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ARTICLE INFO ABSTRACT

Keywords: Purpose: Cervical lymph node (LN) metastasis of papillary thyroid carcinoma (PTC) is critical for treatment and
Forecasting prognosis. We explored the feasibility of using radiomics to preoperatively predict cervical LN metastasis in PTC
Thyroid neoplasms patients.

Lymphatic metastasis Method: Total 221 PTC patients (training cohort: n = 154; validation cohort: n = 67; divided randomly at the

ratio of 7:3) were enrolled and divided into 2 groups based on LN pathologic diagnosis (NO: n = 118; N1a and
N1b: n = 88 and 15, respectively). We extracted 546 radiomic features from non-contrast and venous contrast-
enhanced computed tomography (CT) images. We selected 8 groups of candidate feature sets by minimum
redundancy maximum relevance (mRMR), and obtained 8 radiomic sub-signatures by support vector machine
(SVM) to construct the radiomic signature. Incorporating the radiomic signature, CT-reported cervical LN status
and clinical risk factors, a nomogram was constructed using multivariable logistic regression. The nomogram's
calibration, discrimination, and clinical utility were assessed.

Results: The radiomic signature was associated significantly with cervical LN status (p < 0.01 for both training
and validation cohorts). The radiomic signature showed better predictive performance than any radiomic sub-
signatures devised by SVM. Addition of radiomic signature to the nomogram improved the predictive value (area
under the curve (AUC), 0.807 to 0.867) in the training cohort; this was confirmed in an independent validation
cohort (AUC, 0.795 to 0.822). Good agreement was observed using calibration curves in both cohorts. Decision
curve analysis demonstrated the radiomic nomogram was worthy of clinical application.

Conclusions: Our radiomic nomogram improved the preoperative prediction of cervical LN metastasis in PTC

patients.
1. Introduction all thyroid carcinomas [2]. Cervical lymph node (LN) metastasis is a
risk factor for distant metastasis and poor survival in PTC patients [3],
Thyroid carcinoma is one of the most common endocrine malig- and also is an indication for total thyroidectomy. Contrarily, con-
nancies [1]. Papillary thyroid carcinoma (PTC) accounts for 89.4% of sidering the excellent prognosis of PTC, ipsilateral lobectomy is

Abbreviations: AUC, Area under the curve; CT, Computed tomography; LASSO, Least absolute shrinkage and selection operator; LN, Lymph node; MRI, Magnetic
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Radioactive iodine; SPECT, Single-photon emission computed tomography; TG, Thyroglobulin; TGAb, Thyroglobulin antibody; TPOAb, Thyroid peroxidase antibody;
US, Ultrasonography
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Table 1
Characteristics of patients in the training and validation cohorts.
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Training Cohort (N = 154)

Validation Cohort (N = 67)

Characteristics LN Metastasis (+) (N = LN Mete stasis (-) (N = p-value LN Metastasis (+) (N = LN Metastasis (-) (N = p-value
74) 80) 29) 38)

Age, mean * SD, years 42.42 + 13.71 48.15 + 1136 45.97 + 13.29 47.18 = 11.43

< 45, No. (%) 45 (60.81) 29 (36.25) 0.004 13 (44.83) 13(34.21) 0.528

= 45, No. (%) 29 (39.19) 51 (63.75) 16 (55.17) 25(65.79)

Sex, No. (%)

Male 21 (28.38) 8 (10.00) 0.007 7 (24.14) 4 (10.53) 0.247

Female 53 (71.62) 72(90.00) 22 (75.88) 34 (89.47)

Primary site (Location), No, (%)

Right lobe 39 (52.70) 46 (57.50) 0.713 13 (44.83) 22 (57.89) 0.337

Left lobe 33 (44.59) 33 (41.25) 15 (51.72) 16 (42.11)

isthmus 2 (2.70) 1(1.25) 1 (3.45) 0 (0.00)

Primary site (Position, S-1), No. (%)

Superior 15 (20.27) 18 (22.50) 0.013 5(17.24) 12 (31.58) 0.025

Medium 38 (51.35) 54 (67.50) 13 (44.83) 22 (57.89)

inferior 21 (28.38) 8(10.00) 11 (37.93) 4 (10.53)

Primary site (Position, A-P), No, (%)

Ventral 31 (54.05) 30 (55.00) 0.614 14 (48.28) 14 (38.84) 0.241

Medium 3 (4.05) 6 (7.50) 0 (0.00) 3(7.39)

Dorsal 40 (41.89) 44 (37.50) 15 (51.72) 21 (55.26)

TG, No. (%)

Normal 53 (71.62) 51 (63.75) 0.578 14 (48.28) 28 (73.68) 0.496

Abnormal 5 (6.76) 8 (10.00) 3(10.34) 2 (5.26)

TGADb, No. (%)

Normal 58 (75.68) 50 (62.50) 0.087 22 (75.86) 22 (57.89) 0.175

Abnormal 5 (6.76) 13 (16.25) 1 (3.45) 6 (15.79)

TPOAD, No. (%)

Normal 53 (71.62) 57 (71.25) 0.728 22 (75.86) 24 (63.16) 0.475

Abnormal 8(10.81) 6 (7.50) 1(3.45) 4 (10.53)

T stage. No. (%)

T1-2 58 (78.38) 67 (83.75) 0.518 23 (79.31) 33 (86.84) 0.623

T3-4 16 (21.62) 13 (16.25) 6 (20.69) 5(13.16)

Capsule, No. (%)

Not involved 58 (78.38) 67 (83.75) 0.518 23 (79.31) 33 (86.84) 0.623

Involved 16 (21.62) 13 (16.25) 6 (20.69) 5(13.16)

Calcification, No. (%)

Negative 58 (75.68) 55 (68.75) 0.437 18 (62.07) 29 (76.32) 0.321

Positive 18 (24.32) 25 (31.25) 11 (37.93) 9 (23.68)

CT-reported LN status, No. (%)

LN-negative 14 (18.92) 43 (53.75) < 0.001 4(13.79) 18 (47.37) < 0.001

LN-suspicious 23 (31.08) 22 (27.50) 6 (20.69) 16 (42.10)

LN-positive 37 (50.00) 15 (18.75) 19 (65.32) 4 (10.53)

NOTE: Data are n (%) unless otherwise indicated. No significant differences were found between group A (patients without cervical LN metastasis) and group B
(patients with cervical LN metastasis) in terms of primary site (location and position A-P), TG, TGAb, TPOAD, T-stage, capsule, or calcification in both the training
and validation cohorts (p > 0.05). Age and sex were significantly different between groups A and B in the training cohort (p = 0.004 and p = 0.007, respectively),
but not in the validation cohort. Primary site (position S-I) and CT-reported LN status were significantly different between groups A and B in the training cohort (p =
0.013 and p < 0.001, respectively) as well as in the validation cohort (p = 0.025 and p < 0.001, respectively). Primary site (position S-I) refers to the upper (superior
pole) and lower (inferior pole) positions of the primary tumor in the thyroid. Primary site (position A-P) refers to the front (anterior or ventral) and back (posterior or

dorsal) positions of the primary tumor in the thyroid.

recommended for unifocal tumor smaller than 4 cm and without ex-
trathyroidal extension or LN metastasis to reduce the operative com-
plications [4-6]. A previous study showed that the distant metastasis
rates and cancer-specific mortalities had no significant difference be-
tween these patients in early stage treated by unilateral lobectomy and
total thyroidectomy [7]. Moreover, recurrence rates may be as low as
4% in properly selected patients treated with lobectomy alone [8].
However, due to the lack of discriminate features, it remains a problem
how to accurately select the patients without LN metastasis for lo-
bectomy. Thus, the accurate preoperative prediction of cervical LN
metastasis will provide a basis for individualized treatment decision.
Ultrasonography (US) is the main noninvasive modality to assess
cervical LN metastasis for PTC. It has high specificity (85-97.4%) but
low sensitivity (36.7-61%) [9-12]. The accuracy is significantly af-
fected by the quality of US system and the experience of operator [13].
Moreover, US is limited when it evaluates inferior cervical LNs [12].
Computed tomography (CT) has similar sensitivity and specificity
compared with US [9]. Liu et al. found quantitative assessment of
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cervical LN metastasis in PTC with dual-energy spectral CT has a high
accuracy (82.9%) [13]. Magnetic resonance imaging (MRI) has no ra-
diation; and with noniodinated contrast agents, it will not delay
radioactive iodine (RAI) therapy. But MRI is expensive and time-con-
suming. Gross et al.’s research on detecting cervical LN metastasis by
MRI showed extreme sensitivity (95%) but low specificity (51%) [14],
while in a similar study Chen et al. obtained an opposite result with
limited sensitivity (33-56%) but high specificity (90-93%) [15]. Single-
photon emission computed tomography (SPECT) and positron emission
tomography (PET)/CT are extremely sensitive and specific in detecting
LN metastasis [16,17]. However, SPECT has a low spatial resolution
and PET/CT did not show a significant advantage over US or CT in
preoperative prediction of LN metastasis [10,18]. Therefore, accurate
preoperative assessment of LN metastasis is still challenging in PTC.
Radiomics is a novel quantitative method, which extracts and ana-
lyzes high-dimensional information form medical images for diagnosis
and prognosis [19-21]. Radiomics can serve as an imaging biomarker
for gene expression [22,23], LN or distant metastasis [24-26],
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Table 2
Associations between the actual cervical LN statuses vs. the clinicopathological
risk predictors and CT-reported LN statuses.

Characteristics Training Cohort Validation Cohort P-yalue
(N = 154) (N = 67)
Age, mean =+ SD, years 45.40 + 12.83 46.66 + 12.19
< 45. No. (%) 74 (48.05) 26 (38.81) 0.262
= 245. No. (%) 80 (51.95) 41 (61.19)
Sex. No. (%)
Male 29 (18.83) 11 (16.42) 0.812
Female 125 (81.17) 56 (83.58)
Primary site (Location). No.
(%)
Right lobe 85 (55.19) 35 (52.24) 0.881
Left lobe 66 (42.86) 31 (46.27)
Isthmus 3 (1.95) 1 (1.49)
Primary site (Position. S-1),
No. (%)
Superior 33 (21.43) 17 (25.37) 0.584
Medium 92 (59.74) 35 (52.24)
Inferior 29 (18.83) 15 (22.39)
Primary site (Position. A-P),
No. (%)
Ventral 61 (39.61) 28 (41.79) 0.895
Medium 9 (5.84) 3(4.48)
Dorsal 84 (54.55) 36 (53.73)
TG, No. (%)
Normal 104 (67.53) 42 (62.69) 1.000
Abnormal 13 (8.44) 5 (7.46)
TGADb, No. (%)
Normal 106 (68.83) 44 (65.67) 1.000
Abnormal 18 (11.69) 7 (10.45)
TPOAD, No. (%)
Normal 110 (71.43) 46 (68.66) 0.984
Abnormal 14 (9.09) 5 (7.46)
T stage, No. (%)
T1-2 125 (81.17) 56 (83.58) 0.812
T3-4 29 (18.83) 11 (16.42)
Capsule, No. (%)
Not involved 125 (81.17) 56 (83.53) 0.812
Involved 29 (18.83) 11 (16.42)
Calcification. No. (%)
Negative 111 (72.08) 47 (70.15) 0.897
Positive 43 (27.92) 20 (29.85)
CT-reported LN status, No.
(%)
LN-negative 53 (34.42) 21 (31.34) 0.899
LN-suspicious 45 (29.22) 21 (31.34)
LN-positive 56 (36.36) 25 (37.31)
LN metastasis. No. (%)
Negative 80 (51.95) 38 (56.72) 0.613
Positive 74 (48.05) 29 (43.28)

NOTE: Data are n (%) unless otherwise indicated. No significant differences
were found between the training and validation cohorts in terms of age, sex,
primary site, TG, TGAb, TPOADb, T-stage, capsule, calcification, CT-reported LN
status, or LN metastasis (p > 0.05). Primary site (position S-I) refers to the
upper (superior pole) and lower (inferior pole) positions of the primary tumor
in the thyroid. Primary site (position A-P) refers to the front (anterior or ven-
tral) and back (posterior or dorsal) positions of the primary tumor in the
thyroid.

treatment responses [27] and prognosis [28,29] of cancer. In a recent
article, the authors used radiomics characteristics of preoperative US
images to predict cervical LN metastasis in patients with PTC [30].
However, to our knowledge, CT radiomics has not been applied to as-
sess LN metastasis in PTC patients.

Therefore, this study aimed to explore the feasibility of preoperative
prediction of LN metastasis in patients with PTC using CT radiomic
analysis.
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2. Materials and methods
2.1. Patients

This retrospective study was approved by the ethics committee; the
informed consent requirement was waived. A total of 221 patients
(male, n = 40; female, n = 181), who underwent surgical treatment
between January 2017 and June 2017, were involved in this study. The
mean age of patients is 45.78 + 12.62 years (range, 19-74 years).The
selections of surgical treatment for patients with PTC was described in
Appendix Al.

The inclusion criteria were: (i) the primary tumor was pathologi-
cally proven PTC; (ii) contrast-enhanced CT was performed before
surgery; and (iii) patients underwent neck dissection with ipsilateral
lobectomy or total thyroidectomy and got pathological diagnosis of
LNs.

The exclusion criteria were: (i) the primary tumor was unclear on
CT images due to artifacts; (ii) the primary tumor with the longest
diameter < 3 mm; (iii) the primary tumor was difficult to segment due
to nodular goiter or chronic lymphocytic thyroiditis; and (iv) other
malignancies were present.

We excluded small tumors with the longest diameter < 3 mm to get
enough tumor volume for analysis. Recruitment pathway for patients in
this study was displayed in Figure S1. The patients were divided into 2
groups based on pathologic result of LN after neck dissection: (A)
without cervical LN metastasis found (NO stage, n = 118); and (B) with
cervical LN metastasis (N1a stage, n = 88; and N1b stage, n = 15). The
description of the N stages can be seen in Appendix A2.

2.2. CT data acquisition

All patients underwent contrast-enhanced CT before surgery with a
16-slice spiral CT scanner (Sensation 16; SIEMENS) or a 64-slice spiral
CT scanner (SOMATOM Definition; SIEMENS). The CT scan parameters
were as follows: 120kV; 150-200 mA s; pitch, 1; rotation time, 1.0s;
detector collimation, 16 X 0.75mm or 64 X 0.6 mm; field of view,
500 X 500 mm; matrix, 512 X 512; and slice thickness, 5.0 mm. After
routine unenhanced CT, contrast-enhanced CTs were performed after a
delay of 20s (arterial phase) and 35s (venous phase) following an in-
travenous administration of 85 mL of iodinated nonionic contrast agent
(iohexol injection, 350 mg I/mL, Yangtze River, Taizhou, China) at a
rate of 2.5-3.0 mL/s with a high-pressure syringe (SCT-210; MEDRAD).
The unenhanced and venous contrast-enhanced CT images were re-
constructed with 3mm slice thicknesses and 3 mm intervals. All CT
images were retrieved from the picture archiving and communication
system (eWorld, China).

2.3. Tumor segmentation

One radiologist (W.L.) with over 10 years of experience performed
3-dimensional tumor segmentation on both the unenhanced and venous
contrast-enhanced CT images at the same time for cross-reference, with
ITK-SNAP software (open source software; www.itksnap.org). To eval-
uate the feature reproducibility, we selected 30 cases (its
Characteristics was shown in Table S1) randomly for double-blinded
comparison of manual segmentations by two radiologists (W.L. and
Y.H.J.). The interclass correlation coefficient (ICC) was used to measure
the inter-observer agreement of the features which were extracted from
the 30segmentations. We considered an ICC greater than 0.75 as a
mark of excellent reliability [31].

2.4. CT-reported LN status
The CT-reported LN status was performed by 2 radiologists (W.L.

and Y.H.J.) with over 10 years of experience. Based on the NCCN
Guidelines and some previous studies [9,11,13], metastatic LNs were
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Fig. 1. Comparison between the clinical and radiomic nomograms. (A) The clinical nomogram identified age, sex, and computed tomography (CT)-reported cervical
LN status. (B) Receiver operating characteristic (ROC) curves of the clinical nomogram and the radiomic nomogram in the training cohort. (C) The radiomic
nomogram was developed by incorporating the radiomic signature into the clinical nomogram. (D) The ROC curves of the radiomic nomogram and the radiomic
nomogram in the validation cohort. The nomogram presents binary logistic regression model data to the patient or doctor in an intuitive and clear manner. By
comparing (B) and (D), incorporating the radiomic signature into the nomogram shows incremental gains in value for each cohort, especially the training cohort.
Thus, the risk of LN metastasis according to the radiomic nomogram is broader than that according to the clinical nomogram.

Fig. 2. Calibration curves of the radiomic no-
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mogram in the training and validation cohorts.
(A) Calibration curve of radiomic nomogram in
the training cohort. The Hosmer-Lemeshow
test yielded a nonsignificant statistic (p =
0.378). (B) Calibration curve of radiomic no-
mogram in the validation cohort. The Hosmer-
Lemeshow test also yielded a nonsignificant
statistic (p = 0.229). Calibration curves de-
scribe the model’s calibration in term of
agreement between the predicted probability
of lymph node (LN) metastasis and observed
positive proportion of LN metastasis. The green
dashed line represents perfect performance,

T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2

Predicted Probability of Positive LN Metastasis

considered when at least one of the following criteria presented: (i)
LN = 10 mm in the maximal short axis diameter; (ii) round or irregular
shape; (iii) rough margin, fuzzy boundary and/or invasion into adjacent
tissues; (iv) calcification or cystic and/or necrotic change; (v) strong
enhancement (similar to or stronger than that of the pharyngeal mu-
cosa); and (vi) heterogeneous enhancement. Based on some previous
studies [32,33], suspicious LNs were considered when the LNs did not
meet the above criteria but were =5 mm in the maximal short axial
diameter at cervical levels VI.

2.5. Data analysis

We programmed algorithms that were defined in studies by Aerts
et al. [22] and Lambin et al. [34] to automatically extract 273 radiomic
features from the manually segmented tumor region for each CT scan
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while the pink solid line presents the actual

T T T T
04 0.6 0.8 1.0 performance of the radiomic nomogram.

Predicted Probability of Positive LN Metastasis

and a total of 546 features were achieved per patient. These features
were derived from first-order statistics features, shape-and-size-based
features, statistics-based textural features, and features after wavelet
transform (Appendix A3). All feature extraction methods were con-
ducted by MATLAB 2017b (MathWorks, Natick, MA, USA). We chose
the minimum redundancy maximum relevance (mRMR) method to se-
lect features which were relevant to the actual LN status [35], and then
built a classifier based on the selected radiomic features by support
vector machine (SVM). We selected 8 groups of feature sets from
radiomic features by mRMR, and used SVM to devise them to 8 sub-
signatures for prediction (Table S2). We integrated 8 sub-signatures
linearly into a radiomic signature. Chalkidou et al. recommended that
at least 10 observations per predictor variable in each class were re-
quired to have credible estimates for linear models [36]. The sample
size of the least class (LN positive patients) in the training cohort is 74
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Fig. 3. Stratified analysis of nomogram per-

formance in different subgroups. (A) Stratified
analysis in patients with papillary thyroid car-
cinoma (PTC) according to age. The age cut-off
was according to the National Comprehensive
Cancer Network (NCCN) Guidelines for thyroid
carcinoma (Version 2. 2017). (B) Stratified
analysis of nomogram performance in patients
with PTC according to sex. These analyses de-
monstrated that the radiomic nomogram was
of practical use in the different subgroups.
Detailed results were shown in the supple-
mentary materials.
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Fig. 4. Decision curve analysis for the clinical and radiomic nomograms. The
black solid line represents the assumption that all patients with papillary
thyroid carcinoma (PTC) do not have LN metastasis and did not receive treat-
ment. The blue solid line represents the assumption that all patients with PTC
have LN metastasis and received treatment. The green solid line represents the
assumption that all patients with PTC will receive treatment if the positive
probability obtained from clinical nomogram is higher than the threshold
probability. The red solid line represents the assumption that all patients with
PTC will receive treatment if the positive probability obtained from radiomic
nomogram is higher than the threshold probability. The decision curves showed
that whatever the threshold probability, using the radiomic nomogram derived
in the present study to predict LN metastasis provided a greater benefit than the
treat-all-patients approach, treat-none approach, or the clinical nomogram.

and the feature size should be no more than 8. Therefore, we chose 8
sub-signatures for radiomic signature construction.

The potential association of radiomic signature with cervical LN
metastasis was evaluated in the training cohort by Mann-Whitney U test
before being subjected to the validation cohort. Then a multivariable
logistic regression (MLR) model included the radiomic signature and
the following candidate clinical risk factors: CT-reported LN status, age,
sex, and primary site. Backward step-wise selection was applied by
using the Wald test until p-value of coefficients of remained parameters
was below 0.05. To provide clinicians with a quantitative tool to predict
the individual probability of positive cervical LN metastasis, we
adopted a nomogram to visualize the outcomes based on the MLR
model [37].

The predictive performances

of the clinical and radiomic

T
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1

T T
0.6 0.8 1

- Specificity

nomograms were evaluated in the training cohort and then tested in the
validation cohort. Calibration curves using the radiomic nomogram
were obtained in both cohorts and then assessed by Hosmer-Lemeshow
test [38]. Stratified analyses were performed to test the nomogram's
predictive ability in various subgroups of the entire dataset. To estimate
the apparent incremental utility of the radiomic signature, the clinical
usefulness of the radiomic nomogram was assessed through decision
curve analysis [39].

2.6. Statistical analysis

Statistical analyses were performed by the R software (http://www.
R-project.org). The detailed description of the mRMR method was
shown in the supplementary materials (Appendix A4), as are the R
packages that were used in this study (Appendix A5). All statistical tests
were 2-sided, and p-values of < 0.05 were considered significant.

3. Results

The clinical characteristics of the training and validation cohorts
were summarized in Table 1. No significant difference was found be-
tween the two cohorts in any relevant clinical risk factors. Table 2
shows the associations between the actual cervical LN statuses vs. the
clinical risk predictors and CT-reported LN statuses. The training and
validation cohorts were divided randomly from 221 patients at the ratio
of 7:3. The positive cervical LN metastasis rates were 48.1% and 43.3%
in the training and validation cohorts, respectively. The accuracy of the
subjective CT-reported LN status was 64.7% in the entire dataset
(65.6% in the training cohort and 62.7% in the validation cohort)
(Appendix A6).

After the intra-observer/inter-observer agreement assessment, 447
(81.9%) radiomic features with ICC > 0.75 were reserved for sub-
sequent analysis (Appendix A7, Figure S2). Of these features, 8 groups
of feature sets were screened out with our mRMR algorithm. Eight
radiomic sub-signatures then were generated by a SVM classifier with a
radial basis function. The radiomic signature was a linear combination
of eight sub-signatures and the weights of the radiomic sub-signatures
for the radiomic signature were calculated based on their accuracies;
the signature calculation equation is shown in the supplementary ma-
terials (Appendix A8). The radiomic signature performed better than
the best radiomic sub-signature (AUC, 0.759 vs. 0.744; accuracy, 73.4%
vs. 71.4%), and better performance was achieved in the validation
cohort (AUC, 0.706 vs. 0.703; accuracy, 64.2% vs. 62.7%).

The association between the radiomic signature and LN metastasis
was significant in the training cohort (p < 0.001) and confirmed in the
validation cohort (p = 0.008). The radiomic signature yielded a value
comparable to the CT-reported cervical LN status with respect to the
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AUC and accuracy, and showed a good balance between sensitivity and
specificity in both cohorts (detailed description was shown in Table S3);
this demonstrated the signature's outstanding representation of cervical
LN metastasis in patients with PTC. Binary logistic regression analysis
identified the radiomic signature, CT-reported LN status, sex, and age as
independent variables to construct a radiomic nomogram. In the
training cohort, this nomogram performed better than that without the
radiomic signature (AUC, 0.867 vs. 0.807) (Fig. 1). The calibration
curve for the probability of cervical LN metastasis as estimated by the
radiomic nomogram showed good agreement with the actually ob-
served metastasis (p = 0.378) (Fig. 2A). In the validation cohort, the
clinical nomogram yielded an AUC of 0.795, which increased to 0.822
when incorporating the radiomic signature. In the calibration curves,
good agreement (p = 0.229) was found between the nomogram-pre-
dicted LN metastasis and pathologically proven ones (Fig. 2B). Strati-
fied analysis also showed that the radiomic nomogram had good per-
formance in the different subgroups (Fig. 3 and Table S4). In decision
curve analyses, the radiomic nomogram presented the greatest net
benefit regardless of the threshold probability in predicting LN metas-
tasis (Fig. 4).

4. Discussion

Cervical LN metastasis is an important criterion for choosing the
proper clinical operations, but current methods of predicting LN me-
tastasis status have extremely unbalanced specificity and sensitivity
such as US [9-12] and MRI [14]. In this study, we developed a CT
radiomic nomogram to improve the accuracy in predicting LN metas-
tasis, with a balanced sensitivity (72.4%) and specificity (76.3%). The
radiomic nomogram showed good predictive ability of LN metastasis on
both training and independent validation cohorts. Good agreement was
also observed using calibration curves in all cohorts. In our cohorts, 32
patients received therapeutic neck dissection of involved compartments
for abnormal LNs which were considered to be malignant in CT reports.
However, only 15 cases were pathologically proven to be metastasis.
This finding highlights the importance of our study in guiding the neck
dissection. The decision curve analysis also demonstrated the potential
application value of our radiomic nomogram.

In this study, we used mRMR to select features, because it could
provide radiomic features with less redundancies and more credible
coefficients in the classifier. The sub-signatures devised by SVM based
on 8 groups of feature sets enhanced all outcome measures. Thus, the
radiomic signature showed significant association with LN metastasis in
both training and validation cohorts. Moreover, the radiomic signature
could rival the judgment of 2 radiologists with over 10 years of ex-
perience. Interestingly, we found that the radiomic signature performed
equally well as the CT-reported LN status. The radiomic signature was
based on the high-dimensional and statistical features which were ex-
tracted from primary tumors. While the CT-reported LN status was
based on the visible CT presentations of the LNs, such as maximal short
axis diameter, shape, margin, boundary, calcification, cystic change,
necrosis, and enhancement. They provided complementary information
from different tissues with different types. It might indicate that the
images of primary tumor and LNs had the similar value in diagnosis of
LN metastasis.

Although the radiomic signature did not achieve better dis-
crimination than the classifier integrating all clinical prediction cate-
gories, incorporating the radiomic signature into the clinical nomogram
produced an incremental improvement both in training and validation
cohorts. The radiomic nomogram had best net benefit regardless of the
threshold probability. The Figure S3 in the Supplementary material
shows the ROC curves of the CT-reported LN status, radiomic signature,
clinical nomogram, and radiomic nomogram in the training and vali-
dation cohorts. We found that the AUC of the radiomic nomogram was
better than that of radiomic signature only and clinical nomogram
without radiomic signature in both cohorts. It also indicated that
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combination of the radiomic signature and the CT-reported LN status
could increase the accuracy in diagnosis of LN metastasis. The reason
may be that the decided features for the radiomic signature were sig-
nificant association with the actual LN metastasis status of the patient
with PTC. For example, entropy is a logarithmic function of the tumor
volume, spherical disproportion and uniformity respectively indicates
the tumor shape and density/enhancement which associated with
tumor heterogeneity. The useful decision curve obtained after in-
corporating the radiomic signature and clinical risk predictors con-
firmed this method's value in clinical applications.

We reviewed the cases with high rate of misdiagnosis by radiomic
signature, and found many of them with calcification. It may be due to
calcification enhancing tumor heterogeneity. We also found LN me-
tastasis in some patients without visible LNs in CT images but with
positive predictions by radiomic nomogram. Because the radiomic no-
mogram reflects a wide range of both radiographic and clinical in-
formation, it can give a correct diagnosis even when the metastatic LNs
are too small to be seen.

To our knowledge, radiomic studies on PTC are rare, and most of
them are based on US texture analysis [40,41]. Kim et al. evaluated the
role of US texture analysis in predicting LN metastasis in patients with
papillary thyroid microcarcinoma (PTMC) and found none of the
parameters was independently associated with LN metastasis [41]. Al-
though CT is less efficient in detecting PTC than US, CT can completely
and stereoscopically delineate fixed, bulky, and substernal lesions.
Additionally, contrast-enhanced CT can display small LNs more sensi-
tively and clearly than US, and can assess the possibility of metastasis
according to the degree of enhancement. The NCCN Guideline also
states that iodinated contrast is required for optimal cervical imaging
using CT, although using it necessitates delaying RAI Liu et al. used
dual-energy spectral CT to quantitatively assess cervical LN metastasis
in PTC [13]. Compared with their study, we had a larger sample size
(221 vs. 52), and the AUC in our study (0.822) was similar to theirs
(0.811).

There were several limitations in our study. First, this is a retro-
spective study, the clinical procedures were not identical for all pa-
tients, such as the arterial phase images were not used, that might cause
potential bias; and further validation of our nomogram should be per-
formed in prospective dataset. Second, the prognosis value of our no-
mogram as well as radiomic signature should be further investigated in
the future (Appendix A9). Third, the data was from a single center, and
external validation should be studied. Fourth, this study was based on
CT images, the iodinated contrast agents used in contrast-enhanced CT
would delay RAI therapy [42]. We are planning to use US and MR
images for our further research.

In conclusion, we proposed a novel radiomic nomogram based on
preoperative CT. The radiomic nomogram is helpful for improving the
preoperative prediction of cervical LN metastasis in PTC patients.
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