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Introduction: The standards of esophagus segmentation remain different between the Japan Esophageal Society (JES) guideline and the Union for International Cancer Control (UICC)/American Joint Committee on Cancer (AJCC) guideline. This study aimed to present variations in the location of intrathoracic esophageal adjacent anatomical landmarks (EAALs) and determine an appropriate method for segmenting the thoracic esophagus based on the relatively fixed EAALs.

Patients and Methods: The distances from the upper incisors to the upper border of the esophageal hiatus, lower border of the inferior pulmonary vein (LPV), tracheal bifurcation, lower border of the azygous vein (LAV), and thoracic inlet were measured in the patients undergoing thoracic surgery. The median distances between the EAALs and the specified starting points, as well as reference value ranges and ratios, were obtained. The variation coefficients of distances and ratios from certain starting points to different EAALs were calculated and compared to determine the relatively fixed landmarks.

Results: This study included 305 patients. The average distance from the upper incisors to the upper border of the cardia, the midpoint between the tracheal bifurcation and esophageal hiatus (MTBEH), LPV, LAV, tracheal bifurcation, and thoracic inlet were 41.6, 35.3, 34.8, 29.4, 29.5, and 20.3 cm, respectively. The distances from the upper incisors or thoracic inlet to any intrathoracic EAALs in men were higher than in women. In addition, the height, weight, and body mass index (BMI) were correlated with the distances. The ratio of the distance between the upper incisors and tracheal bifurcation to the distance between the upper incisors and upper border of the cardia and the ratio of the distance between the thoracic inlet and tracheal bifurcation to the distance between the thoracic inlet and upper border of the cardia possessed relatively smaller coefficients of variation.

Conclusion: The distances from the EAALs to the upper incisors vary with height, weight, BMI, and gender. Compared with distance, the ratios are more suitable for esophagus segmentation. Tracheal bifurcation and MTBEH are ideal EAALs for thoracic esophagus segmentation, and this is consistent with the JES guideline recommendation.

Keywords: esophagus, segmentation, anatomical landmark, coefficient of variation, thoracic surgery


INTRODUCTION

Esophageal cancer is one of the most common cancers worldwide, and due to its poor prognosis, is one of the most common causes of cancer-related mortality (1). The Japan Esophageal Society (JES) guidelines and the Union for International Cancer Control (UICC)/American Joint Committee on Cancer (AJCC) guidelines are the two most widely used standards worldwide for the diagnosis and treatment of esophageal cancer.

Harushi Udagawa and Masaki Ueno compared the latest eighth edition of UICC and 11th edition of JES. They pointed out that inadequate attention to tumor location might be one of the reasons leading to inferior efficiency of the UICC compared with the JES in describing the spread of a given esophageal cancer (2). It has been reported by many studies that the primary site of esophageal cancer is an independent prognostic factor (3–6), and it might be associated with the acute adverse events of subsequent chemoradiotherapy (7), as well as tumor recurrence (8, 9).

However, the differences exist between the two guidelines for the segmentation standards of the esophagus. According to the JES, the esophagus is divided into three main parts: cervical esophagus (this extends from the esophageal orifice to the sternal notch), thoracic esophagus (from the sternal notch to the superior margin of the esophageal hiatus), and abdominal esophagus (from the superior margin of the esophageal hiatus to the esophagogastric junction). The thoracic esophagus is further divided into three segments: the upper thoracic esophagus (from the sternal notch to the tracheal bifurcation), the middle thoracic esophagus (the proximal half of the two equal portions between the tracheal bifurcation and the esophagogastric junction), and the lower thoracic esophagus (the thoracic part of the distal half of the two equal portions between the tracheal bifurcation and the esophagogastric junction) (10). According to the UICC/AJCC guideline, the esophagus is also divided into three parts (the cervical, thoracic, and abdominal part). The cervical and abdominal esophagi are the same as those defined by the JES. According to the UICC/AJCC, the thoracic part is divided into three segments: the upper thoracic esophagus is bordered superiorly by the thoracic inlet and inferiorly by the lower border of the azygos vein; the middle esophagus is bordered superiorly by the lower border of the azygos vein and inferiorly by the inferior pulmonary veins; the lower thoracic esophagus is bordered superiorly by the inferior pulmonary veins and inferiorly by the stomach (11). Though both the AJCC and JES guidelines employ esophageal adjacent anatomical landmarks (EAALs) to segment the thoracic esophagus, none of them are based on objective data. In addition, the AJCC provides a reference range of the distances from the incisors to the anatomical landmarks for segmentation but points out that the reference may be affected by the height of the patient's. It has been reported that the length of the esophagus is related to height (12–15) and gender (16, 17). Thus, it could be inaccurate to use the distance from the incisors to the tumor to identify the tumor location during daily practice.

Furthermore, to the best of our knowledge, no studies have investigated esophagus segmentation in the Chinese patients. The Chinese, a population with the highest worldwide incidence rate of esophageal cancer as reported by the WHO in 2017, follow the esophagus segmentation standard by the AJCC. However, it is still debated whether this esophagus segmentation standard fits the Chinese population.

This study investigated how the esophageal adjacent anatomical landmarks are affected by the height, weight, gender, BMI, and age. In addition, relatively fixed EAALs to guide the anatomical segmentation of the thoracic esophagus were identified based on the objective data of the Chinese patients. For this, a novel measuring method called the “nasogastric tube fiber measurement method” was used to find the ideal EAALs for the segmentation of the thoracic esophagus in the Chinese population.



PATIENTS AND METHODS


Measuring Methods

The “nasogastric tube fiber measurement method” was invented and adopted in this study. As shown in Figure 1, an 18F nasogastric tube(Safeed, Terumo Medical Products, Hangzhou, China) and optic fiber device (ZX-150L, Zhongxun Optics Instrument, Shenzhen, China) were customized to ensure that the nasogastric tube could accommodate the insertion of the optic fiber at any time during the surgery. The optic fiber was illuminated by a light source. Furthermore, the optic fiber could be seen through the esophageal wall when the light source was turned on. Before the surgery, the elaborated gastric tube was inserted 45 cm from the upper incisors into the digestive tract to ensure that its bottom entered the stomach. Next, the negative pressure drainage bottle was used to drain the gastric juice. Then, the nasogastric tube was inserted forward to 70 cm from the upper incisors, and the fiber was inserted to 45 cm from the upper incisors so that the tip of the fiber was far beyond the esophageal hiatus. In this way, the photothermal injuries from possible direct interaction between the fiber and esophageal tissue could be avoided to the greatest extent. With that, the light source was turned on to mark the anatomical structure at the upper border of the fiber optic ring (Figure 1), and the distance from the esophageal hiatus and thoracic inlet was recorded. Finally, the distance between the upper incisors and the edge of each landmark was measured and recorded. Each distance was measured three times. Every time the fiber reached each anatomical landmark during the measuring process, the light source was turned off to prevent the mucosa from the potential burning injuries. After all the measurements were completed, the nasogastric tube and the optical fiber were removed. The fiber was cleaned, packaged, and disinfected for next-time use.


[image: Figure 1]
FIGURE 1. Real-time and intuitive measurement scene during surgery.


The distances from the upper incisors to the selected EAALs were measured directly, and the ratio of them to the distance between the upper incisors and esophageal hiatus was calculated. Furthermore, the distance from the thoracic inlet to these EAALs and the ratios of them to the distance between the thoracic inlet and esophageal hiatus were also calculated using the measured data. For the thoracic surgeries on the right side, the distance from the upper incisors to the esophageal hiatus, inferior pulmonary vein (LPV), tracheal bifurcation, lower border of the azygous vein (LAV), and thoracic inlet could be measured. For the thoracic surgeries on the left side, the distance from the upper incisors to the esophageal hiatus, LPV, tracheal bifurcation, and thoracic inlet could be measured, but the distance to the LAV could not be measured. Due to the limitations of the surgical methods, the abdominal esophagus could not be explored, and the distance from the upper incisors to the esophagogastric junction could not be measured.



Study Design and Participants

Data used in this study were obtained from the patients admitted from July 2018 to December 2019 to the Department of Thoracic Surgery, Nanfang Hospital, Southern Medical University, Guangdong Province, China. The demographic baseline data of the participants were recorded, such as height, weight, gender, age, location of the lesion, and surgical procedure. All the measurements were performed by one specific person. The study was approved and authorized by the Nanfang Hospital Ethics Committee of Southern Medical University (approval number NFEC-2018-85) and registered online (ClinicalTrials.gov Identifier: NCT03720405). An informed consent was obtained from all the patients.

The participants included in this study met the following conditions: not younger than 18 years of age but not older than 90 years; without cardiac, liver, kidney, or other organic disabilities so that the patients could tolerate general anesthesia; without blood system diseases or recent coagulopathy; without serious infectious diseases; without serious gastroesophageal primary lesions or gastroesophageal malformations; without serious liver diseases that might result in the gastroesophageal varices; without upper gastrointestinal bleeding due to unknown reasons; without severe thoracocyllosis, spinal deformities, or dysplasia; in need of surgery in the intrathoracic organs or adjacent organs; able to reveal the corresponding anatomical structures clearly during the surgery; without changes in the intraoperative condition that would make continuing measurements impossible; without difficulties in inserting the nasogastric tube; and without the patients needing tracheal intubation under general anesthesia that might adversely affect insertion of the gastric tube.



Statistical Analysis

Using the descriptive statistics, the median distances between the EAALs and the specified starting points, as well as the reference value ranges of the distances, were obtained.

A two-way ANOVA analysis was performed to explore the differences in the distances between men and women. A linear regression was performed to find the relationship among the distances and height, weight, and body mass index (BMI). The value of P < 0.05 was considered statistically significant.

The original data were selected and divided into 16 groups depending on the four different EAALs (LPV, midpoint between tracheal bifurcation and esophageal hiatus (MTBEH), LAV, tracheal bifurcation) and the outcomes using four different kinds of calculating methods (distance from the upper incisors to EAALs, the ratios of distances between the upper incisors and selected EAALs to between the upper incisors and upper border of the cardia, distances from the thoracic inlet to the selected EAALs, the ratios of distances between the thoracic inlet and selected EAALs to between the thoracic inlet and upper border of the cardia). The results were converted into new data using the Box-Cox transformation equation to better obey normal distribution. Then, the converted data were put into the following formula to obtain the coefficient of variation (CV) for each group:
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where mean represents the mean value of each group, and Sd represents the SD of each group.

The significance test method was used to compare the coefficients of variation using the following formulas:
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In formula (2), α1 represents the CV significance test level, which was determined according to the Bonferroni method, where α = 0.05 and k is the number of groups to be compared. In formula (3), CV1 and CV2 represent the two coefficients of variation to be compared, and n1 and n2 are the sample numbers of the respective groups. When u > tαn1 boundary value, P < α1 indicates that the difference is statistically significant. Otherwise, there is no statistical significance.

Finally, the relatively smaller CVs of the different EAALs calculated by the different methods were determined, which were consequently used to determine the relatively fixed landmarks.

The data were processed using SPSS 25.0 (IBM Corporation, Armonk, NY, USA) and R software 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Baseline Characteristics

A total of 305 patients were finally included in this study. The mean age of the studied patients was 56 ± 1.33 years, the average height was 164.4 ± 0.89 cm, the average weight was 60.50 ± 1.19 kg, and the mean BMI was 22.3 ± 0.35 kg/m2. Among the 305 studied patients, 226 underwent lobectomy, 18 underwent pulmonary segmentectomy, and 21 underwent other surgical procedures, such as wedge resection, double lobectomy, pneumonectomy, and sleeve resection (Table 1).


Table 1. Demographic data (N = 305).
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Distances and Ratios

As shown in Table 2, the median distances from the upper incisors to the esophageal hiatus, MTBEH, LPV, LAV, tracheal bifurcation, and thoracic inlet were 41.6, 35.3, 34.8, 29.4, 29.5, and 20.3 cm, respectively. The median distances from the thoracic inlet to the esophageal hiatus, MTBEH, LPV, LAV, and tracheal bifurcation were 21.0, 15.1, 14.1, 8.1, and 9.1 cm, respectively.


Table 2. Observations of the lengths and ratios of esophageal adjacent anatomical landmarks (EAALs) to the incisors/thoracic inlet.

[image: Table 2]

Taking the distances from the upper incisors to the esophageal hiatus as a controlled overall distance, the median ratios of the distances from the upper incisors to MTBEH, LPV, LAV, tracheal bifurcation, and thoracic inlet were 0.85, 0.84, 0.71, 0.71, and 0.49, respectively. Compared with the distance from the thoracic inlet to the esophageal hiatus, which was taken as a controlled overall distance, the median ratios of the distances from the upper incisors to MTBEH, LPV, LAV, and tracheal bifurcation were 0.72, 0.67, 0.39, and 0.43, respectively.



Factors Influencing the Distances

The distance from the upper incisors to any EAAL in men was higher than in women, as was the distance from the thoracic inlet to any EAAL (Figure 2).


[image: Figure 2]
FIGURE 2. Length differences between males and females. Differences between males and females in distance from the incisors to the lower border of the inferior pulmonary vein (A), from the thoracic inlet to the lower border of the inferior pulmonary vein (B), from the incisors to the tracheal bifurcation (C), from the thoracic inlet to the tracheal bifurcation (D), from the incisors to the lower border of the azygous vein (E), from the thoracic inlet to the lower border of the azygous vein (F), from the incisors to the superior edge of the cardia (G), from the thoracic inlet to the superior edge of the cardia (H), and from the incisors to the thoracic inlet (I). LPV, lower border of the inferior pulmonary vein; TB, tracheal bifurcation; LAV, lower border of the azygous vein. *difference is statistically significant.


The heights of the patients correlated with the distances from the upper incisors to the esophageal hiatus, LPV, tracheal bifurcation, and thoracic inlet but not LAV. Similarly, the heights of the patients correlated with the distances from the thoracic inlet to the esophageal hiatus, LPV, and tracheal bifurcation but not LAV.

The weights of the patients correlated with the distances from the upper incisors to the esophageal hiatus, LPV, tracheal bifurcation, and thoracic inlet but not LAV. However, they did not correlate with the distances from the thoracic inlet to the esophageal hiatus, LPV, tracheal bifurcation, or LAV (Table 3).


Table 3. A descriptive correlation analysis between the distance from the incisors to certain EAALs and height, weight, or body-mass index (BMI).

[image: Table 3]

The BMIs of the patients were not correlated with the distances from the upper incisors to the esophageal hiatus, LPV, LAV, or tracheal bifurcation but weakly correlated with the distance from the upper incisors to the thoracic inlet. They were also negatively correlated with the distance from the thoracic inlet to the esophageal hiatus and LPV but not LAV or tracheal bifurcation (Table 3).




VARIABILITY OF THE RATIOS AND DISTANCES

As several factors could influence the distance from the EAALs to the upper incisors, further studies were performed to explore the relatively fixed EAALs.


Naming the CVs

As shown in Figure 3A, the CVs of the different EAALs calculated by different methods were named respectively from a1 to d4. For example, the CV of the distance from the LPV to the upper incisors was labeled as a1, while the CV of the ratio of the distance between the LPV and upper incisors to between the upper incisors and upper border of the cardia was labeled as a2. Similarly, the CV of the distance from the LPV to the thoracic inlet was labeled as a3, while the CV of the ratio of the distance between the LPV and thoracic inlet to between the thoracic inlet and upper border of the cardia was labeled as a4. The other CVs were renamed in the same manner.


[image: Figure 3]
FIGURE 3. Variability of the ratios and lengths. (A) Naming the coefficient of variations (CVs) of the different esophageal adjacent anatomical landmarks (EAALs) measured by the different methods. (B) The p values between different CVs. (C) CV difference in the groups of different EAALs. (D) CV difference in the groups of different measuring methods. (E) The relatively smaller CVs not only in the respective measurement method groups but also in the respective EAAL groups. CV, coefficient of variation. MTBEH: midpoint between tracheal bifurcation and esophageal hiatus. *difference is statistically significant.




The Relatively Smaller CVs When Grouped by Different EAALs

When grouped by different EAALs, a3 was smaller than a2 and a4 (0.14 vs. 0.26, P < 0.05/6; 0.14 vs. 0.28, P < 0.05/6) in the LPV group but was not significantly different from a1 (0.14 vs. 0.15, P ≥ 0.05/6) (Figures 3B,C).

Similarly, b2 and b4 were smaller than b1 and b3 in the MTBEH group, while c1 was smaller than c2, c3, and c4 in the LAV group. In addition, d2 and d4 were smaller than d1 and d3 in the tracheal bifurcation group (Figures 3B,C).



The Relatively Smaller CVs When Grouped by Different Calculation Methods

Grouped by different EAALs, c1 was smaller than a1, b1, and d1 (0.11 vs. 0.15, P < 0.05/6; 0.11 vs. 0.31, P < 0.05/6; 0.11 vs. 0.17, P < 0.05/6) in distance to the upper incisors group (Figures 3B,D).

Similarly, b2, c2, and d2 were smaller than b1 in ratio to the upper incisors group, while a3 was smaller than b3, c3, and d3 in distance to the thoracic inlet group. Additionally, b4 and d4 were smaller than a4 and c4 in ratio to the thoracic inlet group (Figures 3B,D).



The Relatively Fixed EAALs Calculated by Different Methods

According to the results from Sections Naming the CVs and The Relatively Smaller CVs When Grouped by Different EAALs, a1, a3, b2, b4, c1, d2, and d4 were relatively smaller CVs in the respective calculating method groups, while c1, b2, c2, d2, a3, b4, and d4 were relatively smaller CVs in the respective EAALs groups. Among these CVs, a3, b2, b4, c1, d2, and d4 were relatively smaller CVs not only in the respective calculating method groups but also in the respective EAALs groups (Figure 3E). For this reason, they were considered to be more fixed than a1 and c2.

Among the six CVs, one (c1) supported that distance to the upper incisors was a relatively fixed calculating method, two (b2 and d2) supported the ratio to incisors, one (a3) supported the distance to the thoracic inlet, and two (b4 and d4) supported the ratio to the thoracic inlet. In other words, one (a3) supported LPV as a relatively fixed EAAL, two (b2 and b4) supported MTBEH, one (c1) supported LAV, and two (d2 and d4) supported tracheal bifurcation. Therefore, the ratio to incisors and ratio to thoracic inlet were selected as relatively fixed calculating methods, while MTBEH and tracheal bifurcation were selected as relatively fixed EAALs.

Thus, b2, b4, d2, and d4 were considered relatively smaller CVs than a3 and c1. Further comparison by the specific value of these four CVs, b4 (0.13) and d4 (0.14) were smaller than b2 (0.16) and d2 (0.16) (Figure 3E). Combining all the results above, b4 and d4 were finally selected as the relatively smaller CVs among all the CVs, indicating that the ratio of MTBEH to the thoracic inlet and that of tracheal bifurcation to thoracic inlet were relatively fixed among the different EAALs calculated by the different methods.




DISCUSSION

In this study, by collecting the distances from selected EAALs to the upper incisors and thoracic inlet, and calculating their related ratios, we analyzed the median values of the distances and ratios, the factors influencing the lengths, as well as the relatively fixed calculating methods and EAALs. Based on the data of the Chinese patients, the findings of this study may be more suited to the Chinese patients with esophageal cancer. However, it could be used as a reference for other countries and races.

Tae Jin Song reported that the mean distances from the upper incisors to the cricopharyngeal narrowing, aortic arch, left main bronchus, hiatus, and esophagogastric junction were 16.43 ± 0.80, 26.29 ± 2.14, 29.06 ± 2.51, 39.93 ± 2.53, and 42.62 ± 2.42 cm, respectively (14). The mean distance of esophagus of an adult was 28.3 ± 2.41 cm as reported by Ziad T et al. (13) and 23.42 ± 2.02 cm as reported by Zengye Wang et al. (17). Xiaohong Wei and partners reported that the average distance from the upper incisors to the cardia was 44.4 cm, and from the upper end of the esophagus to the cardia was 28.0 cm (12). In this study, the median distance from the upper incisors to the esophageal hiatus was 41.6 cm, while the median distances from the upper incisors to the LPV, LAV, tracheal bifurcation, and thoracic inlet were 34.8, 29.4, 29.5, and 20.3 cm, respectively. The difference in the distances related to the esophagus reported in the different articles might result from the different nationalities or races of the patients studied.

The height, distance from the seventh cervical vertebra to the coccyx, and the distance from the upper incisors to the occiput were reported by Tae Jin Song to significantly correlate with the true esophageal lengths (14). Ziad et al. reported a trend for longer esophagus lengths in men, but gender was no longer related to the length after adjusting for height (13). Additionally, Xiaohong Wei reported a positive correlation between the length of the esophagus and body height in 91.3% of their studied cases (12). Conversely, Zengye Wang reported that the length of the esophagus was longer in men than in women but showed no significant relation with height (17), which was similar to the results reported by Li Qing (16). It was indicated from this study that the distances from the EAALs to the upper incisors in men were larger than in women. The height, weight, and BMI were, to some extent, correlated with the distances from the EAALs to the upper incisors or thoracic inlet. However, the correlation coefficients were calculated to be low, indicating that the other factors might influence the esophageal length. Sufficient explanatory factors are not found yet to predict the distance from each EAAL to the upper incisors or thoracic inlet. This requires further research to find the appropriate and relevant factors to establish a complete and accurate multiple regression equation.

The EAALs are not easily affected by self-variation, and secondary factors may be more conformant with the requirements for thoracic esophageal segmentation. The azygous venous arch has obvious positional changes due to compression or invasion from the esophageal tracheal mass, surrounding lymph nodes, and changed superior vena cava, which may cause deviations when segmenting the esophageal tumor (18, 19). In contrast, few variations occurred in the carina, and the displacements were not obvious when the tumors invaded it, though the cases of pseudo-protuberance and bilateral tracheal and bronchial variations occasionally emerged (20, 21). Some literature has reported variations in the lower pulmonary vein, which is complex and with a high mutation rate (22). MTBEH is situated on the esophagus and has few physiological variations. Therefore, it could be used in the segmentation of the middle and lower thoracic esophagus. In this study, by comparing the CVs of different EAALs calculated by different methods, it was found that the ratio of MTBEH to thoracic inlet and ratio of tracheal bifurcation to thoracic inlet were relatively fixed, making them suitable for the thoracic esophageal segmentation.

In this study, the esophageal hiatus was used in the thoracic esophagus segmentation instead of the esophagogastric junction due to the following reasons: (1) the main aim of this study was to explore a better segmentation standard for the thoracic esophagus rather than the abdominal esophagus or other portions of the esophagus. (2) There remains a discrepancy in the accurate allocation of the cardia (23). This may result in the difficulties in finding the cardia and errors in measuring the results. (3) The distance from the upper incisors to the esophagogastric junction was not fixed (42.61 ± 2.42 cm) (14). (4) The abdominal esophagus is contained in the lower thoracic esophagus by the AJCC but not by the JES. However, most tumors located in the abdominal esophagus can be categorized as cancers of the esophagogastric junction. An agreement on their definition and treatment, such as the choice of surgical procedure, is not yet reached (6, 11, 24). (5) It was unfeasible to expose the abdominal esophagus, the esophagogastric junction, and the cardia during the intrathoracic surgeries.

There were some intrinsic limitations in this study. First, the surgeons' determinations of different EAALs on the fiber were not always consistent, causing the subjective measurement errors. Second, the operation of measurement was relatively invasive, which required strict controls of the measurement procedures to avoid the esophageal mucosal damage. Third, all the patients included in this study were the Chinese patients who were diagnosed at the Nanfang Hospital. Therefore, it should be further studied whether the results can be adapted to the patients of different nationalities or races. Fourth, other methods for measuring the length of the esophagus besides our “nasogastric tube fiber measurement method,” such as ultrasonic imaging and CT imaging, are available. Nevertheless, which method is superior remains unknown. Fifth, the results of this study were based on the patients without esophageal tumors. As the influence of esophageal tumors on the esophagus length is seldomly studied, it remains unknown whether the results of this study would be the same as the results from the patients suffering from the esophageal tumors. Sixth, we used a method to cross-compare the CVs in different groups to select the relatively fixed EAALs rather than directly comparing all the CV values. This resulted in the values of some other CVs being smaller than the values of the CVs we selected. Thus, it is worthy of further discussion whether the former method is better. However, it was suggested not to compare the CVs directly in the multi-group data.

In conclusion, what we report here is that (1) the distances from the EAALs to the upper incisors vary with the height, weight, BMI, and gender of the patient, and that the ratios are more suitable than the lengths for thoracic esophagus segmentation; (2) the landmarks of tracheal bifurcation and MTBEH are relatively ideal EAALs for the thoracic esophagus segmentation, a result that is consistent with the JES guideline recommendation.
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