in sporadic PTC (approximately 20%), as a

routine preoperative examination, the RET gene test is not of

good clinical utility.
Frontiers in Endocrinology 09
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In this study, we created a novel model built by ultrasound

radiomics combined with DTL for the preoperative prediction of

RET rearrangement in patients with PTC. We developed and

validated five models, the clinical, radiomics, DTL, DLR, and

DLRN signatures, for the prediction of the presence of RET/PTC

rearrangement by quantitative analysis of thyroid ultrasound

images. In both training and test cohorts, DLRN demonstrated

the best-predicted performance compared with the other

models. The AUC of DLRN in the test cohort could reach

0.9545 (95% CI: 0.9133–0.9558) in the test cohort and 0.9396

(95% CI: 0.9185–0.9607) in the training cohort. DCA showed

that DLRN can improve preoperative RET rearrangement

prediction. Thus, our results are valuable and can be

distinguished from previous studies as the first attempt at

combining DLR based on ultrasound images and the clinically

rare RET/PTC rearrangement; we also demonstrated the clinical

feasibility of DLRN. Furthermore, our study provides a

preoperative method to non-invasively assess RET information

and assist in design-making when clinicians are faced with
B

C

A

FIGURE 4

Deep learning radiomics (DLR) feature selection using the least absolute shrinkage and selection operator (LASSO) logistic regression model in
the training cohort and the histogram of the DLR-score based on the selected features. (A) Coefficients of 10-fold cross-validation. (B) Mean
square error of 10-fold validation. (C) The histogram of the DLR-score based on the selected features. Depending on the regulation weight l,
LASSO shrinks all regression coefficients towards zero and sets the coefficients of many irrelevant features exactly to zero. To find an optimal l,
10-fold cross-validation with minimum criteria was employed, where the final value of l yielded minimum cross-validation error. The retained
features with nonzero coefficients were used for regression model fitting and combined into a DLR signature. Subsequently, we obtained a DLR
score for each patient by a linear combination of retained features weighed by their model coefficients.
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ultrasound images that are difficult to determine with the

naked eye.

Radiomics uses high-throughput automated extraction

algorithms to evaluate the geometry, texture, and echo

intensity of nodules; it also shifts from the traditional use of

images for visual interpretation to their conversion to

quantitative features (25, 26). Radiomics has been used to

predict the molecular characteristics of various tumors (27).

Concerning thyroid, radiomics has been proposed based on

ultrasound images to predict the BRAF mutation (19, 20, 28);

however, the models showed limited ability. Moreover, the

BRAF mutation is the most representative mutation in PTC

and has low specificity among all molecular features. Meanwhile,

the significance of traditional ultrasound features for prediction

is neglected. Although conventional ultrasound examinations

rely only on the radiologist’s visual description of the nodal

features and cannot dig deeper into the information and the

interpretation of ultrasound images is operator-dependent, there

is interobserver variability. By designing the DLR model using

ultrasound images and clinical factors, we simultaneously

incorporated the DLR and traditional ultrasound features. In

this study, four traditional ultrasound features, such as

hypoechoic, vertical and horizontal diameter ratio of <1,
Frontiers in Endocrinology 10
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cluster calcification, and ACR-TI-RADS 5 (highly suspicious),

were associated with RET/PTC rearrangement. However, data

on the association between RET rearrangement and traditional

ultrasound features of PTC are very scarce and frequently

inconsistent (16). Previous studies have pointed out that the

BRAF mutation of PTC is associated with ultrasound features,

such as hypoechoic, microcalcification, and irregular margins

(29). Therefore, the traditional ultrasound features with RET/

PTC rearrangement in our study were not very representative;

however, our results can be used as a reference for further study

of RET/PTC rearrangement in ultrasound radiomics. Compared

with the DLR signature based on only containing DLR features,

incorporating traditional ultrasound features of the nomogram

showed a better predictive performance. The ultrasound features

are supposed to be included in the analysis along with radiomics

parameters for enhancing the diagnostic abil ity of

gene mutation.

Deep learning has shown remarkable progress in medical

image analysis, advancing the field forward at a quick pace. DLR

has more advantages than hand-crafted and radiomics features.

For example, deep learning can extract multilevel features from

original images via a hierarchical neural network and

automatically identify tumor boundaries. In this study, 19
B

C D

A

FIGURE 5

Receiver operating characteristic (ROC) curves of different models in the test cohort. (A) ROC curves of different models on Clinical signature.
(B) ROC curves of different models on Rad signature. (C) ROC curves of different models on DTL signature. (D) ROC curves of different models
on DLR signature.
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TABLE 2 Predictive efficacy of all models in training cohort and test cohort.

Training Cohort Test Cohort
DLR Signa-

ture
Nomogram Clinic Signa-

ture
Rad Signa-

ture
DTL Signa-

ture
DLR Signa-

ture
Nomogram

0.8154 0.8538 0.8692 0.8769 0.7692 0.7385 0.8769

0.9335 0.9396 0.8959 0.8991 0.8709 0.9150 0.9545

0.9119 - 0.9551 0.9185 -
0.9607

0.8141 - 0.9777 0.8325 - 0.9656 0.7986 - 0.9432 0.8601 - 0.9699 0.9133 -
0.9958

0.9639 0.9157 0.8000 0.8500 0.8500 1.0000 0.9500

0.7872 0.8421 0.8818 0.8818 0.7545 0.6909 0.8636

0.4624 0.5241 0.5517 0.5667 0.3864 0.3704 0.5588

0.9914 0.9813 0.9604 0.9700 0.9651 1.0000 0.9896

0.4624 0.5241 0.5517 0.5667 0.3864 0.3704 0.5588

0.9639 0.9157 0.8000 0.8500 0.8500 1.0000 0.9500

0.6250 0.6667 0.6531 0.6800 0.5313 0.5405 0.7037

0.1103 0.1123 0.2194 0.1974 0.0798 0.0876 0.1463

negative predictive value.
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Signature Clinic Signa-
ture

Rad Signa-
ture

DTL Signa-
ture

Accuracy 0.8096 0.7615 0.8192

AUC 0.8442 0.8638 0.9283

95%CI 0.8009 - 0.8874 0.8262 - 0.9014 0.9035 - 0.9531

Sensitivity 0.6988 0.8313 0.9398

Specificity 0.8307 0.7483 0.7963

PPV 0.4394 0.3855 0.4671

NPV 0.9356 0.9589 0.9858

Precision 0.4394 0.3855 0.4671

Recall 0.6988 0.8313 0.9398

F1 0.5395 0.5267 0.6240

Threshold 0.2115 0.1400 0.1255

AUC, area under curve; CI, confidence interval; PPV, positive predictive value; NPV,
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BA

FIGURE 6

Receiver operating characteristic (ROC) curves of clinic signature, Rad signature, DTL signature, DLR signature and Nomogram. (A) in training
cohort; (B) in test cohort.
TABLE 3 Delong test for each model.

Cohort Nomogram Vs Clinical Nomogram Vs Rad Nomogram Vs DTL Nomogram Vs DLR

Train <0.0001 <0.0001 0.2898 0.2027

Test 0.1020 0.0771 0.0176 0.0626
F
rontiers in Endocrin
ology
 12
132
TABLE 4 Hosmer–Lemeshow test.

Cohort Clinic Signature Rad Signature DTL Signature DLR Signature Nomogram

Train 0.8457 0.7195 0.9141 0.5513 0.0787

Test 0.5655 0.4756 0.3451 0.9988 0.2142
BA

FIGURE 7

The calibration curves clinic signature, Rad signature, DTL signature, DLR signature and Nomogram. (A) in the training cohort; (B) in the test cohort.
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features with nonzero coefficients were filtered from radiomics

and DTL features to create the DLR signature. Among the

selected DTL features, there were four most significant and

robust features associated with RET rearrangement. For the

selected radiomics features, most reflected the image texture

and voxel intensity. The human visual system cannot recognize

these features; however, these DLR features can serve as an

auxiliary tool for the prediction of RET rearrangement in PTC.

There are certain limitations to our study: (1) First, the

samples of RET rearrangement were not compared by different

subtypes, such as RET/PTC1 and RET/PTC3, due to the

insufficient sample size, concluding that this study could only

perform primary screening of patients with RET rearrangement

in PTC and not predict the specific subtypes. (2) Second, as this

was a retrospective study, a selection bias may exist. Therefore,

we aim to conduct a prospective study in the future to control for

confounding variables. (3) Lastly, there was a lack of external

validation as it was a single-center, small-sample study;

therefore, this model needs to be further validated in a multi-

center, larger sample size survey.
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Whole-exome sequencing
and bioinformatic analyses
revealed differences in gene
mutation profiles in papillary
thyroid cancer patients with
and without benign thyroid
goitre background

Zing Hong Eng1, Mardiaty Iryani Abdullah1,2,
Khoon Leong Ng3, Azlina Abdul Aziz1, Nurul Hannis Arba’ie3,
Nurullainy Mat Rashid1 and Sarni Mat Junit1*

1Department of Molecular Medicine, Faculty of Medicine, Universiti Malaya, Kuala Lumpur, Malaysia,
2Department of Biomedical Science, Kulliyyah of Allied Health Sciences, International Islamic University
Malaysia, Kuantan, Pahang, Malaysia, 3Department of Surgery, Faculty of Medicine, Universiti Malaya,
Kuala Lumpur, Malaysia
Background: Papillary thyroid cancer (PTC) is the most common thyroid

malignancy. Concurrent presence of cytomorphological benign thyroid

goitre (BTG) and PTC lesion is often detected. Aberrant protein profiles were

previously reported in patients with and without BTG cytomorphological

background. This study aimed to evaluate gene mutation profiles to further

understand the molecular mechanism underlying BTG, PTC without BTG

background and PTC with BTG background.

Methods: Patientswere grouped according to the histopathological examination

results: (i)BTGpatients (n=9), (ii) PTCpatientswithoutBTGbackground(PTCa,n=

8), and (iii) PTC patients with BTG background (PTCb, n = 5). Whole-exome

sequencing (WES) was performed on genomic DNA extracted from thyroid tissue

specimens.Nonsynonymous and splice-site variantswithMAFof≤ 1% in the 1000

Genomes Project were subjected to principal component analysis (PCA). PTC-

specific SNVs were filtered against OncoKB and COSMIC while novel SNVs were

screened throughdbSNPandCOSMICdatabases. Functional impacts of the SNVs

were predicted using PolyPhen-2 and SIFT. Protein-protein interaction (PPI)

enrichment of the tumour-related genes was analysed using Metascape and

MCODE algorithm.

Results: PCA plots showed distinctive SNV profiles among the three groups.

OncoKB and COSMIC database screening identified 36 tumour-related genes

including BRCA2 and FANCD2 in all groups. BRAF and 19 additional genes were

found only in PTCa and PTCb. “Pathways in cancer”, “DNA repair” and “Fanconi

anaemia pathway” were among the top networks shared by all groups.
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However, signalling pathways related to tyrosine kinases were the most

significantly enriched in PTCa while “Jak-STAT signalling pathway” and

“Notch signalling pathway” were the only significantly enriched in PTCb. Ten

SNVs were PTC-specific of which two were novel; DCTN1 c.2786C>G

(p.Ala929Gly) and TRRAP c.8735G>C (p.Ser2912Thr). Four out of the ten

SNVs were unique to PTCa.

Conclusion: Distinctive gene mutation patterns detected in this study

corroborated the previous protein profile findings. We hypothesised that the

PTCa and PTCb subtypes differed in the underlying molecular mechanisms

involving tyrosine kinase, Jak-STAT and Notch signalling pathways. The

potential applications of the SNVs in differentiating the benign from the PTC

subtypes requires further validation in a larger sample size.
KEYWORDS

benign thyroid goitre, whole-exome sequencing, thyroid tumourigenesis, single
nucleotide variants, papillary thyroid cancer
1 Introduction

Abnormal focal growth of thyroid cells resulting in thyroid

nodules are very common in the general population. Although the

majority of them are diagnosed as benign thyroid goitre (BTG),

malignancies occur in 5% to 10% of nodules (1). Thyroid cancer,

the most prevalent endocrine malignancy (2), is in the top ten of

the most common cancer types in the world’s female population,

including Malaysia (3). Papillary thyroid cancer (PTC) is thyroid

follicular cell-derived, constituting approximately 80% of all

thyroid cancer cases (4). Mutations that trigger oncogenic

activation of mitogen-activated protein kinase (MAPK)

signalling pathway such as the BRAFV600E mutation are

frequently linked to many malignancies including melanoma,

colorectal cancer, and PTC (5).

Fine-needle aspiration cytology (FNAC) is a standard pre-

operative, minimally invasive procedure to determine thyroid

nodule malignancy status. However, up to one-fourth of the

cases usually falls into the indeterminate Bethesda categories III

and IV (6). Malignancy status is usually confirmed by

histopathological examination (HPE) of thyroid tissue samples

following partial or total thyroidectomy. HPE is the gold

standard for thyroid nodule diagnosis, and yet only 40% of the

indeterminate nodules were confirmed to be malignant after

HPE (6, 7). Particularly, some of the confirmed PTC through

HPE biopsies were found to have a BTG cytomorphological

structure. Whether these PTCs are unique PTC subtypes, or the

intermediate state of BTG transformation to PTC, remains

unknown. Differences in tissue and serum protein profiles

were reported in PTC patients with and without BTG
02
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background (8) indicative of differences in the underlying

mechanisms between the two PTC subtypes and/or differences

in their disease progression. This study aimed to evaluate gene

mutation profiles to further understand the molecular

mechanism underlying BTG, PTC without BTG background

and PTC with BTG background. The presence of distinct

tumour-related genetic profiles may be able to differentiate the

two PTC subtypes in this cohort of patients.
2 Materials and methods

2.1 Subjects

This study was approved by the University of Malaya

Medical Centre (UMMC) ’s Medical Research Ethics

Committee (MREC ID NO: 2019619-7540) in accordance with

the ICH GCP guidelines and the Declaration of Helsinki.

Written informed consent was obtained from all patients

before the study was carried out.

The malignancy status of the patients was assessed through

FNA cytology (FNAC) and was further confirmed by

histopathological examination (HPE) of tissue specimens

following partial or total thyroidectomy. All thyroid tissue

specimens were placed in Allprotect tissue reagent (Qiagen,

Hilden, Germany) at the time of retrieval and then stored at –

80°C until further analysis. The patients were categorised into

three groups based on the HPE reports: i) BTG (n = 9), ii) PTC

without a BTG cytomorphological background (PTCa) (n = 8)

and iii) PTC with a background of BTG (PTCb) (n = 5).
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2.2 Genomic DNA extraction from
thyroid tissue

Freshly excised thyroid tissue sample from each individual in

the respective groups was submerged overnight in Allprotect

tissue reagent (Qiagen, Hilden, Germany) at 4°C before storage

at –80°C. Genomic DNA (gDNA) was extracted from the tissue

samples using Qiagen AllPrep DNA/RNA/Protein Mini Kit

(Qiagen, Hilden, Germany) according to the manufacturer’s

protocol. The concentration and purity of the extracted gDNA

were determined by Invitrogen Qubit dsDNA BR Assay kit

(Thermo Fisher Scientific, Massachusetts, USA) on Qubit 2.0

Fluorometer, and by Thermo Scientific NanoDrop™ 2000c

Spectrophotometer (Thermo Fisher Scientific, Massachusetts,

USA), respectively. The gDNA integrity test was then

performed using 1% agarose gel electrophoresis.
2.3 Whole-exome sequencing analysis

Genomic DNA (gDNA) samples of the patients; BTG (n =

9), PTCa (n = 8), and PTCb (n = 5) were sent to BGI

Biotechnology Company (Shenzhen, China) for whole-exome

sequencing (WES) analysis. The qualified gDNA was randomly

fragmented into fragments with a range of 150-200 bp using the

Adaptive Focused Acoustics® (AFA®) technology of Covaris

Ltd. The adapter-ligated templates were purified using the

AgencourtAMPure Solid Phase Reversible Immobilisation

(SPRI) beads and fragments with an insert size of about 200

bp were excised. Extracted adapter-ligated templates were then

amplified by ligation-mediated polymerase chain reaction (LM-

PCR), purified, and hybridised to the SureSelect Biotinylated

RNA baits for enrichment and measured using the Agilent 2100

Bioanalyzer. The captured products were then circularised

before rolling circle amplification (RCA) was used to produce

DNA Nanoballs (DNBs). The captured libraries were then

sequenced using the BGISEQ-500 sequencing platform and

processed by BGISEQ base-calling Software with default

parameters. The filtered WES data in FASTQ format were

aligned to Reference Genome of human genome built 37

(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/bigZips/)

using Burrows-Wheeler Aligner (BWA) software. Genomic

variations were detected by HaplotypeCaller of Genome

Analysis Toolkit (GATK) (v3.6). The hard-filtering method

was applied to obtain high confident variant calls. All the

SNVs were then annotated using the SnpEff program (http://

snpeff.sourceforge.net/). The WES results were validated by

BRAFV600E mutation screening using PCR-direct DNA

sequencing (9). Primers targeting the BRAF mutation were

designed using Primer3 (https://primer3.ut.ee/). The primer

sequence is as follows; Forward: 5’-CTCTTCATAATGCTT
Frontiers in Endocrinology 03
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GCTCTGATAG-3’; Reverse: 5’-CCTCAATTCTTACCATC

CAC-3’.
2.4 Variant filtering and principal
component analysis

The variants with the following criteria were retained for

further analyses: (i) minor allele frequency (MAF) ≤ 0.01 in the

1000 Genomes Project control database; and (ii) nonsynonymous

and splice-site variants. Principal component analysis (PCA) was

carried out on the retained SNVs using Python 3.6 software from a

single computer workstation equipped with 3.1 GHz Dual-Core

Intel Core i5 and 8 GB RAM. All the software and Python libraries

used in the study work were from open sources. The following

four variables of categorical data were used to represent an SNV

molecular component chosen for the PCA: sample ID (e.g.

patients 1, 2 etc), mutant genes (e.g. AATF), specific mutation

(e.g. NM_012138:c.G872A:p.G291D) and genotype status

(heterozygous/homozygous) as well as three classes of the

disease type (BTG, PTCa and PTCb). One hot encoding was

then run to convert the categorical variables into the numerical

interpretation. A new dimension data of 22,427 rows and 22,850

columns were produced. All data were standardised in such a

manner that it has mean as 0 and standard deviation as 1. During

model training, the PCA algorithm was carried out to reduce high

dimensional data into a minimum number of dimensions with

90% of the retained variance.
2.5 Database search of single nucleotide
variants in tumour-related genes

The variants were filtered against two cancer-related gene

panels from Oncology Knowledge Base (OncoKB) and Catalogue

Of Somatic Mutation In Cancer (COSMIC) Cancer Gene Census

databases (10, 11). The filtered variants were then screened

through the Single Nucleotide Polymorphisms Database

(dbSNP, http://www.ncbi.nlm.nih.gov/snp) and COSMIC

database for identification of those that were novel. To

determine PTC-specific SNVs, those that were identified in

more than one PTC patients were further subjected to the Allele

Frequency Aggregator (ALFA) project and the genome

Aggregation Database (gnomAD) through Ensembl database

(https://asia.ensembl.org/index.html) of which SNVs with MAF

< 0.01 were retained. The PTC-specific SNVs were then analysed

for their potential functional impact using Polymorphism

Phenotype 2 (PolyPhen-2, http://genetics.bwh.harvard.edu/

pph2/) and Sorting Intolerant from Tolerant (SIFT, https://sift.

bii.a-star.edu.sg/). The variants predicted to be deleterious were

further validated using Sanger sequencing method.
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2.6 Protein-protein interaction network
enrichment analysis

PPI enrichment analysis was carried out through Metascape

tool (http://metascape.org) with the following databases:

STRING, BioGrid, OmniPath, InWeb_IM9 using default

parameters. Tumour-related genes that were found to be

mutated in each disease group were used as the input gene

sets. STRING (physical score > 0.132) and BioGrid were used to

identify the protein-protein physical interactions. The Molecular

Complex Detection (MCODE) algorithm was then applied to

identify densely connected network components in the PPI

analysis results. Pathway and process enrichment analyses

were then carried out on the MCODE modules based on the

GO Biological Processes and KEGG Pathway biological

pathway databases.
3 Results

3.1 Nonsynonymous and splice-site
variants identification and PCA analysis

A total of 15703 nonsynonymous and splice-site variants

were identified in the three cohorts of patients (Figure 1A).

PTCa patients had the highest average variant count (≈ 1156)

followed by PTCb (≈ 1029) and BTG (893) patients. Missense

mutation was found to be the most common type of variant type
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among all subjects. PCA plots of the filtered WES data for the

three groups are shown in Figure 1B. In general, distinctive

patterns of the four variables were observed for the BTG

(Figure 1B(i)), PTCa (Figure 1B(ii)) and PTCb (Figure 1B(iii))

when the data were analysed separately. A similar distinctive

pattern was observed when the datasets from the three disease

groups were co-analysed. The variable profiles for PTCa showed

a higher degree of dispersal compared to PTCb in relation to

BTG. In addition, BTG, PTCa and PTCb showed some extent of

similarities in their patterns represented by the shared area at the

centre of the PCA plot [Figure 1B(iv)].
3.2 Analysis of mutated tumour-related
genes in BTG, PTCa and PTCb

The 15703 nonsynonymous and splice-site variants were

found in a total of 7875 genes in the three groups of patients.

When the 7875 genes were filtered against OncoKB and

COSMIC cancer gene census databases, a total of 259 tumour-

related genes were identified (Figure 2A). OncoKB was able to

identify more tumour-related genes in our cohort of patients

(410 genes) compared to the COSMIC database (318 genes).

Among the 259 mutated tumour-related genes, 149 were found

in the BTG group, followed by 144 and 111 in the PTCa and

PTCb groups, respectively (Figure 2B). Thirty-six tumour-

related genes including ALK, AR, BRCA2, FANCD2 and CBL

were found to be mutated in all the three disease groups. An
A B

FIGURE 1

Analysis of nonsynonymous and splice-site single nucleotide variants (SNVs) identified through whole exome sequencing in patients with benign
thyroid goitre (BTG), papillary thyroid cancer without BTG background (PTCa) and with BTG background (PTCb). (A) Nonsynonymous SNVs
identified in each patient were filtered against 1000 Genome Projects (MAF ≤ 0.01). (B) Principal Component Analysis (PCA) of SNV profiles
(gene, mutation, and genotype status) of the filtered nonsynonymous SNVs in (i) BTG, (ii) PTCa in relation to BTG, (iii) PTCb in relation to BTG
and (iv) all disease groups.
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additional 35 genes including ATR and IRS4 were found only in

the BTG and PTCa. Another 18 tumour-related genes such as

NCOR2 and PALB2 were found to be mutated in BTG and PTCb

only. In addition, genes including BRAF, DCTN1 and RAD51B

were among the 20 tumour-related genes that were found to be

mutated only in the PTCa and PTCb patients. The list of

mutated tumour-related genes in each disease group is

presented in Supplementary Table 1. A representative of the

Sanger sequencing result of the BRAFV600E is shown in

Supplementary Figure 1.
3.3 Protein-protein interaction network
enrichment analysis of the mutated
tumour-related genes found in BTG,
PTCa and PTCb

The top enriched KEGG ontology terms in the PPI networks

of the three groups are shown in Figure 3A. “Pathways in

cancer” (hsa05200), “Fanconi anaemia pathway” (hsa03460)
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and “Homologous recombination” (hsa03440) were

significantly enriched in the three groups with “Pathways in

cancer” and “Fanconi anaemia pathway” were the most enriched

in PTCa while “Homologous recombination” was the most

enriched in PTCb. “EGFR tyrosine kinase inhibitor resistance”

(hsa01521) was exclusively enriched in PTCa while “Jak-STAT

signalling pathway” (hsa04630), “Notch signalling pathway”

(hsa04330) and “Endocrine resistance” (hsa01522) were only

enriched in PTCb.

“DNA repair” (GO:0006281), “cellular response to DNA

damage stimulus” (GO:0006974) and “double-strand break

repair” (GO:0006302) were the enriched Gene Ontology (GO)

terms shared among the three groups with the highest

significance observed in PTCb followed by PTCa and BTG

(Figure 3B). Three GO networks were only significantly

enriched in the malignant groups namely “peptidyl-tyrosine

phosphorylat ion” (GO:0018108) , “peptidyl-tyrosine

modification” (GO:0018212) and “regulation of kinase

activity” (GO:0043549), with higher significance shown in

PTCa compared to PTCb. “Mismatch repair” (GO:0006298),
A B

FIGURE 3

Protein-protein interaction (PPI) network analysis showing the top enriched pathways for the three disease groups based on the (A) KEGG
database and (B) GO ontology database. Pathways with p-value < 0.01 (LogP < –2) was considered as significant. BTG, Benign thyroid goitre;
PTCa, Papillary thyroid cancer without BTG background; PTCb, Papillary thyroid cancer with BTG background.
A B

FIGURE 2

Venn diagrams illustrating findings from the database search of mutated tumour-related genes in this cohort of patients. (A) A total of 259
mutated tumour-related genes were listed in both the OncoKB and COSMIC databases. (B) Among the 259 mutated tumour-related genes,
there were 36 genes found to be mutated in all three disease groups.
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“gland development” (GO:0048732) and “morphogenesis of an

epithelium” (GO:0002009) were highly enriched in the BTG

group while “homeostasis of number of cells” (GO:0048872) and

“response to steroid hormone” (GO:0048545) were only

enriched in PTCb.

The enriched terms were categorised into three main

modules: (a) Cancer-related pathways, (b) DNA damage and

repair-related pathways, and (c) Signalling Pathways and the

tumour-related genes that were involved in each module are

shown in Figure 4. Although there was no shared gene among

the three groups in the Cancer-related pathways, three genes

were shared between the two malignant groups namely AR,

HSP90AB1 and GNAS (Figure 4A). NOTCH2 was the only gene

shared between BTG and PTCb. In the DNA damage and repair-

related pathways, BRCA2 (FANCD1) and FANCD2 were the

only two genes shared by the three groups (Figure 4B). In

addition to the two genes, ERCC4, NBN, FANCA, FANCE and

FANCG were shared between BTG and PTCa; WRN, POLD1

and PALB2 were shared between BTG and PTCb groups while

BRIP1 and RAD51B were identified in PTCa and PTCb only. As

shown in Figure 4C, none of the genes in the Signalling pathways

were shared between the two malignant groups. BTG had none

of the enriched term for this module.
3.4 Identification of potential molecular
markers for PTC

A total of 108 SNVs were identified in more than one subjects.

The complete list of the SNVs is presented in Supplementary

Table 2. Comparative analysis against the ALFA project and
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gnomAD dataset through Ensembl database (https://asia.

ensembl.org/index.html) identified 10 PTC-specific SNVs

(Table 1). Four of the SNVs, ATR c.7817G>A (p.Arg2606Gln),

IRS4 c.605A>G (p.Lys202Arg), PCM1 c.3520A>G (p.Thr1174Ala)

and TRRAP c.8735G>C (p.Ser2912Thr) were only detected in

PTCa. Two SNVs, DCTN1 c.2786C>G (p.Ala929Gly) and TRRAP

c.8735G>C (p.Ser2912Thr) were presumed novel as they could

not be found in the dbSNP and COSMIC databases. In silico

functional analysis through Polyphen2 predicted that the two

novel mutations were “possibly damaging” while SIFT predicted

that DCTN1 c.2786C>G (p.Ala929Gly) and TRRAP c.8735G>C

(p.Ser2912Thr) was “tolerated” and “deleterious” respectively.

Another six previously reported SNVs namely ARID1B

c.1181C>G (p.Ala394Gly), BRAF c.1799T>A (p.Val600Glu),

PDE4DIP c.4073T>C (p.Ile1358Thr), ATR c.7817G>A

(p.Arg2606Gln), IRS4 c.605A>G (p.Lys202Arg), and PCM1

c.3520A>G (p.Thr1174Ala) were also predicted to be

deleterious. Although predicted to be of benign variants, TET2

c.2440C>T (p.Arg814Cys) and USP6 c.287G>T (p.Arg96Leu)

showed PTC-specificity.

Allelic frequency comparison of six SNPs: BRAF c.1799T>A

(p.Val600Glu), TET2 c.2440C>T (p.Arg814Cys), USP6

c.287G>T (p.Arg96Leu), ATR c.7817G>A (p.Arg2606Gln),

IRS4 c.605A>G (p.Lys202Arg) and PCM1 c.3520A>G

(p.Thr1174Ala) with various normal populations is presented

in Figure 5. The minor allele for the six PTC-specific SNVs were

either totally absent (BRAF c.1799T>A (p.Val600Glu) and IRS4

c.605A>G (p.Lys202Arg) or present in less than 1% in the world

(ALL), African (AFR), American (AMR), East Asian (EAS),

European (EUR) and South Asian (SAS) populations.

Population genetic data for the other four SNVs; ARID1B
A B

C

FIGURE 4

Distribution of genes of the enriched pathways in BTG, PTCa and PTCb. The enriched ontology terms are categorised according to the MCODE
algorithm modules: (A) Cancer-related pathways and (B) DNA damage and repair-related pathways and (C) Signalling pathways. BTG, Benign
thyroid goitre; PTCa, Papillary thyroid cancer without BTG background; PTCb, Papillary thyroid cancer with BTG background.
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FIGURE 5

Comparison of allelic frequencies of ten PTC-specific SNPs in BTG, PTCa, PTCb and various populations. The data of different populations were
obtained from Ensembl population genetic database (https://asia.ensembl.org/index.html). ALL, all populations; AFR, African; AMR, American;
EAS, East Asian; EUR, European; SAS, South Asian. Major allele refers to the wildtype allele; minor allele refers to the mutant allele. BTG, Benign
thyroid goitre; PTCa, Papillary thyroid cancer without BTG background; PTCb, Papillary thyroid cancer with BTG background.
TABLE 1 Ten PTC-specific SNVs and their in silico functional impact predictions.

Gene dbSNP Transcript Codon
Change

Amino acid
Change

SNV
counts

PolyPhen2 SIFT

BTG PTC Score Prediction Score Prediction

ARID1B rs1778971493 NM_020732 c.1181C>G p.Ala394Gly 0 3 0.766
Possibly
Damaging Not scored

DCTN1 Novel NM_004082 c.2786C>G p.Ala929Gly 0 3 0.849
Possibly
Damaging 0.370 Tolerated

BRAF rs113488022 NM_004333 c.1799T>A p.Val600Glu 0 3 0.923
Possibly
Damaging 0.010 Deleterious

TET2 rs192553789 NM_001127208 c.2440C>T p.Arg814Cys 0 2 0.034 Benign 0.120 Tolerated

USP6 rs113754955 NM_001304284 c.287G>T p.Arg96Leu 0 2 0.069 Benign 0.193 Tolerated

PDE4DIP rs2066638374 NM_001198834 c.4073T>C p.Ile1358Thr 0 2 0.993
Probably
Damaging 0.010 Deleterious

ATR rs199948706 NM_001184 c.7817G>A p.Arg2606Gln 0 2 0.935
Possibly
Damaging 0.210 Tolerated

IRS4 rs753584516 NM_003604 c.605A>G p.Lys202Arg 0 2 0.890
Possibly
Damaging 0.280 Tolerated

PCM1 rs143680240 NM_006197 c.3520A>G p.Thr1174Ala 0 2 0.005 Benign 0.018 Deleterious

TRRAP Novel NM_001244580 c.8735G>C p.Ser2912Thr 0 2 0.976
Probably
Damaging 0.020 Deleterious

BTG, Benign thyroid goitre; PTC, Papillary thyroid cancer. SNVs with PolyPhen2 score ranged from 0.15 to 1.0 are predicted to be possibly damaging, those with score > 0.85 are more
confidently predicted to be damaging. SNVs with SIFT score < 0.05 are considered deleterious.
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c.1181C>G (p.Ala394Gly), DCTN1 c.2786C>G (p.Ala929Gly),

PDE4DIP c.4073T>C (p.Ile1358Thr) and TRRAP c.8735G>C

(p.Ser2912Thr) were not available in the database for allelic

frequency comparison to be made.
4 Discussion

To understand the underlying genetic alterations in PTCa

and PTCb, WES data of the two groups were compared to those

in BTG. WES is one of the NGS platforms that can detect

variations in the protein-coding area of genes (exons), which

account for approximately 3.09% of the whole genome (12). Its

function and application to detect disease-causing mutations

have been previously demonstrated in papillary thyroid cancer

cases (13–16) and other clinical studies (17, 18).

In this study, nonsynonymous variants with MAF ≤ 1% were

prioritised due to their direct impact on the functionality and the

available tools to interrogate their pathogenic effects (19, 20). The

three groups showed similarities in the type of variants of which

missense variants being the most common, followed by splice-site

and nonsense variants. However, among the three groups, PTCa

had the highest total number of variants, followed by PTCb and

BTG. DNA damage is common, and it is usually repaired by

various DNA repair machineries. The equilibrium between the

occurrence of DNA damage and repair, if skewed, leads to DNA

damage accumulation, and might start the cancer onset (21).

DNA damage accumulation might have contributed towards the

higher number of variants in both the malignant PTCa and PTCb

groups as compared to the BTG. The different average number of

variants between PTCa and PTCb may indicate differences in the

underlying disease progression mechanisms or differences in the

phases/states during the transformation from the benign to

malignant condition. Since the transformed WES data had

superhigh dimensions, PCA was done to reduce the

dimensionality to find distinct patterns within the data without

losing its original information. Ninety percent of variance were set

during the model training to get the best visualisation of the

distinct patterns while retaining as much information in the

datasets as possible (22). The 10% loss in information is to be

expected during the dimensional reduction and other factors

including duplication, less informative or the complex nature of

the information (23). Distinctive profiles were also observed when

the filtered WES data for PTCa and PTCb in relation to BTG,

were further visualised through PCA plots. This may also point to

differences in the underlying molecular mechanisms. Despite the

distinctive profiles, some extent of similar patterns in PCA plots

were also observed among the BTG, PTCa and PTCb. The pattern

similarities could be interpreted that both PTCa and PTCb

originate from BTG or PTCb could be an intermediate state in

the BTG to PTCa transformation.

To further understand the similarities and differences in the

underlying molecular mechanisms behind PTCa and PTCb in
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relation to BTG, the gene variants identified in all patients were

subjected to comparative analyses against OncoKB and

COSMIC cancer gene census databases followed by PPI

pathway enrichment analyses. MCODE algorithm was applied

to identify the densely connected network components in the

PPI analysis. The three groups shared significant enrichment of

the Cancer-related pathways and DNA damage repair-related

pathways. Although no specific tumour-related gene was shared

among the three groups, NOTCH2 was shared between BTG and

PTCb while AR, HSP90AB1 and GNAS were shared between

BTG and PTCa suggesting their possible roles in the BTG-to-

PTCb and BTG-to-PTCa transformation, respectively. These

observat ions a lso sugges t that the mechanism of

transformation from BTG to PTCa differs from that of BTG to

PTCb. In general, the DNA damage and repair-related pathways

were more significantly enriched in both PTCa and PTCb

compared to BTG. “Fanconi anaemia pathway” was most

enriched in PTCa while “Homologous recombination” and

“mismatch repair” were most enriched in PTCb and BTG

respectively. Notably, BRCA2 and FANCD2 were shared by

three groups indicating that the two genes possibly playing key

roles in triggering the transformation of BTG to both PTCa and

PTCb. DNA lesions can be caused by either endogenous or

exogenous agents, such as reactive oxygen species (ROS)

produced during cell metabolism or ionising radiation (13). As

such, cells are equipped with different DNA repair systems,

including base excision repair (BER), nucleotide excision repair

(NER), mismatch repair (MMR), homologous recombination

(HR) and non-homologous end-joining (NHEJ) against different

types of DNA damages and active throughout different cell cycle

stages, maintaining our genome stability. Aberrant DNA repair

might drive accumulation of the DNA damages, followed by

cancer onset. DNA damage in thyroid disorders is common, due

to the reliance on ROS in thyroid hormone biosynthesis (14, 15).

Fanconi anaemia (FA) pathway has been found to be

important in DNA repair mechanisms (24, 25), although none

of our patients had haematologic disorders. Based on the

literatures, upon recognition and binding of FA core complex

that comprises seven complementary groups (A, B, C, E, F, L and

M) to the DNA lesions, the ubiquitination activated FANCD2-I

will then localise to the damaged DNA loci. The FA pathway then

regulates the subsequent repair processes including DNA

replication, cell-cycle arrest, and DNA damage repair. BRCA2 is

a recombination mediator that co-localises with ubiquitinated

FANCD2 and facilitates the formation of Rad51 nucleofilaments,

linking the FA pathways to homologous recombination (26).

BRCA2 mutation has been linked to many cancer types,

including breast cancer, ovarian cancer, pancreatic cancer and

glioblastoma (27–30). Generally, cancer patients with the BRCA2

mutations were reported to have a more aggressive phenotype

compared to those with FANCD2 mutation (24). In this study, in

addition to BRCA2 and FANCD2, another three genes in the FA

pathways, FANCA, FANCE and FANCG, were exclusively shared
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between BTG and PTCa indicating their importance in the

transformation of BTG to PTCa with an aggressive phenotype.

In addition to BRCA2 and FANCD2, PALB2 is another gene

node which was found in both BTG and PTCb. PALB2 has been

reported to be indispensable to BRCA1 and BRCA2 in DNA repair

mechanisms (31, 32). In contrast to FANCD2 monoubiquitination

which has a mild impact on HR, BRCA2 activity is essential for

DNA double-strand break (DSB) repair (24). PALB2 and BRCAs

genes have been well-reported due to their high prevalence in

breast cancer where patients with PALB2 gene mutation were

found to have shorter survival years (33–35). It was also reported

that approximately 49.1% of thyroid cancer patients were found to

have breast tumours (36). PALB2 codes for a protein that serves as

a bridge protein between BRCA1 and BRCA2 proteins to form a

complex that initiates HR of the DSB (37, 38). Mutations in PALB2

might lead to its BRCAs binding function loss, which leads to the

impaired HR pathway, and the accumulation of DNADSB lesions.

The ATM gene found in PTCb’s PPI network further strengthens

our speculation. ATM gene codes for the checkpoint kinase ataxia

telangiectasia mutated, which activates the intra-S checkpoint in

response to DSBs to arrest DNA replication, the possible loss of

this kinase function might lead to further DNA lesions

accumulation in the PTCb group. Further assessment on DSBs

in PTCb with concomitant presence of breast cancer is

thus warranted.

While there were degrees of similarities and differences in

DNA damage repair-related pathways gene enrichment, in

PTCa and PTCb, the “Signalling pathways” enriched network

were distinctive in the two groups. Genomic instability has been

suggested to be an early event in cancer development, where the

consecutive genetic alterations that affect the normal cell cycle

machinery might promote progression from a relatively benign

proliferative cells lump to malignant tumour (39–41).

Oncogenic mutations that lead to abnormal synthesis of

receptors or ligands involved in signalling pathways, such as

growth factor receptor tyrosine kinases (RTKs) and serine/

threonine kinase, can cause hyperactive oncogenic signalling

pathways and dysregulate cell cycle machinery (40). Signalling

pathways related to tyrosine kinases were the most significantly

enriched in PTCa while “Jak-STAT signalling pathway” and

“Notch signalling pathway” were the only significantly enriched

in PTCb. BTG was found to have none of the enriched term for

this module. Oncogenic activation of the MAPK signalling

cascade was found to be indispensable to the PTC

development (31). The oncogenic activation of MAPK cascade

upregulates the expression of the receptor tyrosine kinase and its

binding to the ligands, such as growth factors, might lead to the

oncogenic cell proliferation. However, the absence of this

MCODE network in the PTCb group further revealed the

different underlying mechanisms in the PTCa and PTCb

disease progression. Jak-STAT and Notch signalling pathways

were shown to be affected in the PTCb group. Jak-STAT

signalling pathway has been reported to have tumour effects in
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PTC development (42). An additional study had also reported

the potential role of affected STAT3 pathway and MAPK

signalling cascade due to prolonged H2O2 insult in the thyroid

gland and leading to the PTC progression (43, 44). The role of

Notch signalling in cancer progression remains controversial, as

it was found to be oncogenic and tumour suppressive in different

studies. Increased Notch1 and Notch2 expression in PTC cases

were found to be associated with more aggressive phenotypes

(45). The upregulated Notch1 signalling pathway was linked to

metastasis, increased tumour size, and led to a poor prognosis in

PTC patients (45, 46). The affected Notch signalling pathway in

the PTCb patients in the present study might result in the poor

prognos is of PTCb where the ir presence of BTG

cytomorphological structure is in the background. However,

discordant findings were also reported (47, 48).

Taken together, findings from the in-silico PPI network

enrichment analysis suggest that erroneous DNA repair

mechanism might be the primary cause of thyroid tumour

development of BTG. Further oncogenic mutations that affect

the signalling pathways then drive the transformation of PTCa

and PTCb from BTG. The transformation of BTG to PTCa

follows a different mechanism which involves a more aggressive

tyrosine kinase-related pathways while the transformation of

BTG to PTCb is linked to presumably a less aggressive JAK-

STAT/Notch signalling pathways. Further confirmation on this

is required. The difference in the signalling pathways will allow a

more personalised therapeutic target for PTCa and PTCb. The

proposed mechanism of transformation from BTG to PTCa and

PTCb is summarised in Figure 6.

Through the WES sequencing analysis, there were ten

SNVs showing PTC-specific characteristic where also

predicted to be functionally deleterious in in-silico functional

analysis BRAF c.1799T>A (p.Val600Glu) is one of ten SNVs

that were found to be PTC-specific. BRAFV600E mutation,

which was detected in approximately 60% of PTC cases, is

associated with disease aggressiveness, recurrence and

increased mortality (17, 18, 49–52). Its high prevalence in

PTC patients has led to the suggestion of its potential use as

a diagnostic and prognostic genetic biomarker (53–55). In the

current study, BRAFV600E was confirmed to be PTC-specific. Its

relatively low occurrence of 23.1% suggests that BRAFV600E is

not a common underlying mutation in our cohort of patients.

The prevalence of BRAFV600E mutation in PTC patients in

Malaysia and in the rest of the Southeast Asia region remains

largely unknown (56). While this mutation had been reported

to be associated with intra-axial brain tumour patients in

Malaysia (57), our study is the first to report the presence of

this mutation in PTC patients in Malaysia. Further screening of

the BRAFV600E mutation in a larger sample size will better

reflect its prevalence in the Malaysian PTC population. While

BRAFV600E was able to differentiate the BTG from the

malignant PTC cases, it was unable to differentiate between

PTCa and PTCb in this study.
frontiersin.org

https://doi.org/10.3389/fendo.2022.1039494
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Eng et al. 10.3389/fendo.2022.1039494
Six SNPs, BRAF c.1799T>A (p.Val600Glu), TET2

c.2440C>T (p.Arg814Cys), USP6 c.287G>T (p.Arg96Leu),

ATR c .7817G>A (p .Arg2606Gln) , IRS4 c .605A>G

(p.Lys202Arg) and PCM1 c.3520A>G (p.Thr1174Ala) were

present in less than 1% of the world population as the African

(AFR), American (AMR), East Asian (EAS), European (EUR)

and South Asian (SAS) populations further suggesting that

these were pathological instead of neutral mutations. The

allelic frequency of another four SNVs {ARID1B c.1181C>G

(p.Ala394Gly), DCTN1 c.2786C>G (p.Ala929Gly), PDE4DIP

c .4073T>C (p.I le1358Thr) and TRRAP c .8735G>C

(p.Ser2912Thr)} in the various populations were unknown

due to data unavailability. While the ten SNVs were PTC-

specific, four of the mutations; ATR, IRS4, PCM1 and TRRAP

were present only in PTCa. ATR encodes for serine/threonine-

protein kinase ATR, is important for DNA damage sensors,

activating DNA damage checkpoint against replication stress.

The potential loss of function of ATR due to rs199948706

(p.Arg2606Gln) was suggested to increase the DNA damage,

initiating the PTCa progression from BTG. Insulin receptor

substrate 4 (IRS4) can induce hyperactivation of PI3K/AKT

pathway and promote tumourigenesis, in the absence of insulin

or other growth factors (56). IRS4 mRNA is expressed in

various human tissues including pituitary, thyroid, ovary,

prostate, fibroblasts, however, with a low expression level

(58). Upregulated IRS4 was detected in various cancer cell

lines, and high phosphatidylinositol triphosphate level was

also identified (59, 60). PCM1 codes for pericentriolar

material 1, chromosomal aberrations of this gene have been
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linked to variousmalignancies. RET/PCM1 translocation had been

identified in PTC patient, however its role in tumourigenesis is not

fully elucidated. TRRAP mutation which was identified in BRAF

wildtype PTC patients (61), plays an important role in the

recruitment of histone acetyltransferase (HAT) complexes to the

chromatin, regulating transcription and DNA repair. Its FATC

domain can bind to Myc, regulating Myc oncogenic activities (62,

63). In this present study, the TRRAP p.S2912Tmutation is located

within the FAT domain, where the function and protein-protein

interaction of this domain remains largely unknown.The ten SNVs

may be useful as a diagnostic tool todeterminemalignancy status of

thyroid nodules to complement the existing diagnostic methods

pending further validation in a clinical setting and in a larger

sample size.

In conclusion, distinctive gene mutation patterns were

detected in BTG, PTCa and PTCb which corroborated the

previous findings on protein profiles in similar cohort of

patients. Based on the current study, it is hypothesised that

FANCD1 (BRCA2) and FANCD2 along with other genes that

encode for various components of the DNA damage and repair-

related pathways, play a key role in the progression of BTG to

PTC. Gene mutation patterns did not indicate that PTCb is the

intermediate state of transformation of BTG to PTCa. Instead,

PTCa and PTCb are subtypes that differ in the underlying

molecular mechanisms involving tyrosine kinase-related

signalling for the former and Jak-STAT and Notch signalling

pathways for the latter. However, in vitro functional analysis

would need to be carried out to further validate our speculations.

The potential applications of the SNVs, especially the ten PTC-
FIGURE 6

The proposed mechanism of BTG transformation to PTCa and PTCb in this cohort of patients.
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specific, in differentiating the benign from the PTC subtypes

requires further validation in a larger sample size.
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diagnóstico por imagem (CETRUS), Brazil

REVIEWED BY

Serena Ippolito,
ASL Napoli 1 centro, Italy
Sana Ghaznavi,
University of Calgary, Canada
Anupam Kotwal,
University of Nebraska Medical Center,
United States

*CORRESPONDENCE

Lisa A. Orloff

lorloff@stanford.edu

SPECIALTY SECTION

This article was submitted to
Thyroid Endocrinology,
a section of the journal
Frontiers in Endocrinology

RECEIVED 18 November 2022

ACCEPTED 04 January 2023
PUBLISHED 30 January 2023

CITATION

Cohen SM, Noel JE, Baroody M and
Orloff LA (2023) Prognostication of
papillary thyroid microcarcinoma based on
preoperative ultrasound.
Front. Endocrinol. 14:1101705.
doi: 10.3389/fendo.2023.1101705

COPYRIGHT

© 2023 Cohen, Noel, Baroody and Orloff.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 30 January 2023

DOI 10.3389/fendo.2023.1101705
Prognostication of papillary
thyroid microcarcinoma based on
preoperative ultrasound

Samuel M. Cohen, Julia E. Noel, Michael Baroody
and Lisa A. Orloff*

Department of Otolaryngology-Head and Neck Surgery, Stanford University School of Medicine,
Stanford, CA, United States
Background: Diagnosis of papillary thyroid microcarcinoma, defined as papillary

thyroid carcinoma measuring 1cm or less in greatest diameter, has increased with

improvements in ultrasound technology and widespread familiarity and utilization.

Given the indolent course of papillary thyroid carcinoma, active surveillance is

considered an acceptable alternative to surgical resection for select patients.

Candidacy for active surveillance is determined by a number of patient and

tumor characteristics. Specifically, the location of the tumor within the thyroid

gland plays one of the key roles in decision making. Here we evaluate

characteristics of the primary tumor and distance to the thyroid capsule in

association with locoregional metastases to help guide risk assessment.

Methods: Retrospective chart review of all thyroid surgeries performed by two

surgeons at one medical center from 2014-2021 to evaluate characteristics of

papillary thyroid microcarcinoma on preoperative ultrasound that are associated

with locoregional metastatic disease.

Results: Our data show a sensitivity of 65% and specificity of 95% for identifying

regional metastases in papillary thyroid microcarcinoma using preoperative

ultrasound. We found no correlation between regional metastasis and size of

tumor, distance to thyroid capsule or trachea, tumor contour, or presence of

autoimmune thyroiditis. Nodules in the superior or midpole were associated with

central or lateral neck metastases, whereas nodules in the isthmus or inferior pole

were only associated with central neck metastases.

Conclusions: Active surveillance may be a reasonable option for even those

papillary thyroid microcarcinomas adjacent to the thyroid capsule.

KEYWORDS

papillary thyroid microcarcinoma, active surveillance, ultrasound, papillary throid
carcinoma, thyroid nodular disease
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Introduction

Papillary thyroid microcarcinoma (PTMC) is defined by the

World Health Organization as papillary thyroid carcinoma (PTC)

with a maximum diameter of 1 cm or less. The prevalence of PTMC

has dramatically increased in the past fifty years largely with the

evolution of ultrasound technology and ultrasound-guided FNA (1).

While rates of PTMC have risen throughout the world, rates of

mortality from thyroid cancer have remained stable, raising concern

for overtreatment (2–4).

Accordingly, the traditional treatment modality of surgical

resection for PTMC has been reconsidered. Prospective clinical

trials from Japan demonstrate that active surveillance (AS) is a safe

option for management of low-risk (T1aN0M0) PTMC (5, 6).

Professional organizations in Japan and the United States adopted

active surveillance as an alternative management strategy in 2010 and

2015, respectively (7, 8).

In 2016, Brito et al. published a clinical framework for risk

stratification when considering AS for PTMC (9). This approach

considers tumor/neck ultrasound characteristics, patient

demographic characteristics, and treatment characteristics,

including availability of a multidisciplinary team. To date, several

features have been identified that may increase the risk of nodal

metastases and impact candidacy for AS, including age <45, male sex,

tumor size >5mm, multifocal disease, and extrathyroidal extension

(10–13). Location of the primary tumor must also be considered,

particularly if growth may affect critical structures or increase surgical

risk. Prior study has suggested AS may be appropriate for tumors

<7mm or even low-risk PTMCs < 7mm abutting the trachea with an

acute angle between the tumor and the tracheal surface, or near the

anticipated location of the recurrent laryngeal nerve but with a

normal rim of thyroid in the direction of the nerve (14). However,

data and validation guiding clinical practice based on preoperative

assessment remains limited.
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Specifically, in this study we analyze preoperative ultrasound

images to identify ultrasound characteristics of PTMC nodules

associated with increased risk of regional metastases. Several

ultrasound characteristics were identified that may help determine

appropriate candidacy for AS.
Materials and methods

Study design and patients

This study was approved by the Stanford Institutional

Review Board.

A retrospective chart review of all thyroid cancer surgeries

performed by two surgeons (J.E.N. and L.A.O.) between 1/1/2014

and 3/1/2021 was performed. All operative and pathology reports

were reviewed, and cases were included if a total thyroidectomy or

thyroid lobectomy was performed with final pathology indicating PTC

equal to or less than 1.0 cm in greatest diameter. Patients were excluded

if they had a concurrent PTC >1cm or were undergoing surgery for

recurrent disease. Patients with multifocal PTMC were not excluded. In

total, 185 PTMC nodules from 158 individuals were identified.

Demographic features (age, gender, race/ethnicity) were collected

from the medical record (Table 1) and clinical features (indication for

surgery, laterality of disease, size of nodule by surgical pathology,

presence of adverse features on pathology [extrathyroidal extension,

angioinvasion, lymphatic invasion, positive margins], presence of

regional metastases, concurrent autoimmune thyroiditis) were collected

from preoperative notes, operative reports, laboratory values, and

pathology reports. Presence of suspicious lymphadenopathy was

collected from preoperative ultrasound reports. To simplify our

analysis and optimize statistical power, we combined N1a and N1b

into one group. 65 out of 185 PTMC nodules were identified incidentally

(resection of PTMC was not the indication for surgery).
TABLE 1 Demographic information for data included in our overall analysis (left column) and in our ultrasound analysis (right column).

Total (%) Ultrasound Analysis (%)

Individuals 158 84

Nodules 185 88

Age: mean (range) 50.4 (16-88) 49.0 (23-88)

Sex

Female 117 (74%) 63 (75%)

Male 41 (26%) 21 (25%)

Race

Asian 42 (27%) 31 (37%)

Hispanic 17 (11%) 7 (8.3%)

White 83 (53%) 40 (48%)

Black 1 (0.63%) 0 (0%)

Other 15 (10%) 6 (7.1%)

Autoimmune Thyroiditis 61 (39%) 34 (40%)
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When available, preoperative ultrasound images were reviewed.

Nodules were included in ultrasound analysis if they could be

confidently identified on the preoperative ultrasound in one of two

scenarios: 1) preoperative FNA confirming PTC, or 2) clearly visible

nodule on ultrasound that correlated in size and location with PTMC

on surgical pathology without heterogeneous thyroid background or

other confounding nodules. 8 out of the 88 nodules used in our

ultrasound analysis were identified incidentally. For those nodules

included, the following ultrasound features were collected: size,

smoothness or lobulation of contour, position within thyroid gland,

relationship to trachea, distance to anterior thyroid capsule, distance

to posterior thyroid capsule (Figure 1). The distance to the anterior

and posterior thyroid capsule was independently measured by two of

the authors in a blinded fashion (S.M.C. and J.E.N.) and the mean of

each of these values was used for analysis.
Statistical analysis

All statistical analysis was performed using Prism (Graphpad

Software, San Diego, CA). Significance tests were two-sided and a p-

value <0.05 was considered significant. Analysis of Variance

(ANOVA) and t-tests were used to determine if differences between

the means of the parameters measured were statistically significant.
Results

185 PTMC nodules were identified from 158 individuals. 102

nodules (55%) were associated with N0 disease and 46 nodules (25%)

were associated with pathologic N1 disease. 37 nodules were

associated with Nx disease (no pathological data from lymph nodes

available) and were excluded from subsequent analysis. The primary

analyses in our study were repeated by combining N0 and Nx data,

and no significant differences were found compared to when Nx was

excluded (data not shown). For 88 of the original 185 nodules, the

PTMC nodule could be confidently identified on preoperative

ultrasound images; many nodules were discovered only

retrospectively on pathology and we were unable to identify them

on preoperative ultrasound due to multinodular disease or small size.

41 of these 88 nodules were associated with N0 disease and 33 nodules
Frontiers in Endocrinology 03151
were associated with N1 disease. 14 nodules were associated with Nx

disease and were excluded from ultrasound analysis.

Appropriate management of thyroid disease requires accurate

assessment of nodule size. In our data set, nodules ranged in size from

0.2cm to 2.7cm on preoperative ultrasound and from 0.15cm to 1.0cm

on pathology (Figure 2A). As PTMC is defined by surgical pathologic

size, our dataset contains nodules with ultrasound dimensions greater

than 1cm that still ultimately classify as PTMC. 57 nodules (65%)

were 1cm or less on preoperative ultrasound and 31 nodules (35%)

were >1cm. When ultrasound and pathology values for each nodule

(Figure 2A) or metastatic lymph node (Figure 2B) were compared,

most values fell above a line with a slope of 1 passing through (0,0).

Ultrasound measurements in vivo tended to exceed the size of disease

compared with ex vivo histopathology. We next analyzed the distance

between nodules and the thyroid capsule. There was a poor

correlation between distance measured on ultrasound and

pathologic margins (Figure 2C, R squared = 0.17). There was no

significant difference in distance to thyroid capsule (measured on

ultrasound) between thyroid nodules with a pathologic margin of

<5mm or >5mm (p>0.05). Pathologic margin size was not reported

when it exceeded 5mm, limiting sample size for analysis of

this characteristic.

Preoperative ultrasound is a valuable tool to assess for regional

metastasis. We analyzed the success rate of ultrasound in accurately

capturing nodal disease, compared to final pathology (Figure 3A).

Among patients with N1 disease, the preoperative ultrasound

accurately predicted suspicious lymph nodes in 30 out of 46 of PTMC

nodules; we report a sensitivity of 65% for preoperative ultrasound to rule

out regional metastasis in PTMC. Among patients with N0 disease,

preoperative ultrasound was free of visible lymphadenopathy in the

central neck in 97 out of 102 cases, corresponding to a specificity of 95%

for confirming regional metastasis.

Understanding which factors may predispose to regional

metastasis is an area of significant clinical interest. On examination

of pathology reports, PTMC nodules associated with N1 disease were

larger than those associated with N0 disease (Figure 3B, mean: N0

[0.51cm], N1 [0.63cm], p<0.05). In contrast to histopathological data,

however, preoperative ultrasound did not capture any difference in

size of nodules associated with N0 vs N1 disease (Figure 3C, mean: N0

[1.03cm], N1 [0.92cm], p>0.05). There was also no difference in rate

of metastatic disease amongst PTMC nodules measuring ≤5mm vs
FIGURE 1

Representative image demonstrating preoperative ultrasound measurements of thyroid nodules. Size of nodule (white). Distance to anterior and posterior
capsule (yellow). The pixel size was calibrated for each image using the scale provided by the ultrasound software (bottom right of image).
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B
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FIGURE 2

Comparison of size of PTMC nodules (A), size of regional metastatic disease (B), and distance of tumor margin from thyroid capsule/surgical resection
boundary (C) as measured on preoperative ultrasound compared to surgical pathology. Dashed line passes through (0,0) and (1,1), representing
equivalent size on both measurements. In (B), open circles represent central neck nodes and closed circles represent lateral neck nodes.
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>5mm. This result was consistent when size was measured on

ultrasound (p >0.05) or on final pathology (p>0.05).

We next determined whether distance of a nodule to the thyroid

capsule may increase the likelihood of metastasis. Distance of each

nodule to the anterior and posterior thyroid capsule was measured,

and the smaller of these two measurements was used for analysis; no

difference was seen between nodules associated with N0 or N1 disease

(Figures 1 and 3D, mean: N0 [0.11cm], N1 [0.0.5cm], p>0.05). Of

note, 34 of 88 of nodules (39%) were adjacent to either the anterior or

posterior thyroid capsule, measured as a minimum distance to the

capsule of 0cm. Extrathyroidal extension was identified on pathology

for 2 of 88 PTMC nodules (2%), one of which abutted the posterior

thyroid capsule. Positive margins were identified on pathology for 2 of

88 PTMC nodules (2%), but were distinct from the 2 nodules with

extrathyroidal extension.

Previous data suggest that observation is safe for certain PTMCs

abutting the trachea (14).

In our data set, of 13 PTMC nodules abutting the trachea, only 1

was associated with positive margins on pathology and none with

extrathyroidal extension. There was no difference between the rate of

positive margin (Figure 4A) or the rate of metastatic disease
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(Figure 4B) between those nodules abutting the trachea and those

not abutting the trachea, although analysis was limited by small

sample size. Ito and colleagues have described certain “high risk”

characteristics of PTMC nodules abutting the trachea, including an

obtuse angle with relation to the trachea and a size larger than 7mm

(14). Consistent with those data, our single nodule with positive

margins had an obtuse angle and was larger than 7mm. Of the

remaining 12 nodules, 10 had acute angles, 1 had an obtuse angle, and

1 had a 90 degree angle with regard to the trachea. 6 of these nodules

were 7mm or larger and 6 nodules were smaller than 7mm.

Finally, we analyzed several additional factors which have been

suggested to be associated with risk of metastases from PTMC. Presence

or absence of autoimmune thyroiditis was not associated with a

difference in rates of metastatic disease amongst patients with PTMC

(Figure 4C). Furthermore, there was no difference in rates of metastatic

disease associated with PTMC nodules with irregular as opposed to

smooth contours (Figure 4D). The location of PTMC nodules within

the thyroid, however, did show differing results. While nodules found in

the superior or mid thyroid pole were significantly associated with both

central and lateral neck metastases, those in the isthmus and inferior

pole were associated only with central metastases (Figure 5).
D

A B

C

FIGURE 3

(A) Proportion of PTMC nodules associated with N0 neck (left) and N1 neck (right), for which the preoperative ultrasound was clear of disease (white bar)
or was suspicious for pathologic nodes (black bar). (B,C) Size of PTMC nodules associated with N0 or N1 disease as measured on surgical pathology
(B) and preoperative ultrasound (C). (D), Shortest distance to the anterior or posterior thyroid capsule as measured on preoperative ultrasound in PTMC
nodules associated with N0 or N1 disease. *, p < 0.05. ns, not stastistically significant.
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Discussion

The question of which PTMCs are candidates for observation is

increasingly pressing as acceptance of active surveillance has become

mainstream. Our data demonstrate that ultrasound measurements

overestimate nodule size compared to final pathology, which is the

metric by which PTMC is defined. As one third of PTMC nodules in

our data set measured greater than 1cm on preoperative ultrasound,

an ultrasound size cutoff of 1.5cm or 2cm rather than a pathology size

cutoff of 1cm may be more clinically relevant for future studies.

Nonetheless, our study provides informative data to help guide the

decision-making process in determining surveillance candidacy.

We found a sensitivity of 65% and specificity of 95% for

identifying PTMC regional metastases, consistent with prior data.

Two recent meta-analyses reported ultrasound sensitivity for

identifying central and lateral neck metastases of 28-33% and 70-

73%, respectively, with a specificity of 93-95% and 84-89%,

respectively (15, 16). The discrepancy in sensitivity between our

study and prior data likely relate to our combining central and

lateral neck metastasis.

Considering the relatively poor sensitivity to rule out regional,

especially central, metastases, identification of ultrasound

characteristics of high risk PTMC nodules is paramount. Our data

suggest that proximity to or contact with the thyroid capsule alone

should not necessarily discourage a physician from offering active

surveillance (Figure 3D). This finding is consistent with one

retrospective study of 1,622 patients (12); however, a meta-analysis
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of 43,750 patients found that >25% PTMC contact with the thyroid

capsule was significantly associated with lateral neck metastases (13).

Within our dataset, nodule contour was classified as smooth or

irregular based on ultrasound, but there was no association between

PTMC contour and regional metastases. Previous meta-analysis

found that PTMC contour and also shape (taller than wide)

conveyed no increased risk of lateral neck metastases (13).

Together, these data suggest that PTMC nodules regardless of

contour may be safely observed. This analysis also suggests that

some PTMC nodules abutting the trachea may be safely observed,

as described in Ito et al. (14) This prospective study of 1143 patients

with PTMC concluded that nodules with an obtuse angle to the

trachea should undergo surgical resection. However, many nodules

may be observed, including those <7mm even if abutting trachea,

those ≥ 7 mm with an acute angle to the trachea, and those with a

normal rim of thyroid tissue separating the nodule from the course of

the recurrent laryngeal nerve (14).

Prior data suggest that PTMC >5mm are higher risk for regional

lymph node metastases than those ≤5mm (11, 12). We caution

against relying on size of PTMC as measured on ultrasound. While

there may be differences in pathological size, such slight variations in

size may not be reliably captured on clinic ultrasound. Our cohort

contained few nodules ≤5mm, which is not surprising considering the

difficulty of accurately assessing and performing biopsy on such small

nodules, and the discouragement of intervening on such small lesions.

Furthermore, we found no relationship between mean size on

ultrasound and regional metastasis. Thus, none of our results refute
D

A B

C

FIGURE 4

(A) PTMC nodules associated with negative or positive pathological margins in those nodules that did (+) or did not (-) abut the trachea on preoperative
ultrasound. (B-D) Comparison of PTMC nodules associated with N0 or N1 disease with regard to whether the nodule abutted the trachea (B), the
individual had autoimmune thyroiditis (C), and the contour of the nodule (D). ns, not stastistically significant.
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prior data or recommendations that nodules ≤5mm in size may safely

be observed. One caveat is the assumption that such nodules, even if

malignant, are PTMC. It is important to remember that medullary

thyroid carcinoma is in the differential diagnosis and has overlapping

sonographic features with PTC. While rare, medullary carcinoma

should be considered during the history-taking, physical examination,

and possible laboratory testing of patients with thyroid nodules.

Our data did demonstrate the tendency of superior pole nodules

to metastasize to the lateral neck, and inferior thyroid nodules to

metastasize to the central neck. This finding is consistent with a prior

meta-analysis (13) and with the anatomy of the lymphovascular

drainage pathway of the thyroid gland. Considering that N1b

disease has a higher mortality than N1a for patients over 55 yo,

surgery may be considered more strongly for superior/midpole

PTMCs in this age group, compared to isthmus or inferior pole

nodules. Regardless, ultrasonography of the entire neck, including

bilateral central and lateral compartments, is warranted during the

ultrasound evaluation and surveillance of PTMC.

There was no correlation between the presence of autoimmune

thyroiditis and identification of metastatic disease. In general, data on

the relationship between autoimmune thyroid disease and the extent

of disease is variable. For example, a meta-analysis of over 15,000

patients reported that, although the presence of thyroiditis increased

the risk of harboring PTC, it protected against lateral neck metastasis

(17), whereas another large meta-analysis of 43,750 patients found no

association with metastatic disease (13). Given the conflicting data,
Frontiers in Endocrinology 07155
the presence of thyroiditis is not an independent factor in

determining candidacy for active surveillance.
Limitations

This study was limited by a small sample size; we designed the study

primarily to include preoperative ultrasound analysis of nodules as this

was lacking in the literature. We chose to exclude Nx disease to increase

clarity of results, but by doing so our sample size was further decreased.

Other limitations are the retrospective nature of the study, the lack of

preoperative cytologic confirmation of 65/185 PTMC nodules included

in our study, and the lack of follow-up data for recurrence or survival.
Conclusions

For patients with PTMC, the sensitivity of preoperative

ultrasound to rule out regional metastasis in PTMC, albeit

potentially micro metastasis, is mediocre. Surgery is recommended

when ultrasound identifies frank extrathyroidal extension or lymph

node metastases, or when adverse clinical features are present such as

vocal fold paralysis or active increase in nodule size on interval exam.

Younger age (less than 45 years) is also associated with long-term

disease progression and favors intervention (10). Many other tumor

and demographic factors, however, have less clear implications on

candidacy for surveillance, and there remains insufficient data for

strong recommendations. The data presented here suggest that active

surveillance may be a reasonable option for even those papillary

thyroid microcarcinomas adjacent to the thyroid capsule, certain

nodules abutting the trachea, and those with irregular margins,

regardless of autoimmune disease status, in the absence of the risk

factors noted above. Nevertheless, and as previously reported,

candidates for observation should be managed by an experienced

multidisciplinary team with the capability of high-quality

ultrasonography and a mechanism to ensure proper follow up.
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diagnóstico por imagem (CETRUS), Brazil

REVIEWED BY

Andrii Dinets,
Taras Shevchenko National University of
Kyiv, Ukraine
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Background: The frequency of thyroid cancer has rapidly increased in recent years

globally. Thus, more papillary thyroid microcarcinoma (PTMC) patients are being

diagnosed, including clinical lymph node-negative (cN0) patients. Our study

attempted to develop a prediction model for assessing the probability of central

lymph node metastasis (CLNM) in cN0 PTMC patients.

Methods: A total of 595 patients from the Affiliated Hospital of Qingdao University

(training cohort: 456 patients) and the Affiliated Hospital of Jining Medical

University (verification cohort: 139 patients) who underwent thyroid surgery

between January 2020 and May 2022 were enrolled in this study. Their clinical

and molecular pathology data were analyzed with multivariate logistic regression

to identify independent factors, and then we established a prediction model to

assess the risk of CLNM in cN0 PTMC patients.

Results: Multivariate logistic regression analysis revealed that sex, Hashimoto’s

thyroiditis (HT), tumor size, extrathyroidal extension, TERT promoter mutations

and NRAS mutation were independent factors of CLNM. The prediction model

demonstrated good discrimination ability (C-index: 0.757 and 0.753 in the

derivation and validation cohorts, respectively). The calibration curve of the

model was near the optimum diagonal line, and decision curve analysis (DCA)

showed a noticeably better benefit.

Conclusion: CLNM in cN0 PTMC patients is associated with male sex, tumor size,

extrathyroidal extension, HT, TERT promoter mutations and NRAS mutation. The

prediction model exhibits good discrimination, calibration and clinical usefulness.

This model will help to assess CLNM risk and make clinical decisions in cN0

PTMC patients.

KEYWORDS

papillary thyroid microcarcinoma, central lymph node metastasis, molecular pathology
markers, nomogram, prediction model
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Introduction

The most prevalent endocrine malignancy is thyroid carcinoma,

and papillary thyroid carcinoma (PTC) accounts for nearly 90%,

including probably 50% microcarcinoma (PTMC) (1, 2). PTC with a

maximal diameter of less than 1 cm is referred to PTMC. In the past,

most PTMCs were diagnosed after the excision of benign thyroid

tumors, but now with the popularity of health checkups and

widespread use of ultrasound-guided fine needle aspiration biopsy

(US-FNAB), the diagnosis rate of PTMC is on the rise (3).

Papillary thyroid carcinoma itself has relatively indolent biological

characteristics and superadd the small tumor burden; PTMC patients

usually have a good prognosis after treatment (4). The 2022 National

Comprehensive Cancer Network (NCCN) advises against utilizing

prophylactic CLND to treat T1 and T2 cN0 PTC (5). Nevertheless, the

sensitivity of preoperative detection, such as ultrasound, is low for

assessing the central lymph node (CLN) state (6); thus, the high

probability of occult CLNM cannot be ignored even in cN0 PTMCs (7).

Numerous studies have analyzed the risk factors for CLNM in

cN0 PTMC. Our study aimed to create a validated predictive model

including preoperatively determinable clinical data and molecular

markers, hoping to provide valuable information for clinicians about

facilitating the individualized prediction of CLNM in cN0 PTMC

patients and guide precise treatment.
Materials and methods

Study design and population

Our study enrolled 2 independent sets of patients from 2

independent medical centers. A total of 456 patients diagnosed with

cN0 PTMC in the Thyroid Surgery Department of the Affiliated

Hospital of Qingdao University from January 2020 to May 2022 were

included as the training cohort. A total of 139 patients were diagnosed

with cN0 PTMC in the Thyroid Surgery Department of the Affiliated

Hospital of Jining Medical University at the same time as the

validation cohort. All operations were performed by surgeons who

completed more than 400 surgeries per year. This study was approved

by the Affiliated Hospital of Jining Medical University ethics

committee (2022C103). Consent has been obtained from each

patient or subject after a full explanation of the purpose and nature

of all procedures used.

The inclusion criteria were as follows: (1) patients were diagnosed

with cN0 PTMC through preoperative ultrasonography (US),

computed tomography (CT) and US-FNAB; (2) patients underwent

total thyroidectomy with CLND, unilateral thyroid lobectomy and

isthmectomy with CLND; and (3) patients underwent BRAF V600E,

TERT, RET, HRAS, KRAS, and NRAS genetic testing.

The exclusion criteria were as follows: (1) patients diagnosed with

recurrent thyroid tumors (only primary thyroid carcinoma patients

were included); (2) patients who had previously undergone neck

radiation therapy or other types of surgery; and (3) patients with

incomplete medical records.
Frontiers in Endocrinology 02158
Data collection

Data collected included sex, age, surgical method, thyroid peroxidase

antibody (TPOAb), thyroglobulin antibody (TGAb), thyroid hormone

receptor antibody (TRAb), microcalcification foci, positive lymph node

number, BRAF gene mutation(V600E), TERT promoter mutation(C228,

C250), RET/PTC chromosomal rearrangement(RET/PTC1, RET/PTC3),

HRAS genemutation(Q61), KRAS genemutation(G12, G13), and NRAS

gene mutation(Q61). All data from preoperative examinations and

postoperative pathological reports, such as cervical ultrasonic and CT,

laboratory examination, and gene test results, were evaluated.

All preoperative examinations were confirmed by a radiologist

and chief surgeon, who confirmed the number, size, and calcification

of carcinoma and evaluated the lymph node state. Metastatic lymph

nodes were suspected when lymph nodes showed increased size

(>0.5 cm), demarcation of the cortex and medulla was unclear or

the structure of the medulla disappeared, gravel-like calcification or

cystic degeneration, rounded bulging shape, and abnormal blood flow

or vascularity. Hashimoto’s thyroiditis (HT) was diagnosed when the

thyroid gland was diffusely enlarged with hypoechogenicity, and the

gland parenchyma was inhomogeneous with grid-like or

compartment-like changes or appeared abnormal TPOAb, TGAb,

TRAb results (8, 9). A gene mutation detection kit (Shanghai Anjia

Biological Technology Co., Ltd.) was used to detect BRAF, TERT,

HRAS, KRAS, NRAS mutations and RET/PTC rearrangements

according to the manufacturer’s instructions. The scope of CLND

was superior to the hyoid bone, lateral to the carotid sheath, inferior

to the sternum notch or the innominate artery, medial to the trachea

and dorsal to the prevertebral fascia.
Statistical analysis

The t test (normally distributed data) and Mann−Whitney test

(nonnormally distributed data) were used to compare continuous

data, and the c2 test was used to compare categorical data.

Multivariate analysis was carried out with logistic regression;

therefore, independent predictors were used to construct a

predictive model to evaluate the CLNM risk of cN0 PTMC.

Then, we developed a nomogram as a pictorial representation of the

model. The nomogram featured a scoring range at the top from 0 to 100

for each factor variable. Predictor factors are shown below, and bars

scaled their effects, displaying the importance of each factor clearly and

enabling the awarding of points for each significant clinical feature. Each

predictor point’s overall value and the corresponding probability of

CLNM can be read from the bottom 2 rows.

The predicted accuracy and conformity of the model were assessed

using the calibration curve and receiver operating characteristic (ROC)

curve. The goodness of fit of the model was evaluated using the Hosmer

−Lemeshow test. The net benefit for patients was shown by decision

curve analysis (DCA), and 1000 bootstrap repetitions were performed in

both discrimination and calibration. In the statistical analyses, P<0.05 was

considered significant. Statistical analyses were performed using SPSS

(version 22.0) and R (version 3.4.1).
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Results

Baseline characteristics

Clinical information from a total of 531 patients was acquired from

the Affiliated Hospital of Qingdao University for the training cohort, and

75 met the exclusion criteria due to the absence of medical records and

recurrent thyroid tumors (Figure 1). Therefore, 456 patients were

enrolled in this cohort (97 males, 359 females; mean age 43.04 ± 13.68

years). Among them, 184 patients (40.35%) had CLNM. Clinical

information from a total of 139 patients was acquired from the

Affiliated Hospital of Jining Medical University for the validation

cohort (21 males, 118 females; mean age 44.47 ± 11.54 years). Among

them, 48 patients (34.53%) had CLNM. Finally, 595 patients were

included in this study. The patients’ clinical, pathology and molecular

characteristics are listed in Table 1.
Univariate and multivariate analysis

Within the training cohort, univariable analysis demonstrated that

sex, HT, tumor size, tumor number, extrathyroidal extension, BRAF

mutation, TERT promoter mutations and NRAS mutations were relative

influencing factors of CLNM (P<0.05). These factors were included in

multivariate logistic regression analysis. As shown in Table 2, the results

revealed six independent factors, of which male sex, increased tumor size,

extraglandular infiltration, TERT promoter mutations and NRAS

mutation increased the risk of CLNM, while HT was a protective

factor (P<0.05). Accordingly, a prediction model was built.
The nomogram for predicting
PTC recurrence

To visualize the model, we plotted a nomogram based on six

independent factors (sex, HT, tumor size, extrathyroidal extension,
Frontiers in Endocrinology 03159
TERT promoter mutations and NRAS mutation) in the training

cohort. For each risk factor, an ascending line was drawn in the

nomogram to obtain a point value in Line 1. The risk possibility of

CLNM in cN0 PTMC patients might be estimated by plotting the

total of all six points on the final risk axis (Line 8), as shown

in Figure 2.

Subsequently we drew the ROC curve to assess the discriminating

ability of the model. The area under the ROC was 0.757 (95% CI,

0.711-0.802) and 0.753 (95% CI, 0.682-0.851) in the training cohort

and validation cohort, respectively. The model demonstrated a strong

capacity to discriminate CLNM in cN0 PTMC (this result is shown

in Figure 3).

The calibration curve illustrated the model’s potent capacity to

calibrate (Figure 4). In both the training cohort and the validation

group, the model’s predicted values and the observed variables

showed good agreement. According to the Hosmer−Lemeshow test,

the model’s goodness of fit was 0.243.

To determine the net benefit of the nomogram, we built a decision

curve analysis (DCA) (Figure 5). The curve demonstrated that the

nomogram could be useful when the threshold probability of the

patients was between 0.15 and 0.70. In the prediction model, the

DCA’s net benefit was noticeably higher.
Discussion

The most frequent pathological type of thyroid carcinoma is

PTC (10), which is characterized by high differentiation and low

malignancy. Most patients have a good prognosis, especially PTMC

patients, whose cancer-related mortality rate is merely 0.34% after

treatment (11, 12). Whereas PTMC patients have a high CLNM rate,

studies have pointed out that 28% of PTMC patients are diagnosed

with CLNM (13, 14). Thyroid cancer diagnosis and treatment

guidelines (2022) published by the National Health Commission

of the People’s Republic of China recommended prophylactic

CLND should be performed for PTC patients as long as
FIGURE 1

Flow chart for patient selection.
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TABLE 1 Baseline characteristics of all patients.

Training cohort (n=456) Validation cohort (n=139)

Non-CLNM group
(n=272)

CLNM group
(n=184) P

Non-CLNM group
(n=91)

CLNM group
(n=48) P

Age(Mean ± SD)(y) 42.39 ± 13.79 44.01 ± 13.50 0.216 46.40 ± 11.60 40.81 ± 10.58 0.008

Sexuality 0.006 0.176

Male 226 133 80 38

Female 46 51 11 10

Surgery Method 0.669 0.176

Unilateral 187 123 60 37

Bilateral 85 61 31 11

HT 0.006 0.054

Absence 177 142 51 26

Presence 95 42 40 22

Calcification foci 0.167 0.930

Absence 167 101 50 26

Presence 105 83 41 22

Tumor size (Mean ± SD)
(mm) 5.66 ± 2.13 6.27 ± 2.36 0.004 6.98 ± 2.20 5.26 ± 2.52 0.000

Tumor number
(Mean ± SD) 1.07 ± 0.29 1.07 ± 0.35 0.119 1.17 ± 0.48 1.10 ± 0.30 0.311

Extrathyroidal
infiltration 0.001 0.002

Absence 224 126 82 33

Presence 48 58 9 15

BRAF V600E mutation 0.044 0.004

Negative 137 75 52 15

Positive 135 109 39 33

TERT promoter mutation 0.001 0.009

Negative 262 161 86 38

Positive 10 23 5 10

RET mutation 0.396 0.765

Negative 258 171 82 44

Positive 14 13 9 4

HRAS mutation 0.202 0.243

Negative 266 176 89 45

Positive 6 8 2 3

KRAS mutation 0.504 0.545

Negative 265 181 89 48

Positive 7 3 2 0

NRAS mutation 0.009 0.114

Negative 266 170 89 44

Positive 6 14 2 4
F
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the parathyroid gland and recurrent laryngeal nerve can be

protected (15). Moreover, the 2021 Chinese Society of Clinical

Oncology (CSCO) Guidelines of Differentiated Thyroid Cancer

recommended that PTMC patients with metastatic lymph nodes

should undergo CLND (16). However, some studies still show that

preventive dissection does not improve patient survival (17), and

patients cannot benefit from it; conversely, it will increase the risk of

nerve injury and hypoparathyroidism (18). How can metastasis be

discriminated? Currently, the most common preoperative

diagnostic method is ultrasound, the sensitivity of which for

CLNM diagnosis is only 10.9%-38% (19). No practical way was

found to raise the CLNM detection rate before surgery, which means

that a large number of cN0 PTMC patients actually belong to pN1.
Frontiers in Endocrinology 05161
Accordingly, identifying the risk factors for CLNM and evaluating

the preoperative lymph node state accurately are of major clinical

importance in cN0 PTMC patients, and some unnecessary

prophylactic CLND can be avoided.

We conducted a large retrospective study including 595 patients

from 2 independent medical centers and established a prediction

model to assess the risk of CLNM in cN0 PTMC. The results showed

that sex, HT, tumor size, extrathyroidal extension, TERT promoter

mutations and NRAS mutation were independent factors.

Previous studies have shown that the incidence of PTC in males is

lower than that in females, but the incidence of CLNM is higher (20).

This is consistent with our findings that males showed a significant

trend of CLNM (P < 0.001).
TABLE 2 Univariate and multivariate analysis of CLNM in the training cohort.

Univariate Logistic Regression Multivariate Logistic Regression

OR (95% CI) P Value OR (95% CI) P Value

Age 1.009(0.995-1.023) 0.216 NA NA

Sexuality 1.884(1.198-2.962) 0.006 4.360(2.446-7.769) <0.001

Surgery method 1.091(0.731-1.628) 0.669 NA NA

Calcification foci 1.307(0.894-1.910) 0.167 NA NA

HT 0.551(0.360-0.843) 0.006 0.090(0.046-0.179) <0.001

Tumor size 1.130(1.039-1.229) 0.004 1.208(1.093-1.334) <0.001

Tumor number 1.597(0.887-2.877) 0.119 NA NA

Extrathyroidal
infiltration 2.148(1.383-3.337) 0.001 4.754(2.665-8.480) <0.001

BRAF 1.475(1.011-2.153) 0.044 1.390(0.898-2.151) 0.140

TERT 3.743(1.737-8.067) 0.001 7.291(3.067-17.333) <0.001

RET 1.401(0.643-3.054) 0.396 NA NA

HRAS 2.015(0.687-5.907) 0.202 NA NA

KRAS 0.627(0.160-2.459) 0.504 NA NA

NRAS 3.651(1.376-9.685) 0.009 7.956(2.516-25.161) <0.001
NA, Not Available.
FIGURE 2

Nomogram for prediction model.
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Tumor size reflects the stage and prognosis, such as lymph node

status (5). In our study, the risk of CLNM in PTC increased with the

enlargement of tumor size (P < 0.001), similar to other studies.

Extraglandular infiltration refers to the thyroid capsule being

invaded by the tumor, and the tumor is more prone to infect lymph

nodes through the thyroid capsule’s surface lymphatic channels after

it has been breached (21). This result is consistent with our findings

(P < 0.001).

HT is characterized by enrichment of inflammatory factors, also

known as autoimmune thyroiditis. It produces a significant amount of

lymphocytes and macrophages, both of which naturally possess

antitumor activity, and the autoimmune antibodies released by HT-

related lymphocytes can also destroy the follicles, contributing to their

shrinkage and fibrosis (22, 23). Therefore, PTC tissues with HT

usually exhibit a microscopic fibrous cell layer wrapping around the

primary lesion, indicating that the combination of HL has a limiting

effect on the progression of the primary lesion, which can significantly

impede the spread and infiltration of tumor cells (24), reduce the

invasiveness of the primary lesion (25), and decrease CLNM chance

(26). Kim’s studies have shown that PTC patients with HT have lower

clinical stage, lower incidence of vascular invasion, lower incidence of

CLNM and better prognosis (27). Jara found that the incidence of

CLNM in PTC patients with HT was 39% lower than that of PTC

alone (28). Zhu analyzed 763 PTMC patients and showed that the
Frontiers in Endocrinology 06162
presence of HT reduced the lymph node metastasis rate in PTMC

patients (29). These results coincide with our study (P < 0.001). It is

worth mentioning that the effect of HT may vary depending on the

criteria used to define HT, Konturek found that the CLNM rate was

four times higher in PTC patients coexisting with HT than non-HT

patients (30).

The rapid development of fine-needle aspiration techniques

makes preoperative genetic testing possible. Thus, surgeons can

obtain preoperative genetic test results, such as BRAF gene

mutation, TERT gene mutation, HRAS gene mutation, KRAS gene

mutation, NRAS gene mutation and RET/PTC rearrangement.

BRAF, one of the three serine-threonine kinase RAF genes (the

others being ARAF and CRAF), is crucial to the mitogen-activated

protein kinase (MAPK) pathway (31). BRAF V600E is reported to be

the most common mutation in PTC, with a probability of 29-69%

(32). Although some studies revealed that BRAF genetic testing was

valuable in PTC diagnosis (33), its utility in PTC prognosis remains

controversial (34). According to several researchers, BRAF mutation

is related to aggressiveness, such as lymph node metastases (35). In

our study, the mutation incidence in the CLNM group (59.24%) was

higher than that in the non-CLNM group (49.63%), but BRAF V600E

mutation was not a relative influencing factor in CLNM (P=0.140).

Probably because some BRAF V600E mutation testing was conducted

preoperatively when patients could not be definitively diagnosed with
A B

FIGURE 3

ROC curves. (A) Training cohort. (B) Validation cohort. ROC, receiver operating characteristic; AUC, area under the ROC curve.
A B

FIGURE 4

Calibration curve for prediction model. (A) Training cohort. (B) Validation cohort.
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PTC by US-FNAB pathology testing, which perhaps increased the

proportion of BRAF V600E mutations patients inadvertently and

affected its efficacy in CLNM diagnosis.

TERT promoter mutation has been deeply studied in various

cancers, such as nervous system tumors, hepatocellular carcinoma,

and bladder cancer (36). Recently, research on thyroid carcinoma has

increased. Some articles have reported that the incidence of TERT

promoter mutations is approximately 7.5-27% in PTC (37), and the

mutation is correlated with particularly aggressive clinicopathological

parameters, such as extrathyroidal extension, larger tumor size, and

lymph node metastases (38–40). A meta-analysis study including 173

TERT promoter mutant and 1587 TERT promoter wild-type thyroid

carcinoma patients showed that the LNM probability ratios were

53.18% and 37.30%, respectively, and a significant association existed

between TERT promoter mutation and LNM (41). In Yang’s study,

the TERT promoter mutation rate was 10.6% (1027/9653), which was

significantly associated with PTC LNM (42). And Liu demonstrated

that TERT promoter mutations occurred frequently in follicular

derived PTC and associated with aggressive disease and poor

outcome (43). These studies suggest that TERT promoter mutations

can promote lymph node metastasis, which is consistent with our

results. Nevertheless, most of the studies focus on advanced thyroid

carcinoma (44), and studies on PTMC, especially CLNM, have rarely

been conducted. In our study, TERT promoter mutation played an

important role in diagnostic value and was an independent predictor

of CLNM (p<0.001).

The second most frequent mutation is a RAS mutation in

preoperative thyroid FNA. RAS mutations include 3 subtypes:

HRAS, KRAS, and NRAS, the most common of which is NRAS

(45). RAS mutations promote invasion mainly in follicular tumors,

relate to local lymph node metastasis and distant metastasis (46).

However, the encapsulated follicular type of papillary carcinoma,

which is typically indolent and has a good prognosis, also frequently

exhibits RAS mutations (47, 48). RAS mutations may only be present

in thyroid carcinomas that are well-differentiated and prone to
Frontiers in Endocrinology 07163
dedifferentiation and metastasis, but it is unlikely that this point

mutation will serve as a general prognostic indicator for all varieties of

thyroid carcinoma (49). In our study, NRAS was an independent

factor for cN0 CLNM (p<0.001), perhaps just because of a specific

subset, such as follicular papillary carcinoma.

There were many predictive models for assessing CLNM

possibility in cN0 PTMC, but their models only incorporated

clinical baseline data such as tumor characteristics, ultrasound and

CT examination features or just included BRAF mutation result (50–

52). Our study built the first predictive model that incorporates such

molecular markers and included a large sample size. Finally, we

identified 6 independent factors from preoperatively determinable

clinical data and molecular markers and then built a predictive

model to quantify the likelihood of CLNM in cN0 PTMC patients.

The model exhibits good discrimination, calibration and

clinical usefulness.

Nevertheless, it also had several limitations. First, our data were

all obtained in one province, selection bias is inevitable, and the

distribution of pathological subtypes and clinical features may differ

in other regions. Second, the molecular pathology markers that were

included in this study were limited, and important markers such as

PTEN mutation, TRK rearrangement, and PAX8/PPARg
rearrangement were not involved. Third, our study requires further

validation in prospective studies, and we are proceeding with a larger-

scale, multicenter study in follow-up research. We hope our predictive

model can provide valuable information for clinicians about

facilitating the individualized prediction of CLNM in cN0 PTMC

and guiding precise treatment.
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Decision curve analysis in prediction model (A) Training cohort. (B) Validation cohort.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1075598
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Ma et al. 10.3389/fendo.2023.1075598
Author contributions

TM designed the study, analyzed the data, and commented on the

manuscript at all stages. LW and XZ collected the data. YS provided

the research direction. All authors contributed to the article and

approved the submitted version.
Funding

Our research was funded by Academician He Lin Research

Foundat ion of Affi l i a t ed Hosp i t a l o f J in ing Medica l

University (JYHL2022FMS10).
Frontiers in Endocrinology 08164
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J Clin
(2022) 72(1):7–33. doi: 10.3322/caac.21708

2. Davies L, Welch HG. Increasing incidence of thyroid cancer in the united states,
1973-2002. JAMA (2006) 295(18):2164–7. doi: 10.1001/jama.295.18.2164

3. Slijepcevic N, Zivaljevic V, Diklic A, Jovanovic M, Oluic B, Paunovic I. Risk factors
associated with intrathyroid extension of thyroid microcarcinomas. Langenbecks Arch
Surg (2018) 403(5):615–22. doi: 10.1007/s00423-018-1680-3

4. Tagliabue M, Giugliano G, Mariani MC, Rubino M, Grosso E, Chu F, et al.
Prevalence of central compartment lymph node metastases in papillary thyroid micro-
carcinoma: A retrospective evaluation of predictive preoperative features. Cancers (2021)
13(23):6028. doi: 10.3390/cancers13236028

5. Haddad RI, Bischoff L, Ball D, Bernet V, Blomain E, Busaidy NL, et al. Thyroid
carcinoma, version 2.2022, NCCN clinical practice guidelines in oncology. J Natl Compr
Canc Netw (2022) 20(8):925–51. doi: 10.6004/jnccn.2022.0040

6. Liu Z, Wang R, Zhou J, Zheng Y, Dong Y, Luo T, et al. Ultrasound lymphatic
imaging for the diagnosis of metastatic central lymph nodes in papillary thyroid cancer.
Eur Radiol (2021) 31(11):8458–67. doi: 10.1007/s00330-021-07958-y

7. Shu X, Tang L, Hu D, Wang Y, Yu P, Yang Z, et al. Prediction model of pathologic
central lymph node negativity in cN0 papillary thyroid carcinoma. Front Oncol (2021)
11:727984. doi: 10.3389/fonc.2021.727984

8. Anderson L, Middleton WD, Teefey SA, Reading CC, Langer JE, Desser T, et al.
Hashimoto thyroiditis: Part 1, sonographic analysis of the nodular form of hashimoto
thyroiditis. AJR Am J Roentgenol (2010) 195(1):208–15. doi: 10.2214/AJR.09.2459

9. Anderson L, Middleton WD, Teefey SA, Reading CC, Langer JE, Desser T, et al.
Hashimoto thyroiditis: Part 2, sonographic analysis of benign and malignant nodules in
patients with diffuse hashimoto thyroiditis. AJR Am J Roentgenol (2010) 195(1):216–22.
doi: 10.2214/AJR.09.3680

10. Shirley LA, Jones NB, Phay JE. The role of central neck lymph node dissection in
the management of papillary thyroid cancer. Front Oncol (2017) 7:122. doi: 10.3389/
fonc.2017.00122

11. Huang Y, Yin Y, Zhou W. Risk factors for central and lateral lymph node
metastases in patients with papillary thyroid micro-carcinoma: Retrospective analysis
on 484 cases. Front Endocrinol (2021) 12:640565. doi: 10.3389/fendo.2021.640565
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microenvironment and is a
prognostic marker in
BRAF-mutant papillary
thyroid carcinoma
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Background: BRAF mutation is one of the most common genetic alterations

contributing to the initiation and progression of papillary thyroid carcinoma

(PTC). However, the prognostic value of BRAF mutation for PTC is limited. Novel

markers are needed to identify BRAF-mutant patients with poor prognosis.

Methods: Transcriptional expression data were downloaded from the Cancer

Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) datasets. Pathway

enrichment was performed by Kyoto Encyclopedia of Genes and Genomes (KEGG)

analysis and gene set enrichment analysis (GSEA). Protein-protein interaction

networks were predicted by the GeneMANIA. The correlation between STRA6

expression and immune infiltration was analyzed by tumor immune estimation

resource (TIMER) and tumor-immune system interaction database (TISIDB).

Immunohistochemistry was used to detect the STRA6 protein expression level of

PTC. Infiltration of regulatory T cells (Tregs) and CD8+ T cells in tumor samples

were analyzed by fluorescent multiplex immunohistochemistry.

Results: In BRAF-mutant PTC, STRA6 was extremely upregulated and predicted

unfavorable survival, which was an independent risk factor for increased mortality

risk. Bioinformatic analyses indicated that STRA6 might activate the MAPK pathway

synergistically with BRAFV600E. The expression of STRA6 was associated with

immune infi l t ra tes and T cel l exhaust ion. F luorescent mult ip lex

immunohistochemistry showed that STRA6 increased Tregs abundance and

decreased CD8+ T cells infiltration in PTC. Moreover, STRA6 promoted

epithelial-mesenchymal transition via increased cancer-associated fibroblasts

infiltration.
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Conclusions:Our study demonstrates STRA6may serve as a prognostic marker for

BRAF-mutated PTC, which may drive thyroid carcinogenesis via activation of

oncogenic pathway and regulat ion of tumor immunosuppress ive

microenvironment.
KEYWORDS

papillary thyroid carcinoma (PTC), BRAF mutation, STRA6, prognosis, tumor
immune microenvironment
Introduction

Thyroid carcinoma (TC) is the most common endocrine

malignancy with an increasing incidence worldwide (1). Most of

TCs arise from thyroid follicular epithelial cells, among which 80%

are papillary thyroid carcinoma (PTC) (2). Initiation and progression

of TC involve multiple genetic alterations, of which the most common

oncogenic mutation is BRAFV600E (3, 4). Although BRAFV600E

mutation is associated with poorer recurrence-free probability (5), it

was suggested that not all of the PTCs with BRAFV600E mutation

belonged to high-risk recurrence in American Thyroid Association

Management Guidelines (6) or even were associated with aggressive

clinicopathological outcomes (7, 8). Thus, novel markers are needed

to identify BRAF-mutant PTC patients with poor prognosis.

STRA6, functions as a Vitamin A transporter and cytokine

receptor (9), has been reported in multiple cancers. STRA6

activated the Wnt/b-catenin signaling in gastric cancer and served

as a prognostic biomarker (10, 11). Upregulation of STRA6 in colon

cancer was correlated with poor oncologic prognosis and transduced

JAK2-STAT signaling, which contributes to colon tumorigenesis (12,

13). Moreover, STRA6 polymorphisms were correlated with clinical

characteristics and might be potential markers in locally-advanced

and metastatic non-small cell lung cancer (14). However, the

prognostic value of STRA6 in PTC remains unknown.

Tumor microenvironment, composed of tumor cells, immune

cells, cytokines, etc., plays an essential role in cancer metastasis,

progression and recurrence. The escape of tumor cells often occurs

in an immunosuppressive microenvironment (15). It was reported

that regulatory T cells (Tregs) were enriched in primary thyroid

tumors (16) and had higher infiltration in lymph node metastases

(17). Besides, the density of tumor-associated macrophages was

increased in advanced thyroid cancer, which correlated with

decreased survival rate of patients (18). Recent study revealed that

STRA6 was associated with infiltration of antigen-presenting cells in

stomach adenocarcinoma, which could serve as a potential mRNA

vaccine candidate (19). Nevertheless, the engagement of STRA6 in

tumor immune microenvironment of TC remains elusive.

In this study, we demonstrate STRA6 is upregulated in BRAF-

mutant PTC. High STRA6 expression is associated with unfavorable

prognosis for individuals with BRAFV600E. Immune infiltration and

pathway enrichment were investigated in samples with high STRA6

expression. STRA6 may contribute to the progression of BRAF-
02167
mutant PTC via regulation of immunosuppressive tumor

microenvironment and activation of oncogenic pathway.
Materials and methods

Transcriptional data

Transcriptional expression data and clinicopathological

information of the Cancer Genome Atlas (TCGA) cohort were

downloaded from UCSC Xena (https://xena.ucsc.edu/). GSE199023

was downloaded from Gene Expression Omnibus (GEO) datasets

(https://www.ncbi.nlm.nih.gov/). The RNA sequencing data of the

FAH-SYSU cohort was obtained from our previous study (20).
Tumor immune estimation

Tumor immune estimation resource (TIMER) 2.0 (http://timer.

cistrome.org/) is a web server for comprehensive analysis of immune

infiltrates with diverse algorithms. It was applied to analyze STRA6

expression level in pan-cancer based on the TCGA dataset. The

correlation of STRA6 expression between BRAF mutation status

was further explored by Timer 2.0. It was also used to analyze the

correlation of immune infiltrates with STRA6 expression and BRAF

mutation status. The relation between immunomodulators and

STRA6 expression was evaluated via tumor-immune system

interaction database (TISIDB) (http://cis.hku.hk/TISIDB/index.php).
Differential expression analysis and
functional annotations

NetworkAnalyst (https://www.networkanalyst.ca/) is a platform

for comprehensive gene expression profiling analysis. We divided the

BRAF-mutant PTC from the TCGA cohort into two groups according

to STRA6 expression. After uploading a gene expression table,

differently expressed genes (DEGs) were analyzed by the platform

and followed with Kyoto Encyclopedia of Genes and Genomes

(KEGG) analysis. Additionally, principal component analysis (PCA)

between two groups was performed on Clustvis website (https://biit.

cs.ut.ee/clustvis/). Protein-protein interaction (PPI) was predicted by

GeneMANIA (http://genemania.org/).
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Gene set enrichment analysis

GSEA software was downloaded from the website (http://www.

gsea-msigdb.org/gsea/index.jsp). We performed analysis in 50

patients with high STRA6 expression and 50 patients with low

STRA6 expression of the TCGA cohort. Hallmark gene sets were

used to explore the mechanism of STRA6 in thyroid

carcinoma progression.
Immunohistochemistry

The study was approved by the Institutional Research Ethics

Committee of The First Affiliated Hospital of Sun Yat-sen University

(no. [2021] 109). 30 pairs of PTC tissues were collected from the First

Affiliated Hospital of Sun Yat-sen University with informed consent

from patients. Paraffin embedded tissues were deparaffinized with

xylene for two times and dehydrated with a series of ethanol. Antigen

retrieval was performed by boiling the slides in EDTA buffer (C1034,

Solarbio). After cooling, the slides were blocked with 20% goat serum

at room temperature for 30 min and incubated with STRA6 primary

antibody (diluted 1:200, H00064220-D01P, Novus) at 4°C overnight.

Followed by rinse with PBS for 3 times, the slices were incubated with

secondary antibody at room temperature for 30 min. Detection of

protein expression was performed with a 3,3’-diaminobenzidine

(DAB) peroxidase substrate kit (K5007; Dako) under a microscope.

Subsequently, the slides were counterstained with Harris

hematoxylin, followed by dehydration in graded alcohol and

incubation in xylene. The immunohistochemistry (IHC) staining

score was calculated with the following formula: IHC score = extent

score × intensity score. The staining extent was scored as 0 (1%–4%

positive cells), 1(5%–25% positive cells), 2 (26%–50% positive cells), 3

(51%–75% positive cells), 4 (≥75% positive cells). The staining

intensity was scored as 0-3, corresponding to no staining, weak

staining, intermediate staining and strong staining, respectively.
Fluorescent multiplex
immunohistochemistry

Fluorescent multiplex immunohistochemistry (mIHC) was

applied to characterize immune infiltration in PTC. After

incubation with primary antibody, the slides were incubated with

an HRP-conjugated secondary antibody and fluorophore-conjugated

Tyramide Signal Amplification reagent (Cat. 10003100100, Panovue).

Multiplex panel design was as follows: FoxP3 (diluted 1:100,

ab215206, abcam), Opal 570 TSA (diluted 1:200); CD8 (diluted

1:100, 70306S, CST), Opal 690 TSA (diluted 1:200). Finally, the

slides were stained with DAPI (4’, 6-diamidino-2-phenylindole) and

mounted with anti-fated reagent.
Statistical analysis

Experimental data was analyzed with GraphPad Prism 8.0 and

presented as mean ± standard deviation (SD). Comparison between

two groups was analyzed with Mann-Whitney U test or Student’s t
Frontiers in Endocrinology 03168
tes t . The corre la t ion between STRA6 express ion and

clinicopathological features in the TCGA cohort was analyzed with

a chi-squared test. Kaplan–Meier analysis with a log-rank test was

used to evaluate the prognostic value of STRA6 in BRAF-mutant

PTC. Univariate Cox regression analysis was performed to investigate

the correlation between variables and survival. After multivariate

adjustment for age, gender, tumor size, multifocality, extrathyroidal

extension and lymph node metastasis, multivariate Cox regression

analysis further accessed whether high STRA6 expression was an

independent risk factor for recurrence and mortality. A P value of

<0.05 was considered statistically significant.
Results

STRA6 is upregulated in BRAF-mutated PTC.

To unveil the expression pattern of STRA6 across different

cancers, we analyzed the mRNA expression level of STRA6 in the

TCGA cohort. STRA6 was upregulated in most cancers including

thyroid carcinoma (Figure 1A). Notably, the expression of STRA6 was

positively correlated with BRAF mutation in TC and melanoma

(Figure S1A). Compared with BRAF wild-type (WT) PTC, STRA6

was significantly upregulated in BRAF-mutated samples (Figure 1B).

Based on a public dataset GSE199023, zebrafish thyroid tumors

transfected with BRAFV600E oncogenes showed higher expression of

STRA6 as compared to those transfected with CCDC6-RET fusion

(Figure 1C). We further analyzed the mRNA expression in our cohort

based on distinct molecular subtypes. STRA6 was remarkably

upregulated in BRAF subtype compared with other PTC subtypes

and benign nodules (Figure 1D). Overexpression of STRA6 protein

level in BRAFV600E PTC was also confirmed by IHC (Figure 1E).

Taken together, STRA6 is upregulated in thyroid cancer and exhibits

extremely higher expression in BRAF-mutant PTC.
Upregulation of STRA6 predicts aggressive
outcomes and unfavorable prognosis for
BRAF-mutant PTC

We investigated the relationship between STRA6 expression and

clinicopathological features in the TCGA cohort. High STRA6

expression was associated with BRAF mutation (P = 0.001) and

distant metastasis (P = 0.019) (Table 1). Then we divided PTC

patients into two groups according to the genotype of BRAF.

Intriguingly, high STRA6 expression was significantly associated

with aggressive clinicopathological outcomes in BRAF-mutant PTC,

but not in BRAF WT groups. For individuals with BRAF mutation,

rates of distant metastasis were 2/130 (1.5%) vs. 3/26 (11.5%) (P =

0.033) in low-STRA6 group vs. high-STRA6 group, respectively. The

recurrence rates were significantly higher in high-STRA6 PTC than

low-STRA6 PTC [11/40 (27.5%) vs. 20/212 (9.4%), P = 0.003]. As for

mortality, it was robustly higher in PTC with high STRA6 expression

than those with low STRA6 expression [5/40 (12.5%) vs. 4/212 (1.9%),

P = 0.004] (Table 2). Kaplan-Meier analysis showed higher STRA6

expression significantly predicted poorer recurrence free survival
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(RFS) (P = 0.0007) and overall survival (OS) (P = 0.0006)

(Figures 2A, B).
High STRA6 expression is an independent
risk factor for mortality in BRAF-mutated
PTC

Furthermore, we explored the hazard ratios (HRs) of STRA6-

related risk (Table 3). In the entire TCGA cohort, univariate Cox

regression analysis showed that upregulation of STRA6 was an
Frontiers in Endocrinology 04169
independent risk factor for recurrence and mortality, with HRs

being 2.98 (1.62-5.48) (P < 0.001) and 4.67 (1.69-12.87) (P =

0.003), respectively. After multivariate adjustment for age, gender,

tumor size, multifocality, extrathyroidal extension and lymph node

metastasis, HRs of recurrence and mortality remained significantly (P

= 0.013 and P = 0.017). Then we divided patients into two groups

according to BRAF mutation status. In BRAF wild-type patients,

neither recurrence rates nor mortality rates was associated with

STRA6 expression. In BRAF-mutant patients, STRA6-related

recurrence risk was 3.32 (1.59-6.96) (P =0.001) and became 1.97

(0.81-4.81) (P = 0.135) after multivariate adjustment (Figure 2C).
A

B D

E

C

FIGURE 1

STRA6 is upregulated in BRAF-mutated PTC. (A) mRNA expression of STRA6 in various cancers according to the TCGA cohort. (B) STRA6 mRNA
expression based on BRAF genotype in THCA cohort. (C) STRA6 mRNA expression of zebrafish thyroid tumors with oncogenic transfection gene in
GSE199023. (D) mRNA abundance in FAH cohort with respect to different molecular subtypes. (E) Immunohistochemistry (IHC) staining of STRA6 protein
level based on the BRAF mutation status in PTC samples. (*p < 0.05, **p < 0.01, ***p < 0.001. The data are shown as the mean ± SD).
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STRA6 overexpression was a risk factor for mortality with an HR

being 7.12 (1.91-26.56) (P = 0.003), which became more significant

with an HR being 19.02 (3.48-103.94) (P = 0.001) after multivariate

adjustment (Figure 2D). Therefore, individuals with high STRA6

expression show increased mortality risk in BRAF-mutated PTC.
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STRA6 plays oncogenic and
immunoregulatory roles in BRAF-mutated
PTC progression

To explore the mechanism of STRA6 contributing to the poor

prognosis in BRAF-mutant PTC, we divided patients into two

groups according to STRA6 expression. Principal component

analysis (PCA) showed separation between high-STRA6 PTC and

low-STRA6 PTC (Figure 3A). Differential expression genes (DEGs)

between two groups were shown in Figure 3B. Of which, most genes

were involved in malignant tumor progression, such as OBP2B,

TNNT1, KLK6, KRT17 etc. Moreover, chemokine signaling

pathway and cytokine-cytokine receptor interaction were enriched

with the upregulated genes in high-STRA6 groups, indicating

STRA6 may engage in the regulation of the immune interaction

(Figure 3C). We also found that STRA6 expression was associated

with immunomodulators in the TCGA cohort (Figures S1B, C),

which indicated that STRA6 may function as an immunoregulator

in TC progression. Additionally, the MAPK signaling pathway,

which has emerged as one of the frequently activated pathways in

thyroid tumorigenesis, was also remarkably enriched with the

upregulated genes in high-STRA6 PTC. Downregulation of genes

enriched in thyroid hormone synthesis further suggested the

oncogenic role of STRA6 in TC progression (Figure 3C). PPI

networks of STRA6 were constructed by GeneMANIA. It was

predicted that 20 proteins were binding to STRA6. Of note,

STRA6 interacted with several proteins modulated by the MAPK

signaling pathway, including DIO3, BMP4 and DUSP6 (Figure 3D).

Therefore, our results demonstrate that STRA6 may contribute to

BRAF-mutated PTC progression by regulating oncogenic pathways

and immune microenvironment.
TABLE 2 Correlation between STRA6 expression and clinicopathological characteristics of PTC in the TCGA cohort based on the BRAF genotypes.

Wild-type BRAF BRAF V600E mutation

Low-STRA6 High-STRA6 P value Low-STRA6 High-STRA6 P value

Age ≥55 years 76/227 (33.5%) 6/16 (37.5%) 0.742 63/212 (29.7%) 18/40 (45.0%) 0.058

Sex (female) 168/227 (74.0%) 10/16 (62.5%) 0.476a 157/212 (74.1%) 27/40 (67.5%) 0.392

Multifocality 103/220 (46.8%) 5/16 (31.3%) 0.227 94/210 (44.8%) 20/39 (51.3%) 0.453

Tumor size (≥2.0 cm) 67/177 (37.9%) 7/13 (53.8%) 0.254 60/171 (35.1%) 13/36 (36.1%) 0.907

Extrathyroidal extension 48/216 (22.2%) 7/16 (43.8%) 0.099a 81/207 (39.1%) 14/39 (35.9%) 0.704

Lymph node metastasis 90/202 (44.6%) 9/16 (56.3%) 0.366 105/195 (53.8%) 19/35 (54.3%) 0.962

Distant metastasis 3/118 (2.5%) 1/11 (9.1%) 0.303b 2/130 (1.5%) 3/26 (11.5%) 0.033b

Stage (III/IV) 65/226 (28.8%) 4/16 (25.0%) 0.972a 72/211 (34.1%) 20/40 (50.0%) 0.056

Recurrence 18/227 (7.9%) 3/16 (18.8%) 0.304a 20/212 (9.4%) 11/40 (27.5%) 0.003a

Mortality 6/227 (2.6%) 1/16 (6.3%) 0.383b 4/212 (1.9%) 5/40 (12.5%) 0.004a
fron
aContinuity Correction.
bFisher’s Exact Test.
TABLE 1 The association between STRA6 expression and clinicopathologic
characteristics in the TCGA cohort.

Total Low-
STRA6

High-
STRA6 P

value
n (%) n (%) n (%)

Age ≥55 years
167/504
(33.1%)

142/447
(31.8%)

25/57
(43.9%)

0.068

Sex (female)
368/504
(73.0%)

330/447
(73.8%)

38/57
(66.7%)

0.251

Multifocality
227/494
(46.0%)

202/438
(46.1%)

25/56
(44.6%)

0.835

Tumor size (≥2.0 cm)
151/406
(37.2%)

130/356
(36.5%)

21/50
(42.0%)

0.453

Extrathyroidal
extension

153/486
(31.5%)

131/430
(30.5%)

22/56
(39.3%)

0.181

BRAF mutation
252/495
(50.9%)

212/439
(48.3%)

40/56
(71.4%)

0.001

Lymph node
metastasis

224/454
(49.3%)

195/402
(48.5%)

29/52
(55.8%)

0.324

Distant metastasis 9/291 (3.1%) 5/253 (2.0%)
4/38

(10.5%)
0.019a

Stage (III/IV)
166/502
(33.1%)

141/445
(31.7%)

25/57
(43.9%)

0.066
aContinuity Correction.
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STRA6 is correlated with immune infiltration
in thyroid carcinoma

Given immune infiltration takes part in tumor progression, we

performed Gene Set Enrichment Analysis (GSEA) with transcriptome

data from the TCGA cohort. The results showed that samples with

high STRA6 expression enriched in the IL2-STAT5 signaling pathway

(Figure 4A). STRA6 expression was positively correlated with the

mRNA level of IL2, STAT5a and STAT5b (Figure 4B). IL2 is a critical

immunomodulatory cytokine, which increases Tregs and induces

CD8+ T cell exhaustion via activation of STAT5. Thus, we

evaluated the association between STRA6 expression and immune

cell infiltration in PTC samples. After purity adjustment, upregulation

of STRA6 was correlated with abundance of Tregs. However, STRA6

expression was negatively correlated with the infiltration of CD8+ T

cells (Figure 4C). We also assessed the expression of exhausted T cells

markers, including LAG3, PDCD1G2, CTLA4, HAVCR2, PRDM1

and GZMB in the TCGA cohort. STRA6 was positively correlated
Frontiers in Endocrinology 06171
with most T cell exhaustion markers (Figure 4D). Pan-caner analysis

also revealed the role of STRA6 in inducing T cell exhaustion

(Figure 4E). Tregs were significantly abundant in high-STRA6 PTC,

while CD8+ T cells had a lower infiltration level (Figure 4F). The

infiltration of other immune cells was also correlated with STRA6

expression, including NK cells, neutrophils, MDSCs, macrophages,

myeloid dendritic cells, monocytes and B cells (Figure S2A).

ToconfirmtheroleofSTRA6inTregsandCD8+Tcells infiltration,we

performed fluorescent multiplex immunohistochemistry (mIHC) in PTC

with different STRA6 expression. Samples with high STRA6 expression

were mainly infiltrated with FoxP3+ Tregs while CD8+ T cells were

mainly observed in samples with low STRA6 expression (Figures 5A,

B). Adjacent thyroid tissues were less infiltrated with immune

cells (Figure 5C). Upregulation of STRA6 was associated with lower CD8

+ cells and higher Tregs infiltrates (Figure 5D), which was consistent

with the infiltration level of immune cells in PTC with BRAF mutation

(Figures S3A, B). Therefore, STRA6 may limit antitumor immunity

and induce immunosuppressive tumor microenvironment in TC.
A B

D

C

FIGURE 2

STRA6 predicts poor prognosis for BRAF-mutant PTC. (A) Kaplan–Meier survival curves of recurrence-fee survival (RFS) according to STRA6 expression in
BRAF-mutant PTC. Prognostic cutoff value was identified as 10.3 using X-Tile. (B) Kaplan-Meier analysis of overall survival (OS) based on STRA6
expression in PTC patients with BRAF mutation. (C) Multivariate Cox regression analysis of the risk factors for recurrence in BRAF-mutant PTC. All bars
represented 95% confidence intervals (95% CI). (D) Multivariate Cox regression analysis of the risk factors for mortality in BRAF-mutant PTC. All bars
corresponded to 95% CI.
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STRA6 promotes epithelial-mesenchymal
transition via increased cancer-associated
fibroblasts infiltration in thyroid carcinoma

(CAF) Cancer-associated fibroblast is one of the important

components in tumor microenvironment. CAFs infiltration was

positively associated with the expression of STRA6 (Figure 6A). We

also analyzed the expression level of CAFs markers in PTC.

COLA1, COLA2 and COL3A1 were all upregulated in high-

STRA6 samples (Figure 6B). Compared with low-STRA6 group,

CAFs were abundant in high-STRA6 group (Figure 6C). Higher

infiltration level of CAFs was also observed in BRAF-mutant PTC

(Figure S3C). CAFs play important roles in cancer development via

regulation of metastasis. The results of GSEA showed that the

TNFa/NF-kB signaling pathway and Epithelial-Mesenchymal

Transition (EMT) hallmark gene set was significantly enriched in

high-STRA6 PTC (Figures 6D, E). Consistently, the mRNA

expression of STRA6 was positively correlated with the

expression of EMT markers, including Vimentin (r = 0.1446),

MMP7 (r = 0.5345), MMP9 (r = 0.3594), MMP14 (r = 0.4984)

(Figure 6F). Taken together, STRA6 may promote TC metastasis

via CAF-mediated EMT process.
TABLE 3 Hazard ratios of high STRA6 expression vs low STRA6 expression in
risk of recurrence and mortality in the THCA cohort with respect to BRAF status.

HR (95%CI) P
value

Adjusted HR (95%
CI)

P
value

Entire TCGA cohort

Recurrence
2.98 (1.62,

5.48)
<0.001 2.39 (1.20, 4.76) 0.013

Mortality
4.67 (1.69,
12.87)

0.003 4.29 (1.30, 14.16) 0.017

Wild-type BRAF subtype

Recurrence
2.55 (0.75,

8.69)
0.136 – –

Mortality
2.53 (0.30,
21.37)

0.395 – –

BRAF V600E subtype

Recurrence
3.32 (1.59,

6.96)
0.001 1.97 (0.81, 4.81) 0.135

Mortality
7.12 (1.91,
26.56)

0.003 19.02 (3.48, 103.94) 0.001
"-" means not applicable.
A

B

D

C

FIGURE 3

STRA6 plays immunoregulatory and oncogenic roles in BRAF-mutated PTC. (A) Principal component analysis (PCA) plot of BRAF-mutated samples based
on STRA6 expression. (B) Differently expressed genes (DEGs) between high-STRA6 group and low-STRA6 group. (C) Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis based on upregulated genes and downregulated genes. (D) Proteins interacted with STRA6 were
predicted by GeneMANIA.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1076640
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


He et al. 10.3389/fendo.2023.1076640
Discussion

As the most common genetic alteration in PTC, the prevalence

of BRAF mutation differs in races. Compared with western

populations (3), the incidence of BRAF mutation was much

higher in Chinese population (4, 21), which was detected in

about 75% PTC patients. However, BRAF mutation may not be a

single and independent prognostic marker for PTC. Studies

revealed that BRAF mutation may not totally associate with
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clinicopathological characteristics or survival (22, 23). In our

study, we found STRA6 is associated with BRAF genotype.

Upregulation of STRA6 predicts poor RFS and OS in BRAF-

mutant PTC, which is an independent risk factor for mortality.

Previous study showed that BRAFV600E mutation was significantly

correlated with PTC-related mortality in an unadjusted analysis

and the association was no longer significant after adjusting for

multiple clinical factors (24). Thus, our study indicated that

STRA6 may act as a prognostic marker, which may provide
A B

D

E

F

C

FIGURE 4

STRA6 regulates immunosuppressive microenvironment via the IL2-STAT5 signaling pathway. (A) Gene set enrichment analysis (GSEA) of the IL2-STAT5
signaling pathway enriched in samples with high-STRA6 expression. (B) Correlation of the expression of STRA6 and key molecules in the IL2-STAT5
pathway. (C) The correlation of STRA6 expression with infiltration of Tregs and CD8+ T cells according to the TCGA datasets. (D) Scatterplots of
correlations between STRA6 expression and T cell exhaustion markers in the TCGA cohort. (E) Spearman correlations between STRA6 expression and T
cell exhaustion markers in pan-cancer. (F) Immune infiltration level of Tregs and CD8+ T cells in PTC based on STRA6 expression. (*p < 0.05, **p < 0.01.
The data are shown as the mean ± SEM).
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A B

DC

FIGURE 5

STRA6 increases Tregs abundance and inhibits CD8+ T cells infiltration in PTC. (A–C) Representative images of fluorescent multiplex
immunohistochemistry (mIHC) in high-STRA6 PTC, low-STRA6 PTC and adjacent thyroid tissue. CD8+ T cells were stained with CD8a and Tregs were
stained with FoxP3. Nuclei were stained with DAPI. (D) Positive Tregs and CD8+ T cells were counted in each group. (*p < 0.05, ***p < 0.001. The data
are shown as the mean ± SD).
A B

D E

F

C

FIGURE 6

STRA6 promotes EMT process via increased CAFs infiltration. (A) The correlation of STRA6 expression with CAFs infiltration after purity adjustment. (B)
mRNA expression of CAFs markers in PTC based on STRA6 expression. (C) Infiltration level of CAFs in low-STRA6 PTC and high-STRA6 PTC. (D, E) GSEA
results of TNFa/NF-kB signaling pathway and epithelial mesenchymal transition enrichment according to the TCGA database. (F) Scatter plot analysis of
correlation between STRA6 mRNA expression and EMT markers. (**p < 0.01, ***p < 0.001. The data are shown as the mean ± SEM).
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individualized diagnosis and therapeutic strategy for BRAF-

mutant PTC.

We further explored the mechanism of STRA6 in BRAF-mutant

PTC progression. Interestingly, when we divided BRAF-mutant PTC

into two groups according to STRA6 expression, the MAPK signaling

pathway is significantly enriched with the upregulated genes. STRA6

also interacts with several proteins regulated by the MAPK pathway,

including BMP4, DIO3, and DUSP6. It was reported that BMP4 can

inhibit heat-induced apoptosis by enhancing the activation of ERK

(25). DIO3 is increased in PTC through activation of the MAPK

pathway (26, 27). DUSP6 is a member of the MAPK phosphatase

family and plays pro-tumorigenic role in TC (28, 29). Moreover,

BRAF mutation drives aberrant activation of the MAPK pathway (30)

and promotes TC tumorigenesis. Dual activation of the MAPK

pathway by STRA6 and BRAF mutation, may contribute to the

poor survival of BRAF-mutant PTC with high STRA6 expression.

Pathway analyses showed that STRA6 involves in the regulation

of the immune interaction and activation of the IL2-STAT5 pathway.

Our study also revealed that STRA6 expression is correlated with the

infiltration of multiple immune cells. Notably, upregulation of STRA6

results in higher Tregs abundance and lower CD8+ T cells infiltration.

Additionally, STRA6 is correlated with T cell exhaustion. In support

of our results, IL-2 is mainly produced by activated CD4+ T cells and

induces the expansion of Tregs (31). Persistent activation of the IL2-

STAT5 pathway triggers CD8+ T cells into exhausted status (32).

Decreased infiltration of CD8+ T cells and a low CD8/regulatory T

cell ratio in tumors are critical for unfavorable prognosis of cancers

(33, 34). Our results also showed that high STRA6 expression is

associated with increased CAFs and promotes EMT process, which

further explains the worse prognosis in BRAF-mutant PTC. CAFs are

one of the most abundant stromal components in the tumor

microenvironment. By secreting TGF-b, CCL2, CCL5, IL-6 etc.,

CAFs recruit immunosuppressive cells into the tumor stroma,

which contributes to cancer metastasis and progression (35). The

secretion of various cytokines promotes aggressive phenotypes in

tumor cells via the activation of EMT process (36). We also confirmed

BRAFV600E mutation was associated with suppressive immune cell

infiltration (37). In hence, immune suppression mediated by STRA6

and BRAF contributes to PTC progression synergistically.

Taken together, STRA6 is overexpressed in TC and associated

with BRAF mutation. Upregulation of STRA6 predicts unfavorable

prognosis for BRAF-mutant PTC. High STRA6 expression is

correlated with decreased CD8+ T cells as well as abundant Tregs

and CAFs, which induces immunosuppressive microenvironment in

TC. Moreover, STRA6 may play an oncogenic role via the MAPK

pathway and EMT process. In conclusion, STRA6 might be a

prognostic marker for BRAF-mutant PTC and individualized

therapeutic strategies for the patients are needed.
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Background: The diagnosis of radioiodine refractory differentiated thyroid cancer

(RAIR-DTC) is primarily based on clinical evolution and iodine uptake over the

lesions, which is still time-consuming, thus urging a predictive model for timely

RAIR-DTC informing. The aim of this study was to develop a nomogram model for

RAIR prediction among DTC patients with distant metastases (DM).

Methods: Data were extracted from the treatment and follow-up databases of

Peking Union Medical College Hospital between 2010 and 2021. A total of 124

patients were included and divided into RAIR (n=71) and non-RAIR (n=53)

according to 2015 ATA guidelines. All patients underwent total thyroidectomy

followed by at least two courses of RAI treatment. Serological markers and various

clinical, pathological, genetic status, and imaging factors were integrated into this

study. The pre-treatment stimulated Tg and pre- and post-treatment suppressed

Tg at the first and second course RAI treatment were defined as s-Tg1, s-Tg2, sup-

Tg1, and sup-Tg2, respectively. Ds-Tg denoted s-Tg1/s-Tg2, and Ds-TSH denoted

s-TSH1/s-TSH2. Multivariate logistic regression and correlation analysis were

utilized to determine the independent predictors of RAIR. The performance of

the nomogram was assessed by internal validation and receiver operating

characteristic (ROC) curve, and benefit in clinical decision-making was assessed

using decision curve.

Results: In univariate logistic regression, nine possible risk factors were related to

RAIR. Correlation analysis showed four of the above factors associated with RAIR.

Through multivariate logistic regression, Ds-Tg/Ds-TSH<1.50 and age upon

diagnosis were obtained to develop a convenient nomogram model for

predicting RAIR. The model was internally validated and had good predictive

efficacy with an AUC of 0.830, specificity of 0.830, and sensitivity of 0.755. The

decision curve also showed that if the model is used for clinical decision-making

when the probability threshold is between 0.23 and 0.97, the net benefit of patients

is markedly higher than that of the TreatAll and TreatNone control groups. By using
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1.50 as a cut-off ofDs-Tg/Ds-TSH, differing biochemical progression among the

generally so-called RAIR can be further stratified as meaningfully rapidly or slowly

progressive patients (P=0.012).

Conclusions: A convenient user-friendly nomogram model was developed with

good predictive efficacy for RAIR. The progression of RAIR can be further stratified

as rapidly or slowly progressive by using 1.50 as a cut-off value of Ds-Tg/Ds-TSH.
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Introduction

The incidence of thyroid cancer has kept rising globally (1).

Differentiated thyroid cancer (DTC)accounts for more than 90% of

thyroid cancers and consists mainly of papillary thyroid cancer (PTC)

and follicular thyroid cancer (FTC) (2, 3). Most DTCs carry a favorable

prognosis after thyroidectomy, selective radioactive iodine (RAI)

treatment, and thyroid stimulating hormone (TSH) -suppressive

treatment. However, roughly 7-23% of DTC patients develop distant

metastases (DM) (4–6). Among these patients, two-thirds become

radioiodine refractory DTC (RAIR-DTC) and have a much lower 10-

year survival rate than those RAI responsive patients (10 vs. 56%),

which is the most common cause of cancer-related deaths, and pose a

great challenge in the management of DTC (7–9). Given the lack of

benefit of repeated RAI treatment to these patients and the increasing

risk of side effects, timely identifying the RAIR-DTC is imperative for

such patients to avoid unnecessary RAI treatment and gain more time

for the effective treatment regimen likeMulti-Kinase Inhibitors (MKIs).

The definition of RAIR has been outlined in the 2015 ATA

guidelines (10), which are mainly based on imaging manifestation

characterized by the loss of radioiodine uptake and increasing level of

the tumor marker thyroglobulin (Tg). Of note, the diagnosis of RAIR-

DTC is primarily based on clinical evolution and iodine uptake

characteristics rather than pathological characteristics. While

controversies existed particularly in terms of the predictive value of
131I whole body scan (131I-WBS) imaging and imaging heterogeneity

among multiple metastases (11). Thus the ultimate identification still

requires long-term follow-up after RAI treatment, which is time-

consuming and often induces a delayed judgment that deprives access

to timely and effective therapeutic approaches.

Over recent years, clinicopathological characteristics, as well as

molecular features, have been recognized as meaningful indicators that

could be utilized for RAIR prediction. And factors like older age, larger

primary tumor size, extrathyroidal extension (ETE), BRAFV600E

mutation, TERT promoter mutation, and high-risk histological

subtypes were reported to be correlated with RAIR-DTC respectively,

according to different retrospective studies, with an unfavorable median

overall survival (OS) (12–14). While factors identified in each study

alone still showed poor performance in predicting individual risk of

RAIR, thus a predictive model is needed to integrate multiple factors as

a whole. The nomogram is an effective model that takes the weights of

relevant factors into consideration and integrates the independent
02178
factors for predicting the risk probability of a special clinical event,

which is valuable for clinical decision-making and risk stratification (15,

16). Only two studies have reported the nomogram model to predict

RAIR-DTC so far to our knowledge, which mainly took static

clinicopathologic and costly 18F-FDG PET/CT molecular imaging

features into account, while both of which lacked dynamic

assessment and were not universally available due to economic

burden (17, 18). While Tg as the most critical real-time tumor

marker was ignored, which has an irreplaceable role in the follow-up

and management of thyroid cancer after surgery to predict recurrence

and metastasis and assess long-term survival (19–22).

This study aims to develop a prediction nomogram model of

RAIR by integrating serological markers such as Tg, various clinical,

pathological, genetic status, and imaging factors for predicting RAIR

among patients with DM-DTC.
Patients and methods

The study protocol was approved by the ethical board of the

Chinese Academy of Medical Sciences and Peking Union Medical

College Hospital (PUMCH).
Patients

In this retrospective study, we extracted data for all DM-DTC

patients (n=369) from 2205 thyroid cancer patients treated with total or

near-total thyroidectomy followed by RAI treatment between 2010 and

2021, with follow-up through November 1, 2021. Patients with DM-

DTC were defined with any of the following: ① metastatic lesions

confirmed by pathology, ② focal or diffuse uptake in metastatic lesions

on 131I-WBS after excluding the contamination and physiological RAI

uptake, with or without positive findings on other complementary

imaging modalities (chest CT, x-rays, MRI, bone scintigraphy or 18F-

FDG PET/CT) or elevated Tg levels, ③ positive findings on 18F-FDG

PET/CT after excluding other malignancies and benign diseases, with a

rising Tg level, despite of the negative 131I-WBS results, ④ negative

findings on functional imaging, but structural lesions suggested by

other imaging instruments with a rising Tg level after excluding other

malignancies and benign diseases. Patients’ exclusion criteria with

either of the following: ① no distant metastatic lesions identified on
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imaging, ② absence of serial serological data, ③ absence of information

on the first two rounds of RAI treatment, ④ absence of follow-

up information.

RAIR definition was based on the 2015 ATA guidelines: (i) the

malignant/metastatic tissue does not ever concentrate RAI (no uptake

outside the thyroid bed at the first therapeutic WBS), (ii) the tumor

tissue loses the ability to concentrate RAI after previous evidence of

RAI-avid disease (in the absence of stable iodine contamination), (iii)

RAI is concentrated in some lesions but not in others; and (iv)

metastatic disease progresses despite significant concentration of RAI

(10). A total of 124 DM-DTC patients were finally enrolled (Figure 1).

The overall median follow-up was 51.5 months (interquartile

range:32.75,70.00 months). Patients were further divided into non-

RAIR and RAIR.
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Postoperative RAI treatment

Aserumthyroid stimulatinghormone (TSH) level higher than30mU/

L was achieved by thyroid hormone withdrawal (THW) before RAI

treatment. All patients were instructed with a low iodine diet from the

beginning of THW to 3 weeks after RAI treatment. Patients were

administrated with a range of 3.7–7.4GBq (100-200mCi) RAI treatment

dose. Repeated RAI treatment was usually performed 6 to 12months after

the previous treatment.

Stimulated or suppressed Tg (s-Tg or sup-Tg), TSH, and

thyroglobulin antibody (TgAb) were usually tested 1 day before and 2–

3 months after RAI treatment. S-Tg was defined as Tg measured after

THW with a TSH level>30 mU/L. The s-Tg and TSH on the day of the

first (s-Tg1, s-TSH1) and second (s-Tg2, s-TSH2) course of RAI
FIGURE 1

Workflow for patient selection and development of the nomogram model to predict RAIR among DM-DTC patients. PUMCH, Peking Union Medical
College Hospital; RAIR, radioiodine refractory; DM, distant metastases; DTC, differentiated thyroid cancer.
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treatment and the suppressedTgat 1 to 3monthsbefore (sup-Tg1) and3

months after (sup-Tg2) the second RAI treatment were further analyzed

to detect the prediction value. Post-therapeutic whole-body scan (Rx-

WBS)was performed 5–7 days after RAI treatment. CTwithout contrast

was carried out as needed. All patients were under TSH suppressive

treatment using sodium levothyroxine to achieve a TSH level<0.1mIU/
mL during courses of RAI treatment and subsequent follow-up.
Measurement of Tg, TgAb and TSH

Tg and TgAb levels were determined by electrochemiluminescence

immunoassay (RocheDiagnostics GmbH,Mannheim,Germany)with a

functional sensitivity of 0.100 ng/mL and 10 IU/mL, respectively. TSH

was determined by chemiluminescence immunoassay (Siemens

Healthcare Diagnostics Inc, New York, New York, USA), with a

measuring range from 0.004 to 150mIU/mL. TgAb values>115 IU/mL

were considered positive. Rx-WBS was obtained in the anterior and

posteriorprojectionsusingdual-headgammacameras (InfiniaHawkeye;

GE, Fairfield, Connecticut, USA) equipped with high-energy parallel-

hole collimators, and a 20% energywindowwas centered at 364 keV, at a

table speed of 20 cm/min for a total time of 15 min (256×1024 matrix).
Biochemical progression

The sup-Tg level in all samples with TSH level<0.1mIU/mL and

TgAb negativity (≤115IU/mL) was examined. Biochemical

progression was defined as>20% increase in sup-Tg level at follow-

up compared with that after thyroid remnant ablation (23).
Gene analysis

Genomic DNA was extracted from either primary or lymph-node

metastatic DTC tumors, which were sliced into 5mm-thick sections, fixed

with formalin andembedded inparaffin.BRAFandTERTmutationswere

analyzed by real-time fluorescent quantitative polymerase chain reaction

(PCR). Exon 15 of the BRAF gene containing the site for the T1799A

(V600E) mutation was amplified using primers 5'- TGCTTGCTCTGA

TAGGAAAA TG-3'(sense) and 5'-AGCCTCAA TTCTTACCA TCCA-

3'(antisense).TheTERTpromoter includes twomutationhotspots:C228T

and C250T. A 193-bp fragment of the TERT promoter was amplified

by PCR using approximately 100 ng of genomic DNA and

primers 5'-CACCCGTCCTGCCCCTTCACCTT-3'(sense) and

5'-GGCTTCCCACGTGCGCAGCAGGA-3'(antisense). The real-time

fluorescent quantitative PCR protocol comprised an initial denaturation

for 5min at 95°C, 15 cycles of template enrichment (denaturation for 25 s

at 95°C, annealing for 20 s at 64°C, and extension for 20 s at 72°C), and

31 amplification cycles (denaturation for 25 s at 93°C, annealing for 35 s at

60°C, and amplification cycles (denaturation for 25 s at 93°C, annealing for

35 s at 60°C, and DNA Analyzer.
Data processing and statistical analysis

All factors included in the analysis were divided into categorical

and continuous variables, with no special processing for the former.
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Continuous variable were handled as follows: ① remove outliers: Data

less than the 1st quartile minus1.5 times the quartile difference were

replaced with the 5% quantile and data greater than the 3rd quartile

plus 1.5 times the quartile difference were replaced with the 95%

quantile; ② remove the Tg for TgAb>115 IU/ml; ③ ROC curves were

plotted for each continuous variable against the RAIR status, and

variables with AUC value>0.7 were then transformed to

corresponding categorical variables. A dataset was then derived

after removing highly subjective variables such as TSH levels,

cumulative dose, and cumulative number of RAI treatment. Very

incomplete variables were removed to get the final dataset. Univariate

and multivariate logistic regression was then applied to this dataset.

Figure 1 shows the workflow chart for patient selection and

model construction.

Statistical analysis was performed using the R software (version

4.1.2). The packages in R that were used in this study are reported in

the Data Supplementary. The reported statistical significance levels

between groups were all two-sided, with statistical significance set

at 0.05.

The Kaplan-Meier and log-rank analyses were used to assess Tg

progression-free survival (Tg-PFS).
Results

Clinicopathologic characteristics of patients

Of 124 patients included in the analysis, 118 (95.2%) had PTC, 5

(4.0%) had FTC and 1 (0.8%) had PTC combined with FTC. The

baseline clinicopathologic characteristics of 124 DM-DTC patients,

including 42 men and 82 women, with a male/female ratio of 1:1.95,

are summarized in Table 1. With the criteria for judgment, 71 patients

were identified as RAIR, 53 as non-RAIR, and one RAIR case fulfilled

criteria ii and iii. Patients with RAIR were more likely to be older

upon diagnosis and with more advanced T staging (P=0.021 and

0.015, respectively). RAIR tended to have higher capsular invasion

rate and larger tumor size (P=0.059 and 0.147, respectively). There

were no statistical differences in terms of gender, tumor lesion,

multifocality, and N staging.
Serological characteristics in RAIR
and non-RAR patients

Serological follow-up was performed on 124 patients with DM-

DTC before and after the first and second RAI treatment (Table 1).

TSH, Tg and TgAb results did not differ between the two groups

before and after the first RAI treatment. Both s-Tg2 and sup-Tg2

were significantly higher in RAIR group (P=0.02, and 0.027,

respectively). Additionally, Ds-Tg (s-Tg1/s-Tg2) was remarkably

lower in RAIR than the in non-RAIR group (P<0.001). To

minimize the influence of TSH, Ds-Tg/Ds-TSH (s-TSH1/s-TSH2)

was also calculated in the analyses. Ds-Tg/Ds-TSH in RAIR was

significantly lower compared to non-RAIR (P<0.001) and was also

more evident than that of Ds-Tg. A cut-off value of Ds-Tg/Ds-TSH at

1.50 was obtained with a sensitivity of 0.831, specificity of 0.792, and

AUC of 0.818, respectively (Figure 2).
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TABLE 1 Clinicopathologic Characteristics of 124 Patients with DM-DTC.

Characteristics Total
(N=124)

Non-RAIR
(N=53)

RAIR
(N=71) P

Age upon diagnosis (year) [mean (SD)] 35.10 (15.60) 31.38 (12.59) 37.89 (17.08) 0.021

Gender [n (%)] 0.578

Mela 42 (33.90) 16 (30.20) 26 (36.6)

Female 82 (66.10) 37 (69.80) 45 (63.40)

Tumor largest dimension (cm) [mean (SD)] 2.58 (1.72) 2.31 (1.59) 2.80 (1.80) 0.147

Cervical lymph node dissection [n (%)] 0.418

Yes 117 (94.40) 52 (98.10) 65 (91.50)

No 7 (5.60) 1 (1.90) 6 (8.50)

Pathological subtype [n (%)] 0.098

Classic PTC 29 (23.40) 15 (28.30) 14 (19.70)

Follicular-variant PTC 36 (29.00) 19 (35.80) 17 (23.90)

Other subtypes 21 (16.90) 6 (11.30) 15 (21.10)

Unavailable 38 (30.60) 13 (24.50) 25 (35.20)

Tumor lesion [n (%)] 0.441

Unilateral 59 (47.60) 28 (52.80) 31 (43.70)

Bilateral 64 (51.60) 25 (47.20) 39 (54.90)

Unavailable 1 (0.80) 0 (0.00) 1 (1.40)

Multifocality [n (%)] 0.351

One lesion 36 (29.00) 19 (35.80) 17 (23.90)

More than one lesion 80 (64.50) 31 (58.50) 49 (69.00)

Unavailable 8 (6.50) 3 (5.70) 5 (7.00)

Capsular invasion [n (%)] 0.059

Yes 102 (82.30) 40 (75.50) 62 (87.30)

No 12 (9.70) 9 (17.00) 3 (4.20)

Unavailable 10 (8.10) 4 (7.50) 6 (8.50)

BRAFV600E mutation [n (%)] 0.085

Yes 44 (35.50) 14 (26.40) 30 (42.30)

No 63 (50.80) 33 (62.30) 30 (42.30)

Unavailable 17 (13.70) 6 (11.30) 11 (15.50)

TERT mutation [n (%)] 0.04

Yes 12 (9.70) 1 (1.90) 11 (15.50)

No 46 (37.10) 21 (39.60) 25 (35.20)

Unavailable 66 (53.20) 31 (58.50) 35 (49.30)

AJCC-T Stage [n (%)] 0.015

T1 31 (25.0) 21 (39.6) 10 (14.10)

T2 12 (9.7) 4 (7.5) 8 (11.30)

T3 17 (13.7) 4 (7.5) 13 (18.30)

T4 55 (44.4) 21 (39.6) 34 (47.90)

Unavailable 9 (7.3) 3 (5.7) 6 (8.50)

(Continued)
F
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Results of univariate logistic regression
and correlation analysis

Univariate logistic regression demonstrated that sup-TgAb1, s-Tg2,

sup-Tg2, Ds-Tg, Ds-Tg/Ds-TSH, Ds-Tg/Ds-TSH<1.50, age upon

diagnosis, BRAFV600E mutation, and AJCC-T stage were opted risk

factors for RAIR (P<0.1, Table 2), among which sup-TgAb1, sup-Tg2,

BRAFV600E mutation, and AJCC-T stage were removed from dataset

due to data incompleteness. The remaining possible risk factors were

included into the correlation analysis. Risk factors with a correlation

coefficient greater than 0.3 were considered to be correlated factors. In

correlation analysis, Ds-Tg was removed because of correlation with

both s-Tg2 (correlation factor=-0.323) and Ds-Tg/Ds-TSH(correlation

factor=0.743), leaving the following four factors to be opt-independent

risk factors: s-Tg2, Ds-Tg/Ds-TSH, Ds-Tg/Ds-TSH<1.50, and age

upon diagnosis.
Frontiers in Endocrinology 06182
Multivariate analysis, internal validation, and
logistic model construction

Totally, 70% of cases were randomly selected as the training set,

and then stepwise multivariate logistic regression was performed

using the MASS package (7.3-54) of R. The left 30% of cases were

selected as the validation set. Two independent risk factors, Ds-Tg/Ds-
TSH<1.50 and age upon diagnosis, were eventually screened for

predicting RAIR. The above procedure was performed five times

with different randomization seeds, and the results were reliable

(Figure 3, Table 3). We then used the two factors (Ds-Tg/Ds-
TSH<1.50 and age upon diagnosis) as independent risk factors to

generate a linear Logistic regression model to predict RAIR. Based on

the two independent factors obtained in stepwise multiple Logistic

regression analysis, a nomogram characterized by scale line and score

weight reflected to RAIR-DTC prediction was established in
TABLE 1 Continued

Characteristics Total
(N=124)

Non-RAIR
(N=53)

RAIR
(N=71) P

AJCC-N Stage [n (%)] 0.235

N0 3 (2.40) 1 (1.90) 2 (2.80)

N1a 12 (9.70) 6 (11.30) 6 (8.50)

N1b 100 (80.60) 45 (84.90) 55 (77.50)

Unavailable 9 (7.30) 1 (1.90) 8 (11.30)

Serological characteristics (ng/mL) [median (IQR)]

s-Tg1 344.10 (62.74,500.0) 361.40 (93.14,500.0) 342.20 (60.34-500.0) 0.636

sup-Tg1 14.31 (4.75,77.51) 12.73 (2.76-69.0) 16.30 (5.03-80.04) 0.573

s-Tg2 189.96 (57.23, 500.6) 119.8 (38.44, 466) 250.2 (78.89, 603.6) 0.02

sup-Tg2 11.10 (3.15, 70.44) 7.73 (2.0, 42.37) 16.94 (6.2, 87.49) 0.027

Ds-Tg [median (IQR)] 1.06 (0.92, 1.71) 1.69 (1.00,3.7) 1.00 (0.75,1.27) <0.001

Ds-Tg/Ds-TSH [median (IQR)] 1.37 (0.95, 2.68) 2.42 (1.58-4.11) 1.05 (0.79-1.4) <0.001

Ds-Tg/Ds-TSH<1.50 [n (%)] <0.001

Yes 69 (55.6) 11 (20.8) 58 (81.7)

No 55 (44.4) 42 (79.2) 13 (18.3)

Cumulative RAI dose (mCi) [median (IQR)] 340 (300, 450) 450.00 (300, 540) 300.00 (300, 450) 0.05

Number of RAI treatment [n (%)] 0.263

2 63 (50.8) 22 (41.5) 41 (57.7)

3 35 (28.2) 16 (30.2) 19 (26.8)

4 12 (9.7) 9 (17.0) 3 (4.2)

>4 14 (11.3) 6 (11.3) 8 (11.3)

RAIR according to 2015 ATA guidelines [n (%)]

i 36 (50.7)

ii 5 (7.04)

iii 15 (21.13)

iv 16 (22.54)
DM, distant metastases; DTC, differentiated thyroid cancer; RAI, radioactive iodine; Ds-Tg, s-Tg1/s-Tg2; Ds-TSH, s-TSH1/ s-TSH2.
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Figures 4A, B; the AUC of the model is 0.830, with a specificity of

0.830 and sensitivity of 0.755. The calibration and decision curves for

our final model are also shown in Figures 4C, D, with the p-value for

the Hosmer-Lemeshow test for the former being greater than 0.05,

indicating our model’s probability of predicting RAIR is not

significantly different from the actual RAIR situation. The latter

shows that our model outperforms the two control groups of

TreatAll and TreatNone in terms of the net benefit to patients’

clinical decision-making over a relatively significant threshold

probability range of 0.24-0.97.
Impact of Ds-Tg/Ds-TSH cut-off value of
1.50 on Tg-PFS in RAIR patients

The results of the Kaplan-Meier and log-rank analyses of Tg-PFS

in patients with RAIR are provided below. The median Tg-PFS (mTg-

PFS) in 124 patients was 37 months (95% CI: 37.83-48.82 months).

The mTg-PFS was 24.4 months (95% CI: 25.93-38.23 months) and 56

months (95% CI:49.91-66.88months) for RAIR and non-RAIR

patients, respectively. An obviously shorter Tg-PFS was observed in

RAIR than in non-RAIR (c2 = 43.345, P=0.000) (Figure 5A).
Frontiers in Endocrinology 07183
In the RAIR group, the mTg-PFS was 20.49 months (95% CI:

21.89-33.71 months) for 58 patients with Ds-Tg/Ds-TSH<1.50 and

43.00 months (95% CI:31.58-70.76 months) for 13 patients with Ds-
Tg/Ds-TSH≥1.50. The log-rank test showed a significantly shorter Tg-

PFS in the former patients compared to the latter (c2 = 6.316,

P =0.012) (Figure 5B).
Discussion

In the present study, we retrospectively developed and validated a

nomogram model for predicting RAIR in patients with DM-DTC by

integrating serological markers and various clinical, pathological,

genetic status, and imaging factors. Based on univariate logistic

regression, nine possible risk factors were significantly related to

RAIR. And correlation analysis showed that four of the above factors

displayed associations with RAIR. Two independent predictors of

RAIR were finally confirmed in multivariate logistic regression

analysis: Ds-Tg/Ds-TSH and age upon diagnosis, with the former

parameter derived from Tg, which would be a dichotomous variable

reflecting the dynamic s-Tg changing rate with the cut-off of 1.50.

Internal validation was used to determine that the model had good

predictive power to predict RAIR. The decision curve with net

benefits was further used to assess the model’s better clinical

predictive value.

Tg has been reported to be a specific biomarker produced by

thyroid tissue and DTC lesions, which is well acknowledged as

convenient, reproducible, and sensitive to be monitored,

particularly after remnant thyroid ablation (10). It plays an essential

role in the surveillance of thyroid cancer after surgery to reveal

recurrence, metastasis and assess long-term survival (24). Previous

researches from our team have shown that qualitative assessment of

the Tg levels can help to grade the risk of recurrence and predict

metastasis and RAIR in DTC patients with pulmonary metastases (20,

25). The change of Tg during TSH stimulation, such as DTg/DTSH,

can be used as a specific early biochemical marker for DM-DTC (22).

Wang C et al. further analyzed the percentage change of Tg before and

after RAI treatment, namely DTg, during the first two courses in DM-

DTC patients receiving multiple RAIs and showed that it was

informative for RAIR (25). Based upon the above findings, Ds-Tg/
FIGURE 2

Receiver operating characteristic (ROC) curves of the cut-off of Ds-Tg/Ds-
TSH. AUC: 0.818, cutoff value:1.50, sensitivity:0.831, specificity: 0.792. Ds-
Tg: s-Tg1/ s-Tg2, Ds-TSH: s-TSH1/ s-TSH2, AUC: Area Under Curve.
TABLE 2 Results of univariate logistic regression.

Characteristics P Characteristics P

Age upon diagnosis 0.023* s-Tg1 0.13

Gender 0.127 sup-Tg1 0.287

Tumor largest dimension 0.153 sup-TgAb1 0.092*

Cervical lymph node dissection 0.111 s-Tg2 0.050*

Tumor lesion 0.288 sup-Tg2 0.039*

Multifocality 0.16 Ds-Tg 0.020*

BRAFV600E mutation 0.037* Ds-Tg/Ds-TSH 0.001*

AJCC-T Stage 0.083* Ds-Tg/Ds-TSH<1.5 <0.01*

AJCC-N Stage 0.392
*P<0.05, Ds-Tg: s-Tg1/s-Tg2, Ds-TSH: s-TSH1/ s-TSH2.
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FIGURE 3

Receiver operating characteristic (ROC) curves for the internal validation set (A, C, E, G, I) and the training set (B, D, F, H, J). Calibration plots for the last
internal validation of the model, training set (L), and validation set (K).
TABLE 3 Results of stepwise multivariate logistic regression on five random samples.

Independent risk factors training set AUC
Internal validation set

AUC Sensitivity Specificity

Ds-Tg/Ds-TSH<1.50,
Age upon diagnosis

0.810 0.913 0.952 0.800

0.788 0.933 0.905 0.933

0.834 0.832 0.810 0.800

0.837 0.825 0.810 0.867

0.842 0.805 0.857 0.800
F
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FIGURE 4

(A) Nomogram to develop the risk of RAIR-DTC in DTC patients with distant metastasis. (B) ROC curves of the nomogram model for predicting RAIR.
AUC:0.830, sensitivity:0.775, specificity: 0.830. The cut-off value of risk of RAIR is 0.722. (C) Calibration curve. (D) Decision curve.
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Ds-TSH was applied for the first time in this study to predict RAIR.

Different from the previous Tg-relevant indicators, such a parameter

not only associates Tg with TSH to make it standardized and

comparable but also reflects the biochemical efficacy from RAI

treatment longitudinally.

Age upon diagnosis was another important independent factor

manifested in this study. Age has been associated with thyroid cancer

staging, RAIR prediction, and risk of death. Age above 45 and over 55

years old were significant stratification factors in the TNM staging of

thyroid cancer to differentiate the risk of death, in its 7th, and 8th

editions, respectively (26, 27). Other researchers have reported a

significant inverse correlation between RAI avidity and different age

cut-offs, such as >45, ≥46, or >55-years-old (13, 25, 28). A predictive

value for OS of RAIR can be observed by using 45- and 75-years-old

as cut-off, respectively (29). In a nomogram model to predict RAIR

developed recently, an age cut-off of 48-years-old has also been

integrated as an independent factor (18). Our finding revealed that

age was also proved to be a significant predictor for RAIR as a

continuous rather than a dichotomous variable in previous studies,
Frontiers in Endocrinology 09185
which presumably related to the wide range of age in the entire

population in our research. Thus, it allows a specific personalized

nomogram scoring in patients with different ages upon diagnosis.

Thus, unlike other scoring systems in identifying RAIR with

either complex or high-cost index such as 18F-FDG-PET (18), we

developed this nomogram model with promising predictive RAIR

efficacy using two readily accessible factors described above. We

believe it might be a user-friendly tool in routine clinical practice,

particularly in China where recombinant human TSH (rhTSH)

remains unavailable currently and thyroid hormone withdrawal is

the only modality for TSH stimulation, which makes rhTSH aided-

diagnostic RAI whole-body scan (DxWBS) for RAIR identification

impossible. And due to its economic feasibility and practicability, our

nomogram model might be an alternative for some other developing

countries, where rhTSH cannot be affordable for most of the patients.

Interestingly, when we further evaluated the biochemical

progression using a 20% change of Tg among all the generally so-

called RAIR patients defined by ATA criteria, differing biochemical

progression can be identified as rapidly or slowly progressive patients
A B

FIGURE 5

Kaplan-Meier curves for Tg-PFS (A) between non-RAIR and RAIR patients, (B) between RAIR patients with 1.50 of Ds-Tg/Ds-TSH as the cutoff value. RAIR,
radioiodine refractory; Tg-PFS, thyroglobulin progression-free survival.
FIGURE 6

Flowchart for predicting RAIR and active surveillance of patients with DM-DTC. DM, distant metastases; DTC, differentiated thyroid cancer; TSH, thyroid
stimulating hormone; MKIs, multi-kinase inhibitors.
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with 1.50 as the Ds-Tg/Ds-TSH cut-off value. Patients with Ds-Tg/Ds-
TSH <1.5 were apparently more progressive with a worse prognosis

than those ≥1.50. The biochemical response of Tg has been reported

to reflect the general tumor burden and progression, and is associated

with structural response or relapse assessed by RECIST criteria (23,

30–32). The classification of RAIR has long been argued with

controversy, as the four or five clinical scenarios may have different

underlying genetic backgrounds and clinical progressions but were

dealt with solid arbitrary management (33, 34). With the index

derived from our study, different clinical progression might be

further identified, which may shed light on the personalized

management in RAIR patients, and even be helpful to optimize the

currently watchful waiting strategy, and to tailor the timing of

initiating systemic therapy such as MKIs from a clinical perspective.

A workable flowchart was also suggested in this study to guide the

active surveillance among RAIR patients (Figure 6).

Although BRAFV600E mutation has been shown to be associated

with RAIR (12, 35, 36), it was not manifested in the present study. We

suppose the local genetic features reflected by the primary or regional

tumor sites, or the heterogeneity between which might not thoroughly

reflect the whole-body tumor genetic background, particularly the

inaccessibility of distant metastasis due to ethic concern, while Tg, as

a circulating marker, could comprehensively represent the overall

biochemical tumor burden.

Our study is inevitably limited by its retrospective and single-

center nature. Studies with larger sample sizes as well as multi-centers

validation will be conducted subsequently.

In conclusion, we developed a convenient nomogram model

integrating with Tg and age, which showed good predictive power

for RAIR. By utilizing 1.50 as the cut-off value for Ds-Tg/Ds-TSH, the

progression of RAIR may be further classified as a rapidly or slowly

progressing group.
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Cervical lymph node metastasis
prediction of postoperative
papillary thyroid carcinoma
before 131I therapy based on
clinical and ultrasound
characteristics

Fei Yu1†, Wenyu Wu1†, Liuting Zhang2†, Shaohua Li1,
Xiaochen Yao1, Jun Wang1, Yudan Ni1, Qingle Meng1,
Rui Yang1, Feng Wang1* and Liang Shi1*

1Department of Nuclear Medicine, Nanjing First Hospital, Nanjing Medical University, Nanjing, China,
2Department of Functional Examination, Nanjing First Hospital, Nanjing Medical University,
Nanjing, China
Background: The status of lymph nodes is crucial to determine the dose of

radioiodine-131(131I) for postoperative papillary thyroid carcinoma (PTC). We

aimed to develop a nomogram for predicting residual and recurrent cervical

lymph node metastasis (CLNM) in postoperative PTC before 131I therapy.

Method: Data from 612 postoperative PTC patients who underwent 131I therapy

from May 2019 to December 2020 were retrospectively analyzed. Clinical and

ultrasound features were collected. Univariate and multivariate logistic

regression analyses were performed to determine the risk factors of CLNM.

Receiver operating characteristic (ROC) analysis was used to weigh the

discrimination of prediction models. To generate nomograms, models with

high area under the curves (AUC) were selected. Bootstrap internal validation,

calibration curves and decision curves were used to assess the prediction

model’s discrimination, calibration, and clinical usefulness.

Results: A total of 18.79% (115/612) of postoperative PTC patients had CLNM.

Univariate logistic regression analysis found serum thyroglobulin (Tg), serum

thyroglobulin antibodies (TgAb), overall ultrasound diagnosis and seven

ultrasound features (aspect transverse ratio, cystic change, microcalcification,

mass hyperecho, echogenicity, lymphatic hilum structure and vascularity) were

significantly associated with CLNM. Multivariate analysis revealed higher Tg,

higher TgAb, positive overall ultrasound and ultrasound features such as aspect

transverse ratio ≥ 2, microcalcification, heterogeneous echogenicity, absence of

lymphatic hilum structure and abundant vascularity were independent risk

factors for CLNM. ROC analysis showed the use of Tg and TgAb combined

with ultrasound (AUC = 0.903 for “Tg+TgAb+Overall ultrasound” model, AUC =

0.921 for “Tg+TgAb+Seven ultrasound features” model) was superior to any

single variant. Nomograms constructed for the above twomodels were validated
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internally and the C-index were 0.899 and 0.914, respectively. Calibration curves

showed satisfied discrimination and calibration of the two nomograms. DCA also

proved that the two nomograms were clinically useful.

Conclusion: Through the two accurate and easy-to-use nomograms, the

possibility of CLNM can be objectively quantified before 131I therapy. Clinicians

can use the nomograms to evaluate the status of lymph nodes in postoperative

PTC patients and consider a higher dose of 131I for those with high scores.
KEYWORDS
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Introduction

The incidence of thyroid cancer has a rapid increase worldwide,

and differentiated thyroid cancer (DTC) accounts for more than

90% of thyroid cancer cases (1–3). Papillary thyroid carcinoma

(PTC) is the most common type of DTC and cervical lymph node

metastasis (CLNM) frequently occurs in PTC (4, 5). Previous

researches identified the rate of CLNM reaches approximately 20-

30% DTC after systemic treatment (4, 6). CLNM can be classified as

central and lateral lymph node metastasis. CLNM was an important

risk factor for recurrence in PTC (7, 8). We admit that, although

with controversy, lateral lymph node metastasis but not central

lymph node metastasis affected the recurrence-free survival as some

recent studies reported (9–11).

Ultrasonography has been widely applied to detect CLNM in

PTC but displays a relatively low sensitivity (12, 13). Precisely

identifying CLNM plays a vital role in the determination of whether

central lymph node dissection and/or lateral lymph node dissection

should be performed during surgery. To date, some prediction

models have been established for preoperative prediction of CLNM

in PTC patients. It was discovered that clinical characteristics

including age, gender, tumor size, extrathyroidal invasion,

multifocality, serum thyroglobulin (Tg), serum thyroglobulin

antibodies (TgAb), radiomic and ultrasound characteristics might

predict CLNM in PTC (12, 14–17).

Prophylactic central lymph node dissection is frequently

performed in PTC patients with moderate and high-risk, while

prophylactic lateral lymph node dissection is not generally

recommended as a standard treatment (18). In practice, a

significant number of lateral lymph node metastasis can remain

after surgery and present as recurrence (19). Residual CLNM after

initial surgery are mainly due to overlook of lymph node

involvement before surgery or during thyroidectomy, or

incomplete removal of involved lymph nodes in surgery (20).

Radioiodine-131 (131I) therapy that can successfully ablate thyroid

cancer cells in both primary and metastatic lesions has been

accepted as conventional management for treating moderate and

high-risk DTC after operation (18, 21). Radioactive Iodine Ablation
02189
reduces the risk of recurrence or death from thyroid cancer patients.

The recommended dose for patients receiving it as remnant ablative

therapy was 100 mCi. Nonetheless, the 131I dose generally needs to

be increased to 100-150 mCi and 150-200 mCi when treating

patients with CLNM and/or extra-thyroid extension and distant

metastasis, respectively (22). Nevertheless, few models were

constructed for predicting residual and recurrent CLNM in

postoperative PTC patients before 131I therapy. Effective

prediction of the residual and recurrent CLNM status may

provide a reference for nuclear medicine doctors to give

appropriate and sufficient 131I doses that have enough tumoricidal

effects but without increased risk of adverse effects.

Therefore, we aimed to filter out important predictors from

medical information and to develop a brief and reliable prediction

model (nomogram) for accurate residual and recurrent CLNM in

postoperative PTC patients before 131I therapy.
Materials and methods

Patients

The study was approved by the Ethics Committee of Nanjing

First Hospital. Consecutive moderate and high-risk PTC patients

who underwent 131I therapy from May 2019 to December 2020 at

the Department of Nuclear Medicine of Nanjing First Hospital were

enrolled. The records of patients were retrospectively reviewed and

the exclusion criteria were as follows (1): non-PTCs or other

subtypes than classic PTC (such as mixed PTC and so on) (2);

age younger than 18 years old (3); patients who underwent non-

curable surgery (4); patients with another malignancy (5); patients

with distant metastasis (6); history of 131I therapy (7); history of

neck radiation (8); incomplete clinical data or missing follow-up.

According to the above criteria, 612 patients with PTC were

enrolled in this study. All patients underwent total/near-total

thyroidectomy and central lymph node dissection with/without

lateral lymph node dissection. The flow chart of the selection

process was shown in Figure 1.
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Data collection

Clinicopathological factors included age, gender, histological

type, stage, tumor size, multifocal or not, serum Tg level, serum

TgAb level, results of cervical ultrasound exams, history of 131I

therapy and neck radiation were extracted from electronic medical

records in our hospital. Multifocality was defined as two or more

tumors in the thyroid. The time interval for the first 131I therapy was 3

to 6 months after surgery. Serum Tg level, serum TgAb level and

results of ultrasound were measured within one week before 131I

therapy in our hospital. Metastasis status of lymph node evaluated by

ultrasound was recorded as yes or no. According to overall

ultrasound results, one suspicious (when overall ultrasound

reported suspicious metastasis) or one normal lymph node (when

overall ultrasound reported negative metastasis) was selected to

collect ultrasound features including aspect transverse ratio (≥ 2/<

2), cystic change (yes/no), microcalcification (yes/no), mass

hyperecho (yes/no), echogenicity (heterogeneous vs. homogeneous),

lymphatic hilum structure (presence vs. absence) and vascularity

(abundant vs. non-abundant). The ultrasound features were read and

recorded by two experienced ultrasound doctors. The golden

standard of metastasis status of cervical lymph nodes before 131I

was based on cervical SPECT/CT imaging after 131I treatment and

follow-up (follow-up time was 12 months). In this study, any residual

activity noted on 131I SPECT/CT scan, pathology-proved CLNM

during follow-up and imaging revealed suspicious lymph nodes with

continuous abnormal Tg during follow-up were defined as CLNM.
Statistical analyses

All statistical analyses were performed using R software version

4.2.1. Continuous variables with normal distribution were

expressed as the means ± standard deviations (SD), continuous

variables with abnormal distribution were expressed as the median

(interquartile range), and categorical variables were reported as

numbers and percentages.

A t-test, log-rank test, Pearson’s chi-square test or Fisher’s exact

test was used to compare the baseline characteristics of different

groups. Univariate and multivariate backward stepwise logistic

regression analyses were used to assess risk factors for CLNM in
Frontiers in Endocrinology 03190
postoperative PTC patients. Receiver operating characteristic

(ROC) curves were used to test the discrimination of our

established prediction models and area under the curves (AUC)

were compared by Delong test. For models with high AUC values,

nomograms were developed to calculate the probability of CLNM.

The performance of the nomogram was further evaluated by the

calibration chart, which plotted the predicted probability of the

nomogram against the observed probability. Bootstrap method

(1,000-times) was used for internal validation of the model. A

decision curve analysis was also performed to test the clinical

usefulness of the nomogram. All tests are two-sided tests and

statistical significance level was established at P < 0.05.
Results

Patients and clinical characteristics

Baseline characteristics of patients are summarized in Table 1.

Among the 612 postoperative PTC patients, including 225 men and

387 women, the average age was 42.44 ± 12.23 years old (ranging

from 18 to 79 years old). CLNM was found in 115(18.79%) patients.

There were no significant differences in terms of patient age, gender,

stage, tumor size and multifocality in the postoperative PTC

patients with and without CLNM. The positive rate of ultrasound

diagnosis was significantly higher in patients with CLNM (73.91%)

than those without CLNM (2.01%). Patients with CLNM had a

median Tg level of 8.98 ug/l (interquartile range: 0.89-39.60), while

patients without CLNM had a median Tg level of 3.00 ug/l

(interquartile range: 0.48-10.23) (P < 0.001). Additionally, we

found a marginally significant (P = 0.081) difference of TgAb

(IU/ml) between the two groups (with CLNM: median 2.02,

interquartile range 1.02-24.20; without CLNM: median 1.71,

interquartile range 0.98-7.15).
Univariate and multivariate predictors
for CLNM

The present study identified the potential risk factors for CLNM

using univariate and multivariate logistic regression analysis. As

shown in Table 2, The univariate analysis identified that levels of

Tg (P < 0.001), levels of TgAb (P = 0.009), overall ultrasound (P <

0.001) and seven ultrasound features (all P < 0.001) were statistically

significant associated with CLNM. CLNM was not significantly

related to age, gender, stage, tumor size and multifocal (P > 0.05).

In the multivariate backward stepwise analysis, Tg (P =2.290×10-3),

TgAb (P =6.910×10-3) and overall ultrasound (P < 0.001) were

significantly associated with CLNM. When considering seven

ultrasound features, Tg, TgAb and all seven ultrasound features

were finally retained in the multivariate model. However, TgAb,

cystic change, and mass hyperecho didn’t reach statistical significance

(P =0.147, 0.060 and 0.091, respectively). These results revealed that

levels of Tg, levels of TgAb, and ultrasound may be independent risk

factors associated with CLNM in PTC patients before 131I therapy.
FIGURE 1

Flow chart of the study selection.
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ROC analysis of different models

Figure 2 illustrates the ROC curves of the CLNMprediction results

of the thirteen models. According to the results, the AUCs of the

models achieved 0.608 (Tg), 0.552 (TgAb), 0.860 (overall ultrasound),

0.756 (aspect transverse ratio), 0.556 (cystic change), 0.708

(microcalcification), 0.559 (mass hyperecho), 0.834 (echogenicity),

0.612 (lymphatic hilum structure), 0.620 (vascularity), 0.892 (seven

ultrasound features), 0.903 (Tg+TgAb+Overall ultrasound), and

0.921 (Tg+TgAb+seven ultrasound features), respectively. The

corresponding quantitative indexes of all the above models were

summarized in Table 3. Based on Delong test, seven ultrasounds

aspects combined model performed better than the overall ultrasound

model (P = 0.0321), “Tg+TgAb+Overall ultrasound” model

performed better than Tg, TgAb, and Overall ultrasound models

(all P < 0.01), “Tg+TgAb+Seven ultrasound features” model

performed better than Tg, TgAb, each ultrasound feature and

seven ultrasound features combined models (all P < 0.01).

Nevertheless, we didn’t observe a better performance of “Tg+TgAb

+Seven ultrasound features” model than “Tg+TgAb+Overall

ultrasound” model (P = 0.248).
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Construct a nomogram for predicting risk
of CLNM

We chose two models which showed good discrimination (AUC

exceeding 0.9) to construct nomograms. As shown in Figure 3A, the

nomogram was constructed and incorporated variables including Tg,

TgAb, and overall ultrasound. Nomogram in Figure 4A contained Tg,

TgAb, and seven ultrasound features. For individualized prediction,

draw an upward vertical line from the patient’s characteristics to

calculate total points. Then, the risk of CLNM in each patient can be

determined based on the total points. The two nomograms were cross-

validated internally by the 1000 repetitions of bootstrap samples and

the C-index were 0.899 and 0.914, respectively. Figures 3B, 4B

showed the calibration curves of “Tg+TgAb+Overall ultrasound”

model and “Tg+TgAb+Seven ultrasound features” model. The

unreliability test yielded a P value of 0.966 and 0.927, respectively,

indicating a good concordance between the predicted and actual

outcomes. Ultimately, we used decision analysis curves to estimate the

clinical utility of our nomograms, and results showed that the two

nomograms had satisfactory net benefits among most of the threshold

probabilities (Figures 3C, 4C).
TABLE 1 Demographics and clinical characteristics of patients.

Variables PTC with CLNM
(n=115)

PTC without CLNM
(n=497) P

Age (years)

Mean ± SD 42.55 ± 11.98 42.42 ± 12.29 0.918

Gender [n (%)]

male 40 (34.78) 185 (37.22)

female 75 (65.21) 312 (62.78) 0.703

Stage [n (%)]

I 106 (92.17) 437 (87.93)

II 9 (7.82) 45 (9.05)

III 0 (0) 10 (2.01)

IV 0 (0) 5 (1.01) 0.395

Tumor size (cm)

median (interquartile range) 1.30 (0.90-2.00) 1.40 (1.00-2.00) 0.704

Multifocality [n (%)]

No 64 (55.65) 277 (55.73)

Yes 61 (44.34) 220 (44.27) 1.000

Ultrasound [n (%)]

negative 30 (26.09) 487 (97.99)

positive 85 (73.91) 10 (2.01) < 0.001

Tg (ug/l)

median (interquartile range) 8.98 (0.89-39.60) 3.00 (0.48-10.23) < 0.001

TgAb (IU/ml)

median (interquartile range) 2.02 (1.02-24.20) 1.71 (0.98-7.15) 0.081
fronti
CLNM, cervical lymph node metastasis; SD, Standard deviation; Tg, Thyroglobulin; TgAb, thyroglobulin antibodies.
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Discussion

Due to unrecognized occult lymph nodes preoperatively or

incomplete removal of metastatic lymph nodes during surgery,

residual CLNM after initial surgical treatment for PTC is common

(20). Radioactive iodine ablation is highly effective for treating CLNM in

postoperative PTC patients (23). As thyroid cancer cells can’t uptake the

radioactive iodine as easily as normal thyroid cells, higher administered

activities (up to 150 mCi) are generally recommended for PTC patients
Frontiers in Endocrinology 05192
with remnant CLNM to achieve a good therapeutic effect (18). Therefore,

accurate identification of CLNMcan help provide personalized 131I doses

and then improve the prognosis of PTC patients. In the current study,

115 (18.79%) PTC patients presented residual and recurrent CLNM

before taking 131I. We identified independent risk factors associated with

CLNMas follow: higher Tg, higher TgAb, positive overall ultrasound and

ultrasound features such as aspect transverse ratio ≥ 2, microcalcification,

heterogeneous echogenicity, absence of lymphatic hilum structure and

abundant vascularity.
BA

FIGURE 2

Receiver operating characteristic curve analysis of different prediction models for predicting CLNM in postoperative PTC before 131I therapy. (A) ROC
curves for Tg, TgAb, overall ultrasound and combined models. (B) ROC curves for seven ultrasound features and combined models.
TABLE 2 Univariate and multivariate stepwise logistic regression analysis of risk factors for CLNM in postoperative PTC before 131I therapy.

Variables Univariate analysis Multivariate analysis a Multivariate analysis b

OR (95% CI) P OR (95% CI) P OR (95% CI) P

Age (>40 vs. ≤40 years) * 1.08 (0.72-1.62) 0.707 NA NA

Gender (female vs. male) 1.11 (0.73-1.71) 0.625 NA NA

Stage (II-IV vs. I) 0.62 (0.28-1.23) 0.198 NA NA

Tumor size (>1.4 cm vs. ≤1.4 cm) * 0.92 (0.61-1.38) 0.689 NA NA

Multifocality (yes vs. no) 1.00 (0.67-1.51) 0.987 NA NA

Tg (>12.58 vs. ≤12.58 ug/l) # 3.16 (2.06-4.86) <0.001 3.23 (1.52-6.94) 2.290×10-3 3.13 (1.53-6.45) 1.797×10-3

TgAb (>13.20 vs. ≤13.20 IU/ml) # 1.83 (1.16-2.86) 8.580×10-3 2.96 (1.34-6.54) 6.910×10-3 1.75 (0.81-3.70) 0.147

Overall ultrasound (positive vs. negative) 137.98 (67.90-308.87) <0.001 125.31 (60.49-286.61) <0.001 NA

Ultrasound features: NA

Aspect transverse ratio (≥2 vs. <2) 10.34 (6.60-16.49) <0.001 3.69 (1.96-6.92) <0.001

Cystic change (yes vs. no) 63.22 (12.39-1154.83) <0.001 8.54 (1.28-172.28) 0.060

Microcalcification (yes vs. no) 27.49 (14.78-54.25) <0.001 3.99 (1.52-11.11) 6.217×10-3

Mass hyperecho (yes vs. no) 34.31 (9.40-220.66) <0.001 4.55 (0.92-35.17) 0.091

Echogenicity (heterogeneous vs. homogeneous) 37.40 (22.11-65.20) <0.001 6.46 (2.69-15.24) <0.001

Lymphatic hilum structure (absence vs. presence) 11.63 (6.01-23.54) <0.001 5.64 (2.16-14.98) <0.001

Vascularity (abundant vs. non-abundant) 27.59 (11.88-75.42) <0.001 4.00 (1.28-14.08) 0.022
fro
* Patients were grouped by median of the variable from all patients, # Patients were grouped by cut-off value of receiver operating characteristic curve analysis, a Multivariate stepwise logistic
regression analysis of overall ultrasound and other variables, b Multivariate stepwise logistic regression analysis of ultrasound features and other variables.
CLNM, cervical lymph node metastasis; PTC, papillary thyroid carcinoma; Tg, Thyroglobulin; TgAb, thyroglobulin antibodies; OR, Odd ratio; CI, Confidence intervals; NA, Unavailable.
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Our study found serum Tg levels higher than 12.58 ug/l and

TgAb higher than 13.20 IU/ml were related to higher CLNM risk in

postoperative PTC patients. Serum Tg and TgAb are two important

biomarkers that serial measurements of them are beneficial to the

postoperative management of DTC patients (24, 25). Previous

researches also proved the role of Tg and TgAb in predicting

CLNM in DTC patients before and after surgery. Zou et al. found

that ipsilateral lateral CLNM was more likely to occur before

surgery when Tg > 100.01 ug/l or TgAb > 89.43 IU/ml (26). Tg

and TgAb detection from fine-needle aspiration of cervical lymph

node can determine metastasis with a cut-off value of 227.1 ug/l and

10.85 IU/ml, respectively (27). On the other hand, Zhang et al.

identified serum Tg but not TgAb can detect recurrence and

metastasis of DTC after surgery and 131I treatment with an

accuracy of 77.5% (28). In DTC patients complicated by

Hashimoto thyroiditis after surgery and 131I treatment, Chai et al.
Frontiers in Endocrinology 06193
revealed the optimal cut-off value associated with metastasis in

serum Tg and TgAb was 1.48 µg/L (AUC = 0.907) and 45 IU/ml

(AUC = 0.650), respectively (29). Recent studies have demonstrated

that PTC might lead to an autoimmune thyroid inflammation

characterized by TgAb and anti-thyroperoxidase (TPOAb) (30,

31). In theory, production of TgAb can also be triggered by the

presence of Tg (32). Elevated serum TgAb indicated that the tumor

is active (33) and our study suggested that TgAb can be an

independent predictor for residual and recurrent CLNM in PTC

patients. Positive TgAb can interfere with Tg measurement and

reduce the reliability of Tg level (34). The inclusion of both Tg and

TgAb in our model reduced the risk of underestimating CLNM due

to measurement interference to some extent.

In the present study, it was also discovered that general

ultrasound and specific ultrasound characteristics, including

aspect transverse ratio, microcalcification, echogenicity, lymphatic
B CA

FIGURE 3

The nomogram, calibration curve and decision analysis curve of “Tg+TgAb+Overall ultrasound” model for predicting CLNM in postoperative PTC
before 131I therapy. (A) A nomogram incorporating serum Tg, serum TgAb and overall ultrasound was constructed. (B)The calibration curve of the
nomogram model. The x-axis showed the predictive risk by nomogram, and the y-axis represented the actual CLNM risk. The ideal and bias-
corrected risk were presented with the dotted black and solid black lines, respectively. (C) Decision curve analysis of the model. The x-axis showed
threshold probability and the y-axis represented net benefit. The solid red line displayed the benefit and 95% confidence interval of the developed
nomogram.
TABLE 3 Quantitative indexes of different models.

Models AUC Cut-off Sensitivity Specificity

Tg 0.608 (0.543-0.674) 12.58 0.443 0.799

TgAb 0.552 (0.491-0.614) 13.20 0.313 0.801

Overall ultrasound 0.860 (0.819-0.900) / 0.739 0.980

Aspect transverse ratio 0.756 (0.710-0.802) / 0.687 0.825

Cystic change 0.556 (0.526-0.585) / 0.113 0.998

Microcalcification 0.708 (0.662-0.754) / 0.443 0.972

Mass hyperecho 0.559 (0.529-0.589) / 0.122 0.996

Echogenicity 0.834 (0.793-0.876) / 0.739 0.93

Lymphatic hilum structure 0.612 (0.572-0.653) / 0.252 0.972

Vascularity 0.620 (0.580-0.660) / 0.252 0.988

Seven ultrasound features 0.892 (0.853-0.932) / 0.791 0.942

Tg+TgAb+Overall ultrasound 0.903 (0.866-0.940) / 0.748 0.978

Tg+TgAb+Seven ultrasound features 0.921 (0.890-0.951) / 0.791 0.946
AUC, area under curve; Tg, Thyroglobulin; TgAb, thyroglobulin antibodies.
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hilum structure, and vascularity, are independent risk factors for

CLNM in postoperative PTC patients. Past research works

demonstrated that the sensitivity, specificity and accuracy of

ultrasonic diagnosis of CLNM after treatment of DTC were

78.5%, 60.0%, and 75.0%, respectively (28). Our study showed a

comparable sensitivity (0.739) and a higher specificity (0.980) in

overall ultrasound. Former researchers focused on ultrasound

characteristics of thyroid nodules related to CLNM preoperatively

and found microcalcifications, abundant blood flow, and an

irregular shape were significant risk factors (12, 14, 35, 36).

Ultrasound parameters including cystic change and mass

hyperecho slightly missed the margin of significance and showed

poor discrimination values of AUC (<0.6) in this investigation. Our

results indicated that ultrasound doctors should pay more attention

to aspect transverse ratio, microcalcification, echogenicity,

lymphatic hilum structure, and vascularity when judging CLNM.

The nomogram, a simple and useful tool, was widely used for

predicting individual probabilities of clinical events (37, 38).

Recently, effective nomograms have been constructed to indicate

the risk of lymph node metastasis in different types of cancers (39–

42). Similar work has been done before to establish a nomogram for

preoperatively predicting central lymph node metastasis in PTC

patients (15, 43, 44). Nevertheless, they focused on preoperative

prediction of CLNM and ignored the importance of predicting

residual and recurrent CLNM risk before 131I therapy. Moreover,

some studies established the nomogram depends on clinical factors

(15, 44) and the accuracy of the model is not high enough (C-index

slightly above 0.7). Min et al. collected comprehensive variables like

clinical factors, thyroid function tests, and ultrasound features and

consequently established a novel nomogram with a favorable C-

index of 0.815 (43). To fill the gap that there is no established

nomogram for predicting postoperatively residual and recurrent

CLNM risk before 131I therapy, we collected multiple variates

containing clinical, ultrasonic, and hematological data and

incorporated risk factors into two easy-to-use nomograms: one

based on overall ultrasound and another based on ultrasound
Frontiers in Endocrinology 07194
features. The two combined models (C-index 0.903 for “Tg+TgAb

+Overall ultrasound” model, C-index 0.921 for “Tg+TgAb+seven

ultrasound features” model) both showed better diagnostic

performance than any single method in differentiating

postoperative PTC patients with metastatic and non-metastatic

lymph nodes. Internal validation also showed favorable

discrimination and calibration. DCA proved that utilizing the two

nomograms to predict CLNM before 131I therapy would be

beneficial at almost any threshold probability. We recommended

prior usage of “Tg+TgAb+seven ultrasound features” model to

calculate CLNM probability. When ultrasound features cannot be

obtained, “Tg+TgAb+overall ultrasound” model is alternative and

more convenient to use.

There are some limitations in our research that cannot be

ignored. First, this was a retrospective study, which could

inevitably cause some selection bias, information bias or

confounding bias. Second, several specific data could not be

obtained from the medical records, or were missing, including

extrathyroidal extension and BRAF mutation status. Third,

central lymph node metastasis (N1a) and lateral lymph node

metastasis (N1b) showed different prognosis and they will show

higher clinical value if we divided CLNM into N1a and N1b.

However, the small sample size in N1a prevented us from the

stratified analysis. Fourth, this study was conducted in a single

institutional center with a limited sample size. In the future, external

validation with more cases from multiple centers is needed.
Conclusion

Based on the clinical information including serum Tg, serum

TgAb and ultrasound of postoperative PTC patients, we plotted two

nomograms with high accuracy and reliability that could predict

residual and recurrent CLNM in PTC patients before 131I. We

believe that our nomograms can assist clinicians to determine

personalized 131I dose for PTC patients.
B CA

FIGURE 4

The nomogram, calibration curve and decision analysis curve of “Tg+TgAb+ Seven ultrasound features” model for predicting CLNM in postoperative
PTC before 131I therapy. (A) A nomogram incorporating serum Tg, serum TgAb and seven ultrasound features was constructed. (B) The calibration
curve of the nomogram model. The x-axis showed the predictive risk by nomogram, and the y-axis represented the actual CLNM risk. The ideal and
bias-corrected risk were presented with the dotted black and solid black lines, respectively. (C) Decision curve analysis of the model. The x-axis
showed threshold probability and the y-axis represented net benefit. The solid red line displayed the benefit and 95% confidence interval of the
developed nomogram.
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A cell cycle–related lncRNA
signature predicts the
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papillary thyroid carcinoma
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The cell cycle plays a vital role in tumorigenesis and progression. Long non-

coding RNAs (lncRNAs) are key regulators of cell cycle processes. Therefore,

understanding cell cycle–related lncRNAs (CCR-lncRNAs) is crucial for

determining the prognosis of papillary thyroid carcinoma (PTC). RNA-seq and

clinical data of PTC were acquired from The Cancer Genome Atlas, and CCR-

lncRNAs were selected based on Pearson’s correlation coefficients. According to

univariate Cox regression, least absolute shrinkage and selection operator

(LASSO), and multivariate Cox regression analyses, a five-CCR-lncRNA

signature (FOXD2-AS1, LOC100507156, BSG-AS1, EGOT, and TMEM105) was

established to predict the progression-free interval (PFI) in PTC. Kaplan–Meier

survival, time-dependent receiver operating characteristic curve, and

multivariate Cox regression analyses proved that the signature had a reliable

prognostic capability. A nomogram consisting of the risk signature and clinical

characteristics was constructed that effectively predicted the PFI in PTC.

Functional enrichment analyses indicted that the signature was involved in cell

cycle– and immune-related pathways. Furthermore, we also analyzed the

correlation between the signature and immune cell infiltration. Finally, we

verified the differential expression of CCR-lncRNAs in vitro using quantitative

real-time polymerase chain reaction. Overall, the newly developed prognostic

risk signature based on five CCR-lncRNAs may become a marker for predicting

the PFI in PTC.

KEYWORDS

papillary thyroid carcinoma, cell cycle, long non-coding RNA, progression-free interval,
prognostic signature
1 Introduction

Thyroid cancer (TC) is the most common endocrine system malignancy and accounts

for 3.4% of all cancers diagnosed globally each year (1), of which approximately 85% of TC

cases are papillary thyroid carcinoma (PTC) (2). Although PTC has a good outcome, with a

five-year survival rate of more than 97% (3), approximately 30% of patients exhibit
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recurrence and metastasis after conventional treatment (4) and

have a poor prognosis. Satisfactory tools for accurately assessing

prognosis are still lacking. Therefore, it is essential to develop a new

reliable biomarker to accurately determine the prognosis of

PTC patients.

Cell cycle dysregulation and genetic alterations in cell cycle–

related regulatory proteins lead to the limitless proliferation and

growth of tumor cells (5), and research has shown that various

genes affect tumor cell progression by regulating the cell cycle. For

instance, PTBP3 promotes the proliferation of lung squamous cell

carcinoma cells by CDC25A-mediated cell cycle progression (6),

and ZNF703 knockdown inhibits triple-negative breast cancer cell

progression by inducing G1-phase arrest (7). Hence, targeting cell

cycle control is a promising therapeutic strategy (8). In addition, the

prognostic value of cell cycle–related genes (CCRGs) has been

reported in certain tumors (9–11).

Long non-coding RNAs (lncRNAs) are defined as RNAs that

are longer than 200 nucleotides and do not encode proteins (12).

They primarily participate in epigenetic regulation, including

chromatin modifications, splicing, and transcriptional and post-

transcriptional regulation (13). In addition, lncRNAs are engaged

in var ious ce l lu la r processes , inc lud ing autophagy ,

differentiation, cell cycle regulation, proliferation, apoptosis,

and mesenchymal stem cell differentiation (14). Many lncRNAs

that are closely involved in the occurrence and progression of

PTC have been reported, including lncRNA H19 (15), lnc-

MPEG1-1 (16), and lncRNA MIAT (17). Furthermore, lncRNA

signatures have been developed to determine prognosis in PTC

(18–20). However, prognostic signatures based on cell cycle–

re la ted lncRNAs (CCR-lncRNAs) for PTC have not

been developed.

In this study, we developed a cell cycle–related lncRNA signature

(CCRLSig) for the prediction of the progression-free interval (PFI) in

PTC using data from The Cancer Genome Atlas (TCGA). We

validated the prognostic value of this CCRLSig and established a

nomogram. Moreover, functional enrichment analysis and an

analysis of immune cell infiltration were performed to explore the

mechanism by which the signature contributes to prognosis. Finally,

we used quantitative real-time polymerase chain reaction (qRT–PCR)

to detect the differential expression of CCR-lncRNAs in PTC. Our

results provide the first demonstration that a CCRLSig can effectively

determine the prognosis of PTC and provide new perspectives for the

development of therapeutic strategies.
2 Materials and methods

2.1 Data collection

HTseq-FPKM and HTseq-count data of TC samples were

obtained from TCGA (https://cancergenome.nih.gov/, accessed

January 24, 2022). After removing TC samples of other

pathological types, a total of 502 PTC samples and 58 adjacent

normal samples as well as the corresponding clinical information

were obtained from TCGA.
Frontiers in Endocrinology 02198
2.2 Identification of CCR-lncRNAs

The CCRG sets were extracted from MsigDB (http://www.gsea-

msigdb.org/gsea/index.jsp, accessed January 24, 2022).

Differentially expressed genes (DEGs) between PTC and normal

tissues were screened using DEseq2 (|log Fold Change (FC)| > 1,

p.adjust< 0.05). Next, 266 differentially expressed CCRGs were

identified from the intersection of CCRGs and DEGs. CCR-

lncRNAs were acquired by Pearson correlation coefficient analysis

between the 266 CCRGs and differentially expressed lncRNAs

(DElncRNAs) in the PTC samples, and the Benjamini–Hochberg

(BH) method was used for p-value correction (|R|> 0.4, BH< 0.05).
2.3 Construction and validation of a CCR-
lncRNA prognostic signature

Post-operative recurrence and metastasis are the main factors

leading to the poor prognosis of PTC; accordingly, the PFI was

chosen as the endpoint of this study, instead of overall survival. A

total of 498 PTC samples with complete PFI information were

included after removing samples with incomplete clinical

information and prognosis less than 30 days. The samples were

categorized into training (249) and test (249) cohorts at a 1:1 ratio

by the “caret” package. Univariate Cox regression analyses were

primarily used to screen CCR-lncRNAs that were associated with

PFI in the training cohort (p< 0.05). To reduce noise caused by gene

interactions and co-expression patterns, we applied LASSO-Cox

regression to filter lncRNAs; the formula is as follows:

min
b  o

n

i=1
(yi   −  oq

j=1bjxij)
2,   subject   to  o

q

j=1
bj
�
�

�
�   ≤   p

where the b is the regression coefficient, x is the gene expression

level, and p is an adjusted parameter decided by 10-fold cross

validation. Parameter optimization was repeated 1000 times for all

lncRNAs. These lncRNAs were utilized to construct a Cox

proportional hazards model. The Akaike information criterion

was adopted to select the appropriate model. The risk score for

each patient (PRS) was calculated with the following formula:

PRS = ½0:84919 � normalized expression value of  FOXD2-AS1� - 
½3:86735�

normalized expression value of ​ LOC100507156� + ½0:67474�
normalized expression value of  BSG-AS1�+½0:76288�
normalized expression value of  EGOT�+ ½0:46501�
normalized expression value of  TMEM105�
Thereafter, the cut-off value for the risk score was determined

using the “survminer” package and patients were separated into

high- and low-risk groups. The optimal cut-off values for the

training, test and entire cohort were 2.026, 1.998 and 2.038,

respectively. Kaplan–Meier (K–M) survival curves was plotted

using the “survival” package. Time-dependent receiver operating

characteristic (ROC) curves was generated using the “timeROC”
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package to assess the predictive accuracy of the model. In addition,

clinicopathological differences between the high- and low-risk

groups were analyzed using the Wilcoxon rank sum test.
2.4 Independent prognostic value
determination and nomogram construction

To validate the CCRLSig as an independent prognostic

indicator for PFI in PTC, the signature risk score and clinical

parameters (age, gender, tumor size, T stage, N stage, AJCC stage,

multifocality, aggressiveness, anatomic site of the tumor, and

BRAFV600E mutation status) were subjected to univariate and

multivariate Cox regression analyses.

A nomogram incorporating clinical and pathological factors

and the risk score was established using the “survival” and “rms” R

packages to predict 1-, 3- and 5-year PFI in the entire cohort. The

calibration curves and ROC curves were used to estimate the

predictive accuracy of the nomogram.
2.5 Functional enrichment analysis

DEGs between the high- and low-risk groups based on the

CCRLSig were identified using DEseq2 with a |log FC| > 0.5 and

p.adjust< 0.05 as thresholds, after which Gene Ontology (GO),

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, and

gene set enrichment analysis (GSEA) of these DEGs were conducted

using the R “clusterProfiler” package.
2.6 Tumor mutation burden (TMB) and
immune cell infiltration

The somatic mutation data of PTC patients were acquired from

TCGA. The TMB was compared between the high- and low-risk

groups using the “maftools” package. The TMB was measured as

follows: (total mutations/total covered bases) × 10^6 for each

patient with PTC.

To further explore if the risk signature was associated with

immune cell infiltration in PTC, immunity-associated data were

extracted from xCell (http://xCell.ucsf.edu/) and parameters were

compared between the high- and low-risk groups by the Wilcoxon

rank sum test. In addition, correlations between the CCR-lncRNAs

and immune cell fractions were evaluated.
2.7 Cell culture

The human normal thyroid cell line (Nthy-ori3–1) was

provided by Professor Hongmei Shen (Center for Endemic

Disease Control, Chinese Center for Disease Control and

Prevention, Harbin Medical University, Harbin, China). The

human PTC cell line (TPC-1) was obtained from the School of

Public Health, Shandong First Medical University & Shandong
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Academy of Medical Sciences. The cell lines were certified by short

tandem repeat (STR) validation. TPC-1 and Nthy-ori3–1 cells were

cultured in RPMI 1640 supplemented with 10% fetal bovine serum

(Moregate, Bulimba, Australia) and 1% penicillin/streptomycin

solution (Beyotime Biotechnology, Shanghai, China) at 37°C and

5% CO2 conditions.
2.8 Quantitative real-time PCR validation

Total RNA was extracted from the cell lines using TRIzol

reagent (Thermo Fisher Scientific, Waltham, MA, USA), and

reverse transcribed into cDNA using the Roche Reverse

Transcription Kit (Roche, Basel, Switzerland). QRT-PCR was

per formed us ing a rea l- t ime PCR instrument (Q5) .

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as a

control. The primers for lncRNAs were provided by Sangon Biotech

(Shanghai, China) and are listed in Table S1. The relative expression

level of each lncRNA was calculated by the 2-△△CT method.
2.9 Statistical analysis

The R statistical environment (V4.1.2) and GraphPad Prism 8.0

were used for statistical analyses. Analysis of variance, Wilcoxon

rank sum test, and Student’s t-tests were applied to evaluate

differences between groups. The K–M analysis and log-rank test

were adopted for comparing PFIs between groups. Values of p< 0.05

were considered statistically significant difference for all analyses.
3 Results

3.1 Identification of CCR-lncRNAs

We identified 655 DElncRNAs and 266 CCRGs in a comparison

between 502 PTC and 58 adjacent normal samples (|log FC| > 1,

p.adjust< 0.05). Based on Pearson correlation coefficients between

the CCRGs and lncRNAs (|R| > 0.4, p< 0.05), we obtained 446

CCR-lncRNAs.
3.2 Construction of a CCRLSig predicting
PFI in PTC

The 498 PTC samples with complete clinical information were

divided into training and test cohorts at a ratio of 1:1. In the training

cohort, 31 CCR-lncRNAs associated with PFI were selected by

univariate Cox analyses. Subsequently, we applied LASSO-Cox

regression analysis and established a prognostic signature

consisting of five CCR-lncRNAs (FOXD2-AS1, LOC100507156,

BSG-AS1, EGOT, and TMEM105; Figures 1A, B). The K–M

survival curves for the five CCR-lncRNAs relating to the PFI are

shown in Supplementary Figures S1A–E. Next, the risk score

for each patient in the training cohort was calculated using the
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following formula: risk score = [(0.84919) × normalized expression

value of FOXD2-AS1] – [(3.86735) × normalized expression value of

LOC100507156] – [(0.67474) × normalized expression value of

BSG-AS1] – [(0.76288) × normalized expression value of EGOT]

– [(0.46501) × normalized expression value of TMEM105]. Next,

according to the optimal cut-off value of the risk score, patients were

grouped into high- and low-risk groups. As the risk score increased,

patients’ prognosis worsened (Figures 2A, B). The expression levels

of TMEM105, EGOT, FOXD2-AS1, and BSG-AS1 in the CCRLSig

increased and the expression level of LOC100507156 decreased as

the risk score increased (Figure 2C). K–M analysis showed that PTC

patients in the high-risk group had a shorter PFI than that of

patients in the low-risk group (Figure 2D). The area under the ROC

curve (AUC) values for the risk score for 1-, 3-, and 5-year PFI were

0.784, 0.722, and 0.681, respectively (Figure 2E).
3.3 Validation of the CCRLSig

To validate the accuracy of the signature, patients in the test

cohort and the entire cohort were separated into high- and low-risk

groups according to the optimal cut-off value for each dataset. The

risk curves, PFI status, and heatmaps of risk lncRNA expression

profiles in the test cohort and entire cohort were consistent with

those of the training cohort (Figures 2F–H, K–M). Similarly, a K–M

curve analysis of the test cohort and entire cohort indicated that the

high-risk groups had a shorter PFI than the low-risk groups

(Figures 2I, N). In the test cohort, the AUC values for the risk

score for 1-, 3-, and 5-year PFI were 0.723, 0.677, and 0.668,

separately (Figure 2J). In the entire cohort, the AUC values for

the risk score for 1-, 3-, and 5-year PFI were 0.757, 0.693, and 0.673,

separately (Figure 2O). These results suggest that the five-CCR-
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lncRNA risk signature has good predictive performance for PFI

in PTC.
3.4 Independent prognostic value
of the CCRLSig

Univariate and multivariate Cox regression analyses were

employed to explore whether the risk score based on the

CCRLSig predicts PFI in PTC. Univariate Cox analyses showed

that the risk score was notably correlated to the PFI in the

training, test, and entire cohorts (Figures 3A–C). A multivariate

Cox analysis proved that the risk score was an independent

predictor for the PFI of PTC in the training, test, and entire

cohorts (Figures 3D–F).
3.5 Correlations between the CCRLSig and
clinicopathological characteristics

In correlation analyses, the risk scores based on the CCRLSig

were higher for patients older than 55 years than for patients

younger than 55 years (Figure 4B). The risk scores of tumor size

>2 cm were higher than those for tumor size ≤ 2 (Figure 4C). The

risk scores for N1 were higher than those for N0 (Figure 4D). We

also found that the risk score tended to increase with T stage and

AJCC stage (Figures 4E, F), implying the critical role of the

signature in the progression of PTC. Additionally, the risk score

was significantly higher in patients with the BRAFV600E mutation

than in those without the mutation (Figure 4H). Nevertheless, there

were no significant correlations between the risk score and gender

or M stage (p > 0.05, Figures 4A, G).
A B

FIGURE 1

Identification of CCR-lncRNAs associated with PFI of PTC. (A, B) LASSO coefficient profiles of the PFI-associated CCR-lncRNAs. CCR-lncRNAs, cell cycle–
related long non-coding RNAs; PFI, progression-free interval; PTC, papillary thyroid carcinoma; LASSO, least absolute shrinkage and selection operator.
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3.6 Construction and assessment
of a nomogram

In the entire cohort, we built a nomogram for the prediction

of the 1-, 3-, and 5-year PFI of PTC based on the signature’s risk

score and significant clinicopathological features (P< 0.05)

identified in univariate Cox regression analyses, including the

pathological T stage, N stage, AJCC stage, tumor size, age, and

aggressiveness (Figure 5A). The calibration curve indicated that

the nomogram-predicted PFI at one, three, and five years was

highly consistent with the practically observed PFI (Figures 5B–

D). Furthermore, the AUCs of the nomogram for evaluation of

1-, 3-, and 5-year PFI were 0.796, 0.711, and 0.681, respectively,

and the predictive performances were superior to those of other
Frontiers in Endocrinology 05201
clinical characteristics (age and N stage; Figures 5E–G). These

results suggest that the nomogram reliably predicts the 1-, 3-,

and 5-year PFI in PTC.
3.7 Functional enrichment analysis

To investigate the molecular mechanisms and pathways by

which the signature is related to the risk of PTC progression, we

carried out GO and KEGG enrichment analyses and GSEA of

DEGs between the two risk groups. The GO enrichment

analysis demonstrated that the DEGs were enriched in

multiple biological processes and molecular functions,

including cellular calcium ion homeostasis, positive regulation
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FIGURE 2

Construction and validation of a CCR-lncRNA-based prognostic signature. (A, F, K) PTC patients were sorted by risk score in the training, test, and
entire cohort (B, G, L) PFI status of PTC patients in the training, test, and entire cohort. (C, H, M) Heatmap of the expression of five CCR-lncRNAs in
the training, test, and entire cohort. (D, I, N) Kaplan–Meier curve analysis of the high- and low-risk groups in the training, test, and entire cohort.
(E, J, O) Time-dependent ROC curves for 1-, 3-, and 5-year PFI predictions for the signature in the training, test, and entire cohort. CCR-lncRNAs,
cell cycle–related long non-coding RNAs; PTC, papillary thyroid carcinoma; PFI, progression-free interval.
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of MAPK cascade, cell-substrate adhesion, positive regulation

of cell-cell adhesion, humoral immune response, T cell

mediated immunity, and chemokine activity (Figure 6A). The

KEGG analysis showed that the DEGs were involved in the

PI3K-Akt, MAPK signaling pathway, cytokine-cytokine

receptor interaction, cel l adhesion molecules, antigen
Frontiers in Endocrinology 06202
processing and presentation, and IL-17 signaling pathway

(Figure 6B). The GSEA revealed that the DEGs were enriched

in the cell cycle pathway and several immune-related biological

processes (Figure 6C), including the cell cycle, P53 signaling

pathway, cell cycle checkpoints, innate immune system, antigen

response, and MHC class II antigen presentation.
A B D

E F G H

C

FIGURE 4

Correlations between the risk score based on the signature and clinical characteristics. (A) Male and female. (B) Age ≤ 55 years and > 55 years.
(C) Tumor size ≤2 cm and > 2 cm. (D) N0 and N1 stage. (E) T1, T2, T3, and T4 stage. (F) AJCC stages I and II and stages III and V. (G) M0, MX, and
M1stage. (H) Mutant and wild-type BRAFV600E.
A B

D E F

C

FIGURE 3

Univariate and multivariate Cox regression analyses of the signature and clinical characteristics. (A–C) Univariate Cox regression analysis of the
signature risk score and clinical characteristics in the training, test, and entire cohort. (D–F) Multivariate Cox regression analysis of the signature risk
score and clinical characteristics in the training, test, and entire cohort.
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3.8 Analysis of TMB

To reveal genetic variation in risk score subtypes, we

compared the TMB between the high- and low-risk groups.

Compared with the low-risk group, the high-risk group had a

markedly higher TMB (p< 0.01, Supplementary Figure S2A). The
Frontiers in Endocrinology 07203
top 20 mutated genes in two risk group are shown in

Supplementary Figures S2B, C. We observed that the mutation

rate of BRAF was markedly higher in the high-risk group (84%)

than in the low-risk group (56%). Supplementary Figures S2D, E

show a complete view of the somatic mutations in the high- and

low-risk groups.
A

B D

E F G

C

FIGURE 5

Construction and evaluation of a nomogram in the entire cohort. (A) Nomogram established to predict 1-, 3-, and 5-year PFI of PTC.
(B–D) Calibration curves assessed the concordance between predicted and observed 1-, 3-, and 5-year PFI. (E–G) The ROC curves of the
nomogram and other clinical characteristics at 1-, 3-, and 5-year time points. PFI, progression-free interval.
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3.9 Relationship between the signature and
immune cell infiltration

The functional enrichment analysis displayed that the

CCRLSig may be associated with immunity. Hence, we

further analyzed the relationships between the signature and

immune cell infiltration. The relative frequencies of infiltrating

immune cells in all PTC patients are shown in Figure 7A. The

high-risk group exhibited higher immune scores than the low-

risk group (Figure 7B). The fractions of B-cells, CD4+ memory

T cells, class-switched memory B-cells, DC, macrophages,

NKT, Th2 cells, and Tregs in the high-risk group were

markedly higher than those in the low-risk group (p< 0.05).

In contrast, the fractions of CD4+ Tcm, CD8+ T cells, and CD8

+ Tcm cells in the high-risk group were lower than those in the

low-risk group (Figure 7C). Additionally, we explored

correlations between the expression levels of the five

lncRNAs in the signature and the infiltration of multiple

immune cells in PTC (Figure 7D). These results implied that

the signature is linked to immune cell infiltration and may

regulate immune processes in PTC.
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3.10 Validation of the expression levels of
five CCR-lncRNAs in cell lines

We analyzed the differential expression of the five lncRNAs

between normal and PTC tissues in TCGA data, as illustrated in

Figure 8A, and thereafter verified the results in cell lines. The

expression levels of FOXD2-AS1, LOC100507156, BSG-AS1, EGOT,

and TMEM105 were notably higher in TPC-1 cells than in Nthy-

ori3–1 cells (Figures 8B–F), which was in line with the results of the

bioinformatics analysis, thereby supporting the accuracy of

our analysis.
4 Discussion

The cell cycle is closely related to the growth and proliferation of

cancer cells (21), and numerous lncRNAs related to the progression

of cancers via cell cycle regulation have been identified (22).

Understanding the expression levels of these lncRNAs and their

combined regulatory patterns is crucial for determining patient

outcomes and prognosis. Therefore, we constructed a cell cycle–
A B

C

FIGURE 6

Functional enrichment analysis of DEGs between low- and high-risk groups. (A) GO analysis. (B) KEGG pathway analysis. (C) GSEA.
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related lncRNA signature and explored its prognostic capability in

PTC patients.

We screened out CCR-lncRNAs and divided PTC samples into

training and test cohorts to establish and validate a prognostic

signature. Univariate Cox and LASSO-Cox regression analyses were

employed to construct a CCRLSig for predicting the PFI of PTC in

the training cohort. The prognostic value of the CCRLSig was

supported by K–M curve analysis, ROC curve analyses, and

multivariate Cox analysis. Furthermore, a nomogram illustrated

that the signature has excellent predictive power. To further

understand the clinical application of the CCRLSig, we

investigated its association with clinicopathological characteristics

and observed that a high risk score was positively correlated with

age, tumor size, BRAFV600E mutation, AJCC stage, N stage, and T

stage. These results indicated that the CCRLSig effectively predicts

outcome and can better guide risk strat ificat ion for

PTC management.

To better understand the underlying mechanisms by which this

CCRLSig affects the prognosis of PTC, we performed a functional

enrichment analysis of DEGs between the two risk groups. GO and

KEGG analyses indicated that these DEGs were enriched in the
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following terms and pathways: cell-substrate adhesion, cell

adhesion molecules, PI3K-Akt signaling pathway, MAPK

signaling pathway, humoral immune response, T cell mediated

immunity, and the IL-17 signaling pathway, all of which are

associated with tumor proliferation, migration and immunity.

GSEA also demonstrated that these DEGs were primarily engaged

in cell cycle– and immune-related signaling pathways. These results

imply that CCR-lncRNAs can affect the progression of PTC by

regulating cell cycle– and immune-related signaling pathways,

providing new directions for the treatment of PTC.

Recent studies had indicated the key roles of lncRNAs in the

regulation of cancer immunity, including lncRNAs involved in

immune cell differentiation, proliferation, trafficking, and

infiltration (23). For example, the lncRNA HOXA-AS2 promotes

Treg proliferation and immune tolerance in glioma (24), and

LINC00887 promotes clear cell renal cell carcinoma progression

by inhibiting the infiltration of CD8+ T cells (25). CCRG signatures

are potential indicators of immune cell infiltration, immune

evasion, and immune responses (26–28). Our previous functional

enrichment analysis has shown that the CCRLSig was involved in

immune processes. Thus, we further analyzed immune cell
A B

DC

FIGURE 7

Analysis of immune cell infiltration in two risk groups stratified by the signature. (A) Overview of immune cell infiltration in each patient with
PTC in the entire cohort. (B) Comparison of immune scores between two risk groups. (C) Analysis of immune cell infiltration in two risk groups.
(D) Correlation analyses between five CCR-lncRNAs and immune cell infiltration. PTC, papillary thyroid carcinoma; CCR-lncRNAs, cell cycle–related
long non-coding RNAs. (*P< 0.05, **P< 0.01, ***P< 0.001).
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infiltration in the two risk groups. The high-risk group had

infiltrates with higher proportions of B-cells, CD4+ memory T

cell, DC, macrophages, NKT, Th2, and Tregs than the low-risk

group, and the low-risk group primarily showed the infiltration of

CD8+T cells, CD4+ Tcm, and CD8+Tcm cells. Studies have shown

that Tregs and DCs play crucial roles in tumor immune escape (29–

31) and promote tumor progression. However, CD8+ T cells exert

an antitumor effect in PTC (32). Our results demonstrated that low-

risk patients had a lower risk of immune evasion and may be more

responsive to immunotherapy. Additionally, in PTC, DCs are

significantly related to tumor T stage (T3/T4) and lymph node

metastasis (33). Tregs show elevated infiltration in the thyroid tissue

of PTC patients and were positively correlated with an advanced

disease stage (34). CD8+ T cell infiltration is correlated with a lower

incidence of lymph node metastasis and favorable prognosis in TC

(35, 36). These findings further suggest that the low-risk group has a

better prognosis. In summary, our findings suggested that the

CCRLSig is associated with tumor immunity and can predict the

immune landscape in PTC patients. In addition, these CCR-

lncRNAs may be targets for immunotherapy.

Most of the lncRNAs in our signature have been previously

reported to be implicated in cancers. For example, lncRNA FOXD2-

AS1 has been discovered to be upregulated in PTC and correlated

with a poor prognosis (37), consistent with our results. In addition,

lncRNA FOXD2-AS1 promotes the progression of multiple cancers
Frontiers in Endocrinology 10206
by participating in several biological processes, such as chemo-

resistance, proliferation, migration and invasion (38–40). The

lncRNA EGOT may play different roles in different types of

cancers. It promotes the progression of hepatocellular carcinoma

(41), colon cancer (42), and gastric cancer (43). However, another

study has shown that the lncRNA EGOT inhibits the progression of

breast carcinoma (44) and renal cell carcinoma (45). The lncRNA

TMEM105, a ferroptosis and immune-related lncRNA, serves as

prognostic and diagnostic biomarker for patients with breast-

infiltrating duct and lobular carcinoma (46). The lncRNA BSG-

AS1 contributes to the proliferation and metastasis of hepatocellular

carcinoma via maintaining BSG mRNA stability (47). However,

LOC100507156 has not yet been reported in cancer and requires

further investigations. These previous findings indicate that CCR-

lncRNAs participate in the progression of multiple types of tumors,

further indicating that it is reasonable to develop a risk signature

based on CCR-lncRNAs to determine prognosis in PTC. In

addition, the expression differences of the five CCR-lncRNAs

were verified at the cellular level.

Although the newly constructed CCRLSig may be applied to

predict the outcome of PTC, our study had some deficiencies. First,

the dataset used to construct and validate the prognostic signature

based on CCR-lncRNAs was obtained only from TCGA. Additional

external data from other public databases are needed to evaluate the

reliability of the signature. Second, we conducted a preliminary
A
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FIGURE 8

Expression of selected CCR-lncRNAs in cell lines. (A) Differential expression of five CCR-lncRNAs between normal tissues and tumor tissues of PTC
of TCGA. (B–F) Relative expression of five CCR-lncRNAs in a PTC cell line and normal human thyroid cell line. CCR-lncRNAs, cell cycle–related long
non-coding RNAs; PTC, papillary thyroid carcinoma (*P< 0.05, **P< 0.01, ***P< 0.001).
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expression study of five CCR-lncRNAs in the signature at the

cellular level. However, further functional analyses and

mechanistic studies are needed. We will conduct more in-depth

studies to verify the performance of our CCRLSig.

In summary, we developed a new CCRLSig that can reliably

predict the PFI of PTC, providing a new direction for the prognostic

management and treatment of PTC.
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Diagnostic value of CT
enhancement degree in lymph
node metastasis of papillary
thyroid cancer: A comparison
of enhancement, ratio,
and difference

Jiying Zhu1†, Min Tian1†, Tong Zhang1, Hanlin Zhu2,
Peiying Wei1* and Zhijiang Han1*

1Department of Radiology, Affiliated Hangzhou First People’s Hospital, Zhejiang University School of
Medicine, Hangzhou, China, 2Department of Radiology, Hangzhou Ninth People’s Hospital,
Hangzhou, China
Objectives: To evaluate the value of computed tomography (CT) enhancement

degree in diagnosing lymph node (LN) metastasis in papillary thyroid carcinoma

(PTC) by determining the ratio and difference between the Hounsfield units (HU)

of CT enhancement and plain scan of the LNs, as well as between the HU of CT-

enhanced LNs and the sternocleidomastoid muscle.

Methods: The plain and enhanced CT findings of 114 metastasis-positive LNs in

89 cases and 143 metastasis-negative LNs in 114 cases of PTC were analyzed

retrospectively. Plain HU of LNs (PNHU), enhanced HU of LNs (ENHU), and

enhanced HU of the sternocleidomastoid muscle (EMHU) were measured. The

ENHU, difference between ENHU and PNHU (EN-PNHU), ratio of ENHU to PNHU (EN/

PNHU), difference between ENHU and EMHU (EN-EMHU), and ratio of ENHU to

EMHU (EN/EMHU) in metastasis-positive and metastasis-negative LN groups were

calculated, the corresponding diagnostic efficacy for differentiating metastasis-

positive from metastasis-negative LNs in PTC were sought using the receiver-

operating curve. The interobserver agreement between readers was assessed

using the interobserver correlation coefficient (ICC).

Results: The ENHU of 114 metastasis-positive LNs and 143 metastasis-negative

LNs was 113.39 ± 24.13 and 77.65 ± 15.93, EN-PNHU was 65.84 ± 21.72 HU and

34.07 ± 13.63 HU, EN/PNHU was 2.36 (1.98, 2.75) and 1.76 (1.54, 2.02), EN-EMHU

was 49.42 ± 24.59 HU and 13.27 ± 15.41 HU, and EN/EMHU was 1.79 ± 0.40 and

1.21 ± 0.24, respectively (all P < 0.001). The area under the curve, cutoff value,

sensitivity, specificity, and accuracy of ENHU for identifying metastasis-positive

and metastasis-negative LNs were 0.895, 97.3 HU, 0.746, 0.895, and 0.829, EN-

PNHU was 0.894, 47.8 HU, 0.807, 0.874, and 0.844, EN/PNHU was 0.831, 1.9,

0.877, 0.650, and 0.751, EN-EMHU was 0.890, 26.4 HU, 0.807, 0.839, and 0.825,

and EN/EMHU was 0.888, 1.5, 0.728, 0.902, and 0.825, respectively. The readers

had an excellent interobserver agreement on these five parameters (ICC =

0.874–0.994).
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Conclusion: In the preoperative evaluation of LN metastasis in PTC, ENHU, EN-

PNHU, EN-EMHU, and EN/EMHU had similarly high diagnostic efficacy, with ENHU,

EN-PNHU, and EN/EMHU having higher specificity and EN-PNHU and EN-EMHU

having higher sensitivity.
KEYWORDS

lymph node metastasis, thyroid nodule, thyroid tumor, tomography, x-ray computer
1 Introduction

Papillary thyroid carcinoma (PTC) is the most common

malignant tumor of the thyroid, accounting for 83.6%–88% of

cases (1, 2). Although the 5-year and 10-year survival rates of

low-risk PTC are nearly 100% (3, 4), 20%–90% of patients with PTC

have cervical lymph node (LN) metastasis at the time of diagnosis

(5), especially central LN metastasis. Metastatic LNs can invade the

peripheral blood vessels, trachea, and esophagus, causing the

stenosis of the corresponding lumen, and invade the recurrent

laryngeal nerve, causing hoarseness. Prophylactic LN dissection

can reduce the residual metastatic LNs, but it is bound to increase

the risk of the parathyroid gland and recurrent laryngeal nerve

injury (6). Therefore, accurately identifying and prophylactically

removing the central metastasis-positive LN or high-risk groups at

risk of LN metastasis while removing the primary tumor of PTC

is important.

Ultrasonography is the most commonly used imaging modality

during the preoperative evaluation and monitoring of cervical LN

metastasis in PTC. Typical ultrasound (US) images of LNmetastasis

often show signs such as LNs with transverse/long diameter > 0.5,

blurred corticomedullary demarcation, disappearance of medullary

structures, microcalcifications, and cystic changes (7, 8). While

assessing LN metastasis in the lateral cervical levels, the sensitivity

and accuracy of ultrasonography diagnosis ranged 64%–74.3% and

70.0%–89.2%, respectively (9–13). However, in the assessment of

LNs in the central levels, ultrasonography was often interfered with

by gases in the trachea and esophagus, as well as occlusion of the

sternum and clavicle; also, the efficacy of its assessment was not

satisfactory, with the sensitivity and accuracy of 17.3%–38% and

58.5%–71%, respect ive ly (9 , 11–13) . Compared with

ultrasonography, computed tomography (CT) examination is not

limited by gas and bone and can better show the central level LNs.

However, micrometastases in the cervical LNs of PTC are more

common, and most of these LNs do not have typical CT metastasis

signs such as short diameter >1 cm, central necrosis or cystic

degeneration, and microcalcifications. Besides, no accurate

quantitative value is available for judging LN metastasis based on

the criterion of “the degree of enhancement is higher than that of

muscle as a suspicious LN.” Therefore, the sensitivity and accuracy

of the CT examination are not superior to those of US, with 23.5%–

50% and 55.7%–75%, respectively (11–13).
02210
In the present study, we propose for the first time a comparative

study of the LNs in one cervical level confirmed to be all metastasis-

positive or all metastasis-negative, and the metastasis-positive LNs

determined by fine-needle aspiration cytology (FNAC) under US-

CT fusion navigation. The plain Hounsfield unit of LNs (PNHU),

enhanced Hounsfield unit of lymph nodes (ENHU), enhanced

Hounsfield unit of the sternocleidomastoid muscle (EMHU),

difference between ENHU and PNHU (EN – PNHU), ratio of ENHU

to PNHU (EN/PNHU), difference between ENHU and EMHU (EN –

EMHU),and ratio of ENHU to EMHU (EN/EMHU) were measured,

aiming to find the optimal threshold for differentiating the

metastatic LNs and provide an important basis for clinicians to

individualize treatment options.
2 Materials and methods

2.1 Participants

The study was performed following the ethical guidelines of the

Helsinki Declaration. The ethics committee of Affiliated Hangzhou

First People’s Hospital (IRB-2020-154) approved the study. Written

informed consent for participation was waived due to the

retrospective nature of the study and the use of anonymized

patient data. We retrospectively analyzed 4621 cases of papillary

carcinoma confirmed by surgery and pathology in Affiliated

Hangzhou First People’s Hospital from January 2015 to January

2022. The inclusion criteria were as follows (should have (1) and

(2), or (1) and(3)): (1) patients with PTC confirmed by surgery and

pathology; (2) pathology after LN dissection confirmed that the LNs

in one cervical level were all metastasis-positive or all metastasis-

negative; and (3) the FNAC under US-CT fusion navigation

confirmed the LN was metastasis-positive. The exclusion criteria

were as follows (having one of them requiring exclusion): (1) LN

dissection or the FNAC under US-CT fusion navigation was not

performed, or the latter confirmed the LNs were metastasis-

negative; (2) pathology after LN dissection confirmed that no LN

metastasis was detected; (3) pathology after LN dissection

confirmed that partial LNs were metastasis-positive; (4) the

largest LN diameter < 3 mm; (5) observation of LN affected by

artifacts of clavicle or intravenous contrast agent sclerosis; (6) the

image could not be observed due to other technical factors; and (7)
frontiersin.org
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patients with cervical lymphoma or tuberculosis. Finally, 114

metastasis-positive LNs in 89 cases (28 LNs in 22 cases confirmed

by the FNAC under US-CT fusion navigation and 86 LNs in 67

cases confirmed by surgery and pathology) and 143 negative LNs in

114 cases (all confirmed by surgery and pathology) met the

inclusion criteria of this study. Figure 1 shows the characteristics

of the study participants in a flow chart.
2.2 CT examination

The LNs were scanned with Lightspeed 16 (GE Company,

Milwaukee, WI, USA) using the following scanning parameters:

120kV, 250 mA, collimation 0.625 mm × 8, pitch 0.875, and frame

rotation time 0.5 s. Patients were positioned supine with scans

ranging from the oropharynx to the supraclavicular margin with a

slice thickness of 3.75 mm and a slice spacing of 3.75 mm. The

contrast agent was iopromide (Bayer Company, Germany) or

ioverol (Jiangsu Hengrui Pharmaceuticals Co., Ltd.), with an

iodine concentration of 300–350 mgI/mL. The iodine

concentration was 300–350 mgI/mL, the injection dose was 60–80

mL, the injection rate was 3–3.5 mL/s, and the patients were

scanned 50 s after injection. The average interval between CT

examination and surgery was 8 (0–15) days.
2.3 Image analysis

Two head and neck doctors, Han (21 years of work experience)

and Zhu (17 years of work experience), separately analyzed the CT

data of the picture achieving and communication system (PACS)

including the selection of LNs and the measurement of PNHU,

ENHU, and EMHU. When selecting LNs, the LN with the largest

short diameter was selected. If ≥ 2 LNs had the same short diameter,
Frontiers in Endocrinology 03211
the LN with the highest enhancement degree was selected to avoid

measuring multiple fused or ill-defined LNs. When measuring the

Hounsfield units (HU) of LNs, the largest slice of LNs after

enhancement was first selected, and the HU of the most obvious

enhanced area was measured and recorded. Then, the region of

interest (ROI) measurement area of LNs on the plain CT scan was

determined according to the three-dimensional positioning

technology (Figures 2–4), avoiding calcification, cystic

degeneration, and vascular structures during measurement. The

ROIs of LNs were all measured by 3 × 3 pixels. When measuring the

CT HU of the sternocleidomastoid muscle, the level of the lower

border of the ipsilateral cricoid cartilage was preferred, followed by

the level of the glottis, and the thickest region of the muscle was

measured using a circular ROI as large as possible. All the

parameters were calculated as follows: EN-PNHU =ENHU – PNHU,

EN/PNHU = ENHU/PNHU, EN-EMHU = ENHU – EMHU, and EN/

EMHU = ENHU/EMHU. Finally, the data from Han were used for

statistical analysis.
2.4 Statistical analysis

Statistical analyses were performed using R software (version

4.1.0, https://www.r-project.org/) and SPSS software (version 25,

IBM Corporation, NY, USA). Continuous data with normal

distribution were represented by means and standard deviations.

Continuous data with non-normal distribution were represented

by medians and quartiles. Classification variables were expressed

as a constituent ratio (percentage). The t test was used for

continuous variables with normal distribution, the Wilcoxon

test was used for continuous variables with non-normal

distribution, and the c2 test was used for classification variables.

The interobserver correlation coefficient (ICC) was used to

evaluate the repeatability of the quantitative indicators measured
FIGURE 1

Flow chart of the study participants.
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by two doctors, and ICC > 0.75 was considered to indicate the

reproducibility of quantitative indicators. The receiver-operating

characteristic (ROC) curve of participants was drawn to evaluate

the diagnostic performance of quantitative indicators. The

evaluation indicators included area under the ROC curve

(AUC), sensitivity, specificity, and accuracy. A P value < 0.05

indicated a statistically significant difference.
3 Results

3.1 Distribution of sex, age, Hashimoto
thyroiditis, antithyroid peroxidase antibody,
and antithyroglobulin antibody levels

The distribution of sex, age, Hashimoto’s thyroiditis, TPO-

Ab, and TG-Ab levels in metastasis-positive and metastasis-

negative LN groups of PTC is shown in Table 1. Age was not

statistically different between the two groups (P = 0.116). Male

patients were more common in the metastasis-positive LN group

than female patients (P = 0.033). Hashimoto’s thyroiditis was

more common in the metastasis-negative LN group (P < 0.001).

The TPO-Ab (P = 0.046) and TG-Ab levels (P < 0.001) in the
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metastasis-negative LN group were higher than in the LN

metastasis-positive group.
3.2 Distribution of LN size, LN division,
PNHU, ENHU, and EMHU

The ICC was 0.874–0.994, in which ENHU had the largest CT

value, PNHU had the smallest CT value, and EMHU was

intermediate (0.951). The distribution of LN size, LN division,

PNHU, ENHU, and EMHU is shown in Table 2. No difference in

LN size (P = 0.975) and EMHU (P = 0.561) was found between

metastasis-positive and metastasis-negative groups. The incidence

of LN metastasis was higher in level VI than in other levels in the

metastasis-positive group (P < 0.001). PNHU, ENHU, EN-PNHU,

EN/PNHU, EN-EMHU, and EN/EMHU in LN metastasis-positive

group were higher than those in the LN metastasis-negative group

(P < 0.001) (Figures 2–4). The PNHU of the cases complicated with

Hashimoto ‘s thyroiditis (Figure 4) and non-complicated with

Hashimoto’ s thyroiditis (Figure 3) was 44.38 (40.02, 48.00) and

44.00 (39.00, 48.00) (Z = 0.371, P = 0.711), and ENHU was 76.38

(69.62, 89.86) and 77.50 (64.00, 87.00) (Z = 0.999, P = 0.322),

respectively, in the metastasis-negative group.
FIGURE 2

A 21-year-old woman with bilateral PTC. Postoperative pathology confirmed that all lymph nodes in the right level VI were metastasis-positive (5/5).
(A) PNHU was 46.25 HU. (B) ENHU was 126 HU. (C) EMHU was 73.27 HU. EN-PNHU, EN/PNHU, EN-EMHU, and EN/EMHU were 79.75 HU, 2.72, 52.73 HU,
and 1.72, respectively.
FIGURE 3

A 50-year-old man with bilateral PTC. Postoperative pathology confirmed that all lymph nodes in the right level VI were metastasis-negative (0/5).
(A) PNHU was 41.83 HU. (B) ENHU was 68.50 HU. (C) EMHU was 66.20 HU. EN-PNHU, EN/PNHU, EN-EMHU, and EN/EMHU were 26.67 HU, 1.64, 2.3 HU,
and 1.02, respectively.
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3.3 Diagnostic efficacy of ENHU, EN-PNHU,
EN/PNHU, EN-EMHU, and EN/EMHU for LN
metastasis in PTC

The ROC curves of ENHU, EN-PNHU, EN/PNHU, EN-EMHU,

and EN/EMHU for differentiating metastasis-positive nodes from

metastasis-positive nodes in PTC are shown in Figure 5. The AUC

and accuracy of ENHU, EN/EMHU, EN-PNHU, and EN-EMHU were

highly consistent. ENHU and EN/EMHU had higher specificity,

whereas EN-PNHU and EN-EMHU had higher sensitivity.

However, EN/PNHU had the highest sensitivity; its AUC,

specificity, and accuracy were significantly lower than those of the

other four parameters (Table 3).
3.4 Cytological examination guided by
US-CT fusion navigation

In this study, 103 LNs in 73 cases were examined by FNAC with

the guidance of US-CT fusion navigation. Finally, 28 LNs in 22
Frontiers in Endocrinology 05213
cases were confirmed as metastasis positive. Figure 6 shows the

application of US-CT fusion imaging.
4 Discussion

The diagnostic value of CT signs, such as necrosis, cystic

degeneration, microcalcification, and significant enhancement in

PTC LN metastasis, has been widely recognized (2, 10, 11). Among

these signs, cystic degeneration has the highest specificity (96.3%–

99.7%) in the judgment of LN metastasis in PTC but the lowest

sensitivity (15.1%–24.3%); it was common in patients with extensive

LN metastasis (10, 14). The specificity of microcalcification in judging

PTC LNmetastasis was second only to cystic degeneration, being about

78.5%–96.2%; its sensitivity was equal to or slightly higher than that of

cystic degeneration, being about 21.5%–30.0% (10, 14). Significant

enhancement refers to a higher degree of LN enhancement than the

adjacent sternocleidomastoid muscle (10, 12, 15). Although this

standard is simple to use and easy to remember, extensive overlap

exists between metastasis-positive and metastasis-negative LNs. In
FIGURE 4

A 42-year-old man with PTC complicated with Hashimoto’s thyroiditis in the left lobe of the thyroid gland. Postoperative pathology confirmed that
all lymph nodes in the right level III were metastasis negative. (A) PNHU was 50.33 HU. (B) ENHU was 95.17 HU. (C) EMHU was 63.09 HU. EN-PNHU,

EN/PNHU, EN-EMHU, and EN/EMHU were 44.84 HU, 1.89, 32.08 HU, and 1.51, respectively.
TABLE 1 Distribution of sex, age, Hashimoto thyroiditis, TPO-Ab, and TG-Ab levels.

Pathology or cytology

c2/Z PMetastasis-positive LNs
(n = 89)

Metastasis-negative LNs
(n = 114)

Sex (%) 4.550a 0.033

Male 36 (40.4%) 30 (26.3%)

Female 53 (59.6%) 84 (73.7%)

Age 39.00 (31.00, 55.00) 45.00 (37.25, 53.00) 1.571b 0.116

Hashimoto ‘s thyroiditis (%) 19.447a <0.001

Yes 11 (12.4%) 46 (40.4%)

No 78 (87.6%) 68 (59.6%)

TPO-Ab 33.65 (28.00, 47.70) 39.70 (28.00, 727.00) 1.998b 0.046

TG-Ab 23.15 (15.00, 32.00) 39.90 (19.80, 144.70) 3.877b <0.001
ac2 test; bWilcoxon test.
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our study, 99.1% (113/114) and 78.3% (112/143) of metastasis-

positive and metastasis-negative LNs showed significant

enhancement, respectively, which was far from meeting the need

for clinical diagnosis. Therefore, quantifying the degree of LN

enhancement is important for improving the efficacy of the

preoperative diagnosis of LNs.

At present, large differences exist in the delayed CT scanning

time of cervical LN metastasis in PTC, such as 25 s, 35 s, 40 s, 45, 50

s, 60 s, 70 s, and 80 s (10–12, 15–18), using one or two phases. It is

not difficult to understand that the conclusions drawn may differ
Frontiers in Endocrinology 06214
using different scanning times; even if the scanning parameters are

the same, the results may differ due to individual differences. For

example, different conclusions have been drawn by the following

scholars with the same delayed 25 s scanning after enhancement.

Park et al. (16) analyzed 102 LNs in 42 patients, and the sensitivity

and specificity were, respectively, 83%–87% and 93.7%–97.9%, at a

cutoff value of ENHU 99 HU. Gürsoy et al. (17) studied 272 LNs in

43 patients, and the results showed that the sensitivity and

specificity were, respectively, 93.4% and 99.3%, with the cutoff

value of ENHU 109 HU. Su et al. (18) studied 59 LNs in 34
FIGURE 5

ROC of the ENHU, EN-PNHU, EN/PNHU, EN-EMHU, and EN/EMHU for the diagnostic efficacy of LNs metastasis in PTC.
TABLE 2 Distribution of LN size, division, and HU.

Pathology or cytology
c2/t/Z P

Metastasis-positive LNs (n = 114) Metastasis-negative LNs (n = 143)

LN division (%) 29.814a <0.001

Level VI 67 (58.8%) 36 (25.2%)

Level non-VI 47 (41.2%) 107 (74.8%)

LN size 5.20 (4.30, 7.00) 5.20 (4.45, 6.60) 0.031c 0.975

PNHU 48.12 (41.00, 53.94) 44.00 (39.35, 48.00) 3.530c <0.001

ENHU 113.39 ± 24.13 77.65 ± 15.93 13.624b <0.001

EMHU 63.97 ± 6.14 64.37 ± 4.81 0.582b 0.561

EN-PNHU 65.84 ± 21.72 34.07 ± 13.63 13.625b <0.001

EN/PNHU 2.36 (1.98, 2.75) 1.76 (1.54, 2.02) 9.133c <0.001

EN-EMHU 49.42 ± 24.59 13.27 ± 15.41 8.826b <0.001

EN/EMHU 1.79 ± 0.40 1.21 ± 0.24 12.160b <0.001
ac2 test. bt test, and cWilcoxon test.
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patients and showed that the sensitivity and specificity were 90.62%

and 77.78%, respectively, at a cutoff value of ENHU 81.377 HU. The

shortcomings of the studies by Park et al. (16) and Gürsoy et al. (17)

included the possible deviation of sample representativeness (too

many LNs were selected in one patient) and the fact that the LNs

did not reach or completely reach the level of comparison

between pathology and imaging. The small sample size was

the limitation of the study by Su et al. (18). Yoon et al. (10)

compared the enhancement degree of lateral cervical LNs and

sternocleidomastoid muscle, and the results showed that the

diagnostic efficiency was the highest when the difference between

them was 35.7 HU, and the sensitivity, specificity, and accuracy

were 0.686, 0.788, and 0.730, respectively. However, the limitation

of their study was that the LNs did not reach the level of node-to-

node contrast between imaging and pathology.

Our medical center adopted a single-phase delayed scan for 50 s

to minimize the patient’s radiation exposure, which was similar to

the venous scan time used by Yoon et al. (10) and Kim et al. (11),
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and consistent with that used by Su et al. (18). The following three

modifications were made in this study based on the findings of Park

et al. (16), Gürsoy et al. (17), Su et al. (18), and Yoon et al. (10),

including: (1) the LNs in one cervical level confirmed to be all

metastasis-positive or all metastasis-negative, as well as the

metastasis-positive LNs confirmed by FNAC under US-CT fusion

navigation, were adopted, to ensure that each LN was definitely

metastatic or nonmetastatic. Meanwhile, only one LN in the all

metastasis-positive or all metastasis-negative level was selected as

the study subject so that the sample was more representative (257

LNs were derived from 204 cases); (2) the measurement area of the

sternocleidomastoid muscle (the level of the lower edge of the

ipsilateral cricoid cartilage) was defined, mainly due to the thicker

muscle in this area and uniform density, which were not easily

affected by muscle atrophy and partial volume effect; also, the

difference between different observers was small (ICC = 0.951);

(3) PTC LN metastases were rich in blood supply and showed

significant enhancement on CT enhanced images. This study used a
TABLE 3 Diagnostic efficacy of ENHU, EN-PNHU, EN/PNHU, EN-EMHU, and EN/EMHU for LN metastasis in PTC.

AUC Cutoff value Sensitivity Specificity Accuracy

ENHU 0.895 97.3 HU 0.746 0.895 0.829

EN-PNHU 0.894 47.8 HU 0.807 0.874 0.844

EN/PNHU 0.831 1.9 0.877 0.650 0.751

EN-EMHU 0.890 26.4 HU 0.807 0.839 0.825

EN/EMHU 0.888 1.5 0.728 0.902 0.825
PNHU, plain Hounsfield units of LNs; ENHU, enhanced Hounsfield units of LNs; EMHU, enhanced Hounsfield units of the sternocleidomastoid muscle; EN-PNHU, difference between ENHU and
PNHU; EN/PNHU, ratio of ENHU to PNHU; EN-EMHU, difference between ENHU and EMHU; EN/EMHU, ratio of ENHU to EMHU; AUC, area under the curve.
FIGURE 6

US-CT fusion imaging shows that the LN marked after image fusion was in the red circle, and LN metastasis in PTC was confirmed by FNAC.
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small ROI (3 × 3 pixels) was used to measure the most significantly

enhanced area. The results reflected the CT HU of LN metastasis to

a greater extent, and the difference between different observers was

smaller (ICC = 0.994). Our results showed that ENHU, EN/EMHU,

EN-PNHU, and EN/PNHU had similar diagnostic efficacy and were

significantly higher than those reported by Yoon et al. (10), in which

ENHU and EN/EMHU had higher specificity. In contrast, EN-PNHU

and EN-EMHU had higher sensitivity. Although the sensitivity of

EN/PNHU was higher, the specificityand accuracy were lower and

should not be used alone for the judgment of LN metastasis in PTC.

Hashimoto thyroiditis is an autoimmune disease. Positive TPO-

Ab was found in 90%–95% of patients and positive TG-Ab was

observed in 60%–80% of patients (19–21). In this study, the number

of patients in the metastasis-negative group with Hashimoto’s

thyroiditis was higher than that in the metastasis-positive group,

which might well explain why TPO-Ab and TG-Ab in the

metastasis-negative group were higher than those in the

metastasis-positive group. Hashimoto’s thyroiditis is often

accompanied by cervical LN enlargement, especially in the central

group. No reliable report is available on whether Hashimoto’s

thyroiditis alters the degree of enhancement of the metastasis-

positive or metastasis-negative LNs in PTC. The data of LN

metastasis-negative PTC cases were analyzed. The results showed

that the plain HU and enhanced HU of LNs in the group with

Hashimoto’s thyroiditis were not different from those in the group

without Hashimoto’s thyroiditis. Unfortunately, cases of

Hashimoto’s thyroiditis were few in the PTC LN metastasis-

positive group (only 11 cases). Hence, it was impossible to

explore whether Hashimoto’s thyroiditis would change the degree

of enhancement of metastasis-positive LNs in PTC.

US-CT fusion navigation is the registration and fusion of US

and CT images, which integrates the advantages of high resolution

and high detection rate of CT and real-time guidance of US. It has

been widely used in the interventional therapy of abdominal organs

such as the liver, prostate, and kidney (22), and reported in cervical

LN metastasis only by Na et al. (12).

The present study had several limitations. First, most patients

with negative LN metastasis had no LNs or small LNs, or enlarged

LNs with Hashimoto’s thyroiditis in level VI. Therefore, in this

study, the metastasis-negative LNs mostly came from levels non-VI

(74.8%). Second, the measured data were obtained from two senior

head and neck radiologists. Although the radiologists demonstrated

excellent interobserver agreement on PNHU, ENHU, and EMHU, the

interobserver agreement between junior radiologists still needed

further confirmation through controlled studies. Finally, our study

was a single-center retrospective analysis, thus having some

selection bias. Further, prospective multicenter studies should be

conducted to validate the findings.

In conclusion, ENHU, EN-PNHU, EN/EMHU, and EN-EMHU

had similarly high diagnostic efficacy in the preoperative evaluation

of LN metastasis in PTC, with ENHU, EN-PNHU, and EN/EMHU

having higher specificity and EN-PNHU and EN-EMHU having
Frontiers in Endocrinology 08216
higher sensitivity. Also, they were highly repeatable among

different operators and hence worth popularizing and applying.
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lymph node metastasis in
papillary thyroid microcarcinoma
based on pathological and
ultrasound features
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Hospital, Guiyang, China, 5Department of Hepatobiliary Surgery, West China Hospital of Sichuan
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Background: Central lymph node metastases (CLNM) in papillary thyroid

microcarcinoma (PTMC) are common, but management through prophylactic

central lymph node dissection (pCLND) remains controversial. In this study, the

independent predictors of CLNM in PTMC were retrospectively studied based on

ultrasound and pathological data, and we aim to establish the prediction model

to predict CLNM in PTMC.

Methods: This study included a total of 1,506 patients who underwent thyroid

surgery for PTMC at the First Affiliated Hospital of Chongqing Medical University

from 2015 to 2018. Ultrasound and clinicopathological features were

summarized and analyzed. Univariate and multivariate analyses were

performed to determine the risk factors associated with CLNM. The prediction

model is established and verified according to the multivariate analysis results.

The Kaplan–Meier curve was used to evaluate the effect of CLNM on survival.

Results: The CLNM rate was 44.5% (670/1,506). Multivariate analysis showed that

men, younger age, smaller diameter, ETE, microcalcification, without

Hashimoto’s thyroiditis, and multifocal were independent risk predictors of

CLNM. Nomogram has a good discriminative ability (C-index: 0.755 in the

validation group), and the calibration effect is good. In the DCA curve, the

CLNM prediction model performed better net benefit given any high-risk

thresholds. The median follow-up time was 30 months (12–59 months), 116

cases were lost, and the follow-up rate was 92.8% (1,506/1,622). Of the 1,506

patients included, 12 (0.8%) experienced recurrence.
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Conclusion: The likelihood of CLNM can be objectively quantified before surgery

by using this reliable and accurate nomogram that combines preoperative

ultrasound with clinicopathological features. Clinicians can use this nomogram

to assess central lymph node status in patients with PTMC and consider

prophylactic CND in patients with high scores.
KEYWORDS

nomogram, PTMC, CLNM, pathological, ultrasound
Introduction

Presently, thyroid carcinoma incidence happens more frequently,

making it the most ordinary malignant neoplasm of the endocrine

mechanism all around the world. Specifically, papillary thyroid

microcarcinoma (PTMC) is defined as a subtype of papillary

thyroid carcinoma (PTC) with a maximal size of less than 1 cm,

accounting for 30% of PTC cases (1, 2). The reasons for the increased

incidence were always controversial, whereas it might be the extensive

utilization of high-sensitivity diagnostic tools like ultrasonography

that allows the detection concerning smaller nodules. This was

despite the fact that PTMC was an indolent tumor with a 10-year

disease-free survival rate of >91% and a 15-year disease-free survival

rate of >87%. However, the presence of lymph node metastasis

(LNM) was always associated with an unfavorable oncological

outcome (3–5), with a 0.4% fatality rate (6). Many studies reported

the highest risk of central compartment LNM (CLNM), between 18%

and 80% (7, 8). CLNM was considered one risk factor for distant

metastasis (9), with the potential for recurrence and concomitantly

reduced survival rate (4, 9). There were, nevertheless, questions about

the implementation of prophylactic central lymph node dissection

(pCLND) for PTMC. It was suggested that pCLND might benefit

patients with PTMC by reducing local recurrence and enhancing the

disease-free survival rate (10–12). Others hold the opposing view that

it did not improve survival but rather increased the risk of nerve

injury and hypoparathyroidism (13–15). Although the American

Thyroid Association (ATA) guidelines (version 2015) stated that

thyroidectomy without pCLND was indicated for the noninvasive

treatment of marginal (T1 or T2), cN0 PTC (16), the Expert

Consensus on the Diagnosis and Treatment of Papillary Thyroid

Microcarcinoma (version 2016) edited by Chinese academics,

recommended the promotion of pCLND for PTMC in the context

of this technical support (17). The rate of preoperative detection of

CLNM was relatively low due to limitations in imaging technology

and operators. For instance, the diagnostic sensitivity of CLNM in the

USA was only 51%–58.3%, with a false-passive rate of 44.6% (18). An

appropriate, noninvasive tool to quantify the risk of CLNM in this

setting may be helpful in the management of patients with PTMC.

It is important to balance the harms and benefits of pCLND in

patients with PTMC for individualized and precise treatment. It is

reasonable not to perform pCLND in low-risk PTMC patients. This

was because it would reduce the extent of the procedure and the
02219
associated perplexities, particularly with regard to the protection of

peripheral nerves, and facilitate the patient’s postoperative recovery.

In high-risk PTMC patients, the implementation of pCLND can

achieve effective radical treatment of the tumor. Therefore, this

paper not only identified risk factors for CLNM through

intraoperative and preoperative findings but also established a

predictive model for CLNM in patients with PTMC. This

accurate and intuitive nomogram offered the possibility to

objectively quantify CLNM preoperatively. At the same time, it

achieved good utility and convenience in developing individualized

treatment plans for patients.
Materials and methods

Patient information

The local institutional ethics committee backed up this

retrospective research. Informed consent was waived after careful

review by the ethics committee as there was no patient interest or

privacy involved. The records of patients with PTMC who

underwent surgery from January 2015 to December 2018 at the

Department of Endocrinology and Breast of The First Affiliated

Hospital of Chongqing Medical University were retrospectively

reviewed. The total number of patients went through not less

than a physical check, cervical ultrasound checking, and fine

needle aspiration (FNA) before receiving surgery. Patients were

the most vulnerable.

Patients were excluded from this research on the condition that

they owned any of the elements below:
1. Non-PTMCs or mixed-type PTMC (14)

2. Reoperation or other head and neck surgery history (55)

3. Distant metastasis at diagnosis (7)

4. The radiation exposure during childhood or family PTMC

history (3)

5. Incomplete clinicopathological data (144)

6. Those not to be follow-up after receiving surgery (116)

7. Adolescent (9)
In total, 350 patients were excluded; additionally, 1,506 eligible

patients were ultimately included in this research (Figure 1).
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Surgical procedures

After the patient finds a nodule of the thyroid through imaging

inspection or palpation for the first time, we first perform the patient’s

thyroid function test and the neck ultrasonography for diagnosis.

Second, for nodules with suspected malignancy, the fine-needle

aspiration (FNA) would be implemented. After all inspections are

completed, we will communicate with the patient and their family

members about the surgical method and surgical risks. The lobectomy

plus ipsilateral central lymph node dissection (CLND) was the

foundational therapy in a surgical manner. The total thyroidectomy

plus bilateral multifocal CLND was deeply implemented for the cases

suffering from bilateral multifocal tumors, tumors located in the

thyroid isthmus with extrathyroidal extension (ETE), suspicious

metastatic lymph nodes by preoperative examination or

intraoperative frozen section biopsy showing CLNM. Lobectomy was

stated as the removal of the implicated lobe, including the pyramidal

lobe and the isthmus. Total thyroidectomy (TT) was stated as the

removal of the two lobes: the pyramidal lobe and the isthmus lobe.

Central lymph node dissection (CND) encompassed the removal of the

pretracheal, prelaryngeal, and both the left and right paratracheal nodal

basins (19). We routinely conducted a CLN intraoperative frozen

section biopsy to further determine the degree of the lymph node

analysis and the demand for total thyroid resection. Three pathologists

independently and blindly diagnosed all resected lymph node and

thyroid specimens, and a frozen section biopsy revealed CLNM.

Clinicopathological and
ultrasonographic data

We included the relevant data from ultrasonography and

clinicopathological characteristics in the analysis. Data gathered
Frontiers in Endocrinology 03220
included tumor size, age, multifocality, sex, ETE, preoperative

cancer-related suspicion, central LN status, along with US

features including shape, margin, location, echogenicity,

length/width rate > 1, microcalcification emergence, the status of

blood flow, and discontinuity of the capsule. Age has been

dichotomized in view of the present stage criteria at 55 years. The

biggest size of the neoplasm has been stated. The multifocalities

have been characterized as > 1 overall neoplasm focus (either in the

identical lobe or in the disparate lobes). In one single lobe, two or

more PTMC foci were unilateral multifocality, whereas two or more

PTMC foci in one lobe plus isthmus or both lobes were bilateral

multifocality. Diagnosis of Hashimoto’s thyroiditis (HT) was made

on the basis of the pathological data. ETE was based on pathological

data and stated as the primary neoplasm spreading through the

thyroid capsule to the perithyroidal soft tissue, including involving

strap muscles or perithyroidal fat, or spreading to circumambient

structures including trachea, larynx, recurrent laryngeal nerve,

esophagus, skin, subcutaneous soft tissue, internal jugular vein, or

carotid artery (20). The two radiologists, each of whom has over 15

years of expertise, implemented the overall preoperative US exams.

Hypoechoicity, a length/width rate of less than one, fuzzy edges,

hypervascularity, irregular forms, and the emergence of

microcalcifications were the hallmarks of the malignant nodules.

Pathologic lymph nodes (diffuse or focal, round form, cystic

changes, internal calcification, and chaotic or peripheral

vascularities on Doppler US) were stated as those with or without

not less than one suspected US-type (focal or diffusion-like

hyperechogenicity) (21). Ultrasound features of every nodule were

encompassed as below: classification of the margin as to whether

clear or irregular shape; whether the nodule was simply

hypoechogenicity (inferior to the cervical band muscle); length/

width ratio >1; of microcalcifications with a threshold value of 1
FIGURE 1

Excluded abnormal influential observations by Cook’s distance.
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mm; discontinuity of the capsule defined as contact of the thyroid

mass by means of the thyroid capsule, that is, >25% contacting with

the neighbor capsule, is the best indicator for predicting the

extrathyroidal spread (22); and rich and not rich blood flow status.
Follow-up

For the total number of sick people, the initial follow-up was set

at 1 month postoperatively; moreover, evaluation consisted of

palpation and measurement of the levels of serum TSH. Serum

thyroglobulin (Tg), along with Tg antibody levels, is merely for the

patients who have undergone the overall thyroidectomy.

Ultrasonography was performed 6 months after surgery. After

that, the patient was re-examined every 6–12 months. On

condition that the unstimulated Tg levels ≥ 2 ng/ml and

stimulated Tg levels ≥ 20 ng/ml or serially elevated serum Tg

(Tg-negative antibodies) are found, or if tumor recurrence is

suspected on imaging studies (23), we will perform FNA in these

patients, and if tumor recurrence is determined, the overall

condition of the patient will be re-evaluated to decide on surgery

method or other treatments.
Statistical analysis

Categorical variables were summarized as numbers

(percentage), and continuous variables were summarized as

means (± standard deviation). One-way ANOVA test was

conducted to test the correlation relationship of each variable

with CLNM, and the p-value was displayed in the univariate

analysis. A significance level of 0.05 was considered statistically

significant for all statistical analyses. Prior to multivariate analysis,

abnormal influential observations were examined using Cook’s

distance, and the abnormal line was set as greater than six times

the mean of Cook’s distance. Observations beyond the abnormal

line were excluded from the multivariate analysis. The logistic

regression model was built for the prediction of CLNM with all

candidate factors as an entry in the independent variables, and then

the variables were selected stepwise. The estimated coefficient of

each selected variable and its corresponding 95% confidence

interval were calculated, along with the p-value of each estimated

coefficient. The model’s prediction discrimination was evaluated by

C-index and ROC curve. AUC was exhibited with the ROC curve.

The model’s calibration ability was evaluated by a calibration plot.

The Kaplan–Meier curve was plotted for the overall survival

grouped by CLNM, and the log-rank test was conducted

accordingly. At last, decision curve analysis (DCA) was carried

out to evaluate the net benefit of the prediction model with different

risk thresholds used. In addition, the clinical impact curve was

plotted along with the DCA curve to evaluate the discrepancy

between the number of predicted positive and true-positive

observations with different risk thresholds used.
Frontiers in Endocrinology 04221
Result

Baseline clinical and US characteristics of
patients with 1,506 PTMC

The median follow-up time is 29 months. The baseline

characteristics of risk factors for CLNM are shown in Table 1.

Factors that exhibited significant association with CLNM via

one-way ANOVA test were sex, length, invasion, preoperative

clinical suspicion of CLNM, Hashimoto’s thyroiditis, laterality,

focal infection, ETE, age, and diameter. Women accounted for

83.3% in the no-CLNM group and 65.2% in the CLNM group.

Patients without preoperative clinical suspicion of CLNM accounted

for 99.2% in the no-CLNM group and 83.7% in the CLNM group.

Unilateral accounted for 93.9% in the no-CLNM group and 82.7% in

the CLNM group. Unifocal accounted for 86.7% of the no-CLNM

group and 61.2% of the CLNM group. Patients without ETE

accounted for 97.6% of the no-CLNM group and 89.0% of the

CLNM group. The average age in the no-CLNM group is 45.02

(SD = 12.3), and in the CLNM group, it is 41.46 (SD = 10.68). The

average diameter in the no-CLNM group is 6.64 (SD = 2.07), and it is

7.03 (SD = 2.08) in the CLNM group. Apart from these factors, the

rest of the factors do not show a strong discrepancy in terms of the

distribution between the no-CLNM and CLNM groups.
Result of Cook’s distance

The influential observations were examined by Cook’s distance,

as shown in Figure 1. The horizontal red line is the abnormal line set

for excluding abnormal influential observations beyond the line. It

was set at six times the mean of Cook’s distance. A total of 22

abnormally influential observations were excluded, leaving 1,484

observations for the multivariate analysis.
Comparison of clinical and US factors with
CLNM in the training group

Amultivariate analysis of the risk factors for CLNM was carried

out using a logistic regression model. Data were randomly split by a

ratio of 3:2 as training dataset and a validation dataset, respectively.

All candidate variables were included at the beginning of the model

selection and were selected stepwise. The selected variables are

shown in Table 2, along with their odds ratio (OR), corresponding

95% CI, and p-value. Among the selected variables, the significant

variables were sex, ETE, Hashimoto’s thyroiditis, focal infection,

age, and diameter. Compared to men, women are less likely to

experience CLNM, and their OR is 0.32 (95% CI: 0.22–0.45).

Patients with ETE are much more likely to experience CLNM

(OR = 10.72; 95% CI: 4.08–28.12). Patients with Hashimoto’s

thyroiditis are less likely to experience CLNM (OR = 0.53; 95%

CI: 0.36–0.80). Compared to unifocal infection, the odds of
frontiersin.org
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TABLE 1 Univariate analysis of risk factors for central lymph node metastasis.

n (%) or mean (SD) p-value

CLNM = No CLNM = Yes

Sex

Male 140 (16.7%) 233 (34.8%) <0.0001

Female 696 (83.3%) 437 (65.2%)

Age 45.02 (12.3) 41.46 (10.68) <0.0001

Diameter 6.64 (2.07) 7.03 (2.07) 0.0003

Tumor location

Upper 175 (20.9%) 132 (19.7%) 0.144

Middle 396 (47.4%) 310 (46.3%)

Lower 233 (27.9%) 188 (28.1%)

Isthmus 32 (3.8%) 39 (5.8%)

Margin

Clear 228 (27.3%) 172 (25.7%) 0.395

Near-clear 330 (39.5%) 263 (39.3%)

Unclear 278 (33.3%) 235 (35.1%)

Shape

Regular 193 (23.1%) 140 (20.9%) 0.23

Near-regular 359 (42.9%) 286 (42.7%)

Irregular or lobulated 284 (34.0%) 244 (36.4%)

Echogenicity

Hypoechogenicity 773 (92.5%) 614 (91.6%) 0.614

Isoechoic 61 (7.3%) 55 (8.2%)

Hyperechoic 2 (0.2%) 1 (0.1%)

Length

Width ratio ≤1 572 (68.4%) 490 (73.1%) 0.0462

Width ratio >1 264 (31.6%) 180 (26.9%)

Calcification

No 347 (41.5%) 251 (37.5%) 0.663

Microcalcification 424 (50.7%) 385 (57.5%)

Coarse calcification 65 (7.8%) 34 (5.1%)

Blood signal

No blood flow signals 419 (50.1%) 323 48.2%) 0.925

Enriched blood flow signal 68 (8.1%) 77 (11.5%)

Punctate flow signal 349 (41.7%) 270 (40.3%)

Invasion

Continuity of the capsule 783 (93.7%) 609 (90.9%) 0.0439

Discontinuity of the capsule 53 (6.3%) 61 (9.1%)

(Continued)
F
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experiencing CLNM is 4.33 (95% CI: 3.04–6.17) times higher for

multifocal infection. The age increases by 1 year, and the odds of

CLNM would decrease by 0.03 (OR = 0.97; 95% CI: 0.96–0.98). If

the diameter increases by 1 mm, the odds of CLNM would increase

by 0.08 (OR = 1.08; 95% CI: 1.00–1.16). Patients with

microcalcification are more likely to have CLNM (OR = 1.24;

95% CI: 0.91, 1.68), and coarse calcification is a protective factor

for the occurrence of CLNM (OR = 0.73; 95% CI: 0.38-1.38).
Validation of the prediction nomogram

The final model achieved a C-index of 0.755 on the validation

dataset. ROC curves for the training and validation sets are shown

in Figure 2. The AUC on the training and validation sets was all

0.755, which indicates that the model can achieve good accuracy of

prediction in both the training and validation sets. In addition, the

calibration plots for training and validation are shown in Figure 3,

and both calibrated lines are very close to the diagonal line, which

indicates that the model was well calibrated. The predicted effect of

each variable was visualized in the nomogram (Figure 4). The ETE

has the most effective potential to explain the risk points in this

study, followed by age, focal infection, sex, and diameter.
Frontiers in Endocrinology 06223
Hashimoto’s thyroiditis and microcalcification had a modest

contribution to the risk of CLNM. Finally, the model was further

analyzed using DCA. The DCA curve and clinical impact curve

were plotted (Figure 5). In the DCA curve (Figure 5A), the CLNM

prediction model performed better in terms of net benefit given any

high-risk thresholds. In the clinical impact curve (Figure 5B), the

discrepancy of the number of CLNM between predicted positives

and true positives converged drastically around 0.4. In order to have

a better net benefit and a small discrepancy between the number of

predicted positives and true positives, 0.4 would be an appropriate

cutoff value for the prediction model in this study.
Follow-up status

As last, the survival analysis of CLNM was conducted using the

Kaplan–Meier curve. We followed up 1,506 patients (follow-up rate:

92.98%) after the initial surgery until December 2019. The

interesting event is a recurrence of the PTMC. The p-value for

the log-rank test is 0.3, which means that there is no significant

difference between CLNM and no-CLNM group in terms of the

recurrence rate. Both groups had a very low recurrence

rate (Figure 6).
TABLE 1 Continued

n (%) or mean (SD) p-value

CLNM = No CLNM = Yes

Preoperative clinical suspicion of CLNM

No 829 (99.2%) 560 (83.7%) <0.0001

Yes 7 (0.8%) 109 (16.3%)

Hashimoto’s thyroiditis

No 663 (79.3%) 570 (85.1%) 0.0039

Yes 173 (20.7%) 100 (14.9%)

Laterality

Unilateral 785 (93.9%) 554 (82.7%) <0.0001

Bilateral 51 (6.1%) 116 (17.3%)

Focal infection

Unifocal 725 (86.7%) 410 (61.2%) <0.0001

Multifocal 111 (13.3%) 260 (38.8%)

ETE

No 816 (97.6%) 596 (89.0%) <0.0001

Yes 20 (2.4%) 74 (11.0%)

Recurrence

No 831 (99.4%) 663 (99.0%) 0.333

Yes 5 (0.6%) 7 (1.0%)

Month 30.74 (13.63) 30.11 (13.53) 0.372
fron
The frequency of each category across CLNM is calculated for categorical variables along with its percentage; the mean and standard deviation are calculated for continuous variables; the
ANOVA test of each variable versus CLNM is conducted to test their associations; and the p-value of the ANOVA test is recorded in the table.
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Discussion

PTMC is a subtype of PTC that is less than 10 mm in diameter.

In recent years, its incidence has gradually increased due to

advances in ultrasonography and the importance individuals

place on physical examination (24, 25). Despite the good

prognosis of PTMC, a small number of patients developed local

recurrence or distant metastases. Central LNM was only one of the

essential factors contributing to their occurrence (26).

Ultrasonography was not sensitive to detect metastatic central

cervical lymph nodes prior to surgery. This was because they

were usually marginal, confused by the overlying thyroid, or had
Frontiers in Endocrinology 07224
atypical ultrasound features. However, many PTMC patients who

were clinically lymph node-negative (cN0) were found to have

CLNM metastases during surgery. CLNM (found only on

pathological examination) was reported in 49.2%–64.1% of

patients with cN0 PTMC (27, 28). In low-risk patients with

papillary thyroid cancer, pCLND remained in doubt. Some

studies advocated regular CLND during primary thyroidectomy

in patients with PTMC. This was because it could benefit mPTC

patients by reducing local recurrence and improving disease-

specific survival rates (29, 30). It was also opposed because it did

not improve survival but rather exacerbated the risk of neurological

damage and hypoparathyroidism (14). Even in the research by
TABLE 2 Multivariate analysis of risk factors for central lymph node metastasis using logistic regression.

Odds ratio 95% CI p-value

Sex

Male Reference <0.0001

Female 0.32 (0.22, 0.45)

Age 0.97 (0.96, 0.98) <0.0001

Diameter 1.08 (1.00, 1.16) 0.0135

ETE

No Reference <0.0001

Yes 10.72 (4.08, 28.12)

Calcification

No Reference

Microcalcification 1.24 (0.91, 1.68) 0.0178

Coarse calcification 0.73 (0.38, 1.38) 0.0331

Hashimoto’s thyroiditis

No Reference 0.0026

Yes 0.53 (0.36, 0.80)

Focal infection

Unifocal Reference <0.0001

Multifocal 4.33 (3.04, 6.17)
fron
The C-index of the logistic regression model is 0.755.
BA

FIGURE 2

Receiver operating characteristic curves of the model for predicting CLNM in the training set (A) and testing set (B).
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Sugitani et al. and Ito et al., they found a lower incidence of tumor

growth and new LNM in patients with low-risk (T1aN0M0) PTMC

through prospective clinical studies. In patients who underwent

surgery for tumor growth or new LNM, there were no

life-threatening recurrences or deaths from thyroid cancer. There

were also no distant metastasis or deaths from thyroid cancer in the

active surveillance (AS) (31, 32). Therefore, accurate prediction of

CLNM in PTMC is important for individualized treatment.

In this research, the incidence of CLNM was 44.5%, which was

in line with the results of earlier studies (7, 8). As one of the

important tools for the preoperative assessment of PTMC,

ultrasound examination has been used as a routine for PTMC in

China. However, the sensitivity and specificity of using ultrasound

techniques to assess CLNM were 12.5% and 95.2%, respectively

(33), due to a high dependence on the experience of the

sonographer and interobserver variability (34). Therefore, the goal

of this study was to develop a nomogram that could be used as an

emerging strategy to personalize and quantify the likelihood of

CLNM in patients with PTMC. The current research indicated that

age, gender, tumor dimension, microcalcification, HT, focal

infection, and ETE were independent predictors of CLNM.

Tumor location, echogenicity, length/width ratio >1, blood signal,

capsule invasion, and laterality were not predictive.
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For a long time, age was for a clinically important prognostic

factor in PTMC. Research by Ito found that younger age was only

an independent indicator of PTMC progression (included: (1)

increase in volume; (2) new manifestations of LNM; (3) clinical

disease progression with an increase in tumor volume of 12 mm or

greater; and new manifestations of LNM). In other studies, age had

the same effect on PTMC (35, 36), that is, the lowest PTMC

promotion rate in older patients and the highest in younger

patients (3). In the present study, high age was a separate

protective factor for CLNM. In addition, low age had the highest

corresponding rank in the nomogram. In clinical practice, a more

thorough preoperative assessment of the CLNM status of younger

patients is necessary. Moreover, treatment may be different for

younger patients than for older patients. Older patients with PTMC

are the best candidates for observation, whereas younger patients

may require active intervention.

Numerous studies showed that the incidence of PTMC was

higher in women than in men, while the incidence of CLNM was

low (37, 38). In this research, the ratio of men to women suffering

from CLNM was approximately 1:2, and women were an

independent protective factor for CLNM in patients with PTMC

(OR = 0.32; p < 0.0001). It was traditionally assumed that the larger

diameter of the tumor, the more aggressive it would be. ATA
BA

FIGURE 3

The calibration plot of the model in the training group (A) and testing group (B).
FIGURE 4

Nomogram for prediction of CLNM. A line is drawn straight up to the point axis that corresponds with each patient variable to obtain the points. The
sum of these points is located on the total score point axis. A line is drawn downward to the risk axis to determine the possibility of CLNM.
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B

A

FIGURE 5

Decision curve analysis (DCA) is used to evaluate the net benefit of a prediction model with different risk thresholds used (A). Clinical impact curve to
evaluate the discrepancy between the number of predicted-positive and true-positive observations with different risk thresholds used (B).
FIGURE 6

The Kaplan–Meier curves for the PTMC patients. There was no significant difference in the DFS rate between the CLNM(+) and CLNM(−) cohorts.
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guidelines indicated that pCLND might be considered for patients

with advanced primary neoplasms and clinically involved lateral

cervical lymph nodes (cN1b). In contrast, in patients with marginal

(T1 or T2), clinically negative PTC, and noninvasive patients (16),

thyroidectomy may be appropriate instead of PCL. However, the

incidence of CLNM in PTMC was usually about 50%, and there

might be residual metastatic lymph nodes if pCLND was not

performed, leading to resurgery and the risk of serious

postoperative complications. For PTMC, some studies suggested

that the risk of CLNM metastasis was higher if the diameter was

larger (33, 38), and the same conclusion was reached in this study.

HT was the most common autoimmune thyroid disease, with

an incidence rate of about 3.5 to five cases per 1,000 people per year

(39, 40). The relationship between HT with PTMC has been

controversial since it was first described by Dailey et al. in 1955

(41). A few scholars believed that HT was a protective factor for

CLNM in PTMC (42, 43), while other studies showed no significant

protective effect of HT on CLNM (44). In this study, HT was found

to reduce the incidence of CLNM in PTMC. This might bring about

fibrosis and atrophy of the thyroid due to HT-induced

inflammation. This process involved an associated injury to the

adjacent lymphatic vessels, disrupting PTC lymphatic diffusion, and

eventually creating problems in reducing the likelihood of

CLNM (45).

Bilateral or multifocal tumors might be caused by a single

primary tumor spreading through the gland or by multiple

concurrent primary tumors (46). It occurred in about

20%–40% of patients with PTMC (47). Although multifocal

PTMCS were probably only synchronous tumors and not

metastases from the largest primary neoplasm, they were

associated with an increased risk of LNM, persistent local disease,

distant metastasis, and local recurrence. In this study, it was

analyzed in a single-bilateral lesion group and a single-multiple

lesion group. The results found that multiple lesions were an

independent risk factor for the development of CLNM in patients

with PTMC (OR = 3.95; p < 0.0001) and the second significant

variable in the nomogram.

Ultrasound was a convenient and quick way to evaluate PTMC.

It might contain low central lymph nodes (grade VI) due to the

presence of the thyroid or some anatomical areas (such as deep

bony or air-filled structures and in the retropharyngeal region and

mediastinum) that were not clearly visible on ultrasound

(48). Retrospective research reported that the sensitivity of

high-resolution ultrasound in predicting central LNM in PTC was

only 38%. Seven characteristic variables of ultrasound were

included in the analysis of this study. Microcalcification was one

of the highly specific signs in ATA 2015 (16) and an essential

ultrasound finding for suspected malignant nodes. It presented as

punctate hyperechoic and was not easily missed. Nodules with

microcalcification might be more likely to have cervical LNM.

However, as hyperechoic indicated calcification, the ultrasound

showed oxalates and concentrated colloids, which made it more

difficult for junior doctors to identify microcalcifications. The

ultrasound examinations enrolled in this study were performed
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by experienced sonographers, which marginally improved the

diagnostic accuracy of microcalcifications. In this study,

microcalcifications had an OR of 1.24 and were an independent

risk factor for the occurrence of CLNM, which was consistent with

other studies (32, 49). Microcalcifications reflected the rapid

proliferation of cancer cells and the deposition of calcium salts

due to the enlargement of blood vessels and fibers. As a result, if

microcalcifications were found in the nodules, the status of LNs in

the intermediate regions would need to be inspected more closely.

Meanwhile, coarse calcification was found to be a protective factor

for CLNM. This was probably because it was formed by necrosis

within the tumor, indicating weak tumor growth activity.

ETE was a tumor that breached the thyroid capsule. After the

thyroid capsule ruptured, the tumor was more likely to invade

lymph nodes through the lymphatic vessels on the capsule surface.

It involved the pharynx, strap muscles (thyroid gland of the

sternum, thyrohyoid or mastoid), thyroid-bonding, larynx,

prevertebral fascia, esophagus, mediastine, and even carotid

artery, along with the PTMC artery. Various studies linked ETE

to the invasiveness of PTMC. PTMC occurred when extrathyroidal

structures were attacked and was shown to be a risk factor for

CLNM (50, 51). According to the 2015 ATA criteria (16), ETE was

only one indicator of a poor prognosis. In multivariate analysis,

ETE was an independent risk factor for CLNM (OR = 10.72). In

addition, ETE has the most effective potential to explain the risk

points in the nomogram. This might be due to the fact that once the

tumor cells breached the thyroid capsule, they metastasized to the

CLNs through the surrounding abundant lymphoid tissue.

The results of the follow-up indicated that few patients suffered

from central lymph node recurrence, which confirmed the

reliability of examining the pathological status of the central

lymph nodes. From the survival analysis, it was concluded that

there was no significant difference in recurrence between patients

with and without CLNM. However, some subclinical central lymph

node metastases may lead to recurrence and distant metastasis. In

addition, there is still controversy over whether PTMC patients

need to undergo pCLND under domestic and foreign guidelines.

Therefore, in order to achieve more accurate and individualized

treatment, the model of this study was established to guide

clinicians in selecting central lymph node dissection according to

the scores, which were calculated based on disease status, so as to

avoid unnecessary CLND and reduce postoperative complications.

Moreover, in order to avoid recurrence, technical difficulties,

hypoparathyroidism, and other complications caused by

reoperation, CLND is still recommended when CLNM is found

before or during surgery.

This research still had some shortcomings: (1) It was only a

single-center retrospective research. Additionally, selection bias was

inevitable. (2) Deficiencies in external validation. Relevant

prospective multicenter clinical research should be implemented

in the coming years to assess the validity of the proposed model. (3)

The relatively short follow-up period in this study did not allow for

the analysis of potential confounding factors for future metastasis.

Therefore, more data and longer follow-ups are needed in the
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subsequent work. On the other hand, improving existing proven

models, such as by including new variables that have been shown to

work (such as BRAF-V600E), can improve the accuracy of the “old”

nomogram. In summary, a quantitative CLNM prediction model

for PTMC was formulated in this paper. Physicians can use the

nomogram in this model to assess patients with PTMC in clinical

practice based on clinicopathological features. For PTMC with a

high possibility of CLNM, unnecessary pCLND may be avoided.

Above all, our study found that CLNM was independently

associated with sex, age, diameter, ETE, calcification in

ultrasound, Hashimoto’s thyroiditis, and focal infection. Using

the above variables, we construct a nomogram. Clinicians can use

the nomogram to assess central lymph node status in patients with

PTMC. For patients with high scores, pCLND and meticulous

postoperative evaluation can be considered.
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