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The global increase in thyroid cancer incidence has driven the adoption of minimally invasive techniques, such as endoscopic thyroidectomy via the total areola approach (ETA), which is widely used in China. However, concerns persist regarding the completeness of central lymph node dissection (CLND) in ETA due to anatomical constraints (e.g., clavicle and sternum), which may obscure the surgical view of the upper diaphragm (level VII, defined as the region between the clavicular surface and innominate artery). Clinical reports of residual/recurrent lymph nodes in ETA patients underscore the need for precise preoperative evaluation. We retrospectively analyzed 513 patients with T1–T2 thyroid cancer (178 ETA, 335 open surgery) who underwent CLND. Preoperative CT imaging was used to construct a fluid-solid interaction model simulating tissue deformation and stress under 0.5–2 N traction forces, with innominate artery flow velocities predicted computationally. Patients were stratified by clavicle-to-innominate artery distance: <5 mm, 5–13 mm, and >13 mm. No significant difference in lymph node yield was observed between the <5 mm and 5–13 mm groups compared to open surgery. However, the >13 mm group had significantly fewer dissected nodes (p < 0.05), with three recurrence cases during follow-up. ETA achieves oncologic outcomes comparable to open surgery for patients with clavicle-to-innominate artery distances <13 mm. Beyond this threshold, incomplete dissection may occur, suggesting preoperative CT assessment of this anatomical parameter could guide surgical approach selection.
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1 INTRODUCTION
Thyroid cancer accounted for 586,000 cases worldwide in 2020, ranking as the 9th most common cancer by incidence (Sung et al., 2021). Papillary thyroid carcinoma (PTC), the most prevalent endocrine malignancy, has shown a continuous increase in global incidence over the past 2 decades (La Vecchia et al., 2015). Surgery remains the primary treatment for thyroid cancer; however, conventional open thyroidectomy (COT) often leaves visible neck scars, which are particularly undesirable for patients with high cosmetic expectations, such as young women and Asian populations, who are prone to pronounced scarring (Wang et al., 2015). To address this, scar-free surgical approaches have been developed, with the transoral endoscopic thyroidectomy vestibular approach (TOETVA) and total endoscopic thyroidectomy via the areola approach (ETA) being the most widely adopted. These techniques have gained popularity in PTC treatment as surgical proficiency has improved (Yang et al., 2015; Liu et al., 2021; Anuwong et al., 2018).
In China, ETA is particularly favored due to its alignment with national surgical traditions and its intrinsic advantages, such as facilitating the dissection of the superior gland pole, the berry ligament, and the external branch of the superior laryngeal nerve. This approach also enables effective clearance of level II lymph nodes and achieves excellent cosmetic outcomes (Liang et al., 2015; Zhang et al., 2019; Jia et al., 2017). However, a notable limitation of ETA is the potential difficulty in dissecting the most caudal portion of the central compartment lymph nodes due to endoscopic visual obstruction and instrument interference from the clavicles and sternum. This challenge may contribute to central neck recurrence observed in some patients post-ETA, though the exact relationship remains unclear. Additionally, revision surgery for recurrence carries risks of complications, including hoarseness and damage to the trachea or esophagus.
The level VII lymph node compartment, as defined in the eighth edition of the AJCC Cancer Staging Manual, is bounded superiorly by the suprasternal notch, inferiorly by the innominate artery, anteriorly by the sternum, and posteriorly by the trachea, esophagus, and prevertebral fascia. Lymph nodes that are too numerous or poorly visualized on CT scans are excluded from study analysis. Importantly, soft tissue dissection is also critical, as PTC, particularly the infiltrative type, frequently metastasizes to these regions.
From our experience and that of other centers, COT provides clear visualization of the innominate artery. However, the traction force applied during surgery can cause tissue deformation, and the depth of level VII varies among patients, making it unclear which cases are suitable for complete clearance. Furthermore, there is limited research on the rationale for dissecting levels VI and VII lymph nodes from a caudal-to-cranial approach. In our hospital, some ETA patients have experienced recurrence in level VII lymph nodes or soft tissue, followed by neck metastasis during follow-up. Reviewing surgical videos, we noted that the innominate artery was neither visible nor palpable in these cases, suggesting that patients with a relatively lower innominate artery may not achieve complete clearance of level VII tissues. Therefore, identifying PTC patients unsuitable for ETA is of significant clinical importance.
To address these issues, we aim to evaluate whether the traction force applied during surgery effectively removes target tissues. Proper traction enhances visualization of the thyroid gland, surrounding structures, and lymph nodes, facilitating precise dissection while minimizing injury to critical structures such as the recurrent laryngeal nerve and parathyroid glands. However, excessive traction can cause tissue trauma, bleeding, or incomplete dissection, whereas insufficient traction may lead to inadequate exposure and residual disease. Thus, understanding the relationship between traction force and tissue deformation is essential. Additionally, traction-induced tissue deformation may alter nearby vascular structures, including the innominate artery, necessitating an assessment of its hemodynamic responses.
Previous studies have utilized the finite element (FE) method to simulate biomechanical responses in both in vitro and in vivo settings, including tissue stress, pressure, and deformation (Li et al., 2021; Shi et al., 2024; Serpell et al., 2015). For instance, Serpell et al. applied numerical simulation method to predict differential levels of tension within each RLN during ETA, which indicated that The stiffer left RLN and the higher tension generated in the right RLN during thyroidectomy may jointly contribute to the higher right RLN palsy rat (Serpell et al., 2015), while Bauman et al. simulated the entire thorax system, including ribs, cartilages, sternum, vertebrae, intervertebral discs, muscles, and major organs, to analyze stress and deformation (Bauman et al., 2022). Building on these approaches, we will apply the FE method to predict tissue deformation and hemodynamic changes in the innominate artery.
In this study, we systematically collected data from ETA patients, including CT scans and recurrence data, combined with fine-needle aspiration (FNA) analysis and CT imaging to monitor the endoscopic surgical process. Based on tissue depth, patients were classified into three groups: <5 mm, 5–13 mm, and 13–25 mm. To further investigate biomechanical responses during ETA, we constructed a fluid-solid interaction (FSI) model to numerically simulate tissue deformation and innominate artery hemodynamics under traction forces of 0.5 N, 1 N, and 2 N. These simulations aim to optimize surgical techniques, minimize residual disease, and establish criteria for determining the suitability of PTC patients for ETA.
2 METHODOLOGY
2.1 Study design and perioperative preparation
A retrospective study was conducted on eligible patients who underwent unilateral lobectomy and central neck dissection, as recommended by the American Thyroid Association (ATA) and Chinese Thyroid Management Guidelines (Haugen et al., 2016; Association, 2012), at the Department of Maxillofacial and Ear, Nose, and Throat Oncology, Tianjin Medical University Cancer Institute and Hospital (TJMUCH), between July 2018 and May 2020. The study was approved by the Institutional Review Board of TJMUCH (approval number: bc20241340).
The inclusion criteria for patients undergoing endoscopic thyroidectomy via the ETA were as follows: for benign tumors, the maximum nodule diameter ranged from 4 to 9 cm; for malignant tumors, the maximum nodule diameter was less than 2 cm, with no suspicious lateral neck metastatic lymph nodes detected on preoperative ultrasound or CT imaging. Patients with T4 lesions involving nerves or the trachea, infectious thyroid diseases, or parathyroid diseases were excluded. The resection scope followed the American Joint Committee on Cancer (AJCC) 2017 guidelines and Chinese guidelines. For malignant cases, the procedure included at least unilateral thyroidectomy with isthmus resection and ipsilateral central lymph node dissection, or total thyroidectomy with bilateral central lymph node dissection.
In this study, 225 patients underwent ETA. A 1 cm observation port was created at the medial edge of the right areola for endoscope placement, and two 0.5 cm operative ports were established at the lateral edges of the bilateral areola for trocar placement. The surgical procedure involved creating a working space, opening the cervical midline, exposing the thyroid gland, dissecting critical structures such as the recurrent laryngeal nerve and parathyroid glands, and removing the affected thyroid tissue. Unilateral or bilateral central lymph node dissection was performed concurrently when indicated.
Exclusion criteria included benign tumors without central lymph node dissection (45 cases) and special types of thyroid cancer, such as medullary carcinoma and undifferentiated carcinoma. Ultimately, 178 patients who underwent either unilateral thyroidectomy with ipsilateral central lymph node dissection or total thyroidectomy with bilateral central lymph node dissection were included in this retrospective study. All patients were followed up until January 2023. Intraoperative recurrent laryngeal nerve monitoring was performed in all cases. Prior to surgery, patients were thoroughly informed about the three surgical approaches and allowed to freely choose their preferred method, providing written informed consent.
Data were collected from patient medical records, and a database was established to document the surgical approach, patient demographics (sex and age), tumor characteristics (number of lesions and diameter of the largest tumor), and the presence of Hashimoto’s thyroiditis. Central lymph node dissection (CLND)-related data included the total number of central lymph nodes and the number of metastatic central lymph nodes. Follow-up data included central compartment neck dissection (CCND) recurrence, as summarized in Table 2.
2.2 Geometry model of soft tissue and innominate artery
To determine the biomechanical responses of the soft tissue and innominate artery, we selected one of patient CT slices for analyzing the tissue deformation, tissue stress, and innominate artery hemodynamics by the traction force, which help doctors to understand the biomechanical mechanisms to identify PTC patients unsuitable for ETA is of significant clinical importance.
The geometric model was reconstructed based on computed tomography (CT) images. Using the extracted CT slices as masks, the three-dimensional (3D) geometry of the soft tissue and artery was reconstructed using Mimics software v20.0 (Materialise, Hungary). The reconstructed model was then imported into Ansys SpaceClaim software, where reverse engineering techniques were applied to generate a 3D solid model of the soft tissue and artery. The soft tissue thickness was defined as three groups to represent varying anatomical conditions. Finally, the 3D geometric model of the soft tissue and innominate artery was imported into Ansys Workbench v19.2 (ANSYS, Pennsylvania, Pittsburgh, United States) for numerical simulation of tissue deformation, stress distribution, and hemodynamic responses in the innominate artery.
2.3 Analysis of innominate artery flow
The Navier-Stokes (N-S) equations and the fluid continuity (F-C) equation were applied to predict the hemodynamic responses of the blood system (Spurk et al., 2020). These equations are expressed as follows (Equation 1):
∂v∂t+v·∇v=f−1p∇p+μ∇2v∇v=0(1)
Where v and P are the innominate artery flow velocity and the innominate artery flow hydrostatic pressure, and μ and ρ are the innominate artery flow viscosity coefficient and innominate artery density, respectively. The N-S equations are applied to characterize the relationship between the innominate artery hydrostatic pressure and innominate artery flow velocities, and the fluid continuity equation can be applied to detect the relationship between the innominate artery wall deformation and blood flow.
The Reynolds number (Re) is an important dimensionless quantity in fluid mechanics that is applied to determine the flow patterns in the different fluid flow situations. It can be expressed as below (Equation 2),
Re=pvLμ(2)
Where L is the length of the innominate artery flow. The flow of the innominate artery flow could be regarded as laminar flow with the Re values less than 2,300. Which indicated that the direction of the innominate artery flow parallels to the innominate artery wall. Without the traction force on the soft tissue, the innominate artery wall can be regarded as laminar flow. And the blood flow density is approximate 1060 kg/m3 (Moser and Kenner, 1988), and the viscosity coefficient of the blood flow is nearly 0.003 Pa × s (Sun G. et al., 2020).
2.4 FSI model of tissue-artery system
The soft tissue can be assumed as a New-Hookean non-linear hyperelastic model, which can be expressed as follow (Equation 3)
W=C1Ī1−3+1D1J−32(3)
where W denotes the strain energy density, and the parameters C1 and D1 are approximately 5,000 Pa and 1.4 × 10–7 Pa−1, respectively (Ye et al., 2023). I1 is the first invariant of the Cauchy-Green deformation tensor and J is the volume ratio. C1 and D1 can be expressed as below under a linear elastic condition (Equation 4),
C1=μ2;D1=λ2(4)
where μ and λ are shear modulus and bulk modulus, respectively.
The artery wall can be assumed as linear elastic model, where the Young’s modulus and Poisson’s ratio of the artery wall are 5 MPa and 0.49 (Holzapfel and Weizsäcker, 1998), respectively. The soft tissue and artery model was meshed by using linear tetrahedron elements with the 1 mm element size. The elements and nodes number are approximately 30,000 and 70,000, respectively. The mesh quality was about 0.76, indicating good mesh quality applied in our developed FE tissue-artery model.
For the boundary conditions, the traction force (0.5 N, 1 N, and 2 N) was applied to simulate the clamping force during surgery (Figure 1). Both ends of the arterial tissue are set as fixed supported to provide the constraint for the FE model. The numbers of steps was set as 1 s, and the step end time was set as steady state. The simulated tissue deformation and stress was applied to assess whether lymph nodes and soft tissues in Zone 7 can be completely cleared in vitro.
[image: Illustration depicting a cylindrical model of an artery surrounded by soft tissue. The artery, shown in red, is under a fixed constraint with force applied. Arrows indicate force direction, and axes XYZ are labeled. Adjacent is a mesh grid representing a semi-cylindrical model used in computational simulations.]FIGURE 1 | The force analysis and mesh of the tissue-artery model.The constructed 3D geometric innominate artery models and determined mechanical properties of innominate artery were input into the Ansys workbench Fluent for analyzing the artery hemodynamics influenced by the traction force in a 3D scale by using FE and finite volume (FV) method. The SIMPLE solution would be applied to analyze the innominate artery hemodynamics response of the traction force, which has good stability and convergence. The innominate artery models were meshed using the fluent Hexahedron elements with three boundary layers as well as 1 mm meshing size. For the boundary conditions, the velocity inlet and pressure outlet was applied in our proposed FSI model. Among them, the average velocity inlet for the innominate artery was approximately 60 cm/s and the 0 Pa pressure outlet was applied in this model, as the innominate artery was free outflow (Figure 2). The dynamic mesh was applied in the FSI model at the FSI interaction wall through smoothing, layering and re-meshing methods. The time step of the FSI coupling system was set as 20 and the iteration number of fluent was set as 1000, respectively.
[image: Diagram A shows a cylindrical tube labeled with "Velocity inlet" at one end and "Pressure outlet" at the other, with arrows indicating flow direction and "Traction force" acting upwards. Diagram B illustrates a fluid flow profile with arrows showing movement from "Inlet" to "Outlet", with "Traction force" directed upwards.]FIGURE 2 | The innominate artery flow analysis; (A) the boundary conditions of innominate artery flow; (B) the innominate artery flow biomechanical mechanisms under the traction force.2.5 Validation of our developed FE model of tissue-artery
CT scanning data was applied to validate the tissue deformation predicted by FSI model of tissue-artery system (Figure 3). Base on the CT scanning images, DD1 was defined as the distance from the inferior pole of the thyroid gland to the innominate artery, and DD2 was defined as the distance from the lower pole of thyroid gland to the clavicular head. The DD3 was defined as the distance from the clavicular head to the innominate artery. The clinic data were analyzed by one-way ANOVA, Welch ANOVA, and the χ2 test using Origin software (version 9.0; OriginLab Corporation). Differences with P values <0.05 were considered statistically significant. If the tissue deformation was more than DD3, which indicated that our lymph nodes and soft tissues in Zone 7 were fully cleared.
[image: CT scan images display sections of the neck at different thicknesses. The left images show dimensions under five millimeters, five to thirteen millimeters, and over thirteen millimeters, with sizes labeled 1.7cm, 2.1cm, and 2.3cm respectively. The right images, labeled DD1 and DD2, show similar sections with dimensions 1.7cm, 1.2cm, and 0.7cm.]FIGURE 3 | CT images to determine the values of DD1 and DD2.3 RESULTS AND DISCUSSION
3.1 Baseline characteristics for ETA in different groups
CT scan data from 178 patients who underwent endoscopic thyroidectomy via the ETA were analyzed in this section. The value of DD1 (the distance from the inferior pole of the thyroid gland to the innominate artery) ranged from 0.38 mm to 4.4 cm, with a median of 1.9 cm and a mean of 1.95 ± 0.7 cm. The value of DD2 (the distance from the inferior pole of the thyroid gland to the clavicular head) ranged from 0.05 cm to 3.7 cm, with a median of 1.37 cm and a mean of 1.42 ± 0.8 cm. Correspondingly, DD3 (the distance from the clavicular head to the innominate artery) ranged from −1.2 cm to 2.1 cm, with a median of 0.54 cm and a mean of 0.52 ± 0.7 cm.
For patients with DD3 less than 0, the central soft tissue and lymph nodes were visible within the surgical field. However, for patients with DD3 greater than 0, the central lymph nodes were hidden behind the clavicular bone and sternum, making them invisible from a bottom-to-top perspective during ETA. In such cases, thorough dissection of this tissue requires traction, which is critical for achieving complete clearance.
Based on the clinical data, soft tissue with a thickness of 5–13 mm was found to be more easily mobilized under physiological traction. Complete clearance is achieved within 5 mm, with no visual blind spots. For lesions between 5 and 13 mm, thorough clearance can generally be attained through the surgeon’s expertise and meticulous technique. Beyond 13 mm, visual blind spots may occur, increasing the risk of residual central lymph nodes. Additionally, Using 5 mm and 13 mm as grouping thresholds, the patients were divided into three groups: <5 mm, 5–13 mm, and >13 mm, with a maximum distance of 20 mm for group 3 (Table 1). The differences in the number of lymph nodes dissected and recurrence rates among the three groups were compared. According to the clinical data and tissue thickness groups, the average values of DD3 were 0.01 cm, 0.86 cm, and 1.63 cm for the <5 mm, 5–13 mm, and >13 mm groups, respectively. These findings highlight the importance of preoperative assessment of tissue thickness and anatomical relationships to determine the feasibility of ETA and ensure complete lymph node dissection.
TABLE 1 | Baseline characteristics of the three groups.		Whole	low (<5mm)	Middle (5-13mm)	Large (>13mm)
	Age (years), mean±SD (range)	36.01±8.78	35.34±8.87	36.09±8.96	38.13±7.83
	Sex
	Male	19	7	9	3
	female	159(89.33%)	78(91.76%)	60(86.96%	21(87.5%)
	Number of lesion
	Signal	128	62	49	17
	Multiple	50	23	20	7
	Extent of thyroidectomy and extent of CND
	Lobectomy &Unilateral CND	160	76	63	21
	Total thyroidectomy &bilateral CND	18	9	6	3
	Diameter of largest tumor (cm)	0.84 ± 0.43	0.89 ± 0.39	0.73 ± 0.41	0.88 ± 0.52
	Hashimoto’s thyroiditis
	Yes	107	52	42	13
	No	71	33	27	11


3.2 Determination tissue deformation by traction force
Based on the results from Section 3.1, the tissue deformation for 5 mm, 10 mm, and 20 mm tissue thickness groups under traction forces ranging from 0.5 to 2 N was estimated using the FSI model. As shown in Figure 4, under a traction force of 1 N, the average tissue deformation was 0.8 cm, 0.3 cm, and 0.12 cm for tissue thicknesses of 5 mm, 10 mm, and 20 mm, respectively. When the traction force was increased to 2 N, the tissue deformation increased to 1.8 cm, 0.96 cm, and 0.47 cm for the corresponding tissue thicknesses of 5 mm, 10 mm, and 20 mm, respectively. These results demonstrate that higher traction forces lead to greater tissue deformation, while thicker tissue results in less deformation under the same traction force.
[image: Simulation showing tissue deformation under different traction forces (0.5N, 1N, 2N) for tissue thicknesses of 5mm, 10mm, and 20mm. Color gradients depict deformation levels. Accompanying bar graphs on the right compare deformation across these forces and thicknesses, with red for 5mm, green for 10mm, and blue for 20mm.]FIGURE 4 | Numerical simulation results to determine tissue deformation by traction force.The simulated tissue deformation for the <5 mm group under traction forces of 0.5 N, 1 N, and 2 N exceeded 0.01 cm, and the deformation for the 5–13 mm group under a 2 N traction force exceeded 0.84 cm. However, the simulated tissue deformation for the >13 mm group remained below 1.63 cm under all tested traction forces. This indicates that lymph nodes and soft tissues in Zone 7 were completely cleared with traction forces of 0.5–2 N for patients with soft tissue thicknesses of <13 mm. In contrast, for patients with soft tissue thicknesses >13 mm, the lymph nodes and soft tissues in Zone 7 were not fully cleared, even with traction forces up to 2 N.
These findings suggest that ETA is effective for achieving complete clearance of Zone 7 lymph nodes and soft tissues in patients with soft tissue thicknesses <13 mm, while alternative surgical approaches should be considered for patients with thicker soft tissue (>13 mm) to ensure thorough dissection and minimize the risk of residual disease.
3.3 Determination tissue stress by traction force
In this study, the 5 mm and 10 mm tissue thickness groups were used to simulate the tissue stress on the artery wall under traction forces. As illustrated in Figure 5, stress concentration was observed in the soft tissue during traction loading. The stress near the loading position was significantly higher than that at distant positions, and stress concentration also occurred at the edges of the soft tissue. The stress on the soft tissue increased with higher traction forces but decreased with greater soft tissue thickness.
[image: Two graphs compare tissue stress and deformation with traction force for tissue thicknesses of five millimeters and ten millimeters. The left bar graph shows tissue stress in pascals increasing with traction force for both thicknesses, with higher stress for thinner tissue. The right line graph shows tissue deformation in centimeters. Deformation increases with traction force, with five millimeters showing more deformation than ten millimeters. Both graphs highlight the effect of tissue thickness on stress and deformation under varying traction forces.]FIGURE 5 | Numerical simulation results to determine tissue stress by traction force.The tissue stress on the innominate artery wall was approximately 2000 Pa, 4,000 Pa, and 7,000 Pa under traction forces of 0.5 N, 1 N, and 2 N, respectively, for the 10 mm tissue thickness group. Similarly, for the 5 mm tissue thickness group, the tissue stress on the innominate artery wall was approximately 2,500 Pa, 5,000 Pa, and 8,200 Pa under traction forces of 0.5 N, 1 N, and 2 N, respectively. The Pearson Correlation Analysis showed that a significant positive correlation was observed between tissue stress and traction force (r = 1.00 with 5 mm tissue thickness and r = 0.99 with 10 mm tissue thickness, p < 0.05). A linear relationship between traction force and tissue stress was observed at forces below 1 N. However, when the traction force reached 2 N, the tissue exhibited large deformation and nonlinear mechanical behavior. These results indicate that increased tissue stress can lead to expansion of the innominate artery wall, potentially influencing hemodynamic responses.
3.4 Determination artery hemodynamics responses by traction force
The N-S and F-C equations demonstrated that the innominate artery flow velocities are influenced by the traction force applied to the soft tissue. This traction force causes deformation of the artery wall, altering the innominate artery flow direction so that it is no longer parallel to its original orientation. This change in flow direction leads to an increase in innominate artery flow velocities and blood pressure along the direction of flow.
The 3D FSI models revealed a decrease in innominate artery flow velocities, as illustrated in Figure 6. The innominate artery flow velocity mappings were simulated using FSI numerical models. The results showed that the innominate artery flow velocities decreased to approximately 59 cm/s (−1.7%), 58 cm/s (−3.3%), and 58 cm/s (−3.3%) under traction forces of 0.5 N, 1 N, and 2 N, respectively, for the 5 mm tissue thickness group. Similarly, for the 10 mm tissue thickness group, the flow velocities decreased to approximately 59 cm/s (−1.7%), 58 cm/s (−3.3%), and 57 cm/s (−5.0%) under the same traction forces. The Pearson Correlation Analysis showed that a significant negative correlation was observed between innominate artery flow velocity and traction force (r = −0.87 with 5 mm tissue thickness and r = −0.98 with 10 mm tissue thickness, p < 0.05). These findings indicate that the innominate artery flow velocity is reduced by the application of traction force.
[image: Color maps and graphs depict innominate artery flow velocity at different traction forces. Part A shows three circular maps for 0.5 N, 1 N, and 2 N with a bar graph indicating slight decreases in velocity percentages and a correlation of R=-0.82. Part B, also with three circular maps for the same forces, shows more significant velocity decreases, highlighted with a correlation of R=-0.98. Color scales represent flow velocity from 0 to 60 cm/s.]FIGURE 6 | Numerical simulation results to determine innominate artery flow velocities by traction force; (A) 5 mm tissue thickness; (B) 10 mm tissue thickness.Additionally, the innominate artery velocity values decreased from the core (venous center) to the margin (innominate artery wall) of the vein cross-sections. The simulated innominate artery velocities gradually decreased from the center to the venous wall in the 3D FSI models, a phenomenon attributed to the viscosity of the arterial flow.
These results highlight the impact of traction force on hemodynamics during endoscopic thyroidectomy via the ETA. The deformation of the artery wall and subsequent changes in flow velocity and direction underscore the need for careful intraoperative management to minimize hemodynamic disturbances and ensure patient safety.
3.5 Determination CNN node by traction force
Based on clinical data and simulated tissue deformation, when the maximum traction force applied was 0.5 N, 1 N, and 2 N, the central compartment neck dissection (CCND) could only fully remove lymph nodes in the <5 mm group. When the maximum traction force reached 2 N, the results suggested that CCND could also fully remove lymph nodes in the 5–13 mm group. However, for distances greater than 20 mm, even a maximum traction force of 2 N may not be sufficient to completely remove lymph nodes from a bottom-to-top approach, which was consistent with the simulation results. Analysis of the clavicle-to-innominate artery distance revealed a critical threshold at 13 mm. While patients with distances <13 mm (including both <5 mm and 5–13 mm subgroups) showed comparable lymph node yields to open surgery (p > 0.05), those with distances >13 mm demonstrated significantly reduced nodal retrieval (p < 0.05) and accounted for all recurrence cases during follow-up.
In this study, applying traction forces of 0.5 N–2 N resulted in tissue deformation of approximately 5 mm–13 mm. Therefore, a distance of 1 cm (from the sternum notch to the innominate artery) was selected as a threshold to distinguish ETA groups, categorized as ETA (<5 mm), ETA (5–13 mm), and ETA (>13 mm), to further investigate whether these groups had differences in the number of central lymph nodes removed. The simulated venous flow velocities aligned well with the clinical data, supporting the validity of the findings. Additionally, the ETA surgery may also be affected by factors such as the surgeon’s experience and the precision of surgical instruments. We further validated our findings through follow-up studies of 288 ETA patients from two additional surgical groups (2020–2025). Notably, among patients with tumor-to-capsule distances exceeding 13 mm, seven cases demonstrated central lymph node residue and subsequent recurrence during follow-up, thereby confirming our model’s clinical feasibility (Table 2).
TABLE 2 | Surgical characteristics and CCN recuurenc.		Whole	low (<5mm)	Middle (5-13mm) (2)	Large (>13)(3)	p value	(1) versus (2)	(2) versus (3)	(1) versus (3)
	Total number of CLN, mean ± SD	6.66 ± 3.21	7.39 ± 3.35	6.27±2.98	5.12 ± 2.62	0.684	0.004	0.0032	
	Number of metastatic CLN,
	mean ± SD	0.74 ± 1.48	0.87 ± 1.46	0.73 ± 1.27	0.65 ± 0.88				
	CCN recurrence	7	0	0	7				


While ETA remains widely used in Chinese hospitals, addressing the issue of anatomical obstructions is crucial to expanding its applicability to more patients. Although many studies report that ETA is feasible and comparable to open thyroidectomy (OT) in terms of lymph node yield and other indicators, our data indicate limitations in certain patients, particularly those with lymph nodes in Zone 7 located more than 2 cm behind the sternum. For these patients, Sun’s study suggests that ETA is not recommended, especially when lymph nodes are significantly enlarged behind the brachiocephalic artery (Sun H. et al., 2020; Sun et al., 2021).
The dissection of Zone 7 lymph nodes is of great clinical significance. Techniques such as dissection along the great vessels and the use of tracer staining (e.g., nano-carbon) can aid in better identifying thyroid lymph nodes. The thoraco-mammary approach, which operates from a foot-to-head direction, may not clearly display certain structures at the root, requiring lifting for proper identification.
For patients with distances exceeding 20 mm, ETA may still be suitable in some cases due to factors such as force application and tissue mobility. However, it is important to note that these patients have at least a 5% risk of recurrence. Alternative approaches such as conventional open thyroidectomy (COT) or transoral vestibular endoscopic thyroidectomy (TOVETA) may be more appropriate for these cases. Currently, there is a lack of quantitative factors to predict lymph node and soft tissue mobility. In this study, DD3 measurements of 21.2 mm, 23 mm, and 27 mm in three cases of central lymph node recurrence exceeded the range of soft tissue movement achievable with a maximum traction force of 2 N in vivo, leading to residual lymph nodes and the need for secondary surgery.
While ETA provides excellent cosmetic outcomes and high patient satisfaction with neck appearance and quality of life, there remains a blind spot in the visual field for central lymph node dissection, particularly for lymph nodes behind the sternum. Most surgeons rely on experience to judge the completeness of central lymph node dissection. In this study, we accurately predicted the movement and stretching of central lymph nodes using CT combined with numerical simulation analysis and in vitro stress testing, providing valuable guidance for clinical decision-making. The results of our finite element analysis were highly consistent with clinical data, showing significant differences in the number of lymph nodes removed among the 5 mm, 10 mm, and 20 mm groups. Greater distances were associated with fewer lymph nodes removed and higher rates of residual lymph nodes and recurrence during follow-up, highlighting the limitations of the endoscopic visual field. Therefore, careful preoperative evaluation is essential when selecting the ETA approach. Additionally, gender, anatomical structure, as well as the surgeon’s experience and the precisionemerged as key determinants to affect the ETA. Therefore, to ensure the accuracy of this study, we selected samples from a single surgical group with more extensive experiencee (8 years of practice) with higher accuracy surgical instruments (Storze). Specifically, male patients demonstrated lower ETA completion rates compared to female patients (the distance (>13 mm) in the male population is significantly increased, and the central area residue rate remains high after ETA surgery). However, anatomical structure and gender-related factors were not considered in our study, since our surgical approach estimation was based on anatomical data from a single subject to explore a method to evaluate the biomechanical behaviors of particular ETA patients for surgery suggestion, which warrants further investigation in future research.
Some limitations remain in the current FSI model. The innominate artery flow was assumed to be steady, ignoring the effects of respiration on flow dynamics. Additionally, the mechanical properties of soft tissue were modeled as homogeneous and isotropic, and the nonlinear viscoelastic behaviors of soft tissues were not considered. The mechanical properties of soft tissue were derived from previous studies involving healthy subjects, which cannot reflect the mechanical behavior of actual human tissues during surgery is affected by a variety of complex factors. Additionally, the mechanical properties of soft tissue are assumed as a New-hookean hyperelastic model, which omitted viscoelastic and anisotropic properties, as our study focused on short-term tissue deformation (short-term mechanical response) and modeling full anisotropy would require high-resolution, tissue-specific parameters that that are currently insufficiently characterized in the literature for our application. These simplifications may influence the accuracy of simulated tissue deformation and stress. Future work will focus on incorporating heterogeneous soft tissue properties and dynamic innominate artery flow into the FSI model to better analyze the complex biomechanical effects of traction forces on lymph nodes.
In conclusion, while ETA offers significant advantages in terms of cosmesis and patient satisfaction, its limitations in certain anatomical scenarios must be carefully considered. Improved preoperative evaluation and advanced modeling techniques can help optimize patient selection and surgical outcomes.
4 CONCLUSION
This study developed a novel FSI model to predict tissue deformation and stress in patients under traction forces, utilizing preoperative CT images to assess whether lymph nodes and soft tissues in Zone 7 could be fully cleared. The results demonstrated that patients with tissue thicknesses of <5 mm and 5–13 mm are suitable candidates for endoscopic thyroidectomy via the ETA (Table 2). Additionally, while the innominate artery flow velocities were slightly reduced under traction forces, they remained within the normal physiological range, indicating minimal hemodynamic impact during surgery.
The key contribution of this study lies in its ability to accurately evaluate preoperative feasibility for ETA, enabling surgeons to achieve the benefits of total thyroidectomy and even lateral neck lymph node dissection while maintaining a traceless neck. By combining CT imaging, FSI modeling, and clinical data, this approach provides a reliable method for patient selection, reducing the risk of incomplete lymph node clearance and recurrence. This advancement supports the broader adoption of ETA while ensuring optimal surgical outcomes and patient safety.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving humans were approved by Department of Maxillofacial and Ear, Nose and Throat Oncology, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center for Cancer, Key Laboratory of Basic and Translational Medicine on Head & Neck Cancer, Tianjin, China. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
PL: Writing – original draft, Writing – review and editing. YD: Data curation, Investigation, Writing – review and editing. XW: Validation, Writing – review and editing, Funding acquisition, Project administration, Formal Analysis, Resources, Visualization, Conceptualization, Data curation. YS: Formal Analysis, Writing – review and editing, Software, Methodology. CY: Methodology, Software, Writing – original draft, Formal Analysis. RJ: Writing – review and editing, Writing – original draft.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This work was financially supported by the Excellent Young Talents Fund Program of TJMUCH (Grant No. 2019-1-11) and Tianjin Key Medical Discipline (Specialty) Construction Project (Grant No. TJYXZDXK-009A).
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.
REFERENCES
	Anuwong, A., Ketwong, K., Jitpratoom, P., Sasanakietkul, T., and Duh, Q. Y. (2018). Safety and outcomes of the transoral endoscopic thyroidectomy vestibular approach. JAMA Surg. 153 (1), 21–27. doi:10.1001/jamasurg.2017.3366

	Association, C. M. (2012). Thyroid management guidelines on thyroid nodules and diferentiated thyroid cancer. Chin. J. Endoscinol Metab. 10, 779–797. 

	Bauman, Z. M., Herrmann, S., Kött, T., Binkley, J., Evans, C. H., Kamien, A., et al. (2022). Finite element analysis for better evaluation of rib fractures: a pilot study. J. Trauma Acute Care 93 (6), 767–773. doi:10.1097/TA.0000000000003780

	Haugen, B. R., Alexander, E. K., Bible, K. C., Doherty, G. M., Mandel, S. J., Nikiforov, Y. E., et al. (2016). 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 26 (1), 1–133. doi:10.1089/thy.2015.0020

	Holzapfel, G. A., and Weizsäcker, H. W. (1998). Biomechanical behavior of the arterial wall and its numerical characterization. Comput. Biol. Med. 28 (4), 377–392. doi:10.1016/s0010-4825(98)00022-5

	Jia, G., Tian, Z., Xi, H., Feng, S., Wang, X., and Gao, X. (2017). Comparison of the breast and areola approaches for endoscopic thyroidectomy in patients with microcarcinoma. Oncol. Lett. 13 (1), 231–235. doi:10.3892/ol.2016.5439

	La Vecchia, C., Malvezzi, M., Bosetti, C., Garavello, W., Bertuccio, P., Levi, F., et al. (2015). Thyroid cancer mortality and incidence: a global overview. Int. J. Cancer 136 (9), 2187–2195. doi:10.1002/ijc.29251

	Li, X., Zhang, Y., Wang, H., Chen, J., and Liu, Z. (2021). Finite element analysis of thyroid tissue deformation under traction forces in endoscopic thyroidectomy. Med. Eng. Phys. 92, 1–9. 

	Liang, J., Hu, Y., Zhao, Q., and Li, Q. (2015). Learning curve for endoscope holder in endoscopic thyroidectomy via complete areola approach: a prospective study. Surg. Endosc. 29 (7), 1920–1926. doi:10.1007/s00464-014-3885-z

	Liu, Z., Li, Y., Wang, Y., Xiang, C., Yu, X., Zhang, M., et al. (2021). Comparison of the transoral endoscopic thyroidectomy vestibular approach and open thyroidectomy: a propensity score-matched analysis of surgical outcomes and safety in the treatment of papillary thyroid carcinoma. Surgery 170 (6), 1680–1686. doi:10.1016/j.surg.2021.06.032

	Moser, M., and Kenner, T. (1988). Blood flow and blood volume determinations in aorta and in coronary circulation by density dilution. Basic Res. Cardiol. 83, 577–589. doi:10.1007/bf01906951

	Serpell, J. W., Lee, J. C., Chiu, W. K., and Edwards, G. (2015). Stressing the recurrent laryngeal nerve during thyroidectomy. Anz J. Surg. 85 (12), 962–965. doi:10.1111/ans.13054

	Shi, Y., Ye, C., and Liu, R. (2024). Three-dimensional dynamic homogenous modeling: the biomechanical influences of leg tissue stiffness on pressure performance of compression biomedical therapeutic textiles. Front. Bioeng. Buotech 12 (12), 1418047. doi:10.3389/fbioe.2024.1418047

	Sun G., G., Yang, L., Wang, W., Zhang, S., Luo, Z., Wu, G., et al. (2020). An algorithm for the noninvasive and personalized measurement of microvascular blood viscosity using physiological parameters. Biomed. Res. Int. 2020, 7013212–12. doi:10.1155/2020/7013212

	Sun H., H., Zheng, H., Wang, X., Zeng, Q., Wang, P., and Wang, Y. (2020). Comparison of transoral endoscopic thyroidectomy vestibular approach, total endoscopic thyroidectomy via areola approach, and conventional open thyroidectomy: a retrospective analysis of safety, trauma, and feasibility of central neck dissection in the treatment of papillary thyroid carcinoma. Surg. Endosc. 34 (1), 268–274. doi:10.1007/s00464-019-06762-6

	Sun, P., Mak, T. K., Li, J., and Wang, C. (2021). Endoscopic left central lymph node dissection of thyroid cancer: safe, feasible, and relatively easy. Surg. Innov. 28 (6), 747–753. doi:10.1177/1553350620983640

	Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71, 209–249. doi:10.3322/caac.21660

	Wang, C., Feng, Z., Li, J., Yang, W., Zhai, H., Choi, N., et al. (2015). Endoscopic thyroidectomy via areola approach: summary of 1,250 cases in a single institution. Surg. Endosc. 29 (1), 192–201. doi:10.1007/s00464-014-3658-8

	Yang, J., Wang, C., Li, J., Yang, W., Cao, G., Wong, H. M., et al. (2015). Complete endoscopic thyroidectomy via oral vestibular approach Versus areola approach for treatment of thyroid diseases. J. Laparoendosc. and Adv. Surg. Tech. Part A 25 (6), 470–476. doi:10.1089/lap.2015.0026

	Ye, C., Liu, R., Ying, M. T., Liang, F. Y., and Shi, Y. (2023). Characterizing the biomechanical transmission effects of elastic compression stockings on lower limb tissues by using 3D finite element modelling. Mater Des. 232, 112182. doi:10.1016/j.matdes.2023.112182

	Zhang, D., Wang, T., Dionigi, G., Zhang, J., Xue, G., and Sun, H. (2019). Central lymph node dissection by Endoscopic Bilateral areola Versus open thyroidectomy. Surg. Laparosc. Endosc. and percutaneous Tech. 29 (1), e1–e6. doi:10.1097/sle.0000000000000579


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 Li, Du, Wang, Shi, Ye and Jin. 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.
OPS/images/fbioe-13-1599770-g005.jpg
8000

6000

4000 4

Tissue stress (Pa)

2000

7] 5 mm tissue thickness
I 10 mm tissue thickness

0.5

1.0
Traction force (N)

20

Tissue deformation (cm)

8000 -

6000

4000 -

2000+

~—m— 5 mm tissue thickness, R=1.00
—&— 10 mm tissue thickness, R=0.99

05 10 15 20
Traction force (N)





OPS/images/fbioe-13-1599770-g006.jpg
A

mnominate artery flow

velocity (cm/s) 0aN LY
60
40
20
0 65
o) e -33;5"3”312
5
255
3
2 R=-0.82
E 45
g‘ﬂ
’ Tr:c‘:onfam:‘(:l) =
05N 1N
60
40
20
0

([0 10 mmthickness

-3.3% -5.0%

I I R=-0.98
10 20

40

artery flow velocity(cm/s)
s, g8 8






OPS/images/fbioe-13-1599770-g003.jpg
5-13 mm

>13 mm






OPS/images/fbioe-13-1599770-g004.jpg
Tissue deformation

{em) 05N IN 2N 20 =5 mm
1.5 2.1 3.0 7
S1s
]
1.0 1.4 2.0 -]
£10
5 mm %
05 07 1.0 205 I
H
= 00!
0 0 0 05 1.0 20 DD3
Traction force (N)
2 10 mm
0.6 19 1.8 £
]
04 0.8 12 E
Eos
10 mm &
]
0.2 0.4 0.6 s I
2
EY) . :
0 0 0 05 1.0 20  DD3
Traction force (N)
03 0.5 0.9 2.0 20 mm
A
0.2 0.3 0.6 E1.5
210
20 mm 0.1 0.2 0.3 E
205
= |

e
Y

05 1.0 20  DD3
Traction force (N)





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Preoperative evaluation of endoscopic thyroidectomy via the total areola approach (ETA): a fluid-structure interaction model for predicting lymph node clearance and surgical suitability		1 INTRODUCTION

		2 METHODOLOGY		2.1 Study design and perioperative preparation

		2.2 Geometry model of soft tissue and innominate artery

		2.3 Analysis of innominate artery flow

		2.4 FSI model of tissue-artery system

		2.5 Validation of our developed FE model of tissue-artery





		3 RESULTS AND DISCUSSION		3.1 Baseline characteristics for ETA in different groups

		3.2 Determination tissue deformation by traction force

		3.3 Determination tissue stress by traction force

		3.4 Determination artery hemodynamics responses by traction force

		3.5 Determination CNN node by traction force





		4 CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
, frontiers | Frontiersin Bioengineering and Biotechnology

Preoperative evaluation of
endoscopic thyroidectomy via
the total areola approach (ETA):
a fluid-structure interaction
model for predicting lymph
node clearance and surgical
suitability





OPS/images/fbioe-13-1599770-g001.jpg
soft tissue F

i

artery

fixed constraint





OPS/images/fbioe-13-1599770-g002.jpg
Traction

\\ \

Pressure
outlet

Velocity
inlet

Inlet

Traction
force

T

el

PE———— L SN —










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





