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Background

Given the challenge in preoperative diagnosis of high-volume lymph node metastasis (HVLNM) in clinical practice, we constructed and externally validated a comprehensive predictive model that integrated conventional ultrasound characteristics, contrast-enhanced ultrasound (CEUS) parameters, BRAFV600Emutation, and clinicopathological data for HVLNM in clinically lymph node-negative (cN0) papillary thyroid carcinoma (PTC).





Methods

Totally, 126 clinically lymph node-negative (cN0) PTC patients who underwent subtotal or total thyroidectomy and accompanied with prophylactic cervical lymph node dissection between December 2022 and December 2024 were enrolled in this retrospective study, and an additional 47 cN0 PTC patients included for the external validation cohort. Univariate and multivariate analysis were performed to identify the independent risk factors for HVLNM, and a binary logistic regression equation and relevant nomogram was constructed to predict the risk about HVLNM. The model underwent internal validation using ten-fold cross-validation and further externally validated in an independent external cohort. Clinical practicality of the nomogram model was assessed by the area under the curve (AUC), calibration curve, and decision curve analysis (DCA).





Results

Age, Dmax, ACR scores ≥11 points, and heterogeneous enhancement were four independent predictors of HVLNM after univariate and multivariate analysis in training set. These predictors were used to construct the corresponding nomograms with AUC of 0.860(95% CI: 0.792-0.928). Calibration curves and DCA plots revealed their robust calibration performances and fine net benefits. The accuracy and Kappa value obtained through ten-fold cross-validation were 0.864 and 0.468. The ROC value of the external validation was 0.885(95% CI:0.792-0.978).





Conclusion

Our visualization nomogram provides clinicians with useful information in a simple and cost-effective manner, aiding in the formulation of personalized treatment plans and the reduction of reoperation rates.
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1 Introduction

Papillary thyroid carcinoma (PTC) represents the most prevalent histological subtype of thyroid cancer, with lymph node metastasis (LNM) in 40-90% PTC patients according to recent global cancer statistics (1, 2), Even in clinically lymph node-negative (cN0) which was defined as no clinical or imaging evidence of node metastasis (3), pathologic lymph node metastases are found in 30-50% when prophylactic central neck dissection is performed (4, 5). LNM has been established as a significant risk factor adversely influencing the survival rate (6) especially disease-free survival (DFS) in PTC patients and is strongly related to poor prognosis (7), disease recurrence, and distant metastasis (8).

Lymph node management remains controversial while surgery remains the cornerstone of papillary thyroid carcinoma (PTC) treatment. Critical adverse features like high-volume lymph node metastasis (HVLNM) (9) which is defined as metastasis more than five lymph nodes with all involved lymph nodes measuring <3 cm in the largest dimension according to American Thyroid Association (ATA) (9) guidelines can only be confirmed postoperatively. ATA reclassified HVLNM as intermediate-risk, which requires completion thyroidectomy and leads to higher complication risks, patient distress, and healthcare costs compared to definitive initial surgery. A systematic review revealed that the number of positive lymph nodes significantly correlated with recurrence risk in patients with regional lymph node metastasis. The study demonstrated markedly different median recurrence rates among pathologic Nodal stage1(pN1) patients based on nodal burden: 4% (range 3%-8%) for those with <5 metastatic nodes versus 19% (range 7%-21%) for those with >5 metastatic nodes (10).

Ultrasound (US) is recommended as the first-line imaging modality for PTC and LNM examination due to convenient, non-invasive and low-cost capabilities (11, 12). However, its diagnostic accuracy is limited by operator dependency and suboptimal sensitivity (13, 14). Current evidence demonstrates that CT exhibits relatively low sensitivity in detecting micrometastases and morphologically normal metastatic lymph nodes, primarily due to the inherent physical constraints of its spatial resolution (15, 16). Fine-needle aspiration cytology (FNAC) is considered as another method for diagnosing both PTC and LNM, nevertheless, its clinical utility is often restricted by complex anatomy in the cervical region, particularly when target lesions are inaccessible for percutaneous sampling (17). Despite advances in diagnostic imaging, the reliable preoperative evaluation of high-volume lymph node metastasis (HVLNM) continues to pose significant clinical difficulties. Our research represents the first attempt to develop a nomogram model integrating ACR scores, clinicopathological characteristics, and contrast-enhanced ultrasound parameters for the prediction of high-volume lymph node metastasis (HVLNM) which is expected to provide clinicians to guide optimal surgical planning and reduce the reoperation rate.




2 Materials and methods



2.1 Ethical considerations

The study protocol received ethical approval from the Institutional Review Board (approval number: SWYXLL20192252). The requirement for informed consent was waived owing to the retrospective study design, and the patient’s personal information was strictly protected.




2.2 Patient selection

This retrospective study included a cohort of 126 cN0 PTC patients with 126 evaluable nodules (For each participant, the highest-risk lesion was selected for analysis.) who underwent subtotal or total thyroidectomy and accompanied with prophylactic cervical lymph node dissection between December 2022 and December 2024 at the Affiliated Hospital of Jiangsu University. Additional 47 cN0 PTC patients who received same treatment at the Zhenjiang First People’s Hospital from December 2023 to December 2024 were included as an external validation cohort. Inclusion criteria: 1) Postoperative pathology examinations confirmed diagnosis of PTC, with all patients having no suspicious lymph nodes detected on imaging examinations. Exclusion criteria: 1) Incompletion of serological tests which including a thyroid panel of seven tests and calcitonin levels, within one month prior to surgery; 2) Unavailability of US examinations, including conventional and contrast-enhanced ultrasound (CEUS) within one month before surgery; 3) Incompletion of preoperative fine-needle aspiration (FNAC) and BRAFV600E gene tests; 4) Mixed-type thyroid cancer containing non-papillary components; 5) concurrent diagnosis of secondary primary malignancies, including but not limited to breast carcinoma, gastric adenocarcinoma, or follicular variant of non-Hodgkin lymphoma; 6) prior therapeutic interventions involving thyroid ablation procedures or any surgical procedures in the cervical region. The flowchart of this study is shown in Figure 1.

[image: Flowchart depicting the process of selecting patients who underwent PTC surgery from December 2022 to December 2024. Initially, 805 patients are considered. Exclusions include 497 patients not meeting cN0 criteria and 182 patients based on other exclusion criteria, resulting in 308 cN0 patients. These are divided into HVLNM (n=43) and non-HVLNM (n=83) groups. Preliminary and further screenings are conducted with univariate analysis (P<0.05). A predictive model for PTC with HVLNM is constructed and evaluated. An external validation group includes 47 patients.]
Figure 1 | Flowchart of the study.




2.3 Clinical and biochemical information

The baseline demographic characteristics encompassed age and gender distribution (male vs. female). Comprehensive biochemical profiling included the following parameters: calcitonin (CT), free triiodothyronine (FT3), free thyroxine (FT4), thyroglobulin (Tg), thyroglobulin antibody (Tg-Ab), thyrotropin receptor antibody (TR-Ab), thyroid-stimulating hormone (TSH) and thyroid peroxidase antibody (TPO-Ab). Reference ranges for these biochemical markers were established based on clinical laboratory standards: CT (0–18 pg/mL), FT3 (3.1- 6.8 pmol/L), FT4 (12–22 pmol/L), Tg (3.5–77 ng/mL), Tg-Ab (0–115 IU/mL), TR-Ab (0-1.5U/L), TSH (0.27- 4.2 mIU/mL), and TPO-Ab (0–34 IU/mL).




2.4 Detection of BRAF V600E mutation

This kit (Beijing ACCB Biotech Ltd, Beijing, China) utilizes fluorescence PCR technology, employing the Amplification Refractory Mutation System (ARMS) to design specific primers. When the DNA template is of mutant type, the ARMS primers bind to the template, enabling Taq DNA polymerase to use deoxynucleotides (dNTPs) as substrates for in vitro amplification of the specific mutant region of the BRAF gene. The process is monitored in real-time through the release of fluorescence by hydrolysis of specific probes during the PCR reaction. Mutation analysis was conducted at Jiaxing ACCB Biotech Laboratory Co., Ltd. The PCR kit has a limit of detection (LOD) for BRAFV600E as low as 1% (as per the PCR kit instructions). All results were confirmed in accordance with the standards recommended by the manufacturer.




2.5 Preoperative ultrasound examination

The conventional ultrasound examinations were independently performed by two certified sonographers, with more than 10 years of specialized experience in thyroid detection. Intraclass correlation coefficient (ICC) evaluated inter-observer and intra-observer reproducibility. All CEUS images were independently assessed by two board-certified sonographers, each with over 10 years of specialized experience in thyroid imaging. Cases with discordant interpretations (n=23) were adjudicated by a senior attending radiologist with more than 15 years expertise. In the training set, all conventional and CEUS examinations were performed using the Aplio i800 (Canon) equipped with 10–18 MHz linear array transducers. In addition, in the external validation set, all conventional and CEUS examinations were conducted using the Resona R9 (Mindray) equipped with 5–18 MHz linear array transducers. Digital ultrasound images were archived for subsequent quantitative analysis. For CEUS examinations, sulfur hexafluoride microbubbles (SonoVue), a pure blood pool contrast agent, was administered intravenously. The qualitative analysis of thyroid nodule enhancement patterns was restricted to CEUS recordings meeting the following criteria: 1) continuous imaging duration exceeding 1 minute; 2) the nodule fully appearing in the observed image; 3) no significant shift of the nodule.

Conventional-US parameters were included: based on multifocality, location, diffuse thyroid disease, nodule max-diameter, blood flow, capsule contact, and ACR scores. The ACR TI-RADS classification system evaluates thyroid nodules based on five key sonographic features (18): 1) Echogenicity (anechoic, 0 point; isoechoicor hyperechoic,1 point; hypoechoic,2 points; markedly hypoechoic,3 points), 2) Composition (spongiform or cystic or almost cystic,0 point; mixed cystic-solid,1 point; >95% solid, 2 points), 3) Shape (wider-than-tall,0 point; taller-than-wide, 3 points), 4) Calcification (none or comet-tailartifacts,0 points; macrocalcifications,1 point; peripheral calcifications,2 points; microcalcifications,3 points), 5) Margin (smooth or well-defined, 0 point; irregular or lobulated, 2 points; extrathyroidal extension,3 points). Draw on prior relevant research of LNM in PTC, cumulative scores were stratified into 3 categories: 5 points, 6–10 points, and ≥11 points. CEUS parameters primarily focused on (19): enhancement type (iso-or hyper-, hypo-), enhancement homogeneity (homogeneous, heterogeneous), peripheral enhancement ring (present, absent), and enhancement pattern (diffuse, centrifugal, centripetal).




2.6 Statistical analysis

Statistical analyses were performed by using SPSS version 27.0 (IBM) and R programming software (version 4.4.2). The Shapiro-Wilk test and Bartlett’s test were used to assess data normality and homogeneity of variance, respectively. Normally distributed continuous variables with equal variances were expressed as mean ± standard deviation (mean ± SD), while non-normally distributed variables were summarized as median (interquartile range, IQR). Categorical variables were presented as frequencies (%). For between-group comparisons, Mann-Whitney U test was utilized when the assumption of homogeneity of variance was violated. Chi-squared test or Fisher’s exact test were performed for univariate analyses of categorical variables. The discriminative performance of our predictive model was evaluated by using the AUC. Model’s calibration curves assess the agreement between predicted probabilities and observed outcomes. The clinical utility of the model was further examined through decision curve analysis (DCA), which quantifies the net benefit across a range of threshold probabilities. Internal validation was conducted using ten-fold cross-validation, with model performance evaluated based on accuracy and the kappa coefficient for inter-rater agreement. Statistical significance was set at P-value < 0.05.





3 Results



3.1 Baseline characteristics and univariate analysis

This retrospective study enrolled 126 consecutive patients (mean age: 47.0 ± 12.2 years) after employing propensity score matching (PSM) to control for confounding variables (see details in Supplementary Table 1), stratified into two cohorts based on LNM status by postoperative pathology: the HVLNM group (n=43) and the non-HVLNM group (n=83). Genetic analysis identified BRAFV600E mutations in 115 cases (89.8%). Univariate analysis revealed six significant intergroup differences as followed: age (P=0.01), Tg (P=0.008), max nodule diameter (Dmax) (P<0.001), ACR scores (P=0.013), capsular contact (P<0.001), and homogeneity(P<0.001) (Tables 1–3). Inter-rater reliability analysis demonstrated excellent intra-observer agreement for both sonographers, with ICC ranging from 0.780 to 0.946 and 0.769 to 0.926, respectively. The inter-observer agreement between two sonographers was also substantial, with ICC ranging from 0.773 to 0.928 (Table 4).


Table 1 | Baseline data comparison in HVLNM and non-HVLNM cohort of training and external test set.
	Variables
	HVLNM train set (N=43)
	non-HVLNM train set (N=83)
	P
	HVLNM external set (N=15)
	non-HVLNM external set (N=32)
	P



	Age
	38 (34~48)
	47 (38~57.25)
	0.01
	35 (24~45)
	47.5 (39~57.75)
	0.004


	Gender
	 
	 
	0.60
	 
	 
	0.40


	 male
	16 (37.2)
	27 (32.5)
	 
	10 (66.7)
	25 (78.1)
	 


	 female
	27 (62.8)
	56 (67.5)
	 
	5 (33.3)
	7 (21.9)
	 


	FT3 (pmol/L)
	5.06 (4.48~5.93)
	5.23 (4.76~5.60)
	0.78
	4.95 (4.42~5.6)
	5.22 (4.95~5.62)
	0.37


	FT4 (pmol/L)
	17.37 (16.06~19.41)
	17.38 (15.86~19.17)
	0.62
	17.52 (15.75~20.26)
	17.90 (16.53~20.62)
	0.72


	TSH (uIU/ml)
	1.73 (1.08~2.62)
	2.035 (1.35~2.84)
	0.17
	1.77 (1.23~2.92)
	1.86 (1.35~2.62)
	0.59


	Tg-Ab (IU/ml)
	17.26 (15.22~91.38)
	18.03 (13.99~42.82)
	0.60
	16.39 (15.38~54.61)
	19.97 (17.40~68.66)
	0.05


	TPO-Ab (IU/ml)
	2.61 (1.44~8.15)
	2.8 (0.96~37.18)
	0.62
	5.39 (1.84~140.2)
	3.99 (1.25~50.38)
	0.72


	Tg (ng/ml)
	30.7 (7.4~68.8)
	14.1 (6.3~27.75)
	0.008
	21.2 (3.7~52.1)
	10.8 (6.98~26.33)
	0.56


	TR-Ab (U/L)
	0.25 (0.25~0.46)
	0.335 (0.25~0.53)
	0.09
	0.3 (0.25~0.45)
	0.36 (0.26~0.55)
	0.14


	CT (pg/ml)
	3.04 (2~6.11)
	3.46 (2~8.89)
	0.78
	3.27 (2~10.2)
	3.08 (2~9.03)
	0.78


	BRAF gene
	 
	 
	0.38
	 
	 
	0.39


	positive
	40 (93)
	73 (88)
	 
	14 (93.3)
	27 (84.4)
	 


	negative
	3 (7)
	10 (12)
	 
	1 (6.7)
	5 (15.6)
	 





Non-normally distributed variables were summarized as median (interquartile range, IQR). Categorical variables were presented as frequencies (%). P, P value.

FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; Tg-Ab, thyroglobulin antibody; TPO-Ab, thyroid peroxidase antibody; Tg, thyroglobulin; TR-Ab, thyrotropin receptor antibody; CT, calcitonin.

Bold values denote statistically  significant differences (p < 0.05).




Table 2 | Conventional US comparison in HVLNM and non-HVLNM cohort of training and external test set.
	Variables
	HVLNM train set (N=43)
	non-HVLNM train set (N=83)
	P
	HVLNM external set (N=15)
	non-HVLNM external set (N=32)
	P



	Diffuse lesions
	 
	 
	0.68
	 
	 
	0.99


	 present
	7 (16.3)
	16 (19.3)
	 
	7 (46.7)
	15 (46.9)
	 


	 absent
	36 (83.7)
	67 (80.7)
	 
	8 (53.3)
	17 (53.1)
	 


	Dmax
	 
	 
	<0.001
	 
	 
	0.02


	 <10mm
	9 (18.8)
	59 (71.1)
	 
	3 (20)
	18 (56.3)
	 


	 ≥10mm
	39 (81.3)
	24 (28.9)
	 
	12 (80)
	14 (43.8)
	 


	Multi-focality
	 
	 
	0.69
	 
	 
	0.78


	 present
	30 (69.8)
	55 (66.3)
	 
	10 (66.7)
	20 (62.5)
	 


	 absent
	13 (30.2)
	28 (33.7)
	 
	5 (33.3)
	12 (37.5)
	 


	Tumor position
	 
	 
	0.36
	 
	 
	0.99


	 left
	15 (34.9)
	40 (48.2)
	 
	6 (40)
	14 (41.2)
	 


	 right
	24 (55.8)
	37 (44.6)
	 
	7 (46.7)
	16 (47.1)
	 


	 isthmus
	4 (9.3)
	6 (7.2)
	 
	2 (13.3)
	4 (11.8)
	 


	Capsule contact
	 
	 
	<0.001
	 
	 
	<0.001


	 present
	26 (60.5)
	21 (25.3)
	 
	11 (73.3)
	7 (21.9)
	 


	 absent
	17 (39.5)
	62 (74.7)
	 
	4 (26.7)
	25 (78.1)
	 


	Blood flow
	 
	 
	0.36
	 
	 
	0.87


	 no
	8 (18.6)
	28 (33.7)
	 
	5 (33.3)
	7 (21.9)
	 


	 slight
	27 (62.8)
	43 (51.8)
	 
	7 (46.7)
	17 (51.3)
	 


	 middle
	6 (14.0)
	9 (10.8)
	 
	2 (13.3)
	5 (15.6)
	 


	 rich
	2 (4.7)
	3 (3.6)
	 
	1 (6.7)
	3 (9.4)
	 


	ACR scores
	 
	 
	0.01
	 
	 
	<0.001


	 ≤5
	1 (2.3)
	10 (12)
	 
	0 (0)
	4 (12.5)
	 


	 6-10
	28 (65.1)
	62 (74.7)
	 
	2 (13.3)
	23 (71.9)
	 


	 ≥11
	14 (32.6)
	11 (13.3)
	 
	13 (86.7)
	5 (15.6)
	 





Data are percentages, with numerators/denominators in parentheses.

Bold values denote statistically  significant differences (p < 0.05).




Table 3 | CEUS comparison in HVLNM and non-HVLNM cohort of training and external test set.
	Variables
	HVLNM train set (N=43)
	non-HVLNM train set (N=83)
	P
	HVLNM external set (N=15)
	HVLNM external set (N=32)
	P



	Enhancement type
	 
	 
	0.52
	 
	 
	0.39


	 hyper- or iso- 
 enhancement
	39 (90.7)
	72 (86.7)
	 
	14 (93.3)
	27 (84.4)
	 


	 hypo enhancement
	4 (9.3)
	11 (13.3)
	 
	1 (6.7)
	5 (15.6)
	 


	Homogeneity
	 
	 
	<0.001
	 
	 
	0.05


	 heterogeneous
	22 (51.2)
	18 (21.7)
	 
	9 (60)
	6 (18.8)
	 


	 homogeneous
	21 (44.8)
	65 (78.3)
	 
	6 (40)
	26 (81.3)
	 


	Surrounding
enhancement ring
	 
	 
	0.93
	 
	 
	0.71


	 present
	35 (81.4)
	67 (80.7)
	 
	12 (80)
	24 (75)
	 


	 absent
	8 (18.6)
	16 (19.3)
	 
	3 (20)
	8 (25)
	 


	Perfusion pattern
	 
	 
	0.90
	 
	 
	0.84


	 centripetal
	2 (4.7)
	3 (3.6)
	 
	1 (6.7)
	2 (6.3)
	 


	 centrifugal
	19 (44.2)
	34 (41)
	 
	3 (73.3)
	9 (28.1)
	 


	 Diffuse
	22 (51.2)
	46 (55.4)
	 
	11 (20.0)
	21 (65.6)
	 





Bold values denote statistically  significant differences (p < 0.05).




Table 4 | ICC of Intra- and Inter- observer agreements in conventional US.
	Kappa coefficient
	Intra-observer agreement
	Inter-observer agreement
	P-value


	(n=126)
	(n=126)
	(n=126)
	



	Diffuse thyroid disease
	0.860 ± 0.055
	0.792 ± 0.066
	0.807 ± 0.065
	<0.01


	ACR scores
	0.902 ± 0.043
	0.863 ± 0.050
	0.900 ± 0.044
	<0.01


	Capsule contact
	0.886 ± 0.042
	0.917 ± 0.036
	0.869 ± 0.045
	<0.01


	Blood flow
	0.855 ± 0.042
	0.869 ± 0.040
	0.814 ± 0.048
	<0.01


	Dmax
	0.855 ± 0.057
	0.851 ± 0.059
	0.851 ± 0.059
	<0.01










3.2 Multivariate analysis

Six variables with statistical significance showing after univariate analysis were then conducted in multivariate logistic regression model. Four independent factors of age (OR=0.959, 95% CI:[0.924-0.995], P=0.024), Dmax ≥10mm (OR=12.544, 95% CI:[4.488-35.06], P<0.001), ACR scores ≥ 11 points (OR=34.986,95% CI: [2.208 -492.781], P=0.011), and heterogeneous enhancement (OR=4.076, 95% CI: [1.469 -11.308], P=0.007) were identified for predicting high-volume lymph node metastasis (HVLNM) (Table 5).


Table 5 | Multivariate analysis in training cohort.
	Variables
	β
	S.E.
	W
	OR (95% CI)
	P-value



	Age
	-0.042
	0.019
	5.074
	0.96 (0.92~0.99)
	0.024


	Dmax
	2.529
	0.524
	22.263
	12.54 (4.49~35.06)
	<0.001


	ACR scores
	3.496
	1.38
	6.422
	32.98 (2.21~592.78)
	0.011


	Homogeneity
	1.405
	0.521
	7.285
	4.076 (1.47~11.31)
	0.007





β, regression coefficient; S.E., Standard Error; W, Wald; OR, Odds Ratio; CI, confident interval.






3.3 Construction of the model

The logistic prediction model was established as follows: logit(P) = -3.273 - 0.042 ×age + 2.529 × (if nodule max-diameter ≥10mm)+ 3.496 × (if ACR scores ≥11 points)+ 1.405 ×(if nodule with heterogeneous enhancement). To enhance clinical utility and improve interpretability, relevant nomogram was constructed using R statistical software with the “rms” package and incorporate an individual case into the nomogram(Figure 2). Finally, we applied and registered a web-based nomogram: https://qiannomogram.shinyapps.io/dynnomapp/ (Figure 3).

[image: Panel A shows a clinical nomogram with scales for points, age, Dmax, ACR scores, homogeneity, total points, and risk. Panel B presents an individual nomogram with distributions for the same factors, represented as box plots and a density plot for total points. The scales evaluate the risk of HVLNM.]
Figure 2 | (A) Nomogram for predicting HVLNM in PTC patients. (B) Add a case to the nomogram for predicting HVLNM in PTC patients. * means p < 0.05, ** means p < 0.01,*** means p < 0.001.

[image: Panel A shows a nomogram with a 95% confidence interval graph depicting response probabilities with various colored error bars. Panel B displays the same nomogram interface alongside a numerical summary table containing data on age, max diameter, ACR scores, homogeneity, predictions, and confidence bounds.]
Figure 3 | (A, B) Dynamic web-based nomogram for predicting HVLNM in cN0 PTC patients.




3.4 Evaluation of the model

The nomogram demonstrated an area under the curve (AUC) of 0.860 (95% CI: 0.792–0.928, P < 0.001), indicating excellent predictive accuracy. Model calibration was assessed using the Bootstrap method with 1000 resamples, showing close agreement between predicted and observed outcomes in training and external test sets (Figures 4A, B), thereby confirming model’s robust calibration performance.

[image: Panel A and B are calibration plots comparing actual vs. predicted probabilities for model predictions (Pr(HVLNM=1)) with lines for apparent, bias-corrected, and ideal. Panel C and D show decision curve analyses, plotting standardized net benefit against high-risk threshold with lines representing DCA, all, and none options. Mean absolute error is indicated for each calibration plot.]
Figure 4 | (A, B) The calibration curve in the training set and the external test set. (C, D) The DCA curve in the training set and the external test set.




3.5 Clinical assessment and implementation

The Decision curve analysis (DCA) curves showed a threshold probability from 10% to 93% in the training set, suggesting our nomogram offered greater clinically net-benefit compared to the extreme curve and individual ultrasonographic parameters, indicating its enhanced clinical utility for predicting HVLNM in PTC patients (Figures 4C, D). The clinical applicability of our model was further illustrated through a representative case study, showcasing the dynamic prediction of HVLNM risk in PTC patients using the web-based nomogram platform (Figure 5).

[image: A composite image with four panels: A) A grayscale ultrasound scan showing a structure indicated by arrows. B) A colored ultrasound scan of the same structure with similar arrow indicators. C) A nomogram with age input, graphical summary, and confidence intervals. D) A histological slide stained in purple at forty times magnification, showing tissue morphology.]
Figure 5 | (A–D) Title: An example of dynamic web-based nomogram for predicting a 32-year-old male PTC patient with HVLNM. (A) Conventional ultrasound demonstrated a 13mm hypoechoic nodule (2 points) in the right thyroid lobe with the following ACR TI-RADS features: solid composition (2 points), taller-than-wide shape (3 points), irregular/lobulated margins (2 points) and microcalcifications (3 points), yielding ACR scores of ≥11 points. (B) CEUS showed heterogeneous contrast enhancement of this thyroid nodule. (C) Dynamic web-based nomogram predicted that the risk of HVLNM in this patient was 0.889. (D) Pathology showed HVLNM in this PTC patient.




3.6 Internal and external validation

A ten-fold cross-validation approach was implemented, wherein the dataset was partitioned into 10 subsets, with 9 subsets utilized for model training and the remaining 1 subset for validation in each iteration. This process was repeated for 10 cycles to ensure robust evaluation. The model demonstrated an overall accuracy of 0.764 and a kappa coefficient of 0.468. The accuracy exceeding 0.7 indicates satisfactory predictive performance of predictive model, and the kappa value of 0.468 suggests moderate reliability and consistency. The ROC value of the external test was 0.885(95% CI:0.792-0.978), revealing the robust discriminative power.





4 Discussion

Accurate prediction of the burden of cervical lymph node metastasis significantly influences the prognosis in PTC (20). As reported by the Randolph et al (9), the prognostic stratification of LNM in PTC can be established based on metastatic lymph node quantity and other clinicopathological factors, with >5 pathological LNMs correlating with increased recurrence risk. Accurate preoperative identification of high-volume lymph node metastasis (HVLNM) enables appropriate radical lymph node dissection, thereby preventing secondary surgical interventions and reducing complication risks, including neck hematoma, surgical site infection, recurrent laryngeal nerve injury, and permanent hypoparathyroidism. Although numerous investigations have explored the association between sonographic characteristics and LNM in PTC, limited research has specifically addressed HVLNM prediction before the surgery. To deal with these clinical needs, we developed and validated a comprehensive nomogram incorporating ACR TI-RADS scores, multimodal ultrasonographic features, and clinicopathological parameters for evaluating HVLNM probability in PTC patients before the surgery.

Age is the first odds ratio (OR) value of the risk factors to enter the logistic regression model. Clinical studies have revealed that younger PTC patients have higher risk of cervical lymph node metastases than older patients, and the incidence of HVLNM is also relatively higher in younger patients (21). This trend has also been verified in multiple large cohort studies, may be attributed to the distinct biological characteristics of tumor cells in younger patients, including higher proliferation rates, enhanced invasiveness, and stronger metastatic capability. Additionally, young patients may experience atypical or overlooked early symptoms, leading to tumor progression and extensive lymph node metastases.

Max nodule diameter (Dmax) is a significant prognostic factor in papillary thyroid carcinoma (PTC) with relevant clinical data indicated that tumor ≥10mm in diameter exhibit greater aggressiveness and a significantly higher incidence of lymph node metastasis (LNM) (22). Liu et al. (23) developed a clinical nomogram incorporating independent risk factors with maximal nodule diameter and specific ultrasonographic characteristics. These collective results suggest that increased nodule diameter correlates with greater tumor aggressiveness and higher propensity for metastatic spread to regional lymph nodes. Our findings further support this observation: in the training cohort, the rate of high-volume lymph node metastasis(HVLNM) was 13.2% in patients with tumors <10 mm, compared to 58.6% in those with tumors ≥10 mm. Multivariate regression analysis confirmed that a tumor diameter ≥10 mm is an independent risk factor for HVLNM (OR=12.544, 95% CI: 4.488-35.06, P<0.001), indicating a strong positive correlation between tumor size and HVLNM risk.

The Thyroid Imaging Reporting and Data System (TI-RADS), introduced by the American College of Radiology (ACR) in 2017 (18), is a standardized classification framework that assigns malignancy risk scores based on a comprehensive evaluation of conventional ultrasonographic features of thyroid nodules. This scoring system not only facilitates the categorization of nodules but also provides detailed quantitative risk stratification, thereby enhancing diagnostic accuracy for PTC (24). Emerging evidence suggests that the ACR scores may serve as an independent predictive factor for PTC characteristics. For example, Chen et al. (25) reported that higher ACR TI-RADS scores, categorized into ten levels (≤5 points, 6–10 points, and ≥11 points), are significantly related to central neck lymph node metastasis (CNLNM) in PTC patients, confirming the potential relevance and predictive value of the ACR scores in metastatic lymph nodes.

Zhao et al. (26) conducted a study on 367 thyroid nodules from 307 patients by using preoperative multimodal ultrasound examination, identifying heterogeneous enhancement as an independent risk factor for HVLNM and establishing a multimodal diagnostic model for HVLNM. Heterogeneous contrast enhancement in malignant nodules reflects irregular perfusion patterns (27), primarily attributed to abnormal neovascularization (characterized by higher peripheral micro-vessel density creating uneven contrast distribution with poorly defined margins) and mechanical compression from tumor expansion (which distorts surrounding vasculature, amplifying filling heterogeneity) (28). The heterogeneous filling of contrast agent holds dual significance in the diagnosis of PTC patients with HVLNM. On the one hand, it provides more detailed information on tumor vascular distribution (29), it may simultaneously obscure tumor boundaries and increase diagnostic uncertainty (30). In this study, heterogeneous contrast agent filling demonstrated a close intrinsic connection with the prognosis of PTC patients with HVLNM and provided reference information for clinical decision-making.

Xiao et al. (31) established a multimodal radiopathomics model integrating ultrasound and FNAC-derived radiomics/pathomics features with six machine learning algorithms, demonstrating excellent predictive performance for high-volume CNLNM in cN0 PTC. Lin et al. (32) identified age, nodule diameter, BRAFV600E mutation, and calcification as independent predictors of CNLNM through logistic regression analysis of 57 PTC cases, subsequently developing a preoperative nomogram. The former study finding differ from ours in that we did not consider extracting radiomics and pathomics features. The results of the latter study differ from ours, as our differential analysis demonstrated that BRAF V600E mutation status showed no statistically significant difference between the two cohorts (p=0.36). Potential explanations for this observation include sample size constraints, population heterogeneity, lifestyle differences, and variations in varied detection methods.

Several limitations should be acknowledged. First of all, as a retrospective case-control study, the outcomes may be subject to potential selection bias inherent to the study design. Secondly, we acknowledge technical constraints of single-timepoint CEUS evaluation imposed by contrast agent costs and patient compliance, and inherent diagnostic variability in qualitative CEUS assessment despite standardized interpretation protocols. Thirdly, the limited sample size may reduce statistical power, necessitating extended patient recruitment and validation in future cohorts. Finally, the predictive performance of the model could potentially be enhanced by integrating other imaging modalities, such as elastography ultrasound or superb microvascular imaging (SMI). Future work will involve a prospective case-control study with a larger, geographically diverse cohort. Meanwhile, standardized ultrasound protocols (including elastography and SMI) will be employed to evaluate the roles of nodule elasticity, vascular patterns, and microvascular structure.

In conclusion, high-volume lymph node metastasis (HVLNM) represents an adverse prognostic indicator in PTC, with surgical approach significantly influencing patient outcomes. Our study demonstrates that the prediction model serves as an effective visual tool for preoperative HVLNM assessment in clinically lymph node-negative PTC patients and assists clinicians potentially reducing reoperation rates through more accurate initial interventions.





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 Ethics Committee of the Affiliated Hospital of Jiangsu University. The studies were conducted in accordance with the local legislation and institutional requirements. The ethics committee waived the requirement of written informed consent for participation.





Author contributions

JQ: Conceptualization, Data curation, Formal analysis, Visualization, Writing – original draft. ZZ: Conceptualization, Investigation, Project administration, Supervision, Writing – review & editing. YWC: Investigation, Software, Visualization, Writing – review & editing. SZ: Investigation, Methodology, Project administration, Writing – review & editing. WL: Data curation, Investigation, Methodology, Writing – review & editing. JB: Data curation, Investigation, Methodology, Writing – review & editing. HZ: Formal analysis, Investigation, Project administration, Writing – review & editing. YC: Formal analysis, Investigation, Project administration, Writing – review & editing. BC: Conceptualization, Formal analysis, Funding acquisition, Resources, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This research was supported by National Natural Science Foundation of China (No. 82472009).





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2025.1613672/full#supplementary-material




References

	 Chou R, Dana T, Haymart M, Leung AM, Tufano RP, Sosa JA, et al. Active surveillance versus thyroid surgery for differentiated thyroid cancer: A systematic review. Thyroid. (2022) 32:351–67. doi: 10.1089/thy.2021.0539, PMID: 35081743


	 Adam MA, Pura J, Goffredo P, Dinan MA, Reed SD, Scheri RP, et al. Presence and number of lymph node metastases are associated with compromised survival for patients younger than age 45 years with papillary thyroid cancer. J Clin Oncol. (2015) 33:2370–5. doi: 10.1200/JCO.2014.59.8391, PMID: 26077238


	 Amin MB, Greene FL, Edge SB, Compton CC, Gershenwald JE, Brookland RK, et al. The Eighth Edition AJCC Cancer Staging Manual: Continuing to build a bridge from a population-based to a more “personalized” approach to cancer staging. CA Cancer J Clin. (2017) 67:93–9. doi: 10.3322/caac.21388, PMID: 28094848


	 Shi C, Cao J, Shi T, Liang M, Ding C, Lv Y, et al. BRAF(V600E) mutation, BRAF-activated long non-coding RNA and miR-9 expression in papillary thyroid carcinoma, and their association with clinicopathological features. World J Surg Oncol. (2020) 18:145. doi: 10.1186/s12957-020-01923-7, PMID: 32593310


	 Eun YG, Lee YC, Kwon KH. Predictive factors of contralateral paratracheal lymph node metastasis in papillary thyroid cancer: prospective multicenter study. Otolaryngol Head Neck Surg. (2014) 150:210–5. doi: 10.1177/0194599813514726, PMID: 24367047


	 Lu J, Liao J, Chen Y, Li J, Huang X, Zhang H, et al. Risk factor analysis and prediction model for papillary thyroid carcinoma with lymph node metastasis. Front Endocrinol (Lausanne). (2023) 14:1287593. doi: 10.3389/fendo.2023.1287593, PMID: 38027220


	 Chung SR, Baek JH, Rho YH, Choi YJ, Sung TY, Song DE, et al. Sonographic diagnosis of cervical lymph node metastasis in patients with thyroid cancer and comparison of european and korean guidelines for stratifying the risk of Malignant lymph node. Korean J Radiol. (2022) 23:1102–11. doi: 10.3348/kjr.2022.0358, PMID: 36126955


	 Wang LY, Ganly I. Nodal metastases in thyroid cancer: prognostic implications and management. Future Oncol. (2016) 12:981–94. doi: 10.2217/fon.16.10, PMID: 26948758


	 Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ, Nikiforov YE, et al. 2015 American thyroid association management guidelines for adult patients with thyroid nodules and differentiated thyroid cancer: the American thyroid association guidelines task force on thyroid nodules and differentiated thyroid cancer. Thyroid. (2016) 26:1–133. doi: 10.1089/thy.2015.0020, PMID: 26462967


	 Randolph GW, Duh Q-Y, Heller KS, LiVolsi VA, Mandel SJ, Steward DL, et al. The prognostic significance of nodal metastases from papillary thyroid carcinoma can be stratified based on the size and number of metastatic lymph nodes, as well as the presence of extranodal extension. Thyroid®. (2012) 22:1144–52. doi: 10.1089/thy.2012.0043, PMID: 23083442


	 Ha EJ, Chung SR, Na DG, Ahn HS, Chung J, Lee JY, et al. 2021 Korean thyroid imaging reporting and data system and imaging-Based management of thyroid nodules: Korean society of thyroid radiology consensus statement and recommendations. Korean J Radiol. (2021) 22:2094–123. doi: 10.3348/kjr.2021.0713, PMID: 34719893


	 Yao J, Wang Y, Lei Z, Wang K, Li X, Zhou J, et al. AI-generated content enhanced computer-aided diagnosis model for thyroid nodules: A chatGPT-style assistant(2024). Available online at: https://ui.adsabs.harvard.edu/abs/2024arXiv240202401Y (Accessed March 5, 2025).


	 Alabousi M, Alabousi A, Adham S, Pozdnyakov A, Ramadan S, Chaudhari H, et al. Diagnostic test accuracy of ultrasonography vs computed tomography for papillary thyroid cancer cervical lymph node metastasis: A systematic review and meta-analysis. JAMA Otolaryngol Head Neck Surg. (2022) 148:107–18. doi: 10.1001/jamaoto.2021.3387, PMID: 34817554


	 Kennedy E, Zhang Y, Qadadha Y, Cheng C, Adil A, Bach K, et al. Rates of detecting thyroid nodules recommended for biopsy with ultrasound: are all indications equal? Thyroid. (2023) 33:1434–40. doi: 10.1089/thy.2023.0234, PMID: 37981778


	 Xing Z, Qiu Y, Yang Q, Yu Y, Liu J, Fei Y, et al. Thyroid cancer neck lymph nodes metastasis: Meta-analysis of US and CT diagnosis. Eur J Radiol. (2020) 129:109103. doi: 10.1016/j.ejrad.2020.109103, PMID: 32574937


	 Yao J, Wang Y, Lei Z, Wang K, Feng N, Dong F, et al. Multimodal GPT model for assisting thyroid nodule diagnosis and management. NPJ Digital Med. (2025) 8:245. doi: 10.1038/s41746-025-01652-9, PMID: 40319170


	 Hwang HS, Orloff LA. Efficacy of preoperative neck ultrasound in the detection of cervical lymph node metastasis from thyroid cancer. Laryngoscope. (2011) 121:487–91. doi: 10.1002/lary.21227, PMID: 21344423


	 Tessler FN, Middleton WD, Grant EG, Hoang JK, Berland LL, Teefey SA, et al. ACR thyroid imaging, reporting and data system (TI-RADS): white paper of the ACR TI-RADS committee. J Am Coll Radiol. (2017) 14:587–95. doi: 10.1016/j.jacr.2017.01.046, PMID: 28372962


	 Chen S, Niu C, Peng Q, Tang K. Sonographic characteristics of papillary thyroid carcinoma with coexistent hashimoto’s thyroiditis in the preoperative prediction of central lymph node metastasis. Front Endocrinol (Lausanne). (2021) 12:556851. doi: 10.3389/fendo.2021.556851, PMID: 33796065


	 Yao J, Lei Z, Yue W, Feng B, Li W, Ou D, et al. DeepThy-net: A multimodal deep learning method for predicting cervical lymph node metastasis in papillary thyroid cancer. Advanced Intelligent Systems. (2022) 4:2200100. doi: 10.1002/aisy.202200100


	 Oh HS, Park S, Kim M, Kwon H, Song E, Sung TY, et al. Young age and male sex are predictors of large-volume central neck lymph node metastasis in clinical N0 papillary thyroid microcarcinomas. Thyroid. (2017) 27:1285–90. doi: 10.1089/thy.2017.0250, PMID: 28741452


	 Li W, Chen J, Ye F, Xu D, Fan X, Yang C. The diagnostic value of ultrasound on different-sized thyroid nodules based on ACR TI-RADS. Endocrine. (2023) 82:569–79. doi: 10.1007/s12020-023-03438-z, PMID: 37656349


	 Liu SQ, Feng JW, Yan ZT, Xing XX, Jiang WY, Jiang Y, et al. Constructing a nomogram based on the distribution of thyroid nodules and suspicious lateral cervical lymph nodes in fine-needle aspiration biopsies to predict metastasis in papillary thyroid carcinoma. Front Endocrinol (Lausanne). (2023) 14:1242061. doi: 10.3389/fendo.2023.1242061, PMID: 38089614


	 Zhang Z, Lin N. Clinical diagnostic value of American College of Radiology thyroid imaging report and data system in different kinds of thyroid nodules. BMC Endocr Disord. (2022) 22:145. doi: 10.1186/s12902-022-01053-z, PMID: 35642030


	 Chen F, Jiang S, Yao F, Huang Y, Cai J, Wei J, et al. A nomogram based on clinicopathological and ultrasound characteristics to predict central neck lymph node metastases in papillary thyroid cancer. Front Endocrinol (Lausanne). (2023) 14:1267494. doi: 10.3389/fendo.2023.1267494, PMID: 38410376


	 Zhao RN, Zhang B, Jiang YX, Yang X, Lai XJ, Zhu SL, et al. Ultrasonographic multimodality diagnostic model of thyroid nodules. Ultrason Imaging. (2019) 41:63–77. doi: 10.1177/0161734618815070, PMID: 30477400


	 Fan J, Tao L, Zhan W, Li W, Kuang L, Zhao Y, et al. Diagnostic value of qualitative and quantitative parameters of contrast-enhanced ultrasound for differentiating differentiated thyroid carcinomas from benign nodules. Front Endocrinol (Lausanne). (2023) 14:1240615. doi: 10.3389/fendo.2023.1240615, PMID: 38250738


	 Zhu T, Chen J, Zhou Z, Ma X, Huang Y. Differentiation of thyroid nodules (C-TIRADS 4) by combining contrast-enhanced ultrasound diagnosis model with Chinese thyroid imaging reporting and data system. Front Oncol. (2022) 12:840819. doi: 10.3389/fonc.2022.840819, PMID: 35847847


	 Gao L, Xi X, Gao Q, Tang J, Yang X, Zhu S, et al. Blood-rich enhancement in ultrasonography predicts worse prognosis in patients with papillary thyroid cancer. Front Oncol. (2020) 10:546378. doi: 10.3389/fonc.2020.546378, PMID: 33489868


	 Żyłka A, Dobruch-Sobczak K, Piotrzkowska-Wróblewska H, Jędrzejczyk M, Bakuła-Zalewska E, Góralski P, et al. The utility of contrast-enhanced ultrasound (CEUS) in assessing the risk of Malignancy in thyroid nodules. Cancers (Basel). (2024) 16. doi: 10.3390/cancers16101911, PMID: 38791990


	 Xiao W, Zhou W, Yuan H, Liu X, He F, Hu X, et al. A radiopathomics model for predicting large-number cervical lymph node metastasis in clinical N0 papillary thyroid carcinoma. Eur Radiol. (2025) 35:4587–98. doi: 10.1007/s00330-025-11377-8, PMID: 39881038


	 Lin P, Liang F, Ruan J, Han P, Liao J, Chen R, et al. A preoperative nomogram for the prediction of high-volume central lymph node metastasis in papillary thyroid carcinoma. Front Endocrinol (Lausanne). (2021) 12:753678. doi: 10.3389/fendo.2021.753678, PMID: 35002954







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.


Copyright © 2025 Qian, Zhang, Chen, Zhao, Li, Bao, Zhao, Cai and Chen. 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.


OEBPS/Images/fendo.2025.1613672_cover.jpg
& frontiers | Frontiers in Endocrinology

Multimodal ultrasonographic and
clinicopathological model for predicting
high-volume lymph node metastasis in cNO
papillary thyroid carcinoma





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-16-1613672-g001.jpg
not €NO (n=497)

exclusion criteria (n=182)

Patients who underwent PTC surgery from December

2022 to December 2024 (n=805)

excluded

€N Patients who underwent PTC surgery from

December 2022 to December 2024 (n=308)
excluded
L 2
HVLNM group ‘non-HVLNM group external validation
(n=43) (n-83) (n=17)

Preliminary screening by univariate
analysis (P<0.05)

Further screening by
univariate analysis (P<0.05)

Construct a predictive model for PTC
with HVLNM

Evaluation of the model






OEBPS/Images/fendo-16-1613672-g003.jpg
Nomogram

ACR:scores
< -
Homogenelty
Homogeneous. =

O Setxaxs ranges

Predict

Press Quitto exit the application

Quit

Nomogram

ACRscores

< -
Homogeneity

Homageneous. -
O Setxaxs ranges

Predict

Press Quit (o exitthe application

Quit

Graphical Summary  Numerical Summary

95% Confidence Interval for Response

Model Summary

—
e
—_—
—_—
—_———
_—
—_—
—_—
—_——
—
000 oas 050 os 50
probability
Graphical Summary  Numerical Summary | Model Summary

2
3
3
s
2
a2
»
»

102

Age HoxDismeter ACR.scores

-10mm
-10mm
10w
<108
“10m
108
10

“10mm
10mm

10mm

>
> o1
610
610
<s
>
>
610
610
<s

Hosogeneity Prediction Lower.bound Upper. bound

Homogencous.
Heterogencous
Heterogencous
Hemogeneous.
Hosogeneous.
Heterogencous
Heterogencous
Hosogencous.

0.985
0.925
o.785
0.3
0.856
0.892
0.465
0.927
0.062
0.097






OEBPS/Images/fendo-16-1613672-g005.jpg
C

Nomogram






OEBPS/Images/fendo-16-1613672-g004.jpg
s 0r oe ae oe 0






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-16-1613672-g002.jpg
Peints [BUE UL TUUE TUUT SUNE SN JUUE. JUNL JOUE U

e T EEE R EEEEE)

Bmex i

ACR scores 5

Homogeneity —

=N

Total Points o T TR T e AR e R ok
Risk

ok o3 or o8
individual nomogram
Points
G 0 20 3 40 80 €0 5 80 80 100
Homogeneity** ”“ﬁ“
Malp-voqmmm
ACR.scores*
MaxDiameter*** ﬁ
~=10mm
Age*
CY W % 2
Total points

6 & 100 130

PrOHVLNM )62 0605 0.015





