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Purpose: The coexistence of TERT promoter and BRAFV600E mutations is strongly linked to aggressive behavior and poor prognosis in 
papillary thyroid carcinoma (PTC). This study aimed to develop preoperative and postoperative predictive models for coexisting mutations 
based on ultrasound and clinicopathological characteristics to stratify prognostic risks and guide clinical decision-making.
Methods: Retrospective analysis of the ultrasound and clinicopathological characteristics of 120 patients with a surgical pathology of 
PTC with TERT promoter and BRAFV600E gene testing results in the Affiliated Hospital of Jining Medical University from 
December 2020 to December 2023. Univariate and multivariate logistic regression identified independent predictors, and nomograms 
were constructed. Model performance was evaluated using ROC curves, calibration curves, and decision curves, with internal 
validation via Bootstrap resampling.
Results: Age (OR: 1.24; 95% CI 1.12–1.37, P<0.001), tumor size (OR: 5.51; 95% CI 2.26–13.46, P<0.001), lateral lymph node 
metastasis (OR: 7.36; 95% CI 1.48–36.48, P=0.015), and irregular/ill-defined margins (OR: 6.06; 95% CI 1.19–30.75, P=0.030) were 
independent predictors of coexisting mutations. The cutoff values for age and tumor size were 44.5 years and 1.55 cm, respectively. 
Two models incorporating the four independent predictors were established to predict coexisting mutations in the preoperative and 
postoperative periods, achieving AUCs of 0.95 and 0.96, respectively, with both models demonstrating good calibration ability and 
clinical practicability through calibration and decision curve analyses.
Conclusion: The predictive models enable clinicians to identify high-risk patients with coexisting mutations both preoperatively and 
postoperatively, supporting the development of individualized treatment strategies and potentially improving patient outcomes. However, 
the study is limited by its single-center design, and further external validation is needed to confirm the generalizability of the model.
Keywords: ultrasound and clinicopathological characteristics, coexistence of TERT promoter and BRAFV600E mutations, papillary 
thyroid carcinoma, predictive model, risk stratification

Introduction
Papillary thyroid carcinoma (PTC) is the most common histological subtype of thyroid cancer, and its incidence has 
increased worldwide in recent decades.1–3
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Although it has a generally indolent clinical course and favorable prognosis, 10–20% of PTC cases exhibit aggressive 
features and may cause frequent recurrence, distant metastasis and mortality.4,5 Consequently, accurate risk stratification 
is essential for optimizing individualized treatment in these patients, including guiding surgical decisions and post-
operative management.

In recent years, a growing body of evidence has suggested that gene mutations are involved in the development and 
progression of thyroid cancer.6 Several molecular markers have been investigated as adjunct diagnostic markers of 
thyroid cancer and accurate predictors of disease prognosis.7

Recent studies have demonstrated that the coexistence of TERT promoter and BRAFV600E mutations is associated 
with aggressive features of PTC, such as older age, larger tumor size, extrathyroidal extension, lateral lymph node 
metastasis, advanced tumor stage, recurrence and death.8,9 These studies suggest that the coexistence of TERT promoter 
and BRAFV600E mutations can be used to predict the aggressiveness and prognosis of PTC. In addition, PTC with both 
mutations exhibits greater aggressiveness, and patients experience a worse prognosis compared to those with a single 
mutation, including higher rates of recurrence, distant metastasis, and mortality.10,11 Therefore, it is crucial to develop 
a simpler, more cost-effective, and non-invasive method to predict BRAFV600E and TERT promoter co-mutations as an 
alternative to fine-needle aspiration or surgical specimens. Such a method would guide the selection of treatment 
strategies, the choice of surgical approach, and the formulation of postoperative management plans.

Previous studies have demonstrated that individual BRAF mutations, TERT mutations, and their co-mutation are 
associated with certain ultrasound and clinicopathological features. In addition, predictive models have been developed 
for single mutations of BRAF or TERT; however, existing predictive models primarily focus on single mutations and fail 
to address the complexity of dual mutations, limiting their clinical applicability in predicting the aggressiveness and 
prognosis of PTC.12–14

The purpose of our study was to fill the gaps by integrating ultrasound and clinicopathological characteristics into 
a predictive model specifically designed to predict coexisting mutations in PTC. This approach offers a more accurate 
and clinically relevant tool, addressing the limitations of existing models that fail to predict dual mutations, which are 
crucial for determining the aggressiveness and prognosis of PTC. This predictive model has the potential to guide 
surgical decisions, select the most appropriate treatment strategy, and improve postoperative care, including follow-up 
monitoring to predict recurrence. By identifying patients with a higher risk of aggressive features before surgery, 
clinicians can tailor treatment plans to achieve better outcomes. Moreover, the model can help predict recurrence and 
guide follow-up care after surgery.

Materials and Methods
Population
This study protocol was approved by the Ethics Committee of the Affiliated Hospital of Jining Medical University 
(Ethics ID: 2022–12-C009). The need for consent to participate was waived by the Ethics Committee of Affiliated 
Hospital of Jining Medical University because this retrospective study was conducted using only data with identifiable 
information and the study did not involve personal information or commercial interests. All participant information has 
been anonymized, and the data were maintained with strict confidentiality throughout the study to ensure the privacy of 
the participants. In this study, patients who underwent thyroid surgery due to suspected PTC at the Affiliated Hospital of 
Jining Medical College from December 2020 to December 2023 were retrospectively analyzed. All patients were 
confirmed to have PTC by postoperative pathology. A total of 120 patients were included based on the following 
criteria:(1)Postoperative genetic analysis: BRAFV600E and TERT promoter mutations were analyzed in postoperative 
pathological specimens.(2)Preoperative ultrasound examination: Ultrasound examination was performed in the ultra-
sound department of our hospital within one month before surgery, with a complete ultrasound description and clear 
images available.(3)Tumor characteristics: At least one PTC with a maximum diameter ≥1 cm, confirmed by pathological 
examination.(4)Surgical history: No prior history of thyroid surgery.(5)For patients with multifocal PTCs, ultrasound 
images of the largest nodule were analyzed.
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Clinicopathological Data and US Imaging Analysis
All clinicopathologic data were retrieved from the electronic medical record system of our hospital, including the 
patient’s age, gender, tumor size, number, bilateral lobe distribution, Hashimoto presence, capsular invasion, central 
lymph node metastasis, lateral cervical lymph node metastasis, and tumor-node-metastasis (TNM) stage. The American 
Joint Committee on Cancer (AJCC) staging system (8th edition, 2017) for thyroid cancer was used in this paper.15

An Affiniti 70 (Philips Medical Systems, Netherlands), ACUSON OXANA2 (Siemens Medical Solutions, Germany) 
and UGEO WS80A (Samsung, Korea) with a 4 to 18 MHz linear-array transducer were used for neck US examinations.

Preoperative ultrasound examinations were performed by three radiologists who specialized in thyroid imaging and 
six senior residents with more than 5–10 years of experience. All ultrasound images were retrospectively reviewed by 
two radiologists with more than 10 years of experience in thyroid ultrasound diagnosis by consensus, and the two 
radiologists were blinded to the clinicopathological features and mutational analysis results. Inter-observer reliability was 
assessed using Weighted Kappa statistics to evaluate the consistency between the two radiologists’ 
interpretations. Weighted Kappa values are interpreted according to the following criteria: < 0.20: inconsistent, 
0.21–0.40:generally consistent, 0.41–0.60:moderately consistent, 0.61–0.80:mostly consistent,>0.80:highly consistent. 
A high degree of agreement was observed between the radiologists, indicating strong inter-observer reliability in the 
image evaluation process.

The ultrasound images were analyzed based on the following characteristics:
Tumor location:PTC were categorized based on their anatomical location within the thyroid gland as follows. Left 

Lobe: Nodules located in the left thyroid lobe. Right Lobe: Nodules located in the right thyroid lobe. Isthmus: Nodules 
located in the thyroid isthmus.

Composition: The composition of thyroid nodules was defined based on the proportion of solid and cystic compo-
nents as observed on ultrasound. Solid: PTC composed entirely or almost entirely (>90%) of solid components. Cyst- 
Solid: PTC containing both solid and cystic components, with the solid portion constituting 10–90% of the nodule.

Echogenicity: Echogenicity refers to the reflectivity of the noncalcified solid components of a nodule when compared 
with reference structures. Hypoechoic: PTC are less reflective than the thyroid. Marked hypoechoic is echogenicity less 
than or equal to that of the anterior neck muscles. Hyperechoic or isoechoic: PTC exhibits echogenicity that is greater 
than or equal to that of the adjacent thyroid tissue.

Orientation: The orientation of PTC was classified based on the direction of growth relative to the thyroid capsule as 
either nonparallel or parallel.

Margin: The margin refers to the boundary between the thyroid nodule and the surrounding thyroid parenchyma. 
Smooth: PTC that exhibit a sharp margin, without projections into the adjacent tissue.

Irregular or ill-defined: The irregular or ill-defined margins of PTC include small, rounded projections (microlobu-
lated) as well as jagged, spike-like extensions (spiculated).

Calcification: Calcification refers to focal areas within or around the nodule that exhibit significantly hyperechoic 
characteristics compared to the rest of the nodule and the surrounding normal tissue. Calcifications are categorized into 
microcalcifications and macrocalcifications based on whether they are larger than 1 mm.

Capsule contactor involvement: Capsule contact involvement refers to the interaction or relationship between the 
thyroid nodule and the surrounding thyroid capsule, which is the outer layer of the thyroid gland. Specifically, it indicates 
whether the nodule touches or invades the capsule. In clinical and radiological practice, when a nodule exhibits “capsule 
contact involvement”, it means that the boundary of the nodule is in close proximity to, or in some cases, has penetrated 
the thyroid capsule. This feature can be significant, as involvement of the capsule may suggest more aggressive tumor 
behavior, such as extrathyroidal extension, which can be associated with an increased risk of recurrence and metastasis, 
especially in cases of thyroid cancer like papillary thyroid carcinoma (PTC).

Presence of vascularity: Presence of vascularity refers to the detection of blood vessels within the PTC during an 
ultrasound examination, usually through Doppler imaging.
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TERT Promoter and BRAFV600E Mutation Analysis
Paraffin-embedded tumor tissue was sliced at a thickness of 10 μm and placed into a centrifuge tube for DNA extraction. 
DNA was extracted strictly in accordance with the instructions of the nucleic acid extraction kit (Amoydx, Fujian, 
China). Human BRAFV600E and TERT promoter mutation detection kits (Amoydx, Fujian, China) were used to detect 
mutations by real-time amplification refractory mutation system-quantitative PCR (RT-ARMS-qPCR). A TL988-IV real- 
time fluorescence quantitative PCR instrument (Biobase, Shandong, China) was used for amplification of 10 ng of total 
DNA per sample. All experiments were conducted in strict accordance with the human BRAFV600E and TERT gene 
promoter mutation detection kit instructions.

Statistical Analysis
Values are presented as the mean±standard deviation for data that were normally distributed or median and interquartile 
range for data that were not normally distributed for continuous variables and number (%) for categorical variables. To 
compare the clinicopathologic and US imaging characteristics between patients with coexisting BRAF and TERT 
promoter mutations and those without coexisting mutations, the chi-square test or Fisher’s exact probability method 
was used for categorical variables, and the t test was used for continuous variables.

Multivariate logistic regression analysis was used to determine if clinicopathologic and US imaging characteristics 
were independent variables for predicting coexisting mutations. These screened independent variables construct pre-
dictive models and are presented as nomograms.

The receiver operating characteristic curve (ROC curve) was plotted with independent variables to evaluate diag-
nostic effectiveness and determine the optimal cutoff value for predicting coexisting mutations.

In this study, internal validation is carried out using Bootstrap resampling method. The calibration curves and the 
Hosmer‒Lemeshow goodness of fit test was used to verify the calibration ability of the prediction model.

To assess the stability and robustness of the predictive model, we performed 10-fold cross-validation. The dataset was 
randomly divided into 10 subsets, and the model was trained and validated iteratively, with each subset serving as the 
validation set once. The Balanced Accuracy and AUC were calculated to evaluate the model’s performance. We 
employed Balanced Accuracy as a primary metric, particularly due to the imbalanced nature of our dataset. Balanced 
Accuracy is defined as the average of sensitivity (true positive rate) and specificity (true negative rate), calculated as 
follows:

Balanced Accuracy ¼ sensitivityþspecificity
2

Here, Sensitivity measures the proportion of correctly identified positive samples, while Specificity measures the 
proportion of correctly identified negative samples. This metric is particularly useful for imbalanced datasets, as it 
provides a more robust evaluation by equally considering the performance on both majority and minority classes, unlike 
traditional accuracy which can be biased towards the majority class.

Data processing and analysis were performed using R version 4.3.0 (2023–04-21), along with Zstats 1.0 (www.zstats.net). 
All statistical tests were two-sided, and P < 0.05 was considered significant.

Results
Clinicopathological Characteristics
A total of 120 PTC patients were enrolled in this study, which included 39 with coexisting mutations and 81 without 
coexisting mutations. The noncoexisting mutation group was defined as the group of patients who did not have both 
TERT promoter and BRAFV600Emutations concurrently. This group included the following patients:

Patients with TERT promoter mutations only (TERT+ only: 1 patients); Patients with BRAFV600E mutations only 
(BRAF+ only:73 patients); Patients with neither TERT promoter mutations nor BRAFV600E mutations (TERT-/BRAF-:7 
patients). As shown in Table 1, the mean age of the patients and lateral lymph node metastasis were significantly higher 
in the coexisting mutation group than in the noncoexisting mutation group (P<0.001 a). (Table 1).
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US Imaging Characteristics
As shown in Figures 1 and 2 and Table 2, Irregular or ill-defined margins, capsule contact or involvement and the 
presence of vascularity were more common in the coexisting mutation group than in the noncoexisting mutation group 
(P<0.001, P<0.001 and P=0.026, respectively). (Figures 1 and 2 and Table 2). As shown in Table S1, there was a high 
degree of consistency in the interpretation of ultrasound images by the two radiologists.

Multivariate Logistic Regression Analysis
Multivariate logistic regression analysis was performed for all clinicopathological and US imaging characteristics with 
statistically significant differences. The multivariate logistic regression analyses showed that age (OR: 1.24; 95% CI 
1.12–1.37, P<0.001), tumor size (OR: 5.51; 95% CI 2.26–13.46, P<0.001), lateral lymph node metastasis (OR: 7.36; 95% 
CI 1.48–36.48, P=0.015) and irregular or ill-defined margins (OR: 6.06; 95% CI 1.19–30.75, P=0.030) were all 
independent predictors for the coexistence of BRAF and TERT promoter mutations (Table 3). The cutoff values for 
age and tumor size were 44.5 years and 1.55 cm, respectively (Table 4).

Two models were established using the above four independent predictors to predict coexisting mutations. 
A preoperative prediction model was used to identify high-risk groups before FNA or surgery, develop corresponding 

Table 1 Association of BRAF V600E mutations+TERT Promoter Mutations With Clinical and Histopathologic Characteristics 
in Patients With PTC

Clinicopathological Characteristics Total (n = 120) No BRAF+TERT  
Mutations (n = 81)

BRAF+TERT  
Mutations (n = 39)

Statistic P

Age (mean ± SD, years) 49.24 ± 13.68 43.31 ± 11.05 61.56 ± 9.89 t=−8.76 <0.001*

Tumor size (mean ± SD, cm) 1.96 ± 1.06 1.59 ± 0.72 2.74 ± 1.24 t=−5.34 <0.001*
Sex, n(%) χ²=0.07 0.793

Female 91 (75.83) 62 (76.54) 29 (74.36)

Male 29 (24.17) 19 (23.46) 10 (25.64)
Multifocality, n(%) χ²=0.03 0.860

Single 66 (55.00) 45 (55.56) 21 (53.85)
Multifocal 54 (45.00) 36 (44.44) 18 (46.15)

Bilateral distribution, n(%) χ²=0.91 0.339

No 75 (62.50) 53 (65.43) 22 (56.41)
Yes 45 (37.50) 28 (34.57) 17 (43.59)

Complicated with Hashimotosdisease, n(%) χ²=2.10 0.147

No 99 (82.50) 64 (79.01) 35 (89.74)
Yes 21 (17.50) 17 (20.99) 4 (10.26)

Capsularinvasion, n(%) χ²=0.83 0.364

No 47 (39.17) 34 (41.98) 13 (33.33)
Yes 73 (60.83) 47 (58.02) 26 (66.67)

Peripheral muscles invasion, n(%) χ²=3.63 0.057

No 111 (92.50) 78 (96.30) 33 (84.62)
Yes 9 (7.50) 3 (3.70) 6 (15.38)

Central lymphnode metastasis, n(%) χ²=0.06 0.801

No 45 (37.50) 31 (38.27) 14 (35.90)
Yes 75 (62.50) 50 (61.73) 25 (64.10)

Lateral lymphnode metastasis, n(%) χ²=15.79 <0.001*

No 89 (74.17) 69 (85.19) 20 (51.28)
Yes 31 (25.83) 12 (14.81) 19 (48.72)

Pathologic TNM stage, n(%) χ²=3.34 0.067

Early stage (I/II) 115 (95.83) 80 (98.77) 35 (89.74)
Advanced stage (III/IV) 5 (4.17) 1 (1.23) 4 (10.26)

Notes:*P<0.05 Statistically significant difference. Bolded text indicates statistically significant values.t, t-test. χ², Chi-square test. 
Abbreviations: SD, standard deviation. TNM, tumor node metastasis.
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Figure 1 Papillary thyroid cancer from a 47-year-old woman with coexisting TERT promoter and BRAFV600E mutations. (a and b) Longitudinal images. (c and d) Transverse 
images. US images show a tumor size of 2.7×2.4×2.1 cm with irregular or ill-defined margins, capsule contact, and presence of vascularity.

Figure 2 Papillary thyroid cancer from a 25-year-old woman with a BRAFV600E mutation. (a and b) Longitudinal images. (c and d) Transverse images. US images show 
a tumor size of 1.1×1.0×0.9 cm with blurred margins, no capsule contact, and no vascularity.
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treatment plans, and achieve more accurate treatment. A postoperative predictive model was used to assess prognosis and 
determine whether more active management and monitoring were needed (Figure 3a and b).

We carried out ROC curve, calibration curve, and decision curve analyses to evaluate the performance of the risk 
prediction models.

As shown in Figure 3c and d, the preoperative and postoperative prediction models achieved AUCs of 0.95 (95% 
confidence interval, 0.92–0.99) and 0.96 (95% confidence interval, 0.93–1.000), respectively. At their ideal cutoffs (0.425 

Table 2 Association of BRAFV600E Mutations + TERT Promoter Mutations With US Imaging Characteristics in Patients 
With PTC

US imaging Characteristics Total (n = 120) No BRAF+TERT  
Mutations (n = 81)

BRAF+TERT  
Mutations (n = 39)

Statistic P

Tumor location, n(%) χ²=2.23 0.328

Left lobe 47 (39.17) 32 (39.51) 15 (38.46)
Right lobe 64 (53.33) 41 (50.62) 23 (58.97)

Isthmus 9 (7.50) 8 (9.88) 1 (2.56)

Composition, n(%) χ²=0.39 0.530
Solid 102 (85.00) 70 (86.42) 32 (82.05)

Cyst-solid 18 (15.00) 11 (13.58) 7 (17.95)
Echogenicity, n(%) - 0.243

Hypoechoic 114 (95.00) 77 (95.06) 37 (94.87)

Marked hypoechoic 3 (2.50) 1 (1.23) 2 (5.13)
Hyperechoic or isoechoic 3 (2.50) 3 (3.70) 0 (0.00)

Orientation, n(%) χ²=0.91 0.340

Nonparallel 72 (60.00) 51 (62.96) 21 (53.85)
Parallel 48 (40.00) 30 (37.04) 18 (46.15)

Margin, n(%) χ²=20.76 <0.001*

Smooth 85 (70.83) 68 (83.95) 17 (43.59)
Irregular or ill-defined 35 (29.17) 13 (16.05) 22 (56.41)

Calcification, n(%) χ²=1.67 0.434

None 31 (25.83) 20 (24.69) 11 (28.21)
Microcalcification 76 (63.33) 54 (66.67) 22 (56.41)

Macrocalcification 13 (10.83) 7 (8.64) 6 (15.38)

Capsule contactor involvement, n(%) χ²=22.15 <0.001*
No 99 (82.50) 76 (93.83) 23 (58.97)

Yes 21 (17.50) 5 (6.17) 16 (41.03)

Presence of vascularity, n(%) χ²=4.91 0.027*
No 23 (19.17) 20 (24.69) 3 (7.69)

Yes 97 (80.83) 61 (75.31) 36 (92.31)

Notes:*P<0.05 Statistically significant difference. Bolded text indicates statistically significant values. χ², Chi-square test.

Table 3 Multivariate Logistic Regression Analysis for Predicting BRAFV600E 

Mutations + TERT Promoter Mutations in PTC

Characteristics B SE Odds Ratio 95% CI P value

Age 0.21 0.05 1.24 1.12–1.37 <0.001*
Tumor size 1.71 0.46 5.51 2.26–13.46 <0.001*

Lateral lymph node metastasis 2.00 0.82 7.36 1.48–36.48 0.015*

Irregular or ill-defined margin 1.80 0.83 6.06 1.19–30.75 0.030*

Notes:*P<0.05 Statistically significant difference. 
Abbreviations: B, regression coefficient. SE, standard error. OR, Odds Ratio. CI, confidence interval.
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points for the preoperative model and 0.566 points for the postoperative model), the preoperative model demonstrated an 
accuracy of 91.0%, sensitivity of 94.0%, specificity of 85.0%, PPV of 93.0%, and NPV of 87.0%, while the postoperative 
model showed an accuracy of 95.0%, sensitivity of 99.0%, specificity of 87.0%, PPV of 84.0%, and NPV of 97.0% (Table 4).

The Bootstrap resampling method was internally validated with 1000 resamples for both the preoperative and 
postoperative prediction models. The preoperative model showed a mean absolute error of 0.025, while the postoperative 
model had a mean absolute error of 0.029, both indicating good accuracy. The calibration curves demonstrated high 
agreement between model predictions and actual observations for coexisting mutations (Figure 4a and b). The Hosmer– 
Lemeshow goodness of fit test further confirmed the calibration ability, with results for the preoperative model (χ²=2.21, 
P=0.974) and the postoperative model (χ²=15.07, P=0.058) both exceeding the significance threshold (P>0.05), indicating 
good calibration ability for both models.

Figure 3 The Nomogram and Receiver operating characteristic (ROC) curve of the prediction model. (a) Nomogram of the preoperative prediction model. (b) Nomogram 
of the postoperative prediction model. (c) Receiver operating characteristic (ROC) curve of the preoperative prediction model. (d) Receiver operating characteristic (ROC) 
curve of the postoperative prediction model. The nomograms provide a user-friendly tool for clinicians to estimate the probability of coexisting TERT promoter and 
BRAFV600E mutations based on individual patient characteristics. Each predictor (eg, age, tumor size, lateral lymph node metastasis, ill-defined margins) is assigned a score 
on the points scale. The total score corresponds to the predicted probability of coexisting mutations, as shown on the probability scale. These nomograms facilitate 
personalized risk assessment and treatment planning for PTC patients.

Table 4 Performance of the Independent Predictors and Prediction Models

Characteristics AUC Accuracy Sensitivity Specificity PPV NPV Cut off

Age 0.88 0.73 0.60 1.00 1.00 0.55 44.5
Tumor size 0.81 0.72 0.65 0.85 0.90 0.54 1.55

Lateral lymph node metastasis 0.67 0.73 0.85 0.49 0.78 0.61 0.419

Irregular or ill-defined margin 0.70 0.75 0.84 0.56 0.80 0.63 0.414
Preoperative prediction model 0.95 0.91 0.94 0.85 0.93 0.87 0.425

Postoperative prediction model 0.96 0.95 0.99 0.87 0.84 0.97 0.566

Abbreviations: AUC, Area Under the Curve; PPV, Positive Predictive Value; NPV, Negative Predictive Value.
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In addition, the decision curves in Figure 4c and d were located above the None and All lines, indicating that both the 
preoperative and postoperative prediction models demonstrated good clinical practicability.

The performance measures of the predictive models, including AUC, accuracy, sensitivity, specificity, PPV, and NPV, 
have significant clinical relevance. The high AUC values (0.95 for the preoperative model and 0.96 for the postoperative 
model) indicate excellent discriminatory ability, enabling the models to effectively distinguish between patients with and 
without coexisting mutations. The high accuracy and sensitivity ensures that most high-risk patients are correctly 
identified, minimizing the risk of false negatives, while the high specificity reduces unnecessary interventions for low- 

Figure 4 Evaluation of predictive model performance. (a) Calibration curve of the nomogram for the preoperative prediction model. (b) Calibration curve of the 
nomogram for the postoperative prediction model. (c) Decision curve analysis of the nomogram for the preoperative prediction model.(d) Decision curve analysis of the 
nomogram for the postoperative prediction model. (e) The 10-fold cross-validated ROC curves of the preoperative model. (f) The 10-fold cross-validated ROC curves of 
the postoperative prediction model. The calibration curve showed relatively high agreement between the predictions made by the model and the actual observations in 
terms of coexisting mutations. The decision curve was located above the None and All lines, indicating that the preoperative and postoperative prediction model had good 
clinical practicability. The 10-fold cross-validated ROC curves indicating strong classification performance and excellent discriminative ability.
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risk patients. The high PPV and NPV further support the models’ reliability in clinical practice. In practical terms, the 
preoperative model can be used to identify high-risk patients before FNA or surgery, guiding the choice of surgical extent 
and adjuvant therapies. The postoperative model can assess prognosis and guide follow-up management, such as more 
frequent monitoring or additional imaging studies. These applications have the potential to significantly improve patient 
outcomes by ensuring that high-risk patients receive appropriate treatment and surveillance.

10- Fold Cross-Validation
The preoperative model achieved a Balanced Accuracy of 0.841 and an AUC of 0.933 (Figure 4e), indicating strong 
classification performance and excellent discriminative ability. The postoperative model demonstrated further improve-
ment, with a Balanced Accuracy of 0.867 and an AUC of 0.945 (Figure 4f).

Discussion
Previous studies have demonstrated that compared with PTCs without coexisting TERT promoter and BRAFV600E 

mutations, PTCs with coexisting TERT promoter and BRAFV600E mutations are more aggressive and have a worse 
prognosis.10 There is also a synergistic effect of BRAFV600E and TERT promoter mutations on exacerbating the 
clinicopathologic features of PTC.6,11,16 The synergistic effect is initiated by BRAF-induced activation of the mitogen- 
activated protein kinase (MAPK) pathway, which upregulates ETS transcription factors. These transcription factors bind 
to the increased ETS-binding sites on the mutant TERT promoter, resulting in escalated TERT mRNA expression. The 
transcription factor GABPA and phosphorylated Sp1 synergistically activate the mutant TERT promoter, contributing to 
tumorigenesis and cancer progression.17,18

Multiple studies have shown that the coexistence of TERT promoter and BRAFV600E mutations is significantly 
associated with older age, male sex, larger tumor size, multifocal tumors, extrathyroid invasion, distant metastasis, more 
advanced TNM stage, and a higher risk of recurrence.6,10,11,16,19–21 This study showed that age, tumor size, peripheral 
muscle invasion, lateral lymph node metastasis, and advanced TNM stage (stage III/IV) were significantly higher in the 
coexisting mutation group than in the noncoexisting mutation group, which was closely related to invasiveness and 
prognosis. There was no difference in central lymph node metastasis between the two groups, thus confirming that 
preventive central lymph node dissection is not the best choice for PTC. In contrast to previous studies, advanced TNM 
stage (stage III/IV) was not an independent risk factor. We considered that this was related to the narrowing of the 
advanced TNM stage (stage III/IV) of the AJCC 8th edition TNM staging system for thyroid carcinoma, the adjustment 
of the age cutoff point from 45 years to 55 years, and the absence of lymph node metastasis as a reference factor for 
advanced TNM stage (stage III/IV).8,9,15

Age and tumor size have long been recognized as important factors in determining the prognosis of various cancers, 
including PTC. In our study, age and tumor size were found to be significant contributors to the predictive accuracy of the 
models, which is consistent with previous research showing their association with tumor aggressiveness. Tumors in older 
patients tend to exhibit more aggressive features, and larger tumor size is often linked to an increased likelihood of 
extrathyroidal extension and lymph node metastasis. These factors, therefore, directly influence the risk of recurrence and 
overall prognosis.

The inclusion of age and tumor size in our predictive models enhances the ability to identify high-risk patients earlier 
in the clinical decision-making process. Specifically, age can reflect a patient’s overall health status, which can impact the 
selection of appropriate treatment strategies, such as the extent of surgery or the decision to use adjuvant therapies. 
Similarly, tumor size provides crucial information about the likelihood of extrathyroidal extension and the risk of lymph 
node involvement, which are critical considerations for surgical planning.

Of the US imaging characteristics, irregular or ill-defined margin was an independent risk factor. We considered that 
because tumors with the coexistence of TERT promoter and BRAFV600E mutations were more aggressive, with different 
growth rates when invading peripheral thyroid tissue, the margins showed differential foliation or irregularity. In 
addition, a larger tumor size with coexisting TERT promoter and BRAFV600E mutations can make irregular or ill- 
defined margins easier to see on US images.
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Several other studies in the past have had similar results. Shi et al’s study suggested that a shape that is taller than it is 
wide, irregular margins and capsule contact or involvement were independent risk predictors for TERT promoter 
mutations.12 Kim et al’s study suggested that nonparallel orientation and irregular margins were independent ultrasono-
graphic findings for predicting telomerase reverse transcriptase promoter-mutated papillary thyroid cancer in patients over 
50 years.13 Hu et al’s study suggested that older age, maximum diameter of ≥ 10 mm, unilateral, multifocal, adjacent to the 
thyroid capsule, and accompanied by other benign nodules were independent risk factors for TERT promoter mutations in 
PTC.22 Unlike their study, our study examined the coexistence of TERT promoter and BRAFV600E mutations.

In this study, irregular or ill-defined margins, capsule contact or involvement and the presence of vascularity were more 
common in the coexisting mutation group than in the noncoexisting mutation group. Hahn et al’s study suggested that as the 
number of genetic mutations increased, from no mutation to BRAF mutation alone to both BRAF and TERT mutations, the 
proportions of hypoechogenicity, nonparallel orientation, spiculated/irregular margins, microcalcifications, and high 
suspicion category increased.14 Hahn et al14 studied PTCs with a maximum diameter greater than or equal to 0.5 cm, 
while the PTCs in our study had a maximum diameter greater than or equal to 1 cm.14 In addition, the number of coexisting 
mutations in our study was 39, which was significantly higher than the 11 coexisting mutations in the previous study.

In this study, a postoperative prediction model was established with four independent predictors, including age, tumor 
size, lateral lymph node metastasis and irregular or ill-defined margins, to predict coexisting mutations. The ROC curve 
showed that the prediction model established using the above four independent characteristics had higher accuracies, 
sensitivities, specificities, PPV and NPV in predicting coexisting mutations. The calibration curve showed that the 
postoperative prediction model had good calibration ability, and there was relatively high agreement between the 
predictions made by the model and the actual observations. In addition, the decision curve showed that the postoperative 
prediction model had good clinical practicability. Therefore, we suggest that PTC patients with a high probability of 
coexisting mutations have the following characteristics: age greater than 44.5 years old, maximum tumor diameter 
greater than 1.55 cm, lateral cervical lymph node metastasis and ultrasound features of irregular or ill-defined margins. 
A more active treatment strategy and stronger postoperative follow-up is suggested for these patients.

In addition to their prognostic value, the coexisting mutations are helpful for determining the extent of surgery, the 
extent of lymph node dissection, the dose of radioactive iodine, etc.23,24 Therefore, predicting coexisting mutations will 
significantly improve the risk stratification of PTC. If the coexisting mutations can be predicted and a corresponding 
treatment plan can be established before surgery, more accurate treatment will be achieved.

To find the best method to predict coexisting mutations before FNA or surgery, a preoperative prediction model was 
established with three independent predictors that can be obtained before FNA or surgery, including age, tumor size and 
irregular or ill-defined margins. ROC curves showed that the preoperative prediction model had higher accuracies, 
sensitivities, specificities, PPV and NPV in predicting coexisting mutations. The calibration curve showed that the 
preoperative prediction model had good calibration ability, and there was relatively high agreement between the 
predictions made by the model and the actual observations. In addition, the decision curve showed that the preoperative 
prediction model also had good clinical practicability.

Therefore, we believe that PTC patients with a high probability of coexisting mutations who have not undergone FNA 
or surgery have the following characteristics: age greater than 44.5 years old, maximum tumor diameter greater than 
1.55 cm and ultrasound features of irregular or ill-defined margins. In these patients, more aggressive strategies, such as 
FNA or surgery, rather than observational follow-up are suggested.

When comparing our study with Hahn et al’s research, we observed similar correlations between TERT/BRAF 
mutations and various clinicopathological features. This finding further supports the robustness of our model, suggesting 
that it could be applicable across diverse clinical settings and populations. The consistent patterns observed in both 
studies indicate the potential for our predictive model to be used as a reliable tool for identifying high-risk patients in 
different clinical environments.

The Balanced Accuracy and AUC are crucial metrics for evaluating the stability of both preoperative and post-
operative models, especially in the context of class imbalance. Unlike traditional accuracy, Balanced Accuracy accounts 
for the performance of both the positive and negative classes, mitigating the bias that may arise from class imbalance. By 
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incorporating AUC, the results of this study further validated the overall performance of the model across different 
decision thresholds, which is essential for assessing the model’s reliability in real-world applications.

In addition, several studies have shown that combined detection of the TERT promoter and BRAFV600E mutations can 
be performed and is considered to be a reliable method for the preoperative diagnosis of high-risk thyroid nodules.25–27 

Therefore, we believe that our conclusions are feasible and of great significance.
This study introduces an innovative approach by utilizing clinicopathological and ultrasound features to develop 

preoperative and postoperative prediction models for identifying concurrent mutations in papillary thyroid carcinoma 
(PTC). This method provides a more comprehensive strategy for patient management, surpassing traditional risk 
stratification models that rely solely on individual clinicopathological factors. The new model makes a significant 
contribution to clinical practice by offering the potential to identify high-risk patients at an early stage, facilitating 
more personalized treatment plans and improving prognostic predictions. The preoperative model can assist clinicians in 
making early decisions regarding surgical approaches and adjuvant therapies, while the postoperative model can guide 
follow-up care and monitoring to ensure better management of high-risk patients. By refining risk stratification and 
integrating these models into clinical practice, clinicians can enhance their decision-making processes, potentially leading 
to more accurate and efficient management of PTC patients. Furthermore, the findings of this study may aid in counseling 
patients about their prognosis, including the likelihood of recurrence or metastasis.

There were several limitations in this study. First, the group without coexisting mutations was not subdivided into 
patients with no mutations, TERT promoter mutations alone or BRAFV600E mutations alone. Therefore, this study did not 
evaluate the impact of the number of different types of mutations on the study after subdivision. Second, the correlation 
between clinicopathologic and ultrasonic features of PTCs smaller than 1 cm was not discussed. Third, although our 
predictive model demonstrated strong performance in the internal validation cohort, this study was conducted at a single 
center. Therefore, external validation in an independent cohort is essential to confirm the model’s generalizability and 
robustness. We plan to validate the model using data from a different institution in future work. This step will ensure that 
the model is applicable to diverse patient populations and can be reliably integrated into clinical practice for guiding 
treatment decisions in PTC. Fourth, there may be potential selection bias in our study. The higher proportion of patients 
with coexisting TERT promoter and BRAFV600E mutations (TERT+/BRAF+) in our cohort could introduce selection 
bias, potentially limiting the generalizability of our findings. This may be attributed to the unique characteristics of our 
study population, which included a higher proportion of patients with aggressive disease features, such as older age, 
larger tumor size, and advanced tumor stage. Additionally, our selection criteria, which required comprehensive 
clinicopathological, ultrasound, and genetic data, may have resulted in a higher prevalence of TERT+/BRAF+ patients, 
as these patients are more likely to undergo extensive diagnostic and genetic testing. To address the potential for selection 
bias and enhance the generalizability of our findings, we plan to collaborate with multiple centers to validate our 
predictive models in independent, multi-center cohort. This external validation will include a more diverse patient 
population and help confirm whether the high proportion of TERT+/BRAF+ patients in our study is reproducible in other 
settings. Finally, our predictive models include four key predictors (age, tumor size, lateral lymph node metastasis, and 
ill-defined margins). While these predictors were selected based on their clinical relevance and statistical significance, the 
models may not capture all potential factors associated with coexisting mutations. Future studies could explore the 
inclusion of additional predictors, such as molecular markers or advanced imaging features, to further improve model 
performance. This will be the focus of our future research.

In conclusion, ultrasound and clinicopathological characteristics can predict coexisting mutations. The establishment 
of a prediction model using ultrasound and clinicopathological characteristics can predict coexisting mutations before or 
after surgery, stratify prognostic risks and guide the choice of treatment. Although this study has limitations, such as 
a relatively small sample size and the lack of external validation, these aspects will be the focus of future research. The 
next step will involve multi-center collaborative studies, as well as incorporating additional molecular markers or multi- 
omics data to further enhance the model’s performance and generalizability.
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