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Abstract

Background Accurate preoperative prediction of cervical lymph node (LN) metastasis in
patients with papillary thyroid carcinoma (PTC) provide a basis for surgical decision making
and the extent of tumor resection. This study aimed to develop and validate an ultrasound

radiomics nomogram for the preoperative assessment of LN status.

Methods Data from 147 PTC patients at the Wuhan Tongji Hospital and 90 cases at the
Hunan Provincial Tumor Hospital between January 2017 and September 2019 were
included in our study. They were grouped as training and external validation set.
Radiomics features were extracted from shear-wave elastography (SWE) images and
corresponding B-mode ultrasound (BMUS) images. Then, the minimum redundancy
maximum relevance (mMRMR) algorithm and the least absolute shrinkage and selection
operator (LASSO) regression were used to select LN status-related features and construct
the SWE and BMUS radiomics score (Rad-score). Multivariate logistic regression was
performed using the two radiomics scores together with clinical data, and a nomogram

was subsequently developed. The performance of the nomogram was assessed with
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respect to discrimination, calibration, and clinical usefulness in the training and external

validation set.

Results Both the SWE and BMUS Rad-scores were significantly higher in patients with
cervical LN metastasis. Multivariate analysis indicated that SWE Rad-score, multifocality
and US-reported LN status were independent risk factors associated with LN status. The
radiomics nomogram, which incorporated the three variables showed good calibration and
discrimination in the training set (AUC 0.851; 95% Cl, 0.791-0.912) and the validation set
(AUC 0.832; 95% Cl, 0.749-0.916). The significantly improved net reclassification index
(NRI) and integrated discriminatory improvement (IDI) demonstrated that SWE radiomics
signature was a very useful marker to predict the LN metastasis in PTC. Decision curve
analysis indicated that the SWE radiomics nomogram was clinically useful. Furthermore,

the nomogram also showed favorable discriminatory efficacy in the US-reported LN
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negative (cNO) subgroup (AUC 0.812; 95% Cl, 0.745-0.860).
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Conclusion The presented radiomics nomogram, which is based on the SWE radiomics

signature, shows favorable predictive value for LN staging in patients with PTC.
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Introduction

Papillary thyroid carcinoma (PTC) is the most common type of primary thyroid
malignancy, with rapidly increasing incidence but stable high survival rate worldwide (1,2).
Although PTC has an indolent clinical course, metastasis remains an important issue. PTC is
a lymphotropic tumor where cervical lymph node (LN) metastasis is present at diagnosis in
20-90% of patients (3). Recent trends in the surgical treatment of PTC have changed to
more individualized and conservative therapies, especially for small unifocal (<1 cm)
tumors without extrathyroidal extension and LN metastasis (4). The revised American
Thyroid Association (ATA) guidelines recommend that lobectomy alone can be used safely
in patients with no LN metastasis (4). However, it remains difficult for clinicians to identify
LN metastasis in clinical practice. Since cervical LN metastasis is an important risk factor for
recurrence (5-11) and mortality (10,12-14) in PTC patients, its accurate preoperative

identification will influence decisions about the extent of surgery.

B-mode ultrasound (BMUS) is the first-line noninvasive imaging method for
preoperative assessment of cervical LN status for PTC, with high reported specificity
(85.0%-97.4%) but relative low sensitivity (36.7%-61.0%) (15-18). Recently, several studies
have explored the clinical utility of shear-wave elastography (SWE) in detecting tumor
sonographic features associated with cervical LN metastasis (19-22). The results
demonstrated that the quantitative elasticity index on preoperative SWE imaging could be

useful for predicting LN metastasis.

Radiomics is the process of high-throughput mining of quantitative image features from
medical imaging, which enables data to be extracted and applied in a clinical-decision
support system to improve the diagnostic, predictive and prognostic accuracy (23).
Radiomics derived data, when combined with other pertinent clinicopathological features,
can produce accurate and robust evidence-based decision-making systems (24). Recently,
radiomics characteristics of preoperative US images have been shown to have potential for

predicting LN metastasis for PTC (25,26).

Nomogram is an individualized and evidence-based graphic tool for assessing the

probability of a clinical event. It has been shown that nomograms incorporating clinical risk
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factors, such as age, sex, number of positive LNs and tumor size, can be helpful in
predicting LN metastasis for PTC, with area under the receiver operator characteristic
(ROC) curve (AUC) ranging from 0.711 to 0.834 (3,27-29). To the best of our knowledge,
there is no report that has determined whether a nomogram involving SWE radiomics
features would enable superior prediction of cervical LN metastasis for PTC. Therefore, this
study aimed to develop and validate a nomogram that incorporated the SWE radiomics as
well as clinicopathological risk factors for individual preoperative prediction of cervical LN

metastasis in PTC.
Materials and Methods
Patients

Between January 2017 and September 2019, consecutive patients with thyroid nodules
in hospital #1 (Tongji Hospital of Huazhong University of Science and Technology, Wuhan,
China, training cohort) and hospital #2 (Hunan Provincial Tumor Hospital, Changsha, China,
validation cohort) were included. This retrospective study (clinical trial
ChiCTR1900026179) was approved by the Institutional Review Board of the two hospitals,

and informed consent was waived.

The study inclusion criteria were:1) surgical resection was performed for the target
tumor; 2) the tumor was pathologically proven PTC; 3) SWE image of the tumor displayed
with a BMUS image in split-screen mode was performed within two weeks prior to
surgery; 4) the SWE images of the target tumor in the longest axis cross section were
available; and 5) cervical LN dissection was performed and pathologically examined. The
exclusion criteria included: 1) the pathological result of the surgical specimens was
uncertain; 2) the patient had undergone preoperative radiofrequency ablation,
radiotherapy or chemotherapy; 3) the target tumor was unclear on US images due to

artifacts; 4) concomitant other malignancies.

The patients were divided into 2 groups (pNO and pN1) according to the pathologic
results of LN status after cervical LN dissection. In total, 147 patients were identified and

comprise the training cohort (Wuhan cohort): 42 males and 105 females; mean age, 41.59
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+ 9.68 years; range, 22 to 67 years. An independent external validation cohort of 90
consecutive patients (Changsha cohort,16 males and 74 females; mean age, 43.14 + 10.76

years; range, 23 to 66 years) was included using the same criteria.
Clinical information

Baseline clinicopathological data, including age, sex, and nodule pathology was derived
from medical records and dates of US imaging were also recorded. The cutoff value for age
were 45- and 55-year-old separately according to the 7th and 8th American Joint

Committee on Cancer (AJCC) staging systems.
US image acquisition and reported LN status

BMUS and SWE images were acquired with a Supersonic Aixplorer system (SuperSonic
Imagine, Aix en Provence, France) using a 5-14 MHz linear transducer by two radiologists
with more than 10 years of experience. For the target tumor, the largest diameter was
measured as tumor size on the BMUS image. The region of interest on SWE image was set
to include the whole thyroid lesion and adjacent normal parenchyma, and a Q-Box was
placed over the stiffest part of the lesion, as assessed by visual inspection. For mixed cystic
and solid nodules, the Q-box was placed over the solid part of the lesion. More detailed
descriptions on SWE was supplemented in the Appendix Al. We applied ACR TI-RADS
system, which provides guidance regarding management of thyroid nodules on the basis of
their BMUS appearance, for risk stratification (30). The results of SEW and color Doppler
acted as auxiliary tool for further risk evaluation based on BMUS features. Fine-needle
aspiration (FNA) biopsy was performed for suspected nodules prior to surgery, and the
patients were handled based on the recommendations of 2015 ATA management
guidelines for adult patients with thyroid nodules and differentiated thyroid cancer

according to various cytologic categories (31).

The US-reported LN status was documented by the radiologists, and images containing
important features of LNs were stored into the Picture Archiving and Communication
Systems (PACS). It was retrospectively reviewed and verified by 2 radiologists (A.J.Y and
S.Y.Y) with over 10 years of experience. Metastatic LNs were deemed present by US when

at least one of the five criteria was met: 1) focal or diffuse hyperechogenicity, 2) micro- or
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macrocalcification, 3) cystic change, 4) abnormal vascular pattern (a chaotic or peripheral
vascular pattern), 5) or a round shape (long/transverse diameter ratio < 1.5) (15,17,32).
One or more nodes that met at least one of the five US criteria would be considered as
positive, regardless of the site of the LN. Preoperative biopsy was performed for high-

suspicion nodes in all cases.
Surgical technique

All patients diagnosed with thyroid cancer underwent total thyroidectomy with
routine bilateral central neck dissection since 2008 in the two centers, regardless of
disease stage or tumor size. Additional lateral LN dissection was performed in patients
who had clinically suspicious lateral LN metastasis confirmed by preoperative FNA or an

intraoperative frozen biopsy.
Region of interest segmentation and radiomics feature extraction

Region of interest (ROI) was manually delineated on the BMUS image of the largest

cross section using an open-source software (ITK-SNAP 3.8.0; http://www.itksnap.org). All

the manual segmentations were conducted by two radiologists and one radiologist (twice)
with >5 years of experience in thyroid oncologic imaging who were blinded from the final
LN status (for interobserver and intraobserver reproducibility evaluation). Because the
boundary of the tumor in SWE image was indefinite, the ROl of BMUS image was directly
applied as a template to corresponding SWE image. Then the SWE image was segmented
by an adaptive threshold algorithm automatically followed by a morphologic closing
process. Since SWE image contained a SWE color elasticity layer and the corresponding B-
model image, methods that reported in previous study were applied to extract the SWE
information and build a purified grayscale SWE elasticity image (33). SWE and
corresponding BMUS images were then exported as DICOM format. The textural,
morphological, intensity, laws and wavelet features were extracted automatically by using
an open-source software (Pyradiomics; http://
pyradiomics.readthedocs.io/en/latest/index.html) (34). The interclass correlation
coefficient (ICC) was used to assess the interobserver and intraobserver agreement of the

feature extraction. An ICC that was greater than 0.80 was considered excellent.

8
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LN status-related feature selection and radiomics signature building

Spearman’s correlation coefficient was applied to calculate the relevance and
redundancy of the features. Redundant features with a Spearman’s correlation coefficient
>0.8 were eliminated. Then, the minimum redundancy maximum relevance (mMRMR)
algorithm was used to choose the remaining features. The least absolute shrinkage and
selection operator (LASSO) logistic regression method using 10-fold cross-validation was
applied after mMRMR to select the most useful predictive LN status-related features from
the training data set (35). Radiomics score (Rad-score) was generated using a linear
combination of the selected features weighted by the LASSO algorithm. The formula for
the SWE and BMUS Rad-scores were built using the respective selected features. Then the
potential association of the Rad-scores with LN status was assessed in the training and

validation cohort by using a Mann-Whitney U test.
Development of US radiomics nomogram

Univariate analyses, either Student’s independent test (continuous variables) or a )(2 test
(categorical variables), were used to identify the clinicopathological risk factor associated
with cervical LN metastasis. A multivariate logistic regression analysis incorporating the
Rad-scores and the independent clinical variables was performed, using backward step-
down selection procedure with a liberal P< 0.05 as the retention criteria to select the final
predictors for cervical LN metastasis. Then an US radiomics nomogram was developed
based on the multivariate analysis in the training cohort. For comparison, a clinical

prediction model was developed using the independent clinical risk factors alone.
Performance of the US radiomics nomogram

Calibration of the US radiomics nomogram was evaluated using calibration curve and
Hosmer-Lemeshow test (a nonsignificant test statistic implies that the model calibrates
perfectly) (36). The discrimination performance of the nomogram was evaluated using the
AUC. Then the performance of the nomogram was tested in the external validation cohort

by calibration curve and AUC.
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Clinical utility of the US radiomics nomogram

Decision curve analysis (DCA) was conducted to determine the clinical usefulness of
the US radiomics nomogram by quantifying the net benefits at different threshold
probabilities in the combined training and validation set (37). The improvement in the
predictive accuracy of the US radiomics nomogram was evaluated by the index integrated

discrimination improvement (IDI) and the net reclassification improvement (NRI).

For clinical use, the nomogram predicted probability (defined as Nomo-score in this
study) of each patient were calculated according to the nomogram algorithm. Then the
optimal cutoff value was determined by maximizing the Youden index. Performance of the
optimal cutoff value of the Nomo-score was assessed by the ROC, as well as sensitivity,

specificity, predictive values, and likelihood ratios.
Statistical Analysis

Delong test was used to compare different AUC. Statistical analyses were conducted
with R software 3.6.1 and SPSS19.0 software (SPSS Inc., Chicago, IL). All the statistical
significance levels were two-sided, with P value less than 0.05. The packages of R3.6.1 that
were used (Appendix Table Al) and detailed descriptions of the LASSO and DCA algorithm

are provided in the Supplement data (Appendix A2).
Results
Clinical characteristics

The study flowchart is shown in Figure 1. Patients’ clinical and pathological
characteristics in the training and validation cohorts are summarized in Table 1 and Table
2. Except for nodular goiter and US-reported LN status, there were no differences in the
other clinicopathological characteristics between the two cohorts. LN metastasis patients
(pN1) accounted for 51.0% (75/147) and 42.2% (38/90) of the training and validation
cohorts, respectively, and there were no significant differences between them (P = 0.188).
In total, 18.5% (23/124) of the patients without LN metastasis (pNO) were overstaged and
51.3% (58/113) of the patients with LN metastasis (pN1) were understaged according to

US-reported LN status in our study.
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Establishment of US radiomics signature

One image per nodule was used for analysis. For patients with more than one nodule,
only the image of the largest one was applied. Three-hundred ten imaging features were
extracted from each BMUS image. The BMUS features were reduced to 2 LN status-related
features after mRMR and LASSO algorithm in the training cohort (Appendix Figure A1 A
and B). Likewise, the 209 SWE features were reduced to 4 risk predictors by mRMR
algorithm and LASSO regression in the training cohort (Appendix Figure A1 C and D).
Favorable interobserver and intraobserver reproducibility of feature extraction were
achieved, with intraobserver ICCs ranging from 0.823 to 0.901 and the interobserver ICCs
ranging from 0.716 to 0.930. The BMUS and SWE Rad-score calculation formulas are
presented in the Supplementary material (Appendix A3). The BMUS and SWE Rad-scores
were much higher in the pN1 group in both the training and validation sets than that in the

pNO group (Table 3).
Development and performance of the radiomics nomogram

The SWE radiomics signature, multifocality, and US-reported LN status were identified
as independent predictors of LN metastasis in PTC patients by a multivariate logistic
regression model (Table 4). A SWE radiomics nomogram incorporating these three
predictors was constructed (Figure 2A). Figure 2B shows the calibration curve of the
nomogram. The calibration curve and Hosmer-Lemeshow test statistic (P=0.226) showed
good calibration in the training cohort. An AUC of 0.851 (95% Cl, 0.791-0.912) also showed
good discrimination by the nomogram (Table 4). The favorable calibration of the SWE
radiomics nomogram was also confirmed in the validation set (Figure 2C). The Hosmer-
Lemeshow test yielded a P value of 0.225, and the AUC of the validation set was 0.832
(95% Cl, 0.749-0.916). Thus, our nomogram performed well in both the training and

external validation sets.
Comparison of the SWE radiomics nomogram with the clinical model

The predictive performance of the SWE radiomics nomogram was superior to that of
the clinical model in both the training set (AUC 0.851 vs. 0.800, P=0.034) and validation set
(AUC 0.832 vs. 0.783, P=0.048) (Table 4). The DCA for the SWE radiomics nomogram is
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presented in Appendix Figure A2 The DCA demonstrated that the SWE radiomics

nomogram had a higher overall net benefit than clinical model and US-reported LN status
alone when the threshold probability for a clinician or a patient range from 0 to 0.83, and

the nomogram was more beneficial than either the treat-all or the treat-none strategy.

The utilization of the SWE Rad-score significantly improved the predictive value for
cervical LN metastasis in terms of NRI and IDI compared to the prediction model

incorporating only the independent clinical risk factors (Table 5).
Predicting LN metastasis based on the Nomo-score

The optimal cutoff value of the Nomo-score was determined to be 0.574. The
discrimination and AUC for differentiating the presence of LN metastasis were 0.851
(0.791-0.912) in the training cohort (Figure 3A and B), and 0.832 (0.749-0.916) in the
validation cohort, respectively (Figure 3C and D). The performance of the optimal cutoff

value of the Nomo-score is summarized in Table 6.

We further assessed the discriminatory ability of the SWE radiomics nomogram in all
237 patients and in the US reported LN-negative (cNO) subgroup (n=159). The patients
were divided into low- and high-risk subsets based on the optimal cutoff value of the
Nomo-score (0.574). Notably, the high-risk group had a greater proportion of cervical LN
metastasis in all patients (Figure 4A) and in the cNO sub-cohort (Figure 4C). Figure 4B
shows ROC analyses comparing the discriminatory performance of the nomogram to those
of the clinical model and the US-reported LN status alone for all 237 patients. The SWE
radiomics nomogram vyielded the greatest AUC of 0.839 (95% Cl, 0.789-0.889). The
nomogram also showed favorable discriminatory efficacy in the cNO subset (AUC 0.812;

95% Cl, 0.745-0.860; Figure 4D).
Discussion

LN metastasis is one of the most important clinical features associated with local
recurrence and distant metastasis (38). The overall survival and disease-free survival are
negatively impacted by cervical LN metastasis (39). Previous reports revealed that cervical

LN metastasis are associated with a higher rate of distant metastasis, 11.2-fold (40), and
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disease-related mortality, 3-fold (39). Therefore, accurate preoperative prediction of LN

status in patients with PTC is important for clinical decision-making.

In the 2015 ATA guidelines (31), either total thyroidectomy or lobectomy is considered
to be a reasonable surgical strategy for PTC measuring 1-4 cm without extrathyroidal
extension or clinically apparent LN metastasis on preoperative examination or imaging.
However, total thyroidectomy and prophylactic cervical LN dissection has potential for
more harm, which may increase the risk of hypoparathyroidism and nerve injury. For
properly selected patients, the recurrence rates may be as low as 4% if treated with
lobectomy alone. The accurate preoperative identification of cervical LN metastasis could
improve the surgical outcomes and quality of life in patients with low-risk PTC.
Nevertheless, it is difficult to identify patients who will benefit from lobectomy without

prophylactic cervical LN dissection.

Preoperative neck US for cervical LNs plays an important role in deciding the extent of
surgical resection, especially for determining the need for LN dissection. Unfortunately,
the detection rate of cervical LN metastasis by US is unsatisfactory, especially for central
neck lymph node metastasis (41). In our data, 113 tumors had LN metastasis, however,
only 48.7% (55/113) of them were correctly reported as LN positive by US. Many previous
studies have explored the association between cervical LN metastasis and tumor ultrasonic
features. Guo et al found that tumor size, echogenicity and calcification were significantly
associated with LN status (42). In addition, “wider-than-tall” shape and extrathyroidal
extension were also indicators of LN metastasis (43). Although the US characteristics
mentioned above are encouraging, the diagnostic accuracy is significantly affected by the

expertise of the operator.

Radiomics has recently attracted the interest of many researchers for predicting the LN
metastasis with quantitative medical image features. A nomogram incorporating CT
radiomics, carcinoembryonic antigen status (CEA) and CT reported LN status reached a C-
index of 0.736 for the preoperative prediction of LN metastasis in patients with colorectal
cancer (24). Wu et al demonstrated that nomogram based on the CT radiomics signature

showed a favorable predictive value for LN metastasis in bladder cancer (44). Recently, a
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nomogram that incorporated radiomics signature from contrast enhanced CT images

showed promise for the preoperative prediction of cervical LN metastasis in patients with
PTC with an AUC of 0.867. However, using iodinated contrast agents for contrast-
enhanced CT may delay radioactive iodine therapy in patients with PTC (45). Moreover,
contrast-enhanced CT is costly and time consuming, has a risk of contrast allergy, which is

inconvenient for routine screening.

Liu and colleagues proposed a radiomics method based on preoperative BMUS images
for staging LN status, which demonstrated the feasibility of applying an US radiomics
analysis in patients with PTC (25). Thus, we attempted to develop a US-based radiomics
nomogram for the preoperative prediction of LN metastasis in patients with PTC.
Multimodal US technology, containing different aspects of anatomical and biological
information about a tumor, has been applied conjointly for the diagnosis of thyroid tumors
in clinical practice. Here, we investigated the value of SWE combined with BMUS for the
prediction of LN metastasis using radiomics analysis. Interestingly, for univariate analysis,
the BMUS and SWE radiomics signature were both significantly associated with LN status.
However, BMUS Rad-score was not included in the final nomogram. We found that the
strong discriminatory power of the SWE Rad-score diminished the value of BMUS

radiomics signature in the final multivariate logistic regression analysis.

SWE is an elastographic technique used to evaluate the tissue hardness quantitatively.
Several studies have shown that a higher elasticity index on SWE can be a sign of cervical
LN metastasis for PTC (19,21). Radiomics analysis of SWE have been shown useful to
distinguish benign and malignant thyroid nodules (33). However, to the best of our
knowledge, no studies have investigated the association between the SWE radiomics
features and LN status in PTC. In our study, the SWE radiomics signature showed favorable
discrimination for LN status, yielding an AUC of 0.829 across all 237 patients. Our results
demonstrated that radiomics analysis using SWE to predict cervical LN metastasis in
patients with PTC can attain a satisfactory discriminatory efficacy. However, the
relationship between thyroid cancer stiffness and the likelihood of LN metastasis remains
to be elucidated. Many investigators have demonstrated that extracellular matrix cross-

linking is an important ingredient of cancer cell biology and related to tissue stiffening in
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tissue fibrosis (46,47). Tissue fibrosis influences tumor progression by regulating soluble

factors that trigger inflammation and angiogenesis and induce cell growth and invasion
(48). Therefore, it was speculated that tumor progression with cell proliferation and fibrosis
could affect both tumor stiffness and aggressiveness including the development of regional

LN metastasis (19).

We considered clinicopathological risk factors. A multivariate logistic regression
analysis indicated that multifocality and US-reported LN status were significant predictive
variables distinct from the SWE radiomics signature. To provide an easy-to-use tool for
clinical use, we developed a radiomics nomogram based on the multivariate logistic
regression analysis. Our nomogram exhibited good discrimination and calibration in the
training and validation sets. The AUC of the nomogram was 0.851 in the training set and
achieved greater predictive efficacy than the prediction model involving the clinical risk
factors alone. The addition of SWE radiomics features to the clinical model significantly
improved the NRI and IDI, implied that SWE radiomics signature could be a very useful new
marker for staging LN status in PTC. DCA demonstrated that the SWE radiomics nomogram

can improve patient LN staging preoperatively.

When categorized into low- and high-risk sub-cohorts according to the optimal cutoff
value of the Nomo-score, the high-risk set have a significantly greater probability of
cervical LN metastasis. Notably, our nomogram showed good discriminatory ability in the
cNO patients. PTC diagnosed as cNO are considered to be at low risk of cervical LN
metastasis. However, some cNO patients may be understaged and actually harbor LN
metastasis. Encouragingly, our nomogram showed good discrimination among these
patients. Therefore, our SWE radiomics nomogram may serve as a reliable predictive tool

for cervical LN metastases in patients with PTC.

For clinical use of the nomogram, we summarized the sensitivity, specificity, positive
predictive value as well as negative predictive value in assessing the risk of LN metastasis.
We show that patients with a Nomo-score of 0.574 or more are the subset of high-risk PTC
likely to have cervical LN metastasis (positive predictive value, 79.25%). Thus, this

subgroup of PTC patients may benefit from prophylactic cervical LN dissection. Since the
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current nomogram was constructed regardless of the location of the metastatic LNs, it is

appropriate to recommend that a high-risk score should prompt a central LN dissection,
leaving the decision to perform a lateral LN dissection to be based on intraoperative

findings.

Some limitations of our study should be acknowledged. First, some bias may inevitably
exist and affect our analysis because it was a retrospective study. Prospective multicenter
validation using a larger group of patients is needed to acquire high-level evidence for
further clinical application. Second, since we performed routine bilateral central neck
dissection for all patients, but additional lateral LN dissection was conducted based on
preoperative FNA or an intraoperative frozen biopsy, the different strategy for LN
dissection might be another source of bias. Third, although our nomogram showed
favorable discriminatory ability in regard to negative predictive value and positive
predictive value in the training and validation cohort, physicians might still encounter a
dilemma in the case that non-aggressive-appearing primary tumors (e.g., no gross
extrathyroidal extension) with cNO PTCs were categorized as high risk of LN metastasis
based on the nomogram and vice versa. In a situation like this, intra-operative evaluation
of minimal or gross extrathyroidal extension might provide additional information for
decision-making. Fourth, due to the lack of data on the size of the pathologically proven
LNs, we could not determine if the nomogram was capable of detecting small as well as
large nodal metastases, which necessitates a prospective cohort study in the future. In
addition, genomic characteristics were not incorporated into our nomogram. In recent

years, for preoperative nodal staging, the BRAF*%%

mutation in patients with PTC has
been associated with a higher rate of LN metastasis (49,50). Radiogenomics consisting of a
radiomics signature and gene marker may improve the ability for preoperative LN staging

in patients with PTC.

In conclusion, this study presents a non-invasive predictive tool that incorporates both
the SWE radiomics signature and clinical risk factors, shows favorable predictive accuracy

in predicting preoperative cervical LN metastasis in patients with PTC.
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Characteristic Training cohort Validation cohort P-value
(n=147) (n=90)
Age, mean £ SD, years 41.59 +9.68 43.14 +10.76 0.250
Age (years) 0.140
>55 11 (7.5) 12 (13.3)
<55 136 (92.5) 78 (86.7)
Age (years) 0.376
>45 52 (35.4) 37 (41.1)
<45 95 (64.6) 53 (58.9)
LN metastasis 0.188
Positive 75 (51.0) 38 (42.2)
Negative 72 (49.0) 52 (57.8)
Gender 0.061
Male 42 (28.6) 16 (17.8)
Female 105 (71.4) 74 (82.2)
Primary site 0.727
Right lobe 69 (46.9) 47 (52.2)
Left lobe 74 (50.3) 41 (45.6)
Isthmus 4(2.7) 2(2.2)
Tumor location 0.872
Subcapsular thyroid 62 (42.2) 37 (41.1)
Intra-thyroidal 85 (57.8) 53 (58.9)
Tumor size, mean £ SD, mm 12.46 +7.40 11.64 £5.77 0.347
*Multifocality 0.779
Positive 32(21.8) 21(23.3)
Negative 115 (78.2) 69 (76.7)
US-reported LN status <0.001
Positive 32 (21.8) 46 (51.1)
Negative 115 (78.2) 44 (48.9)
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TI-RADS level 0.059
TR 4 79 (54) 37 (41)

TR5 68 (46) 53 (59)

Composition 0.857
Solid 138 (94) 85 (94)
Mixed cystic and solid 9(6) 5(6)

Hashimoto thyroiditis 0.127
Positive 12 (8.2) 13 (14.4)

tNegative 135 (91.8) 77 (85.6)

Nodular goiter 0.014
Positive 31(21.1) 1(2.2)
Negative 116 (78.9) 44 (97.8)

BMUS Rad-score, median -0.38 (-0.49t0-0.30) -0.37(-0.45 to0 -0.24) 0.206
(interquartile range)

SWE Rad-score, median 0.07 (-0.68 to 0.54) -0.15 (-0.84 to0 0.37) 0.249

Thyroid

(interquartile range)

Abbreviations: US, ultrasound; LN, lymph node; TI-RADS: Thyroid Imaging, Reporting and
Data System; BMUS, B-model ultrasound; SWE, shear-wave elastography; Rad-score,

radiomics score. Data are number of patients and percentage if not specified.

*Multifocality refers to more than one tumor site in the thyroid, which was evaluated by

preoperative biopsy and confirmed by pathological examination of resection specimens.

t Determined based on pathology.
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Training cohort (n =

Validation cohort (n = 90)

147)
Pathologic T stage, No. (%)
pT1 114 (78%) 80 (89%)
pT2 22 (15%) 6 (7%)
pT3 2 (1%) 3 (3%)
pT4 9 (6%) 1 (1%)
Pathologic N stage, No. (%)
pNO 72 (49%) 52 (58%)
pN1la 48 (33%) 24 (27%)
pN1b 27 (18%) 14 (15%)
Number of LNs removed
Central
Median (interquartile range) 9 (5-13) 7 (5-8)
Lateral
tMedian (interquartile range) 17 (6-23) 17 (3-21)
Number of positive LNs
Central
tMedian (interquartile range) 5(3-8) 4 (3-7)
Lateral
Median (interquartile range) 4 (2-7) 3(2-6)

Abbreviation: LNs, lymph nodes.

T Bilateral.
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Table 3. Demographic and clinicopathological characteristics of patients by lymph node

status.

Training cohort No. (%)

Validation cohort No. (%)

Characteristic LN LN P LN LN P
metastasis metastasis value  metastasis metastasis (- value
(+) (-) (+) )

Age (Mean+SD, 4132+ 41.86 + 0.736  39.50+ 4581 + 0.005

years) 10.18 9.19 10.33 10.38

Age (years) 0.384 0.194
>55 7(9.3) 4 (5.6) 3(7.9) 9(17.3)
<55 68 (90.7) 68 (94.4) 35(92.1) 43 (82.7)

Age (years) 0.383 0.004
>45 24 (32.0) 28(38.9) 9(18.2) 28 (58.8)
<45 51(68.0) 44(61.1) 29 (81.8) 24 (41.2)

Gender 0.095 0.018

Male 26 (34.7) 16(22.2) 11 (28.9) 5(9.6)
Female 49 (65.3 56 (77.8) 27 (71.1) 47 (90.4)

Primary site 0.138 0.729
Right lobe 34 (45.3) 35(48.6) 18 (47.4) 29 (55.8)

Left lobe 37(49.3) 37(51.4) 19 (50.0) 22 (42.3)
Isthmus 4 (5.3) 0(0.0) 1(2.6) 1(1.9)

Tumor location 0.073 0.143
Sub-capsular 37(49.3) 25(34.7) 19 (50.0) 18 (34.6)
Intra-thyroidal 38(50.7) 47 (65.3) 19 (50.0) 34 (65.4)

Tumor size, 15.15+ 9.65+5.59 <0.001 13.82% 10.06 £ 4.16 0.004

mean = SD, mm 7.95 6.91

Multifocality 0.008 0.114
Positive 23(30.7) 9(12.5) 12 (31.6) 9(17.3)

Negative 52(69.3) 63(87.5) 26 (68.4) 43 (82.7)
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US-reported LN

status
Positive

Negative

TI-RADS level

TR 4
TR 5
Composition

Solid

Mixed cystic

and solid

Hashimoto

thyroiditis
Positive

Negative

Nodular goiter

Positive

Negative

BMUS rad-score,

median

(interquartile

range)

SWE rad-score,

median

(interquartile

range)

28 (37.3)
47 (62.7)

38 (48.1)
41 (51.9)

68 (90.7)
7(9.3)

7(9.3)
68 (90.7)

17 (22.7)
58 (77.3)
0.16 (0.02
to 0.30)

0.49 (0 to
0.97)

4 (5.6)
68 (94.4)

24 (35.3)
44 (64.7)

70 (97.2)
2 (2.8)

5 (6.9)
67 (93.1)

14 (19.4)
58 (80.6)

<0.001

0.117

0.097

0.597

0.632

-0.04 (-0.21 <0.001

to 0.08)

-0.50 (-1.35 <0.001

to 0.19)

9(81.8)
2 (18.2)

13
25

34 (89.5)
4 (10.5)

4 (10.5)
34 (89.5)

7 (18.4)

31 (81.6)
-0.25 (-0.38
to 0.13)

0.26 (-0.29
to 0.80)

14 (41.2)
20 (58.8)

24
28

51(98.1)
1(1.9)

9 (17.3)
43 (82.7)

1(1.9)
51(98.1)
-0.41 (-0.47
to -0.29)

-0.51 (-0.38
to 0.08)
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0.019

0.255

0.078

0.366

0.019

<0.001

<0.001

Abbreviations: LN, lymph node; US, ultrasound; TI-RADS: Thyroid Imaging, Reporting and

Data System; BMUS, B-model ultrasound; SWE, shear-wave elastography; Rad-score,

radiomics score.
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Table 4. Risk factors for cervical lymph node metastasis based on preoperative data in
the training cohort.

Clinical model SWE radiomics

nomogram

Intercept and B Odds ratio Pvalue B Odds ratio (95% P value
variable (95% Cl) Cl)
Intercept -1.943 -0.550
Tumor size 0.113 1.119(1.051 <0.001 NA NA NA

t0 1.192)
Multifocality 1.330 3.780(1.446 0.007 1.446 4.245(1.386to 0.011

to 9.883) 13.003)

US-reported LN  2.058 7.831(2.437 0.001 1.469 4.344(1.235to 0.022

status to 25.167) 15.286)

BMUS Rad-score NA NA NA NA NA NA

SWE Rad-score NA NA NA 1.372 3.943 (2.258 to <0.001
6.884)

AUC P

value
Training cohort 0.800 (0.729 to 0.871) 0.851(0.791 to0 0.912) 0.034
Validation 0.783 (0.689 to 0.876) 0.832 (0.749 t0 0.916) 0.048

cohort

Abbreviations: PTC, papillary thyroid carcinoma; US, ultrasound; BMUS, B-model

ultrasound; SWE, shear-wave elastography; NA, not available; Rad-score, radiomics score.

"P value represents difference of AUC between SWE radiomics nomogram and clinical

model.
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Table 5. Evaluation of the SWE radiomics signature with respect to NRI and IDI.

Training Validation

cohort cohort

Characteristic Categorical Continuous IDI(95% Categorical Continuous IDI (95%

NRI(95%  NRI(95%  Cl) NRI(95%  NRI(95%  Cl)
Cl) cl) Cl) Cl)
SWE radiomics  0.547 0.607 0.103 0.443 0.666 0.145

nomogramvs. (0.332to (0.301 to (0.054 (0.147 to (0.279 to (0.068

clinical model  0.762) 0.912) to 0.39) 1.053) to
0.151) 0.222)
P value <0.0001  <0.0001 <0.0001 0.0034 0.0007 0.0002

Abbreviations: SWE, shear-wave elastography; NRI, net reclassification improvement; IDI,

index integrated discrimination improvement.
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Table 6. Performance of the prediction Nomo-score for estimating the risk of lymph node metastasis.

31

Variable

Value (95% Cl)

Training Cohort (147)

Validation Cohort (90)

Combined cohort (237)

Cutoff value
AUC
Sensitivity, %

Specificity, %

Positive predictive value, %

Negative predictive value, %

Positive likelihood ratio

Negative likelihood ratio

Diagnostic Accuracy, %

0.574

0.851 (0.791 to 0.912)
80.67 (69.56 to 89.76)
87.50 (77.92 to 93.28)
85.48 (74.66 to 92.17)
74.12 (63.91 to 82.24)
5.65 (4.48 to 7.14)
0.34 (0.31 to 0.37)
78.91 (71.62 to 84.73)

0.574
0.832 (0.749 to 0.916)
86.84 (72.67 to 94.25)
73.08 (59.75 to 83.23)
70.21 (56.02 to 81.35)
88.37 (75.52 to 94.93)
3.23(2.78 t0 3.74)

0.18 (0.12 to 0.27)

78.89 (69.37 to 86.05)

0.574

0.839 (0.789 to 0.889)
84.34 (75.58 to 91.50)
82.26 (74.60 to 87.98)
79.25 (70.57 to 85.88)
77.86 (70.02 to 84.12)
4.19 (3.80 t0 4.62)
0.31(0.29 to 0.34)
78.48 (72.82 to 83.24)
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Study Flowchart

Training set
(n=147)

|
| |

SWE imagine BMUS imagine
209 features 310 features

| |

mRMR algorithm + LASSO logistic regression

|

Constructing SWE and Clinical risk
factors

BMUS Rad-score

|

Multivariate logistic regression
analysis

|

Building a radiomics
nomogram

Validation set
(n=90)

External
validation

Figure 1 Ultrasound radiomics workflow and study flowchart. Abbreviations: US,

ultrasound; ROI, region of interest; BMUS, B-model ultrasound; SWE, shear-wave

elastography; mRMR, minimum redundancy maximum relevance; LASSO, least absolute

shrinkage and selection operator.
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Figure 2 SWE radiomics nomogram for the preoperative estimation of cervical LN
metastasis. (A) Nomogram to estimate the risk of LN metastasis preoperatively in papillary
thyroid carcinoma. To use the nomogram, find the position of each variable on the
corresponding axis, draw a vertical line to the points axis for the number of points, add the
points from all of the variables, and draw a line from the total points axis to determine the
LN metastasis probabilities at the lower line of the nomogram. (B) and (C) Calibration
curves of the SWE radiomics nomogram in the training (B) and validation (C) set.
Calibration curves depict the calibration of SWE radiomics model in terms of the
agreement between the predicted probabilities of LN metastasis and observed outcomes
of LN metastasis. The dotted blue line represents an ideal prediction, and the dotted red
line represents the predictive ability of the nomogram. The closer the dotted red line fit is

to the dotted blue line, the better the predictive accuracy of the nomogram is.
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Figure 3 Diagnostic accuracy of the SWE radiomics nomogram for the estimation of LN

metastasis in patients with papillary thyroid carcinoma in the training and validation

cohort. In panel (A) and (C), the use of a cut-off value of 0.574 of the Nom-score

performed well for the differential diagnosis of pN1 from pNO in the training (A) and

validation (C) cohort. In panel (B) and (D), ROC curves show good diagnostic performance

of the nomogram in the training and validation cohort.
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Figure 4 Performance of the nomogram in all 237 patients and in the cNO subgroup (n

=159). The left panels show the risk-classification performance of the nomogram. The right

panels present the ROC curve analyses for the nomogram. (A, B) All 237 patients. (C, D)

cNO subgroup.
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Appendix Table A1 Major packages of R software used in this study.

Page 36 of 43
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Functions R package
LASSO regression glmnet
MRMR algorithm mRMRe
Univariate logistic regression analysis glm

Plot the receiver operating curve (ROC) and measure pROC

the area under the ROC (AUC)

For ROC analysis to determine optimal cutoff value
Plot bar diagrams

Plot calibration curves

Decision curve analysis (DCA)

OptimalCutpoints
ggplot2
rms

rmda
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Appendix Figure Al Ultrasound image feature selection using the least absolute shrinkage

and selection operator (LASSO) logistic regression model in the training cohort. (A) and (C)

The 10-fold cross-validation and the minimal criteria process was used to generate the
optimal penalization coefficient lambda (A) in the LASSO model. As a result, A values of -
1.858138 and -1.861558 were selected for the BMUS (A) and SWE (C) features,
respectively. (B) and (D) LASSO coefficient profiles of the BMUS and SWE features. The
dotted vertical line was drawn at the value selected by 10-fold cross-validation when the

optimal A resulted in two (BMUS) and four (SWE) nonzero coefficients, respectively.
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Appendix Figure A2:
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Appendix Figure A2 Decision curve analysis (DCA) of each model in predicting LN
metastasis for papillary thyroid carcinoma. The vertical axis measures standardized net
benefit. The horizontal axis shows the corresponding risk threshold. The DCA showed that
if the threshold probability is between 0 and 0.83, using the SWE radiomics nomogram
(blue curve) derived in the present study to predict LN metastasis provided a greater

benefit than the clinical model (red curve) and US-reported LN status alone (green curve).
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Appendix Al Detailed descriptions on shear-wave elastography (SWE).

SWE is currently under evaluation for thyroid cancer detection, utilizing the fact that
malignancies are generally stiffer than benign lesions. SWE was conducted for the
suspicious thyroid nodules on B-model ultrasound (BMUS). It was performed in dual mode,
i.e. elastograms displayed alongside BMUS in real-time and using default elasticity settings
of acoustic impulse intensity, smoothing, persistence, and kPa display scale (0-180 kPa;
measurements were independent of the selected display maximum). In this regard, blue
and red areas on elastograms corresponded to comparatively low kPa (soft) and high kPa
(stiff) regions, respectively (1,2). On the SWE display, an electronic window was selected
that included the whole region of the lesion. Three or more SWE/US cineloop segments
lasting 10 s each were acquired through different parts of the lesion, each time keeping
the transducer completely stationery during captures. The operator then replayed the
cineloops, disregarding the first few seconds as the elastograms had not stabilized, and
selected single static images that were deemed to be temporally stable and containing the
fewest artifacts, such as vertical linear bands of color crossing different tissues or other
high stiffness color regions in the surrounding fascia (1). For each selected static image, the
region of interest was set to include the whole thyroid lesion and adjacent normal
parenchyma. Besides, the stiffest region in the lesion was selected by visual inspection,
onto which a Q-Box measured 1 or 2 mm in diameter was placed. The software generated
several indices for each Q-Box, of which mean (Emean), minimum (Emin) and maximum (Emax)
elasticity values (kPa) were recorded (Fig. S1). We also measured the elasticity index of the
adjacent normal parenchyma to obtain a ratio (Emean-m) Of the Emean Of thyroid nodules and

Emean Of adjacent normal parenchyma.
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Fig.S1 A 47-year-old woman with papillary thyroid carcinoma (PTC) and negative
cervical lymph node (LN) metastasis. The BMUS image shows a 15-mme-size hypoechoic
mass with macrocalcifications in the right lobe of the thyroid gland, diagnosed as PTC via
US-guided fine-needle aspiration biopsy and confirmed by the pathological examination
after surgery. The preoperative BMUS showed no suspicious cervical LNs. On SWE, the
region of interest was placed on the entire region of the lesion (white square area) and
adjacent normal parenchyma. A 2-mme-sized circular region of interest (Q-Box) was
selected at the stiffest portion and elasticity scores of 58.2 kPa (Emean), 102.6 kPa (Emax),
32.7 kPa (Emin), and 2.7 (Emean-m) Were obtained. The patient underwent total
thyroidectomy with central neck node dissection, and pathology showed no cervical LN

metastasis.

References:

1. Bhatia KS, Cho CC, Tong CS, Yuen EH, Ahuja AT 2012 Shear wave elasticity imaging of
cervical lymph nodes. Ultrasound Med Biol 38:195-201.

2. Park YJ, Kim JA, Son EJ, Youk JH, Park CS 2013 Quantitative shear wave elastography as a
prognostic implication of papillary thyroid carcinoma (PTC): elasticity index can predict

extrathyroidal extension (ETE). Ann Surg Oncol 20:2765-2771.
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Appendix A2 Detailed descriptions of the statistical methodology.

I . The least absolute shrinkage and selection operator (LASSO) algorithm

We used the LASSO algorithm to select the most important LN-status related features
and construct radiomics signature for BMUS and SWE in the training set. This algorithm
minimizes a log partial likelihood subject to the sum of the absolute values of the

parameters bounded by a constant:

ﬁA = arg min £(f), subject to Zlﬁ]| <t

where ,[? is the obtained parameters, () is the log partial likelihood of the logistic

regression model, and t >0 is a constant.

The LASSO algorithm shrinks some coefficients and reduces others to exactly 0 via the
absolute constraint. In this study, the constant t was set as 0.015, and LASSO selected 2

and 4 nonzero coefficients [)3 for BMUS and SWE, respectively.

Reference: Sauerbrei W, Royston P, Binder H 2007 Selection of important variables and
determination of functional form for continuous predictors in multivariable model

building. Stat Med 26:5512-5528.

II . Decision curve analysis (DCA)

The DCA was used to assess the clinical utility of the SWE radiomics nomogram. The DCA
algorithm assesses prediction models by calculating the range of threshold probabilities in
which a prediction model was clinically useful. DCA is a compositive method for evaluating
and comparing different prediction models. The theory of DCA can be illustrated by the
equation below:

a—c 1-P
d—b P,
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where d — b represents the influence of unnecessary treatment. If treatment is directed by

a prediction model, d — b is the harm related to a false-positive result compared with a

true-negative result. Inversely, a — c represents the consequence of rejecting beneficial
treatment, in other words, the harm from a false-negative result compared with a true-
positive result. P; represents where the expected benefit of treatment is equal to the

expected benefit of refraining from treatment.

Reference: Vickers AJ, Elkin EB 2006 Decision curve analysis: a novel method for evaluating

prediction models. Med Decis Making 26:565-574.
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Appendix A3 Radiomics score formula.

BMUS radiomics score = 0.058013558635542 + 0.105558730672956*
original_shape2D_Perimeter + 0.0389437259845566*

wavelet.LH glszm_ZoneEntropy

SWE radiomics score = 0.0413235734632436 + 0.132584455613722*
logarithm_glszm_ZoneEntropy R - 0.0447489903756448%*
gradient_glcm_Imcl_B-0.059741932538859*
wavelet.LH glszm_SmallArealowGrayLevelEmphasis_GREY -

0.0319998073308202* wavelet.LH_ngtdm_Contrast_G

43



