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Management of thyroid nodules with atypia of undetermined significance/follicular lesion of 
undetermined significance (AUS/FLUS) cytology is challenging because of uncertain malignancy 
risk. Intraoperative frozen section pathology provides real-time diagnosis for AUS/FLUS nodules 
undergoing surgery, but its accuracy is limited. This study aimed to develop an integrated predictive 
model combining clinical, ultrasound and IOFS features to improve intraoperative malignancy risk 
assessment. A retrospective cohort study was conducted on patients with AUS/FLUS cytology and 
negative BRAFV600E mutation who underwent thyroid surgery. The cohort was randomly divided 
into training and validation sets. Clinical, ultrasound, and pathological features were extracted for 
analysis. Three models were developed: an IOFS model with IOFS results as sole predictor, a clinical 
model integrating clinical and ultrasound features, and an integrated model combining all features. 
Model performance was evaluated using comprehensive metrics in both sets. The superior model was 
visualized as a nomogram. Among 531 included patients, the integrated model demonstrated superior 
diagnostic ability, predictive performance, calibration, and clinical utility compared to other models. 
It exhibited AUC values of 0.92 in the training set and 0.95 in the validation set. The nomogram 
provides a practical tool for estimating malignancy probability intraoperatively. This study developed 
an innovative integrated predictive model for intraoperative malignancy risk assessment of AUS/FLUS 
nodules. By combining clinical, ultrasound, and IOFS features, the model enhances IOFS diagnostic 
sensitivity, providing a reliable decision-support tool for optimizing surgical strategies.
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Thyroid cancer represents one of the most rapidly proliferating malignancies globally, with an estimated 586,000 
new cases reported worldwide in 2020, constituting 3% of all new cancer diagnoses1,2. Precise and timely 
diagnosis is paramount for the effective treatment and management of thyroid cancer. Fine-needle aspiration 
(FNA) biopsy, interpreted using the Bethesda System for Reporting Thyroid Cytopathology (TBSRTC)3, is 
widely acknowledged as the gold standard for diagnosing ultrasound-detected suspicious thyroid nodules. This 
method has demonstrated remarkable diagnostic accuracy, with reported sensitivities ranging from 0.72 to 0.93 
and specificities from 0.96 to 0.994–6. However, notable challenges emerge in the management of patients with 
FNA results indicating “atypia of undetermined significance/follicular lesion of undetermined significance” 
(AUS/FLUS) (TBSRTC category III). The reported malignancy risk for AUS/FLUS nodules spans from 22.6% to 
37.8%7–9, introducing substantial uncertainty in clinical decision-making.

In cases where AUS/FLUS nodules require surgical intervention, such as those exhibiting recurrent AUS/FLUS 
results, rapid growth, compressive symptoms, or cosmetic concerns, intraoperative frozen section pathology 
(IOFS) is typically performed to guide surgeons in determining the optimal extent of surgery. Although IOFS 
provides immediate diagnostic information, enabling surgeons to make immediate decisions regarding the 
necessity for total thyroidectomy, lobectomy, or central lymph node dissection, the diagnostic accuracy of IOFS 
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for AUS/FLUS nodules remains limited. Previous studies have reported a wide range of sensitivity values for 
IOFS in diagnosing malignancy in AUS/FLUS nodules, with figures varying from 0.22 to 0.5410–12. This low 
sensitivity may result in the misdiagnosis of malignant cases during surgery, which could lead to suboptimal 
surgical intervention, an increased risk of reoperation, and elevated healthcare costs. It is therefore imperative 
to enhance the sensitivity of IOFS in diagnosing malignancy in AUS/FLUS nodules in order to optimize surgical 
decision-making and improve patient outcomes.

It was postulated that an integrated predictive model, which would combine clinical features, imaging 
findings, and IOFS results, could significantly enhance the sensitivity of IOFS alone in diagnosing malignancy 
in AUS/FLUS nodules intraoperatively. This hypothesis is based on previous research that has identified 
correlations between specific clinical features (such as nodule size13 and patient age14,15) and ultrasound 
characteristics (including echogenicity, margins, and calcifications13–18) with the malignancy risk of AUS/
FLUS nodules. While previous studies have attempted to develop predictive models that incorporate clinical 
and ultrasound features14,18, a comprehensive model that integrates all three essential diagnostic components-
clinical features, ultrasound features, and IOFS results-remains conspicuously absent from the literature. This 
represents a significant gap in clinical decision support tools, particularly because these diagnostic modalities 
offer complementary perspectives that, when synthesized, could yield significantly more accurate risk 
assessments than current single-modality or dual-modality approaches. Our study addresses this crucial gap by 
developing the first integrated predictive model that systematically combines these three key diagnostic elements 
for real-time intraoperative decision-making in AUS/FLUS nodules. This novel approach strategically leverages 
the complementary strengths of each modality while mitigating their individual limitations, thereby potentially 
offering a more robust and reliable clinical assessment tool.

Accordingly, the objective of this study was to develop an integrated intraoperative predictive model 
specifically for thyroid nodules with FNA-indicated AUS/FLUS cytology, where diagnostic uncertainty has the 
greatest impact on surgical decision-making. This innovative model incorporates clinical features, ultrasound 
imaging features, and IOFS results, and is designed to provide surgeons with a more reliable decision-support 
tool, optimize surgical strategies, and ultimately improve both immediate surgical management and long-term 
patient prognosis in cases of AUS/FLUS thyroid nodules.

Methods
This retrospective cohort study was conducted with approval from the Ethics Committee of Ningbo Medical 
Center Lihuili Hospital. All methods were carried out in accordance with relevant guidelines and regulations. 
The requirement for informed consent was waived by the Ethics Committee of Ningbo Medical Center Lihuili 
Hospital due to the retrospective nature of the study, the minimal risk to participants, the fact that all data 
were collected from routine clinical care, and that all patient data were analyzed in a de-identified manner with 
no individual patient data presented. We rigorously adhered to the Transparent Reporting of a Multivariable 
Prediction Model for Individual Prognosis or Diagnosis (TRIPOD) statement for model development, validation, 
and reporting19. The study cohort comprised patients who underwent thyroid surgery at Ningbo Medical Center 
Lihuili Hospital, a comprehensive medical, teaching, and research institution in Ningbo, China, which performs 
approximately 2,000 thyroid surgeries annually.

The diagnosis and treatment protocols for thyroid nodules at our institution adhere the guidelines of the 
American Thyroid Association (ATA)20. Ultrasound reports adhere to the standardized Thyroid Imaging 
Reporting and Data System (TI-RADS)21. FNA is recommended for nodules classified as TI-RADS category 4A 
or higher and exceeding 5 mm in size. In cases where patients have been diagnosed with AUS/FLUS via FNA 
and have a negative BRAFV600E mutation status, surgical intervention is advised if they meet specific criteria, 
including persistent AUS/FLUS classification following repeated FNA, rapid nodule growth, compressive 
symptoms, cosmetic concerns, or other clinical indications necessitating surgical intervention. In these cases, 
IOFS analysis is conducted as a routine procedure to inform surgical decision-making.

A comprehensive physical examination, high-resolution ultrasound imaging, and thyroid function tests is 
performed as part of the preoperative evaluation, which also includes assessments of thyroglobulin antibody 
(TgAb) and thyroid peroxidase antibody (TPOAb). Ultrasound examinations are conducted by experienced 
institutional sonographers, with images stored in DICOM format in the hospital’s Picture Archiving and 
Communication Systems (PACS). All pathological diagnostic services, including FNA cytology, molecular 
biology, IOFS, and postoperative paraffin section (PS), are provided by the Ningbo Clinical Pathology Diagnostic 
Center. Cytological results are classified in accordance with the latest Bethesda System for Reporting Thyroid 
Cytopathology (TBSRTC)3, while pathological assessment adheres to the World Health Organizatio (WHO) 
classification criteria22.

Study cohort establishment
We conducted a comprehensive retrospective analysis of all patients who underwent thyroid surgery at our 
institution between January 1, 2019, and December 31, 2023. The selection of study population was guided by 
comprehensive clinical considerations, including surgical indications, molecular profiles, imaging characteristics, 
and pathological features. Specifically, we focused on patients with AUS/FLUS cytology who required surgical 
intervention due to clinical indications such as persistent diagnostic uncertainty, compressive symptoms, or 
nodule progression. Among these patients, we specifically selected BRAFV600E negative cases where diagnostic 
uncertainty has the greatest clinical impact, as BRAFV600E positive nodules demonstrate exceptionally high 
positive predictive value for malignancy23. While other molecular markers exist, their limited independent 
predictive value24,25 and non-routine implementation in our institutional practice led to their exclusion from 
our analysis.
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Patients were included in the study cohort if they met all the following inclusion criteria and did not meet 
any exclusion criteria. The inclusion criteria were: 1) preoperative FNA result of AUS/FLUS (TBSRTC category 
III); 2) surgery performed due to repeated AUS/FLUS results, rapid growth, compressive symptoms, cosmetic 
concerns, or other clinical indications necessitating surgical intervention; 3) negative BRAFV600E mutation 
status; 4) IOFS performed intraoperatively. The exclusion criteria were: 1) incomplete clinical data; 2) missing 
ultrasound imaging data for the AUS/FLUS nodule; 3) inconclusive pathological results by PS; 4) the presence 
of other nodules in the ipsilateral or contralateral thyroid classified as TI-RADS 4A or higher, FNA result of 
Bethesda III or higher, positive BRAFV600E mutation, or IOFS confirming indeterminate or malignant status; 
5) preoperative confirmation of central (level VI) or lateral neck (levels II-V) lymph node metastasis; 6) 
preoperative confirmation of distant thyroid cancer metastasis; 7) history of ipsilateral or contralateral thyroid 
surgery (whether benign or malignant).

Data collection and processing
Following an extensive literature review, we identified key clinical and ultrasound features that may serve as 
predictors of malignancy risk in AUS/FLUS nodules. These included age14,15,26,27, nodule size13,15, gender13, 
presence of Hashimoto’s thyroiditis27, and ultrasound features such as echogenicity13,16, composition13,18, 
shape13,16,27, margin13,14,16–18,27, and calcifications13,14,16–18.

The clinical, ultrasound, and pathological features were meticulously extracted from the hospital information 
system. The ultrasound features reported in the or original reports were independently reviewed and evaluated 
by a specialist in thyroid ultrasound with 15 years of experience, who was unaware of the pathology results, 
using the original images from the PACS system. Any discrepancies between the original reports and the re-
evaluation were resolved through consensus with a senior sonographer. The presence of Hashimoto’s thyroiditis 
was determined based on the presence of positive TgAb or TPOAb results. The quantification of these tests 
was conducted using the Siemens ADVIA Centaur XP Immunoassay System via an immunochemiluminescent 
assay. Patients with TgAb levels exceeding 4.5 IU/mL or TPOAb levels above 60 U/mL were classified as 
having Hashimoto’s thyroiditis. The size of the nodule was determined by the maximum diameter measured 
by ultrasound and categorized as ≤ 1 cm (T1a), >1 cm and ≤2 cm (T1b), and >2 cm (>T2). IOFS results were 
classified as indeterminate in cases where the diagnosis was described as “suspicious but inconclusive,” “deferred 
diagnosis,” “further evaluation required,” or “definitive resection recommended.” PS diagnosis adhered to the 
WHO classification of thyroid tumors, 5th edition. Tumors of uncertain malignant potential were classified as 
benign. To minimize the potential for data entry errors, all data were independently entered by two investigators 
into a Microsoft Access database and automatically cross-checked for discrepancies.

Model development
The study cohort was randomly divided into a training (70%) and a validation (30%) sets using a 7:3 ratio. 
The training set was employed for the development of the model, while the validation set was utilized for the 
evaluation of the model’s performance. We initially conducted univariate and multivariate analyses to assess 
the ability of IOFS to independently predict malignancy risk. Subsequently, the Least Absolute Shrinkage and 
Selection Operator (LASSO) regression model28 was employed to identify the most significant predictors for the 
clinical (incorporating clinical and ultrasound features) and integrated models (combining clinical, ultrasound, 
and IOFS features). LASSO utilizes the penalty parameter λ to shrink the coefficients of less important predictors 
to zero, thereby identifying the most relevant predictors while mitigating the risk of overfitting, particularly in 
scenarios with numerous predictors and limited samples29. The optimal value of λ was identified as the point of 
minimal binomial deviance using 10-fold cross-validation, as this value optimally balances model complexity 
and goodness of fit. The variables with non-zero coefficients at the optimal λ were selected for inclusion in the 
clinical and integrated models, respectively, and subsequently used to construct logistic regression models with 
PS results as the dependent variable. The IOFS model was constructed as a logistic regression model, with IOFS 
results serving as the sole predictor variable.

The optimal threshold probability for each model was determined by identifying the point on the Receiver 
Operating Characteristic (ROC) curve that was closest to the top-left corner in the training set, maximizing 
Youden’s J statistic and balancing the trade-off between sensitivity and specificity. We calculated The sensitivity, 
specificity, positive predictive value (PPV), negative predictive value (NPV), and F1 score were calculated for 
each model in both the training and validation sets.

Model evaluation and comparison
We employed a comprehensive set of metrics to evaluate model performance, including goodness of fit, predictive 
ability, diagnostic accuracy, calibration, clinical utility, and predictive improvement.

The Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), and McFadden’s pseudo-R2 
were used to assess the goodness of fit of the models in the training set. A lower AIC and BIC value, coupled with 
a higher McFadden’s pseudo-R2, indicate superior model fit. The Mean Squared Error (MSE) and Root Mean 
Squared Error (RMSE) were calculated for both the training and validation sets to evaluate predictive ability. A 
lower MSE and RMSE value in both sets suggest enhanced predictive ability and generalizability.

To assess diagnostic accuracy, both training and validation sets were evaluated using ROC curves and 
the area under the curve (AUC). Higher AUC values indicate superior discrimination between benign and 
malignant cases. Calibration curves were employed to assess the calibration of the models in both sets. The ideal 
calibration is represented by a 45-degree diagonal line, indicating that the model predictions perfectly align 
with the observed results. A decision curve analysis (DCA) was conducted to assess the clinical utility of the 
models in both sets. DCA assesses the net benefit of utilizing the model to inform clinical decision-making in 
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comparison to the alternative approaches of treating all patients or none. A model that demonstrates a higher net 
benefit across a range of threshold probabilities is considered to have superior clinical utility.

Lastly, the AUC difference (∆AUC), continuous Net Reclassification Improvement (NRI), and Integrated 
Discrimination Improvement (IDI) were calculated to assess the predictive improvement between the models. 
Significantly higher (p < 0.05) ∆AUC, NRI, and IDI values indicate that the model provides enhanced 
discrimination, reclassification, and prediction probability, respectively, compared to other models.

Statistical analysis
All statistical analyses were performed using R software (version 4.3.1)30. We utilized several R packages for 
specific analyses: gtsummary31 for univariate and multivariate analyses, networkD332 for Sankey diagram 
generation, glmnet33 for LASSO regression, rms34 for logistic regression and nomogram construction, 
Metrics for RMSE and MSE calculations35, pROC36 for ROC curve analysis, probably for calibration 
curves37, PredictABEL for NRI and IDI calculations38, and rmda for DCA39.

Continuous variables were presented as mean ± standard deviation (SD), while categorical variables were 
presented as frequencies and percentages. The Student’s t-test was employed to compare continuous variables, 
while the χ2 test or Fisher’s exact test was used for categorical variables. A two-tailed p value < 0.05 was 
considered statistically significant.

Results
Study cohort and baseline characteristics
A total of 531 patients met the inclusion criteria and were included in the study cohort. The inclusion and 
exclusion flowchart is shown in Figure 1. The mean age of the cohort was 48.2 ± 10.9 years, with 427 (80.4%) 
female participants. The concordance between IOFS and PS results is statistically presented in Table 1 and 
visualized in Figure 2.

The IOFS diagnosis identified 292 patients (55.0%) as malignant, 129 (24.3%) as indeterminate, and 110 
(20.7%) as benign. PS confirmed 397 patients (74.8%) as malignant and 134 (25.2%) as benign. Consequently, 
IOFS demonstrated a sensitivity of 0.73 (292/397) and a PPV of 0.99 (292/295) for malignant case diagnosis, 
while exhibiting a specificity of 0.60 (81/134) and an NPV of 0.74 (81/110) for benign cases. Among the 
indeterminate cases diagnosed by IOFS, 61.2% (79/129) were subsequently confirmed as malignant and 38.8% 
(50/129) as benign by PS.

The cohort was randomly divided into a training set (n = 372) and a validation set (n = 159). No significant 
differences in baseline characteristics were observed between the two sets, as detailed in Table 2.

Model development
The univariate analysis revealed that age, nodule size, composition, shape, margin, and IOFS results were 
significantly associated with PS results (all p < 0.05). The results of the multivariate analysis demonstrated that 
IOFS results and nodule shape were independently associated with PS scores (both p < 0.05), as shown in Table 
3. These analyses confirmed that IOFS results are the most significant predictor of malignancy risk in AUS/FLUS 
nodules.

The cross-validation of the LASSO regression models for the clinical and integrated models showed that the 
optimal λ values were 0.026 and 0.014, respectively, at which the binomial deviance reached its minimum, as 
shown in Figure 3A and Figure 3B. At these optimal λ values, the LASSO regression models selected six non-
zero coefficients (age, nodule size, composition, shape, margin, and echogenicity) for the clinical model and 
seven non-zero coefficients (age, composition, shape, echogenicity, macro-calcification, peripheral calcification, 
and IOFS results) for the integrated model, respectively, as shown in Figure 3C and Figure 3D. The logistic 
regression models of the clinical, IOFS, and integrated models were constructed as shown in Table 4.

Model evaluation and comparison
The goodness of fit and predictive ability metrics of the clinical, IOFS, and integrated models in the training and 
validation sets are shown in Table 5. The integrated model exhibited the highest McFadden’s pseudo-R2 (0.48) 
and relatively lower AIC (241.03) and BIC (288.06) in the training set, indicating a comparable goodness of fit 
to that of the other models. Additionally, the integrated model showed the lowest RMSE (0.31 in the training set 
and 0.29 in the validation set) and MSE (0.19 in the training set and 0.20 in the validation set), indicating the 
best predictive ability.

The ROC curves for the clinical, IOFS, and integrated models in the training and validation sets are shown 
in Figure 4. The AUC values of the clinical, IOFS, and integrated models in the training set were 0.71, 0.89, and 
0.92, respectively, and in the validation set were 0.77, 0.92, and 0.95, respectively. The integrated model exhibited 
the highest AUC values in both the training and validation sets, indicating the best diagnostic ability.

The optimal threshold probabilities for the clinical, IOFS, and integrated models were 0.77, 0.76, and 
0.65, respectively. The diagnostic performance metrics at these specified thresholds are presented in Table 6. 
The integrated model demonstrated superior performance across several key metrics, achieving the highest 
sensitivity, NPV, and F1 score in both sets. Although it exhibited slightly diminished specificity and PPV in the 
training set compared to the IOFS model, its performance in the validation set was comparable for these metrics.

The calibration curves are shown in Figure 5. The integrated model exhibited satisfactory calibration in both 
datasets, particularly for low-risk patients. However, it demonstrated less confidence in predicting high-risk 
patients, particularly in the validation set.

The DCA curves are presented in Figure 6. All models showed higher net benefit compared to treat-all or 
treat-none strategies, with the integrated model consistently demonstrating the highest net benefit across the 
range of threshold probabilities in both sets.
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A detailed comparison of the predictive improvement between the models can be found in Table 7. The 
integrated model showed statistically significant improvements in ∆AUC, NRI, and IDI compared to both 
the clinical and IOFS models in both sets, indicating enhanced discrimination, reclassification, and predictive 
accuracy.

Fig. 1.  Patient Selection Flowchart.
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Model visualization
The nomogram of the integrated model is presented in Figure 7. This visual tool facilitates intraoperative 
estimation of the probability of malignancy for AUS/FLUS nodules based on clinical, ultrasound, and IOFS 
features. The threshold probability of 0.65 is equivalent to a total score of 110 on the nomogram. Patients with a 
total point score exceeding 110 are deemed to have a high probability of malignancy and may necessitate more 
extensive surgical intervention.

Discussion
This study presents an innovative integrated predictive model for intraoperative malignancy risk assessment of 
thyroid nodules with AUS/FLUS cytology and negative BRAFV600E mutation status. While Bethesda categories 
III-V are all considered indeterminate cytology, we specifically focused on category III due to several compelling 
reasons. First, these categories exhibit markedly different risk profiles for malignancy (13-30% for category III, 
23-34% for category IV, and 67-83% for category V3), which necessitates differentiated management approaches. 
Second, category IV nodules, particularly follicular neoplasms, present unique diagnostic challenges during 
intraoperative frozen section analysis, which our institution has previously addressed through a dedicated 
predictive model40. Third, while categories IV and V typically proceed directly to diagnostic surgical excision 
due to their higher malignancy risk, category III nodules require a more selective approach including repeat 
FNA or molecular testing, making the decision-making process particularly challenging.

By integrating clinical features, ultrasound imaging characteristics, and IOFS results, our model significantly 
enhances the sensitivity of IOFS in diagnosing malignancy intraoperatively for these challenging category III 
nodules. Our findings demonstrate that the integrated model exhibits superior diagnostic ability, predictive 
performance, calibration, and clinical utility compared to both the clinical and IOFS models when considered 
independently. This improved diagnostic accuracy has direct implications for surgical decision-making: nodules 
determined to be benign may be appropriately treated with lobectomy alone, while confirmation of malignancy 
may indicate the need for central lymph node dissection in selected cases41. Additionally, surgical planning 

PS report Cases Percentage(%)

IOFS report: benign 110

PS report: benign

Follicular nodular disease 66 60.00

Hashimoto’s thyroiditisa 13 11.82

Thyroid tumors of uncertain malignant potential 2 1.82

PS report: malignant

Papillary thyroid carcinoma 27 24.55

Follicular thyroid carcinoma 1 0.91

Invasive encapsulated follicular variant papillary thyroid carcinoma 1 0.91

IOFS report: indeterminateb 129

PS report: benign

Follicular nodular disease 35 27.13

Hashimoto’s thyroiditisa 7 5.43

Thyroid tumors of uncertain malignant potential 7 5.43

Hyalinizing trabecular tumor 1 0.78

PS report: malignant

Papillary thyroid carcinoma 72 55.81

Invasive encapsulated follicular variant papillary thyroid carcinoma 4 3.10

Medullary thyroid carcinoma 2 1.55

Follicular thyroid carcinoma 1 0.78

IOFS report: malignancy 292

PS report: benign

Follicular nodular disease 3 1.03

PS report: malignant

Papillary thyroid carcinoma 287 98.29

Follicular thyroid carcinoma 1 0.34

Medullary thyroid carcinoma 1 0.34

Table 1.  Concordance Between IOFS Results and PS Results for AUS/FLUS Thyroid Nodules Percentage 
calculated based on the total number of cases in each PS report category. Some percentages may not add up 
to 100% due to rounding. aHashimoto’s thyroiditis was defined as a positive thyroglobulin antibody(>4.5IU/
mL) or a positive thyroid peroxidase antibody(>60 U/mL) result via immunochemiluminescent assay. bIn 
cases IOFS reported as “suspicious but inconclusive,” “deferred diagnosis,” “further evaluation required,” or 
“definitive resection recommended.”

 

Scientific Reports |         (2025) 15:1860 6| https://doi.org/10.1038/s41598-024-84716-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


may be further modified based on factors such as multifocality or tumor size exceeding 4 cm, which might 
necessitate total thyroidectomy20. To the best of our knowledge, this represents the first study to develop such a 
comprehensive integrated model for intraoperative risk assessment of category III (AUS/FLUS) nodules.

Our analysis revealed that for AUS/FLUS nodules, IOFS diagnosed 55.0% patients (292/531) as malignant, 
with a sensitivity of 0.74 (292/397). Although this sensitivity exceeds that reported in previous studies10–12, there 
is still considerable scope for improvement in order to minimize the number of missed diagnoses of malignant 
cases during surgery. This highlights the need for a more comprehensive approach to intraoperative decision-
making in cases of AUS/FLUS. Our findings corroborate those of previous research, which identified clinical 
features such as age and nodule size, as well as ultrasound characteristics including composition, shape, and 
margin, as significant predictors of malignancy risk in AUS/FLUS nodules13–18. However, few studies have 
constructed predictive models integrating these features. Choi et al. developed a model based on clinical and 
ultrasound features, achieving an AUC of 0.8318, while Öcal et al.  reported a similar model with an AUC of 
0.7814. These findings are consistent with the AUC of our clinical model, which was 0.71 in the training set and 
0.77 in the validation set.

Our study builds upon previous models by incorporating IOFS results, thereby markedly enhancing diagnostic 
accuracy in comparison to both the clinical model and IOFS alone. The integrated model demonstrated superior 
AUC values (0.92 in the training set and 0.95 in the validation set) and exhibited enhanced calibration and 
clinical utility. This improvement in diagnostic accuracy may facilitate more appropriate surgical decision-
making, which could potentially reduce both under- and over-treatment of thyroid nodules.

The nomogram generated from our integrated model offers a practical tool for clinicians to estimate the 
likelihood of malignancy intraoperatively. This visual aid may assist in making real-time decisions regarding 
the extent of thyroid surgery, which could potentially reduce the necessity for total thyroidectomy and improve 
patient outcomes.

It should be acknowledged that, while our study presents a novel and comprehensive approach, it is not 
without limitations. Firstly, as a single-center, retrospective study, there is a possibility of selection bias, which 
may affect the generalizability of the findings. To validate the generalizability of our findings, further multi-center 
prospective studies are required. Secondly, although the sample size was substantial, it was relatively limited. The 
integration of larger datasets could potentially enhance the model’s performance and reliability. Thirdly, the 
model has not been externally validated, which is essential for confirming its reliability and generalizability 
across diverse patient populations and clinical settings. Fourthly, both the evaluation of ultrasound features 
and frozen section interpretation were necessarily subjective, which could have introduced observer bias. 
However, efforts were made to minimize these potential sources of bias through centralized pathology services, 
standardized WHO diagnostic criteria for frozen sections, and blinded scoring with senior review for ultrasound 

Fig. 2.  Sankey Diagram of Intraoperative Frozen Section Results and Postoperative Paraffin Section Results 
in AUS/FLUS Thyroid Nodules. This Sankey diagram visualizes the diagnostic concordance between 
intraoperative frozen section results and postoperative paraffin section results in AUS/FLUS thyroid nodules. 
The width of the flow lines represents the proportion of nodules in each category. The detailed numbers 
of nodules in each category are provided in Table 1. The “Indeterminate” category includes cases where 
intraoperative frozen section results were reported as “suspicious but inconclusive,” “deferred diagnosis,” 
“further evaluation required,” or “definitive resection recommended”.
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features. Future studies may benefit from the implementation of standardized, quantitative assessment methods, 
multi-observer validation approaches, or the incorporation of artificial intelligence-based image analysis.

Furthermore, while our model enhances intraoperative malignancy detection, a significant limitation is that it 
does not directly guide surgical extent decisions. The current model focuses primarily on the binary classification 
of malignancy status, which, while valuable, represents only one factor in the complex decision-making process 
regarding surgical approach. Future research should aim to develop more sophisticated predictive tools that 

Characteristic Overall N = 531 Validation set N = 159 Training set N = 372 p-value

IOFS result, No. (%) 0.10

Benign 110 (20.7%) 33 (20.8%) 77 (20.7%)

Indeterminatea 129 (24.3%) 48 (30.2%) 81 (21.8%)

Malignancy 292 (55.0%) 78 (49.1%) 214 (57.5%)

PS report, No. (%) 0.68

Benign 134 (25.2%) 42 (26.4%) 92 (24.7%)

Malignant 397 (74.8%) 117 (73.6%) 280 (75.3%)

Age, mean(SD), years 48.2 ± 10.9 48.6 ± 11.8 48.0 ± 10.6 0.54

Sex, No. (%) 0.79

Female 427 (80.4%) 129 (81.1%) 298 (80.1%)

Male 104 (19.6%) 30 (18.9%) 74 (19.9%)

Hashimoto’s thyroiditisb, No. (%) 0.57

Absent 375 (70.6%) 115 (72.3%) 260 (69.9%)

Present 156 (29.4%) 44 (27.7%) 112 (30.1%)

Size, No. (%) 0.73

<1cm 412 (77.6%) 120 (75.5%) 292 (78.5%)

1-2cm 96 (18.1%) 31 (19.5%) 65 (17.5%)

>2cm 23 (4.33%) 8 (5.03%) 15 (4.03%)

Composition, No. (%) 0.51

Mixed cystic and solid 25 (4.71%) 6 (3.77%) 19 (5.11%)

Solid or almost completely solid 506 (95.3%) 153 (96.2%) 353 (94.9%)

Echogenicity, No. (%) 0.87

Hypoechoic 520 (97.9%) 157 (98.7%) 363 (97.6%)

Isoechoic 7 (1.32%) 1 (0.63%) 6 (1.61%)

Very hypoechoic 4 (0.75%) 1 (0.63%) 3 (0.81%)

Shape, No. (%) 0.84

Taller-than-wide 237 (44.6%) 72 (45.3%) 165 (44.4%)

Wider-than-tall 294 (55.4%) 87 (54.7%) 207 (55.6%)

Margin, No. (%) 0.44

Ill-defined 132 (24.9%) 35 (22.0%) 97 (26.1%)

Lobulated or irregular 256 (48.2%) 76 (47.8%) 180 (48.4%)

Smooth 143 (26.9%) 48 (30.2%) 95 (25.5%)

Large comet-tail artifacts, No. (%) 0.78

Absent 516 (97.2%) 154 (96.9%) 362 (97.3%)

Present 15 (2.82%) 5 (3.14%) 10 (2.69%)

Macrocalcifications 0.70

Absent 488 (91.9%) 145 (91.2%) 343 (92.2%)

Present 43 (8.10%) 14 (8.81%) 29 (7.80%)

Peripheral calcifications, No. (%) 0.25

Absent 516 (97.2%) 157 (98.7%) 359 (96.5%)

Present 15 (2.82%) 2 (1.26%) 13 (3.49%)

Punctate echogenic foci, No. (%) 0.67

Absent 328 (61.8%) 96 (60.4%) 232 (62.4%)

Present 203 (38.2%) 63 (39.6%) 140 (37.6%)

Table 2.  Baseline Characteristics and Comparison Between Training and Validation Sets for AUS/FLUS 
Thyroid Nodules Some percentages may not add up to 100% due to rounding. a In cases IOFS reported as 
“suspicious but inconclusive,” “deferred diagnosis,” “further evaluation required,” or “definitive resection 
recommended.” b Hashimoto’s thyroiditis was defined as a positive thyroglobulin antibody(>4.5 IU/mL) or a 
positive thyroid peroxidase antibody(>60 U/mL) result via immunochemiluminescent assay
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can directly inform surgical extent decisions by incorporating additional critical parameters that influence 
the choice between conservative and extensive surgery, including but not limited to tumor size, extrathyroidal 
extension, lymph node status, patient age, and comorbidities. These advanced models could potentially provide 
more specific recommendations regarding the appropriateness of procedures such as total thyroidectomy versus 
lobectomy, or the necessity of central compartment lymph node dissection.

Characteristic Summary Univariable analysis Multivariable analysis

Overall N = 531 Benign N = 134 Malignant N = 397 OR 95% CI p-value OR 95% CI p-value

Age, mean(SD), years 48.20 ± 10.92 51.13 ± 10.85 47.21 ± 10.78 0.97 0.95, 0.98 <0.001*** 0.99 0.96, 1.02 0.42

Sex, No. (%)

Female 427 (80.41%) 106 (79.10%) 321 (80.86%) 1.00 -

Male 104 (19.59%) 28 (20.90%) 76 (19.14%) 0.90 0.56, 1.47 0.66

Hashimoto’s thyroiditis, No. (%)

   Absenta 375 (70.62%) 97 (72.39%) 278 (70.03%) 1.00 -

Present 156 (29.38%) 37 (27.61%) 119 (29.97%) 1.12 0.73, 1.75 0.60

Size, No. (%)

<1cm 412 (77.59%) 86 (64.18%) 326 (82.12%) 1.00 - 1.00 -

1-2cm 96 (18.08%) 34 (25.37%) 62 (15.62%) 0.48 0.30, 0.78 0.003** 1.32 0.65, 2.72 0.44

>2cm 23 (4.33%) 14 (10.45%) 9 (2.27%) 0.17 0.07, 0.40 <0.001*** 0.82 0.23, 2.74 0.75

Composition, No. (%)

Mixed cystic and solid 25 (4.71%) 13 (9.70%) 12 (3.02%) 1.00 - 1.00 -

Solid or almost completely solid 506 (95.29%) 121 (90.30%) 385 (96.98%) 3.45 1.52, 7.86 0.003** 1.22 0.33, 4.94 0.77

Echogenicity, No. (%)

Hypoechoic 520 (97.93%) 128 (95.52%) 392 (98.74%) 1.00 -

Isoechoic 7 (1.32%) 3 (2.24%) 4 (1.01%) 0.44 0.09, 2.23 0.28

Very hypoechoic 4 (0.75%) 3 (2.24%) 1 (0.25%) 0.11 0.01, 0.86 0.056

Shape, No. (%)

Taller than wide 237 (44.63%) 33 (24.63%) 204 (51.39%) 1.00 - 1.00 -

Wider than tall 294 (55.37%) 101 (75.37%) 193 (48.61%) 0.31 0.20, 0.48 <0.001*** 0.25 0.13, 0.47 <0.001***

Margin, No. (%)

Ill-defined 132 (24.86%) 26 (19.40%) 106 (26.70%) 1.00 - 1.00 -

Lobulated or irregular 256 (48.21%) 48 (35.82%) 208 (52.39%) 1.06 0.62, 1.80 0.82 1.34 0.64, 2.81 0.44

Smooth 143 (26.93%) 60 (44.78%) 83 (20.91%) 0.34 0.19, 0.58 <0.001*** 1.01 0.46, 2.27 0.97

Large comet-tail artifacts, No. (%)

Absent 516 (97.18%) 129 (96.27%) 387 (97.48%) 1.00 -

Present 15 (2.82%) 5 (3.73%) 10 (2.52%) 0.67 0.23, 2.17 0.47

Macrocalcifications, No. (%)

Absent 488 (91.90%) 118 (88.06%) 370 (93.20%) 1.00 -

Present 43 (8.10%) 16 (11.94%) 27 (6.80%) 0.54 0.28, 1.05 0.063

Peripheral calcifications, No. (%)

Absent 516 (97.18%) 129 (96.27%) 387 (97.48%) 1.00 -

Present 15 (2.82%) 5 (3.73%) 10 (2.52%) 0.67 0.23, 2.17 0.47

Punctate echogenic foci, No. (%)

Absent 328 (61.77%) 84 (62.69%) 244 (61.46%) 1.00 -

Present 203 (38.23%) 50 (37.31%) 153 (38.54%) 1.05 0.71, 1.58 0.80

IOFS result, No. (%)

Benign 110 (20.72%) 81 (60.45%) 29 (7.31%) 1.00 - 1.00 -

Indeterminateb 129 (24.29%) 50 (37.31%) 79 (19.90%) 4.41 2.56, 7.76 <0.001*** 3.88 2.16, 7.13 <0.001***

Malignancy 292 (54.99%) 3 (2.24%) 289 (72.80%) 269 93.2, 1146 <0.001*** 265 887.9, 1157 <0.001***

Table 3.  Univariate and Multivariate Logistic Regression Analysis for Predicting Malignancy in AUS/FLUS 
Thyroid Nodules in the Entire Cohort Multivariable analysis only included variables with p < 0.05 in the 
univariate analysis. The reference category for each categorical variable is indicated by “1.00” in the OR column 
and “-” in the 95% CI column. Some percentages may not add up to 100% due to rounding. a Hashimoto’s 
thyroiditis was defined as a positive thyroglobulin antibody (>4.5 IU/mL) or a positive thyroid peroxidase 
antibody (>60 U/mL) result via immunochemiluminescent assay. b In cases IOFS reported as “suspicious but 
inconclusive,” “deferred diagnosis,” “further evaluation required,” or “definitive resection recommended.” ***: 
p < 0.001; **: p < 0.01; *: p < 0.05
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Additionally, while our deliberate focus on BRAFV600E negative nodules allowed us to address the most 
challenging diagnostic scenarios, this approach necessarily excludes a subset of thyroid nodules from our 
analysis. It should be noted that not all patients underwent preoperative molecular testing, which may introduce 
a potential selection bias. As our understanding of molecular markers in thyroid cancer continues to evolve, 
future research should not only examine the model’s predictive capacity in nodules tested for BRAFV600E but also 
explore the potential value of incorporating additional molecular markers that may influence malignancy risk. 
Such investigations could potentially expand the model’s applicability and further enhance its diagnostic utility 
across a broader spectrum of thyroid nodules.

Fig. 3.  LASSO Regression Analysis for the Selection of Variables for Models in the Prediction of Malignancy 
in AUS/FLUS Thyroid Nodules. (A) and (B) depict the cross-validation process of the LASSO regression for 
the integrated and clinical models, respectively. These plots show the change in binomial deviance (a measure 
of model fit) across different λ values. The optimal λ value, determined at the minimum binomial deviance, 
is marked by the vertical red dashed line in each plot. (C) and (D) illustrate the LASSO coefficient path plots 
for the integrated and clinical models, respectively. These plots show how the coefficients of various predictors 
change as the penalty parameter λ increases (moving from right to left on the x-axis). The numbers at the top 
indicate the count of non-zero coefficients at each λ value.
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It is also important to recognize that our model, which relies in part on IOFS results, is specifically designed 
for intraoperative decision-making in cases where surgery has already been determined to be the appropriate 
intervention. In the context of evolving clinical practice guidelines that increasingly adopt de-escalation strategies 
for the management of differentiated thyroid cancer, including active surveillance protocols, our model cannot 
assist in the critical upstream decision between observation and surgical intervention. This reflects an important 
limitation of our work, particularly as the field moves toward more conservative management approaches. 
Future research should focus on developing predictive tools that can help guide initial management decisions, 
including patient selection for active surveillance programs.

In conclusion, this study developed a novel integrated predictive model for intraoperative malignancy risk 
assessment of thyroid nodules with AUS/FLUS cytology and negative BRAFV600E mutation status. The model 
demonstrated superior diagnostic capability, predictive performance, calibration, and clinical utility compared 
to conventional approaches. It provides a more reliable decision support tool for surgeons to optimize surgical 
strategies and potentially improve patient outcomes in AUS/FLUS thyroid nodule management. Future research 
should focus on external validation of this model and exploration of its impact on clinical decision-making and 
long-term patient outcomes.

Variables Integrated model Clinical model IOFS model

Coefficients(B) SE 95% CI Coefficients(B) SE 95% CI Coefficients(B) SE 95% CI

Age (years) -0.01 0.016 -0.04, 0.02 -0.02 0.012 -0.05, 0.00

Composition

Mixed cystic and solid - - - - - -

Solid or almost completely solid 0.49 0.762 -0.94, 2.1 0.34 0.546 -0.75, 1.4

Echogenicity

Hypoechoic - - - - - -

Isoechoic -0.08 1.19 -2.9, 2.1 -0.89 0.874 -2.7, 0.89

Very hypoechoic -3.2 2.54 -7.8, 0.64 -2.5 1.29 -5.7, -0.03

Shape

Taller-than-wide - - - - - -

Wider-than-tall -1.1 0.379 -1.9, -0.42 -0.93 0.302 -1.5, -0.35

Margin

Ill-defined - - - - - -

Lobulated or irregular 0.19 0.433 -0.66, 1.0 0.11 0.330 -0.55, 0.75

Smooth -0.04 0.464 -0.95, 0.88 -0.62 0.355 -1.3, 0.07

Macrocalcifications

Absent - - -

Present 0.78 0.572 -0.34, 1.9

Peripheral calcifications

Absent - - -

Present 0.84 0.703 -0.55, 2.3

Size

<1cm - - -

1-2cm -0.25 0.332 -0.90, 0.41

>2cm -0.95 0.599 -2.2, 0.21

IOFS result

Benign - - - - - -

Indeterminatea 0.74 0.362 0.03, 1.5 0.86 0.330 0.22, 1.5

Malignancy 5.3 0.774 4.1, 7.2 5.4 0.751 4.1, 7.2

Table 4.  Coefficients of Variables in The Models for Predicting Malignancy in AUS/FLUS Thyroid Nodules 
The integrated model combined features from clinical, ultrasound, and IOFS results. The clinical model 
combined features from clinical and ultrasound results. The IOFS model included only IOFS results. 
Coefficients (B) represent the change in log odds of malignancy for a one-unit increase in the predictor 
variable. “–” indicates the reference category for each categorical variable. Empty cells indicate that the variable 
was not included in the model. a In cases IOFS reported as “suspicious but inconclusive,” “deferred diagnosis,” 
“further evaluation required,” or “definitive resection recommended.”
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Fig. 4.  ROC Curves of the Models for Predicting Malignancy in AUS/FLUS Thyroid Nodules in the Training 
and Validation Sets. The integrated model combined features from clinical, ultrasound, and IOFS results. The 
clinical model combined features from clinical and ultrasound results. The IOFS model included only IOFS 
results. The AUC is provided with 95% confidence intervals in parentheses.

 

Models R2 AIC BIC RMSE MAE

Training set

Integrated model 0.48 241.03 288.06 0.31 0.19

Clinical model 0.10 393.41 432.60 0.41 0.33

IOFS model 0.44 237.72 249.48 0.32 0.21

Validation set

Integrated model NA NA NA 0.29 0.20

Clinical model NA NA NA 0.40 0.33

IOFS model NA NA NA 0.33 0.23

Table 5.  Model Fit and Predictive Performance Metrics in The Models for Predicting Malignancy in AUS/
FLUS Thyroid Nodules R2 is a goodness-of-fit measure for logistic regression models; higher values indicate 
better fit. AIC and BIC are model selection tools that balance fit and complexity; lower values are preferred. 
R2, AIC, and BIC are not applicable for the validation set. RMSE and MAE measure prediction errors; lower 
values indicate better predictive accuracy. The integrated model combined features from clinical, ultrasound, 
and IOFS results. The clinical model combined features from clinical and ultrasound results. The IOFS model 
included only IOFS results.
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Fig. 5.  Calibration Curves of the Three Models for Predicting Malignancy in AUS/FLUS Thyroid Nodules in 
the Training and Validation Sets. The integrated model combined features from clinical, ultrasound, and IOFS 
results. The clinical model combined features from clinical and ultrasound results. The IOFS model included 
only IOFS results. The diagonal dashed line represents a perfect calibration curve, where the predicted 
probabilities are identical to the observed probabilities. The shaded areas represent the 95% confidence 
intervals of the calibration curves.

 

Models Sensitivity Specificity PPV NPV F1 Score

Training Set

Integrated model 0.81 0.90 0.96 0.62 0.88

Clinical model 0.60 0.72 0.87 0.37 0.71

IOFS model 0.76 0.98 0.99 0.57 0.86

Validation Set

Integrated model 0.90 0.98 0.99 0.77 0.94

Clinical model 0.63 0.76 0.88 0.43 0.74

IOFS model 0.66 0.98 0.99 0.51 0.79

Table 6.  Diagnostic Performance Metrics of Models for Predicting Malignancy in AUS/FLUS Thyroid Nodules 
The integrated model combined features from clinical, ultrasound, and IOFS results. The clinical model 
combined features from clinical and ultrasound results. The IOFS model included only IOFS results. The 
thresholds for the integrated, clinical, and IOFS models are 0.65, 0.77, and 0.76, respectively, determined by the 
point on the Receiver Operating Characteristic curve closest to the top-left corner in the training set for each 
model
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Models

∆ AUC NRI IDI

Mean 95%CI p-value Mean 95%CI p-value Mean 95%CI p-value

Training set

Integrated model vs clinical model 0.21 0.16, 0.26 <0.001 1.44 1.31, 1.57 <0.001 0.36 0.32, 0.40 <0.001

Integrated model vs IOFS model 0.03 0.01, 0.05 0.006 0.43 0.20, 0.65 0.0001 0.05 0.02, 0.07 0.002

Validation set

Integrated model vs clinical model 0.17 0.09, 0.26 <0.001 1.19 0.96, 1.42 <0.001 0.35 0.29, 0.42 <0.001

Integrated model vs IOFS model 0.03 0.001, 0.06 0.042 0.40 0.06, 0.74 0.02 0.08 0.03, 0.12 <0.001

Table 7.  Predictive Improvement Between Models for Predicting Malignancy in AUS/FLUS Thyroid Nodules 
The integrated model combined features from clinical, ultrasound, and IOFS results. The clinical model 
combined features from clinical and ultrasound results. The IOFS model included only IOFS results. ∆ AUC 
represents the difference in AUC between the two models, which measures the improvement in predictive 
accuracy. The p value for ∆ AUC is calculated by the DeLong test. The NRI quantifies the improvement in 
reclassification between models, using a continuous scale in this study. The IDI measures the improvement in 
discrimination between models

 

Fig. 6.  Decision Curve Analysis of the Models for Predicting Malignancy in AUS/FLUS Thyroid Nodules. 
Decision Curve Analysis (DCA) illustrates the net benefit across different threshold probabilities. The net 
benefit is calculated by subtracting the proportion of false positives, weighted by the odds at each threshold 
probability, from the proportion of true positives. This weighting reflects the trade-off between the benefit 
of correctly identifying true positives and the harm of incorrectly classifying false positives. The “treat for 
all” curve assumes that all patients are treated as malignant, while the “treat for none” curve assumes that 
no patients are treated as malignant. These two curves represent the extreme scenarios of overtreatment and 
undertreatment, respectively. The integrated model combined features from clinical, ultrasound, and IOFS 
results. The clinical model combined features from clinical and ultrasound results. The IOFS model included 
IOFS results only.
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Data availability
The datasets generated and/or analysed during the current study are not publicly available due to restrictions 
related to patient privacy and confidentiality as per our institutional ethics review board requirements and the 
sensitive nature of the clinical data involved. However, de-identified data are available from the corresponding 
author on reasonable request.
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