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Background: Patients with esophageal squamous cell carcinoma (ESCC) are liable to develop recurrent laryngeal nerve (RLN) lymph node metastasis (LNM). We aimed to assess the predictive value of the long diameter (LD) and short diameter (SD) of RLN lymph node (LN) and construct a web-based dynamic nomogram for RLN LNM prediction.



Methods: We reviewed 186 ESCC patients who underwent RLN LN dissection from January 2016 to December 2018 in the Affiliated Hospital of North Sichuan Medical College. Risk factors for left and right RLN LNM were determined by univariate and multivariate analyses. A web-based dynamic nomogram was constructed by using logistic regression. The performance was assessed by the area under the curve (AUC) and Brier score. Models were internally validated by performing five-fold cross-validation.



Results: Patients who underwent left and right RLN LN dissection were categorized as left cohort (n = 132) and right cohort (n = 159), with RLN LNM rates of 15.9% (21/132) and 21.4% (34/159), respectively. The AUCs of the LD (SD) of RLN LN were 0.663 (0.688) in the left cohort and 0.696 (0.705) in the right cohort. The multivariate analysis showed that age, the SD of RLN LN, and clinical T stage were significant risk factors for left RLN LNM (all P < 0.05), while tumor location, the SD of RLN LN, and clinical T stage were significant risk factors for right RLN LNM (all P < 0.05). The dynamic nomograms showed reliable performance after five-fold cross-validation [(left (right), mean AUC: 0.814, range: 0.614–0.891 (0.775, range: 0.084–0.126); mean Brier score: 0.103, range: 0.084–0.126 (0.145, range: 0.105–0.206)], available at https://mpthtw.shinyapps.io/leftnomo/ and https://mpthtw.shinyapps.io/rightnomo/.



Conclusion: The LD and SD of RLN LN are inadequate to predict RLN LNM accurately, but online dynamic nomograms by combined risk factors show better prediction performance and convenient clinical application.
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Introduction

Globally, the ratio of squamous cell cancers to adenocarcinomas has seen a reversal, but esophageal squamous cell cancer (ESCC) in China remains a dominant disease condition (1, 2). As a curative treatment, esophagectomy is accompanied by considerable postoperative morbidity and mortality (2). Recently, endoscopic submucosal dissection was found to be a better choice for removing superficial lesions, but this cannot be applied for involved lymph nodes (LNs) (3, 4). Therefore, significant efforts are necessary to improve the detection of early LN metastasis (LNM).

Located at the cervical base to the upper mediastinum, the recurrent laryngeal nerve (RLN) LN is one of the most common sites of LNM in thoracic ESCC (5), with reported incidences ranging from 18% to 63% (6). RLN LNM has been confirmed to be a strong predictor of poor prognosis in thoracic ESCC (7), with dismal 2- and 5-year survival rates of 28% and 10% (8). Additionally, some studies hypothesized that RLN LNs were the LNs for metastasis to cervical LNs (9), which could directly enter the lymphatic vessels of the supraclavicular LNs. However, a thorough and complicated dissection could increase the risk of postoperative complications such as RLN paralysis (10). Considering this situation, the detection of preoperative RLN LNM would be essential to the treatment strategy. However, to date, no satisfactory tool has been developed for making an accurate diagnosis of RLN LNM.

Previously, some studies reported that there might be a certain relationship between the diameter of RLN LNs and RLN LNM (11–13). However, the size overlap resulted in the poor performance during the process of distinguishing malignant nodes from benign ones (14). The predictive value of the length criteria of RLN LNs remains unsatisfactory. Several studies have built nomograms to predict RLN LNM in thoracic esophageal cancer but based on postoperative parameters (6, 15, 16), which may limit clinical application. Currently, most prediction models are still static and require manual calculations with low repeatability and poor intelligence. With the popularization of intelligent computers, the web-based nomogram offers much greater convenience. In this study, we aimed to assess the prediction competence of the long diameter (LD) and short diameter (SD) of RLN LN and construct web-based dynamic nomograms to predict the individual risk of left and right RLN LNM by preoperative parameters.



Methods


Patients

The present study included patients with ESCC who underwent McKeown esophagectomy and RLN LN dissection (LND) in the Affiliated Hospital of North Sichuan Medical College between January 2016 and December 2018. The following criteria were used for the inclusion of patients in the current study: (a) pathologically confirmed ESCC, (b) patients with detailed records of RLN LND, and (c) contrast-enhanced computed tomography (CT) performed less than 2 weeks before surgical resection. The exclusion criteria were: (a) patients treated with neoadjuvant therapies (chemotherapy, immunotherapy, or radiation therapy) and (b) other histories of malignant tumors or metastatic esophageal cancer (Figure 1). Patients who underwent left or right RLN LND were categorized as left cohort or right cohort.
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FIGURE 1
The selection process for including eligible patients in this study. RLN LNs, recurrent laryngeal nerve lymph nodes; CT, computed tomography.




Parameter measurements

The following clinical characteristics were reviewed: age, sex, tumor location, the LD and SD of RLN LN, clinical T (cT) stage, preoperative comorbidity, preoperative blood parameters of neutrophils, lymphocyte, hemoglobin, alanine transaminase, aspartate aminotransferase, albumin, high-density lipoprotein, low-density lipoprotein, and triglycerides. Within 2 weeks before surgery, all patients were scanned with contrast-enhanced CT from the neck to the abdomen. The LD and SD of RLN LN were mutually perpendicular and measured on the slice of maximum cross sections based on the single biggest LN. All images were anonymized and measured by using 3D slicer software (version 4.10.2, https://www.slicer.org). The measurement was completed by two thoracic radiologists, who reached a consensus about the diameter measurement. Both LD and SD were categorized into two groups at the optimal threshold by receiver operator characteristic (ROC) curves. The cT stage was evaluated by preoperative examinations based on the 8th edition of staging manual from the American Joint Committee on Cancer (AJCC) and the Union for International Cancer Control (UICC) (17).



Development and validation of the dynamic nomograms

The risk factors for RLN LNM were determined by employing univariate analysis. Variables with a P-value <0.1 were entered into a multivariate logistic regression to determine the independent risk factors for predicting RLN LNM. The preoperative prediction model was established by using the independent risk factors. The dynamic nomogram was generated as an online scoring system to visualize the model based on risk factors. The area under the ROC curves (AUCs) were used to evaluate the discrimination of this nomogram. The Brier score is a proper scoring rule of calibration, ranging from 0 to 1, with 0 representing the best possible calibration. The calibration curve was also plotted to graphically assess the calibration. The decision curve analysis (DCA) was performed to evaluate the net benefits at each threshold probability of the nomogram. Model performance was internally validated by conducting five-fold cross-validation. Out of five subsamples, a single subsample was retained as the validation data for testing, and the other four subsamples were used for training. With five-time repetitions, each set exactly served as the validation data for one repetition. The AUCs and Brier scores from the folds will be averaged to produce a single estimation for assessing reliability.



Statistical analysis

The statistical analysis was executed by using IBM SPSS Statistics (version 22.0 Inc., Chicago, IL, USA) and the R language (version 3.6.3, Vienna, Austria). Continuous variables were represented as mean with standard deviation and categorical variables were summarized by way of count and percentage. The odds ratio (OR) and 95% confidence interval (CI) were figured. To avoid potential multicollinearity, the Kendall rank correlation analysis was performed between the LD and the SD of RLN LN since both of these were the morphological features of nodes. A P-value <0.05 was regarded as statistically significant.




Results


Patient characteristics

The demographic and preoperative characteristics of ESCC patients are summarized in Table 1. Out of 186 patients who were included in this study, 132 were in the left cohort and 159 were in the right cohort. The incidences of RLN LNM in the left and right cohorts were 15.9% (21/132) and 21.4% (34/159), respectively. There were 46 patients ≤60 years and 86 patients >60 years in the left cohort, with correspondingly 42 and 117 patients in the other cohort. As for tumor location, the number of patients with upper, middle, and lower lesions were 24, 78, and 30 in the left cohort and 19, 94, and 46 in the right cohort. The mean LD and SD of left RLN LN were 5.50 ± 2.13, 4.10 ± 1.58 mm and those of right RLN LN were 6.43 ± 2.53, 4.68 ± 1.85 mm.


TABLE 1 Summary of clinical characteristics in the study population.
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Predictive values of the LD and SD of RLN LN

In the left cohort, the AUCs of the LD and SD of RLN LN were 0.663 (95 CI%, 0.519–0.807) and 0.688 (95 CI%, 0.544–0.831), with optimal thresholds of 7.3 and 5.6 mm. The specificity and sensitivity at the optimal threshold of LD (SD) were 91.9% (91.0%) and 42.9% (47.6%), respectively (Figure 2A). In the right cohort, the AUCs of the LD and SD of RLN LN were 0.696 (95 CI%, 0.592–0.801) and 0.705 (95 CI%, 0.596–0.815), respectively. The cutoff values of LD and SD were 6.3 and 5.0 mm. The specificity and sensitivity at the optimal threshold of LD (SD) were 64.8% (70.4%) and 70.6% (73.5%), respectively (Figure 2B).
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FIGURE 2
The receiver operator characteristic curves for the LD and SD of RLN LN in the left and right cohorts, respectively. The AUCs of the LD and SD of left RLN LN were 0.663 (95% CI, 0.519–0.807) and 0.688 (95% CI, 0.544-0.831), respectively. The optimal thresholds of the LD and SD of left RLN LN for RLN LNM were at 7.3 mm (sensitivity and specificity: 42.9% and 91.9%) and 5.6 mm (sensitivity and specificity: 47.6% and 91.0%) (A). The AUCs of the LD and SD of right RLN LN were 0.696 (95% CI, 0.592–0.801) and 0.705 (95% CI, 0.596–0.815), respectively. The optimal thresholds of the LD and SD of right RLN LN for RLN LNM were at 6.3 mm (sensitivity and specificity: 70.6% and 64.8%) and 5.0 mm (sensitivity and specificity: 73.5% and 70.4%) (B). LD, long diameter; SD, short diameter; AUC, the area under the curve; RLN LNs, recurrent laryngeal nerve lymph nodes.




Risk factors for RLN LNM

In the left cohort, the univariate analysis showed that age, the LD of left RLN LN, the SD of left RLN LN, and cT stage were significantly associated with RLN LNM. The Kendall rank correlation analysis coefficient between the LD and the SD of left RLN LN was 0.694 (P < 0.001), which indicated a strong direct correlation between two variables. To avoid potential multicollinearity between LD and SD, only the SD of left RLN LN was entered into the subsequent multivariate analysis owing to a higher AUC [LD, 0.663 vs. SD, 0.688]. The multivariate logistic regression analysis showed that age (OR = 0.286, 95% CI, 0.088–0.930, P = 0.038), the SD of left RLN LN (OR = 14.780, 95% CI, 3.929–55.601, P < 0.001), and cT stage (OR = 3.422, 95% CI, 1.507–7.772, P = 0.003) were independent risk factors for left RLN LNM (Table 2). The univariate analysis showed tumor location, the LD of right RLN LN, the SD of right RLN LN, and cT stage were significantly associated with right RLN LNM. The Kendall rank correlation analysis coefficient was 0.677 (P < 0.001), suggesting that LD was closely related to SD. Likewise, only the SD of right RLN LN was set into the multivariate analysis because of the higher AUC to avoid potential multicollinearity [LD, 0.696 vs. SD, 0.705]. The multivariate logistic regression analysis showed that tumor location (OR = 0.250, 95% CI, 0.107–0.588, P < 0.001), the SD of right RLN LN (OR = 10.430, 95% CI, 3.770–28.850, P < 0.001), and cT stage (OR = 2.646, 95% CI, 1.380–5.703, P = 0.003) were independent risk factors for RLN LNM (Table 3).


TABLE 2 Univariate and multivariate analyses for risk factors of left RLN LNM.
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TABLE 3 Univariate and multivariate analyses for risk factors of right RLN LNM.
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Development of the nomograms

The prediction models were established according to multivariate logistic regression analysis (Figure 3A,B). In the left cohort, the age, the SD of left RLN LN, and cT stage were included in the dynamic nomogram. The AUCs and Brier score of the nomogram were 0.855 (95% CI, 0.759–0.950) and 0.093, respectively, suggesting a reliable performance in prediction. In the right cohort, the dynamic nomogram was constructed with the SD of right RLN LN, cT stage, and tumor location, with an AUC and Brier score of 0.789 (95% CI, 0.711–0.867) and 0.135, respectively, which indicated satisfactory competence in predicting right RLN LNM. The calibration curve showed the dots close to the ideal line in both cohorts, indicating that the nomograms were well-calibrated (Figures 4A,B). DCA curves, with threshold probabilities and net benefits on the horizontal and vertical axes, showed that both nomograms yielded clinical benefits (Figures 5A,B).


[image: Figure 3]
FIGURE 3
Traditional nomograms for left and right RLN LNM prediction. The nomogram for left RLN LNM incorporated the SD of left RLN LN, cT stage, and age (A). The nomogram for right RLN LNM incorporated the SD of right RLN LN, cT stage, and tumor location (B). RLN LNM, recurrent laryngeal nerve lymph node metastasis; RLN LN, recurrent laryngeal nerve lymph node; SD, short diameter; cT stage, clinical T stage.
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FIGURE 4
Calibration curves of the nomograms for left and right RLN LNM prediction. The calibration curves demonstrated that the predicted probability by nomogram was closely aligned with the actual estimates in both left (A) and right (B) cohorts, indicating that there was good agreement. RLN LNM, recurrent laryngeal nerve lymph node metastasis.
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FIGURE 5
Decision curve analysis of the nomograms for left and right RLN LNM prediction. DCA plots revealed that the nomogram had good net benefits in both left (A) and right (B) cohorts. RLN LNM, recurrent laryngeal nerve lymph node metastasis. DCA, decision curve analysis.




Validation of the nomograms

After five-fold cross-validation, the mean AUC and Brier score of the nomogram were 0.814 (range: 0.659–0.943) and 0.103 (range: 0.084–0.126) in the left cohort, still indicating solid discrimination and calibration. In the other cohort, the mean AUC and Brier score of the nomogram were 0.775 (range: 0.614–0.891) and 0.145 (range: 0.105–0.206), respectively, suggesting satisfactory performance for RLN LNM prediction.



Examples of the dynamic nomograms

The dynamic nomograms were generated as online scoring systems in both cohorts, which were available at https://mpthtw.shinyapps.io/leftnomo/ and https://mpthtw.shinyapps.io/rightnomo/ for clinical use and future validation. For example, the risk of left RLN LNM was at 3.8% for a patient with the SD of left RLN LN <5.6 mm, cT2 stage, age >60 years (Figure 6A). Another example is that a patient considered the SD of right RLN LN ≥ 5.6 mm, cT3 stage, and upper lesion might suffer right RLN LNM at a risk of 93.3% (Figure 6B).


[image: Figure 6]
FIGURE 6
Examples of the dynamic nomograms for left and right RLN LNM prediction. The probability of RLN LNM is shown on the right side of the screen after each parameter is entered on the left input field. The risk of left RLN LNM was at 3.8% for a patient with an SD of left RLN LN <5.6 mm, cT2 stage, age >60 years (A). A patient diagnosed with an SD of right RLN LN ≥ 5.6 mm, cT3 stage, and upper lesion might suffer right RLN LNM at a risk of 93.3% (B). RLN LNM, recurrent laryngeal nerve lymph node metastasis; RLN LN, recurrent laryngeal nerve lymph node; SD, short diameter; cT, clinical T stage.





Discussion

The significance of this study is to develop a preoperative diagnostic tool to predict the individual risk for RLN LNM in ESCC with reliable accuracy. We found that the predictive value of the LD and SD of RLN LN were inadequate for LNM detection. According to multivariate analysis, age, the SD of left RLN LN, and cT stage were independent risk factors for left RLN LNM, while the other cohort showed tumor location, the SD of RLN LN, and cT stage were independent risk factors for right RLN LNM. Based on the above, we established and validated a web-based dynamic nomogram by using independent risk factors and with robust prediction performance.

There is a trade-off between the extended lymphadenectomy with potential survival benefit and two-field dissection with decreased postoperative morbidity. Undoubtedly, both groups of patients who underwent unilateral and bilateral RLN LND had significantly better disease-free survival outcomes and overall survival outcomes than those without RLN LND (18). However, a thorough RLN LND increases the risk of nerve injury and may lead to the early postoperative complications of aspiration and respiratory insufficiency, thus sacrificing the quality of life. Based on LN status, surgeons could discourage relapse from insufficient dissection among susceptible candidates and prevent potential complications from extended surgery for those without metastasis. To sum up, the identification of preoperative RLN LNM would be essential to the treatment decision.

As an affordable examination, CT is readily available for most patients before treatment, with a sensitivity of 50% (range: 41%–60%) and an accuracy of 63% (range: 53%–72%) (2), which depends on the size definition for abnormally enlarged LNs. In this research, the AUCs of LD (SD) based on CT were 0.663 (0.688) in the left cohort and 0.696 (0.705) in the right cohort, indicating relatively low discrimination. This inaccurate prediction might be explained by the fact that typically sized LNs contained metastatic deposits or got inflamed, leading to enlargement, which was hard to recognize because of their large quantity and tiny distinction. The cutoff value of the LD (SD) of RLN LN in the left and right cohorts were 7.3 (5.6) and 6.0 (5.0) mm, respectively. The optimal threshold of Chen et al. (19) and Li Bin et al. (20) were 5.5 mm for left RLN LN and 6.5 mm of SD for right RLN LN, which were close to our result. However, it was implied that the size criteria had limited confidence in predicting RLN LNM regardless of the SD or LD of RLN LN in the current study. RLN LNM could not be determined by the size evaluated by CT alone.

Previous studies have outlined various risk factors associated with RLN LNM for ESCC, including tumor location, primary tumor differentiation, tumor invasion depth, and so on (21–23). In this research, additional clinical blood parameters were introduced into the logistic regression to predict the probability of RLN LNM as accurately as possible. Remarkably, we identified separate risk factors for the left and right cohorts according to multivariate analysis, which might be caused by the particularity of the left and right RLN LNs. Similarly, Liu et al. (15) and Zhang et al. (6) also determined different risk factors for left and right cohorts due to the anatomical differences in their studies. In the current study, age was presented to be a significant protective factor in the regression analysis for left RLN LNM, indicating that a higher age leads to a lower risk for metastasis. However, this conclusion was not suitable for right RLN LNs in our study. The discrepancy might be caused by the sex ratio between cohorts. Although many trials have reported that senior age was a risk factor for LNM (6, 24), Yu et al. (16) reported that age <56 years was significantly associated with a higher risk of RLN LNM, which was consistent with our conclusion. Thus, the influence of age on RLN LNM remained controversial, and future studies with larger samples will be crucial to answer this question.

Advanced cT stage is one of the influential contributors to the risk of bilateral RLN LNM. In the left cohort, the rates of RLN LNM in patients with cT1, cT2, cT3, and cT4 stages were 3.1%, 14.3%, 22.9%, and 66.7%, respectively. In the right cohort, the rates were 11.5%, 22.7%, and 33.0%, respectively, and there was no patient with cT4 stage. With the deeper tumor invasion, we could see an upward trend in the incidences of RLN LNM, which was consistent with the studies of Ye et al. (23) and Betancourt et al. (25). Anatomically, without the serosal layer, the esophageal wall was penetrated by rich lymphatic vessels in a transverse and longitudinal way (26). The deeper the infiltration into the submucosa, the easier malignant cells can be transferred by longitudinal vessels, causing the high probability of RLN LNM in advanced stages (27). However, some skip metastasis can be present only in mucosa invasion (28).

Existing definite evidence showed that the incidences of bilateral RLN LNM for upper tumors were the highest (29). This might be associated with the fact that specific tumor location was correspondent to the distribution pattern of regional LNs. The lesions located in the upper segment were prone to transfer to RLN LNs through the longitudinal lymphatic network. According to multivariate analysis in our research, the tumor location was considered a significant risk factor for right RLN LNM. Likewise, this finding was supported by the studies of Yu et al. (16) and Zhang et al. (18), which also showed that RLN LNM was positively associated with upper and middle tumors. However, this trend did not occur in the left cohort, where RLN LNM was associated with lower lesions, not statistically. This might be due to the different proportions of tumor locations in our study.

Previously, Liu et al. (15) presented a prediction model based on clinicopathological characteristics for RLN LNM, but postoperative variables limited its clinical value. Zhang et al. (6) developed a nomogram and recursive partitioning analysis but these lacked validation information. In this study, we applied significant preoperative variables to generate a dynamic nomogram. The prediction model performed satisfactorily for the prediction of left and right RLN LNM. The calibration curves and DCA also confirmed this effective clinical performance. In addition, we conducted five-fold cross-validation to avoid overfitting. The comparable results after validation also indicated that the nomograms were robust in quantifying an individual risk for RLN LNM. Our prediction model can straightforwardly figure out the risk of RLN LNM through online tools, which can avoid the computational errors associated with traditional nomograms. The probability of RLN LNM is automatically exhibited on the right side of the screen after each parameter is set on the left side of the sketch map, without manual calculations. In addition, the simple and easy interface is more convenient for clinicians to make a treatment choice for an individual patient.


Limitations

Several limitations exist in this study. First, it was a retrospective study with a small sample on single-center data and thus bias was inevitable. Strict inclusion and exclusion criteria were applied and data were processed by uniform definitions to control selection bias. Second, since RLN LNs were clustered along the nerves, the surgeons could not visualize the position of LNs after removal, which made it impossible to match those identified on CT and surgically excised tissues. Therefore, we could assess the ability of only the largest LNs rather than individual nodes. Third, only a small proportion of patients received PET/CT scans before the operation, which were inadequate for us to explore the predictive value of PET/CT for RLN LNM. Lastly, the validation process was conducted by using five-fold cross-validation rather than an independent validation set because of the small sample size. The division of the independent validation set will sacrifice the sample size of the training set, which will degrade the performance of predicting models. Despite its inability to perform comprehensive validation, the five-fold cross-validation method is eligible enough to verify the predictive ability of the nomogram. In conclusion, further studies with large samples in multicenter organizations are warranted.




Conclusion

The LD and SD of RLN LN are inadequate to predict RLN LNM accurately. The dynamic nomograms based on risk factors show satisfactory performance for RLN LNM prediction. Future studies with multicenter data and large sample populations will be crucial to verify this model.
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